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SUMMARY

GRAHAM, DoYLE G. (1978) Oxidative pathways for catecholamines in the genesis of
neuromelanin and cytotoxic quinones. Mol. Pharmacol., 14, 633-643

The autoxidation, periodate oxidation, and tyrosinase-mediated oxidation of 6-hydroxy-
dopamine, dopamine, norepinephrine, and epinephrine were studied by absorption spec-

troscopy. Autoxidation and tyrosinase-mediated oxidation of the three catecholamines
resulted in dopachrome analogues—aminochrome from dopamine, noradrenochrome
from norepinephrine, and adrenochrome from epinephrine—without evidence for the
expected intermediates, the o-quinones and the corresponding leukochromes. The use of
periodate as an oxidant, on the other hand, allowed visualization of the o-quinone
intermediates and the subsequent conversion to the dopachrome analogues. Cyclization
of the o-quinones appeared to occur in the order epinephrine > norepinephrine >
dopamine, while the rate of autoxidation occurred in the reverse order. The oxidation of
6-hydroxydopamine to its p-quinone was visualized under all three oxidizing conditions.
However, the oxidation of 6-hydroxydopamine by periodate gave evidence for a transient
intermediate, the o-quinone, which rapidly tautomerized to the p-quinone. The p-quinone
product of 6-hydroxydopamine was seen to undergo cyclization to aminochrome, with

subsequent polymerization.

INTRODUCTION

Neuromelanin, a unique melanin depos-
ited within the cytoplasm of catecholamine
neurons, is a complex polymer bound to
lipofuscin granules. Thus it is unlike eu-
melanin or phenomelanin, which are syn-
thesized within the melanosomes of mela-
nocytes. Several observations on the gene-
sis and composition of neuromelanin sup-
port the concept that catabolic pathways
exist for catecholamines other than oxida-
tive deamination (monoamine oxidase) and
O-methylation (catechol O-methyltransfer-
ase). The histochemical studies of Barden

This investigation was supported by Grant CA
19013 from the National Cancer Institute. This paper
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(1), demonstrating that neuromelanin de-
posited in the substantia nigra and locus
ceruleus is generated from polymerization
of oxidized products of dopamine and nor-
epinephrine, have been confirmed and ex-
tended by Rodgers and Curzon (2). These
authors found that dopa, dopamine, nor-
epinephrine, epinephrine, and 5-hydroxy-
trypamine can serve as substrates for neu-
romelanin synthesis. Furthermore, the ob-
servation that heat denaturation does not
destroy the capacity of brain homogenates
to promote neuromelanin deposition sug-
gests that the oxidation of neuromelanin
precursors proceeds largely through autox-
idation and that the role of protein or lipo-
fuscin is to serve as a nidus for polymeri-
zation.

Proposals for these oxidative pathways
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F1G. 1. Proposed oxidative pathways for dopa and catecholamines

1, tyrosine; 2, dopa; 3, dopamine; 4, norepinephrine; 5, epinephrine; 8, dopaquinone; 7, leukodopachrome; 8,
dopachrome; 9, topa; 10, o-quinone of topa; 11, p-quinone of topa; 12, dopamine o-quinone; 13, leukoamino-
chrome; 14, aminochrome; 15, 6-hydroxydopamine; 16, o-quinone of 6-hydroxydopamine; 17, p-quinone of 6-
hydroxydopamine; 18, norepinephrine o-quinone; 19, leukonoradrenochrome; 20, noradrenochrome; 21, epi-
nephrine o-quinone; 22, leukoadrenochrome; 23, adrenochrome; 24, dihydroxyindole (and derivatives); 25,
indole quinone (and derivatives). n refers to the likelihood that this species, perhaps along with other quinones
in these pathways, polymerizes to form the various melanins.

can be formulated by analogy with those
given for the tyrosinase-mediated oxidation
of dopa (3). In addition, the increasing im-
portance attached to the toxicity of 2,4,5-
trihydroxyphenylethylamine (6-hydroxy-
dopamine) for catecholamine neurons (4, 5)
points to ring hydroxylation as a potentially
important metabolic pathway for dopa-
mine, whether this reaction is enzyme-cat-
alyzed or results for autoxidation (6).

The pathways presented in Fig. 1 are
based on a variety of studies published in
the past 50 years. The sequence from dopa,
2, to dopachrome, 8, given by 2, 6, 7, 8, was
described by Raper in the 1920s (7), while
the route through topa,’ 9, has been pro-
posed only recently as 2, 9, 11, 8, with the
o-quinone, 10, observed only as a transient
species when topa, 9, was oxidized with
periodate (3). The observations of Scheulen
et al. (8) suggested that dopamine as well
as dopa could be oxidized by microsomes to

! The abbreviation used is: topa, 2,4,5-trihydroxy-
phenylalanine (6-hydroxydopa).

quinones that exhibited irreversible binding
to proteins. Tse and coworkers have pro-
vided evidence for the existence of the se-
quence 3, 12, 13, 14, pointing out in addi-
tion that the o-quinone of dopamine, 12, is
more likely to react with available external
nucleophiles (e.g., cysteinyl residues) than
to undergo internal cyclization to leukoa-
minochrome, 13 (9). The genesis of 6-hy-
droxydopamine, 15, in vivo could result
from 6-hydroxylation of dopamine, 3, as
shown or, as suggested by Senoh et al. (6),
via a nucleophilic attack by water on the o-
quinone, 12. As noted by Tse et al. (9),
however, the latter reaction occurs far too
slowly to compete with intracyclization to
13 or with reaction with sulfhydryl groups.
Alternatively, 6-hydroxydopamine, 15, may
be produced from decarboxylation of topa,
9 (10, 11).

The oxidation pathway for 6-hydroxy-
dopamine, 15, has been a matter of some
dispute, with Senoh and Witkop (12) and
later Saner and Thoenen (13) postulating
that oxidation of 15 to the p-quinone, 17, is
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followed by cyclization through attack of
the amino nitrogen on the C=C bond to
form trihydroxyindoline rather than by at-
tack on the adjacent carbonyl group, which
would yield instead aminochrome 14. The
latter pathway, 15, 17, 14, is supported by
the observations of Harley-Mason (14) and
later authors (15-19), who in addition have
established the subsequent formation of
5,6-dihydroxyindole, 24 (R, = R = H) (14),
and the indole quinone 25 (R; = R:=H, n
= 1), termed by some aminochrome II (15,
19). The existence of the o-quinone product,
16, of 6-hydroxydopamine, 15, has been
postulated by Heikkila et al. (20), but the
paper by Wehrli et al. (21) can be inter-
preted to reveal that what the former paper
called the p-quinone is the bromide salt of
the protonated form of 17, and what is
termed the o-quinone, 16, is instead the
dipolar ion of 17.

The existence of direct oxidation path-
ways for norepinephrine, 4, to noradre-
nochrome, 20, and of epinephrine, 5, to
adrenochrome, 23, were implied in the work
by Hochstein and Cohen (22). The se-
quence 4, 18, 19 was proposed by Maguire
et al. (23) to account for the covalent bind-
ing of [*H]norepinephrine to particulate
fractions of cells. Similarly, electrochemical
studies suggested that the oxidation path-
way of epinephrine, 5, to adrenochrome,
23, could be written as 5, 21, 22, 23 (24).
This sequence was extended to include 3,-
5,6-trihydroxy-1-methylindole, 24 (R, =
OH, R; = CH3), and the corresponding in-
dole quinone, 25 (R, = H, R; = CH;, n =
1), by Harrison et al. (25). It is noteworthy
that this sequence was suggested by
Bu’Lock and Harley-Mason in 1951 (26).

For the sake of simplicity, the formulae
for the aminochromes 8, 14, 20, and 23
have been given as the 2,3-dihydroindole
5,6-quinones, and that of 25, as the indole
5,6-quinones. In aqueous solutions at neu-
tral pH the predominant forms would be
the dipolar ions of the iminoquinone tau-
tomers given in Fig. 2 as 28 and 31 and the
corresponding anions resulting from disso-
ciation of a proton from the imino nitrogen
(19).

In the present investigation the autoxi-
dations of 6-hydroxydopamine, 15, dopa-
mine, 3, norepinephrine, 4, and epineph-
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F1G. 2. Tautomeric rearrangements of 2,3-dihy-
droindole 5,6-quinones, 26, to the dipolar ionic im-
inoquinones, 28, and of the indole 5,6-quinones, 29,
to the iminoquinone dipolar ions, 81, shown as these
would occur in aqueous solutions

R, = H or OH; R; = H or COOH; R; = H, CH;,,
CsH-;, etc.

rine, 5, have been studied by absorption
spectroscopy. The quinone products have
been compared with those generated
through the action of polyphenol oxidase
(tyrosinase, EC 1.10.3.1) and sodium per-
iodate. Because of the probability that cat-
echols like 1,2-glycols are oxidized by per-
iodate via cyclic periodate ester intermedi-
ates prior to cleavage by water to o-benzo-
quinones (3, 27), the use of this oxidant
held the promise of establishing whether o-
quinones such as 12, 16, 18, and 21 are
intermediates in these oxidative pathways.
The genesis of these quinones was studied
with the use of rapid repetitive scanning of
the ultraviolet and visible spectra at various
temperatures.

The number of absorbing species in so-
lution was evaluated from these spectra
utilizing the matrix analysis of Coleman et
al. (28). This is an empirical graphical anal-
ysis based on simple matrix theory and
advantageously applied to reactions with
complex equilibria or, as reported here, to
kinetic studies. Absorption spectra, taken
after various times of reaction, yield multi-
ple values for A;, where A is absorbance, i
is the wavelength, and j is the tracing of the
spectrum. With one absorbing species in
solution, plots of An, vs. Ay, where { % m
and m = Anay, yield a family of straight lines
passing through the origin. With two ab-
sorbmg species in solutlon, linear plots
passing through the origin are obtained
when Anj/An is plotted against A;/An;
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where i #¥ m or n and n = any single
wavelength other than m, the An.. Reac-
tions in which three absorbing species are
evident in solution give a family of straight
lines not passing through the origin when
the quantity (Am:Aiy — AmyAir)/(AmzAiz —
Am,Aix) is plotted against (An.A; —
AmiAix)/(AmsAiz — AmsAix), with i # m and
J #*x,y,0rz (x,y, and z are three arbitrarily
chosen but fixed tracings of the absorption
spectrum).

MATERIALS AND METHODS

Mushroom polyphenol oxidase (tyrosin-
ase; o-phenol:O, oxidoreductase, EC
1.10.3.1) was obtained from Worthington
Biochemicals, and dopamine, epinephrine,
norepinephrine bitartrate, isoproterenol,
N-acetyldopamine, and 6-hydroxydopa-
mine, from Sigma Chemical Company. So-
dium metaperiodate and components of
buffers were reagent grade.

Spectra were recorded with a Beckman
Acta III spectrophotometer,” which scans
at speeds up to 2 nm/sec from higher to
lower wavelengths and will record both the
ultraviolet and visible spectra in a single
tracing. An Aminco DW-2 spectrophotom-
eter’ was utilized in following more rapid
reactions; this instrument scans at rates up
to 20 nm/sec from lower to higher wave-
lengths. Reference cuvettes for tyrosinase
oxidation contained all components except
substrate. Water was used in reference cu-
vettes during autoxidation or periodate ox-
idation. When reactions were run at low
temperatures, the cell compartment was
continuously flushed with N. to prevent
condensation.

RESULTS

Dopamine, 3, norepinephrine, 4, epi-
nephrine, 5, and isoproterenol, all analogs
of dopa, were oxidized similarly by mush-
room tyrosinase to orange chromophores
with Ama: similar to that given for dopa-
chrome 8, at 302 and 473 nm (3). Thus the

2 The generosity of Dr. A. C. Crumbliss in supplying
this instrument is gratefully acknowledged.

3 This instrument was provided by Dr. I. Fridovich
and his colleagues, Dr. R. H. Cassell and Dr. R. E.
Lynch, whose gracious cooperation is greatly appreci-
ated.
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dopamine product with Amsx at 303 and 479
nm can be assumed to be aminochrome, 14;
the product of norepinephrine (Amsx = 297
and 477 nm), noradrenochrome, 20; and the
epinephrine product (Amax = 302 and 480
nm), adrenochrome, 23 (Table 1). The cor-
responding product from isoproterenol had
Amax at 305 and 394 nm. Serial 20-nm/sec
tracings of the visible spectrum during the
tyrosinase-mediated oxidation of dopamine
are given in Fig. 3. The 479 nm peak devel-
ops quickly, with no evidence for additional
chromophores. When this family of curves
was subjected to the matrix analysis of
Coleman et al. (28), a best fit was obtained
with the empirical test for two absorbing
species in solution (Fig. 4). Thus there was
no evidence for the proposed intermediates
12 and 13 in this pathway. Such was the
case with the other catecholamines and, as
previously reported, with dopa (3).

The o-quinone products of dopamine,
norepinephrine, and epinephrine were ob-
served, however, when the specific chemi-
cal oxidant NalO, was employed. In each
instance there was the immediate appear-
ance of a yellow chromophore with Anax
between 380 and 395 nm, which was pro-
gressively replaced by the orange chromo-
phore observed during tyrosinase-mediated
oxidation of these catechols (Table 1). The
visible spectrum obtained during NaIO, ox-
idation of dopamine is presented in Fig. 5.
In this instance the o-quinone species, 12,
is apparent in the peak at 394 nm. The
subsequent generation of the 479 nm ami-
nochrome peak is not accompanied by a
true isosbestic point, but rather by multiple
crossings of succeeding tracings over a span
of 10 nm. When these data were subjected
to the matrix analysis, a best fit was ob-
tained for three species in solution (Fig. 6).

Similarly, norepinephrine was oxidized to
its o0-quinone, 18, by NalQy, in this instance
with Amax at 384 nm. To observe the trans-
formation of this species to noradreno-
chrome, it was necessary to reduce the tem-
perature. Matrix analysis, in this instance
using data from the ultraviolet as well as
the visible spectrum, gave a best fit for
three species in solution. The periodate ox-
idation of epinephrine occurred even more
rapidly, with the o-quinone, 21, seen only
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TABLE 1
Spectral characteristics of polyphenol oxidation products

The wavelengths of maximal absorption for the polyphenols and their oxidation products are given for
autoxidation at pH 7.4 (0.05 M sodium phosphate), 9.0, 9.5, or 10.5 (0.025 M sodium carbonate), after oxidation
by unbuffered sodium periodate (1 Eq for 6-hydroxydopamine; 2 Eq for dopamine, norepinephrine, and
epinephrine), or after oxidation by mushroom tyrosinase in 0.05 M sodium phosphate buffer, pH 6.8. Values in
parentheses indicate a shift in the Am.x during continued autoxidation at pH 9.5.

Amax Of Oxidizing conditions Amax Of product(s)
unoxidized
polyphenol Ultraviolet Visible
nm nm nm

6-Hydroxydopamine 294 pH 74 272 492

pH 9.0 270

pH 9.5 272

NalO, 270 491

Tyrosinase, pH 6.8 270 488
Dopamine 283 pH 9.5 300 450 (431)

pH 105 303

NalO, 303 394, 479

Tyrosinase, pH 6.8 303 479
Norepinephrine 283 pH 95 453 (456)

pH 10.5 297

NalO, 296 384, 482

Tyrosinase, pH 6.8 297 477
Epinephrine 283 pH 9.5 486

pH 105 303

NalO, 302 387, 483

Tyrosinase, pH 6.8 302 480

in the first tracing, again at reduced tem-
peratures. Matrix analysis again showed
three absorbing species in solution.

Recordings of the ultraviolet spectrum
shed light on the identity of the third spe-
cies observed in addition to the o-quinone
(12, 18, 21) and the cyclized quinone (14,
20, 23). The addition of 1 Eq of NalO,
resulted in the appearance of the ultraviolet
peak for the cyclized quinone but also in
the persistence of the catechol, as had been
observed with the periodate oxidation of
dopa (3). Therefore the third species de-
tected by the matrix analysis was the cate-
chol 3, 4, or 5 itself rather than leukoami-
nochrome, 13, leukonoradrenochrome, 19,
or leukoadrenochrome, 23. The latter spe-
cies must be readily oxidized and very tran-
sient entities in solution.

The spectra obtained during the autoxi-
dation of dopamine, norepinephrine, and
epinephrine at high pH mimicked those
obtained during oxidation mediated by

mushroom tyrosinase. In each instance ma-
trix analysis of the ultraviolet or visible
spectrum gave a best fit for two species in
solution, without evidence for the o-qui-
none or leukochrome intermediates. As the
periodate oxidation of each gave evidence
for persistence of the catechol, so did the
catechol persist during autoxidation at high
pH. Notable differences in the rates of oxi-
dation were observed among the three cat-
echolamines. The autoxidation of dopa-
mine was much more rapid than that of
norepinephrine and epinephrine (Table 2).
On the other hand, the genesis of the ultra-
violet peak ascribed to the cyclized quinone
during periodate oxidation occurred in the
reverse order, with more rapid appearance
of this species with epinephrine (Table 2).
From the first observation, dopamine is
obviously the most readily autoxidized.
From the second, it is apparent that while
oxidation of the catechols 3, 4, and 5 to the
o-quinones 12, 18, and 21 with periodate
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F1G. 3. Tyrosinase-mediated oxidation of dopamine

Dopamine at a final concentration of 0.5 mM was added to tyrosinase, 0.25 mg/ml in 0.05 M sodium phosphate,
pH 6.8, at 22°. Spectra were recorded at 20 nm/sec, the tracings beginning at the times indicated on each curve

in minutes.

6 480am
o 510nm
o 420nm
o 340nm

©390nm
o0 S70nm

oo 500nm

05

A - Ay

F1G. 4. Matrix analysis of tyrosinase-mediated
oxidation of dopamine

The empirical test for two species given by Coleman
et al. (28) and illustrated previously (3) is shown for
the oxidation of dopamine in the presence of mush-
room tyroeinase. In this analysis A; is the absorbance
at wavelength i obtained during tracing j, e.g., Ay is
the absorbance at 480 nm obtained during the fourth
tracing (¢ = 0.8 min). In the test for two species, (A
— A;)) was calculated at eight wavelengths for the
eight tracings illustrated in Fig. 3 and plotted against
values for i{ = 4 (490 nm). The test for two species
requires that a family of straight lines pass through
the origin as shown.

probably occurs at roughly the same rate,
the rates of cyclization to 13, 19, and 22
must vary, being greatest for epinephrine

and least for dopamine.

One interesting feature was observed in
the visible spectra during autoxidation at
high pH. The Ama: values of aminochrome,
14, and noradrenochrome, 20, were approx-
imately 30 nm less than observed during
tyrosinase- or periodate-mediated oxida-
tion, while that of adrenochrome, 23, was
the same (Table 1). The explanation for
this is seen in Fig. 2. The substituent on the
imino nitrogen R; in aminochrome, 14, and
noradrenochrome, 20, is a proton that will
dissociate at high pH, while R; in adreno-
chrome is a methyl group. Thus the Ama
observed for 14 and 20 at high pH is the
anion of 28 (Fig. 2), while that at neutral
pH (Table 1) is the dipolar ion represented
by 28. Obviously, adrenochrome remains a
dipolar ion at high pH.

Sequential recordings of the visible spec-
trum during the autoxidation of 6-hy-
droxydopamine at pH 7.4 yielded only a
single peak at 492 nm. The oxidation of 6-
hydroxydopamine by NalO, occurred too
rapidly to be studied at the concentrations
required for visualization in the visible
spectrum, but the several tracings obtained
before completion of the reactions again
showed the appearance of the 492 nm peak
without evidence of other maxima.

Serial tracings of the ultraviolet spec-
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F1G. 6. Oxidation of dopamine by sodium periodate

In this experiment 0.5 mM dopamine was oxidized with 0.5 mm NalO,, 1 Eq instead of 2, to illustrate better
the 394 nm peak. The reaction was followed at 22° with tracings at 20 nm/sec, beginning at the times indicated
in minutes. The reaction of dopamine with 2 Eq of NalO, was similar, except that the 394 nm peak was replaced

by the 478 nm peak more rapidly.
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F1G. 6. Matrix analysis of sodium periodate oxi-
dation of dopamine ,

The quantity (Aydsi — Audgy)/AadAsn — Andsa)
was calculated for the odd-numbered tracings illus-
trated in Fig. 5, with i = 370, 390, 410, 430, 450, 470,
490, 510, 530, and 560 nm. Values for j = 5-19 were
plotted against values for j = 3, yielding this family of
straight lines, as given by Coleman et al. (28). In the
test for two species straight lines were not obtained. A
gimilar group of straight lines was obtained when the

trum, however, revealed notable differences
between autoxidation and periodate oxida-
tion of 6-hydroxydopamine. During autox-
idation at pH 7.4, a progressive shift of the
maximum of unoxidized 6-hydroxydopa-
mine from 294 nm to 272 nm occurred over
16 min at 5°. This was accompanied by
sharp isosbestic points at 293 and 316 nm
(Fig. 7). Periodate oxidation of 6-hydroxy-
dopamine occurred much more rapidly,
going to completion in 2 min at 5° (Fig. 8).
Serial tracings again revealed a shift of the
Amax from 294 and 272 nm. In addition to
the isosbestic points at 291 and 316 nm
there was an isosbestic point at 242 nm.
Matrix analysis of the two processes dis-
closed that in autoxidation 6-hydroxydo-
pamine, 18, is oxidized to the 272 and 492
nm chromophore 17, without evidence for
intermediate species (Fig. 9), whereas per-
iodate oxidation of 6-hydroxydopamine
gave a best fit with the test for three species
in solution, viz. 15, 16, and 17 (Fig. 10).
The p-quinone product, of 6-hydroxydo-
pamine 17, was found to shift its ultraviolet
Amax to higher wavelengths over several
hours at 24°, but this process was attended
by the increase in general absorbance that

curves for dopamine plus 2 Eq were subjected to the
test for three species in solution, both when the ultra-
violet and when the visible spectra were analyzed.
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accompanies polymerization. The appear-
ance of a shoulder at 300-305 nm suggested
conversion of the p-quinone, 17, to ami-
nochrome, 14. A technique previously em-
ployed to demonstrate cyclization of the p-
quinone product of topa, 11, to dopa-
chrome, 8 (3), was used in order to docu-
ment that cyclization of 17 to 14 also oc-
curred. The p-quinone, 17, produced either
by autoxidation or via tyrosinase-mediated
oxidation, was loaded on a Sephadex G-25
column and eluted with water until the red
band was near the end of the column. Then
flow was stopped, and the column was left

TABLE 2

Autoxidation vs. periodate oxidation of
catecholamines
The rate of development of the ultraviolet maxi-
mum (303 nm for dopamine and epinephrine; 297 nm
for norepinephrine) was determined at 0.067 mm in
0.0256 M sodium carbonate buffer, pH 10.5, and during
oxidation by 2 Eq of sodium periodate at 37°.

Catecholamine AAnax
pH 105 NalO,

min™!
Dopamine 0.175 0.145
Norepinephrine 0.029 0.157
Epinephrine 0.022 0.197

09

08

07

06

Absorbance
o o o o
~N w » w
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for 3 days at 4° in the dark. At the end of
this period the color of the band had
changed from red to orange, and elution of
the band yielded aminochrome, 14, with
Amax at 303 and 479 nm. The binding of the
p-quinone, 17, to Sephadex apparently al-
lowed ring enclosure to occur while impair-
ing polymerization.

DISCUSSION

These studies provide spectrophotomet-
ric evidence for the pathways by which
dopamine, 3, norepinephrine, 4, and epi-
nephrine, §, can be oxidized to amino-
chrome, 14, noradrenochrome, 20, and ad-
renochrome, 23, through exposure to oxy-
gen at basic pH. This process of autoxi-
dation could thus be postulated to occur
under physiological conditions within the
cell, although at slower rates. Additionally,
oxidative processes that result in the pro-
duction of superoxide radicals, e.g., xan-
thine oxidase, aldehyde oxidase, dihydro-
orotate dehydrogenase, and NADPH-
cytochrome ¢ reductase, also promote the
oxidation of the catecholamines to quinone
products (29). Thus an as yet undefined
proportion of catecholamines may be oxi-
dized by the routes given in Fig. 1, thereby

1 1 1 1 | Il 1 |
230 240 250 260 270 280 290 300 310 320 330

Wavelength (am)

F1G. 7. Autoxidation of 6-hydroxydopamine

6-Hydroxydopamine in water was added to 0.045 M sodium phosphate, pH 7.4, to a final concentration of 0.1
mM. Each of the tracings of the ultraviolet spectrum obtained at 5° is illustrated, the initial tracing being that

of unoxidized 6-hydroxydopamine with Am.x at 294 nm.
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F1G. 8. Oxidation of 6-hydroxydopamine by so-
dium periodate

6-Hydroxydopamine was dissolved in water at 0.033
mM, and the spectrum was recorded (Amex = 294 nm).
Then 1 Eq of NalO, was added with rapid mixing, and
sequential 20-nm/sec tracings of the ultraviolet spec-
trum were recorded at 16-sec intervals at 5°. The first
and ninth tracings after the addition of NalO, are
labeled.

1 1 1
240 250 260

g A2 270 nm

0 02 .04 06 08 10 12 14
Aj-Ay (2=2750m)

F1G. 9. Matrix analysis of autoxidation of 6-hy-

The data illustrated in Fig. 7 were analyzed by the
test for two absorbing species in solution as described
in the legend to Fig. 4. Again, the straight lines ob-
tained pass through the origin. When the data in Fig.
7 were analyzed for three species, straight lines were
not obtained.

providing the quinone species that poly-
merize to form neuromelanin. Neuromel-
anin could then be viewed as a waste prod-
uct of catecholamine metabolism, accumu-
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F1G. 10. Matrix analysis of periodate oxidation of
6-hydroxydopamine

The test for three absorbing species in solution is
shown for the data given in Fig. 8, as described in the
legend to Fig. 6. If a family of straight lines is obtained,
as is the case here, a minimum of three absorbing
species in solution is indicated. Test for two species
using the data in Fig. 8 produced a set of straight lines
that did not pass through the origin.

lating progressively within the cytoplasm of
the neuron with the passage of time. Nu-
merous factors would influence the quan-
tity of catecholamine carbon atoms contrib-
uted to the neuromelanin polymer: viz. the
presence of reducing substances, such as
ascorbate, or the availability of reactive
nucleophiles, such as sulfhydryl groups of
glutathione or proteins (8, 9). Certainly the
relative contribution of these oxidative
pathways to catecholamine catabolism
must be small compared with O-methyla-
tion and deamination, since up to 90% of an
intravenously administered dose of epi-
nephrine can be recovered in the urine
either unmetabolized or as products result-
ing from O-methylation and/or deamina-
tion (30, 31). The author’s experience as a
neuropathologist confirms the sluggish na-
ture of neuromelanin deposition; until a
patient is at least 6 years old there is insuf-
ficient pigment in the substantia nigra to
be detected without the aid of a microscope.

In the oxidation of the catecholamines 3,
4, and 5 the expected o-quinone interme-
diates 12, 18, and 21 were not evident. Nor
did examination of absorption spectra or
matrix analysis support the intervention of
the leukochromes 13, 19, and 22 in autox-
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idation. Oxidation of the catecholamines by
NalO,, on the other hand, resulted in the
production of transient yellow chromo-
phores with An.: values between 380 and
395 nm. Their identification is supported
by the Amax of 4-(2-N-acetylaminoethyl)-1,2-
benzoquinone and other 1,2-benzoquinones
in aqueous solutions (3). The o-quinones
generated by NalO, oxidation were seen to
undergo rapid cyclization in the order 21
> 18 > 12, resulting in the aminochromes
23, 20, and 14. That the o-quinones 6 (3),
12, 18, and 21 can be observed spectropho-
tometrically during periodate oxidation but
not during autoxidation indicates that the
former process occurs more rapidly and
that in autoxidation the first step, the oxi-
dation of catecholamines 3, 4, and 5 to the

0: qumnn@s 12: 18 and 21; is mate:limiting:
nee of o-quinone 31 was previ-
eus ¥ satx h&h@d during the sle-s@re(c sm;
eal gxidation of epinephrine. 8, by Hawl sy
E af: (24), snd thst of 13, In & simular sty
‘Fee ¢f al- (9). The use of periodate A
these studies has allgwed the demen:
gtration of the 9:quingnes 13, 18, and 81
and the first demonstration of their subse:
quent exg tion and axidation m 14, 20,
an%hﬁ?x abeorpHion epectroseopy
;sness 1 rates of cyclization of
the o-quinenes 18, 18, and 31 ohserved W
these and other smdlss (24) }mpl% that
egpecially the dopamine 0-quinsne; 1 zmay
have the eapgmlmw t0 react with external
nueleeg g8 rath GF than undsrge internal
evchzation 9) That this 1¢ a petentially
unportant factor in the smmm of eat-
Sgﬁ elrs&%nss ie discussed 1n the following
¢ present studies also sup rs the ex-
%n%ef the pathway 18, 17 ’ﬂm the
smsp gFe With Ame: 8t 372 and 493
esulting from the autexidation of 6-
Ry SpamIne OF it perigdate- oF t¥-
Fosinase: medmed madﬂtmna, i rhsg qui:
nene 17 is sgpge by the work of Swan
whe reported 370 and 485 nm as the Am 0
this species. The suhssqusm evehization of
7 to aminechrome 14 was alss observed
¥ Swan (16).
A chromephsre with the spectral Bée?n
erties of 8-quinsne 16 was Rot observe
previgus stushes the corresponding tepa o:

l'n!ll
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quinone, 10, was seen as a transient species
after periodate oxidation of topa with Amax
at 265 and 465 nm. o-Quinone 10 rapidly
tautomerized to the more stable p-quinone,
11, with Ama.: at 271 and 485 nm (3). The
only evidence in the experiments shown
here for o-quinone 16, which would be the
predicted initial product of periodate oxi-
dation of 6-hydroxydopamine (3, 27), was
the appearance of an additional isosbestic
point when 6-hydroxydopamine was oxi-
dized with periodate and the observation
that the matrix analysis of Coleman et al.
(28) gave evidence for three rather than
two absorbing species in solution.

Thus the conversion of o-quinone 18 to
p-quinone 17 must occur by a very rapid
tautomenc rearrangement. This observa-

Egﬁm that previons experiments ye:
wdm ¢ Feactivity and cxtotexieity of 8-
quingne 16 (30) were instead observations
eggsermng the p-quinene, 17, as neted
abgve

This study supporte the existence of gxi-
dative pathwaye for the catechelamines
other than O-methylation and deamina-
tisR. These pathways would in coneept ae:
cgunt for the genesis of pelymerizing pe-
cieg 1n the de Pgsmsn of the apparentl
inert macromelecule neuromelanin in eat:
echolamine neurgns: But i addition, as
discussed in the following paper; the 8xi:
dative pathways provide the cell with pe-
tentially toxic products, with the quinones
themselves variably reactive with nueles:
philes within the cell and the procese of
autexidation resulting in the genesis of free
radical species (4).

‘Fhese experiments aleo demonstrate that
6-hvdroxvdopamine can petentially egp:
tribute ta carbon atems t8 neursmelanin
via eﬂslg‘;ﬁgn and cvclization t8 amine:
chrome. Thus these data are In agreement
with previgus sbservations by Harley-Ma-
#6R; Swan, and sthers (14=18).
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