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Semiquinone Anion Radicals of
Catechol(amine)s, Catechol Estrogens, and
Their Metal lon Complexes

by B. Kalyanaraman,* C. C. Felix,* and R. C. Sealy*

The characterization and identification of semiquinone radicals from catechol(amine)s and catechol
estrogens by eleciron spin resonance spectroscopy is addressed. The use of diamagnetic metal ions, es-
pecially Mg®* and Zn®" ions, to detect transient semiquinone radicals in biological systems and to monitor
their reactions, is discussed. A brief account of the identification and reactions of quinones is also pre-

sented,

introduction

Catechols are widely distributed in nature, in both
plant and animal systems. Catechol itself is an environ-
mental cocarcinogen present in tobacco smoke (1-3). In
mammals, catecholamines act as neurotransmitiers.
They find use in medicine as antiparkinsonism drugs
{dopa), antihypertensive agents (e-methyldopa), and as
bronchodilators (isoproterenol). Antitumor activity of a
number of catechols (y-glutaminyl-3,4-dihydroxyben-
zene, 4-methoxyecatechol, ete.) and eatecholamines (i.e.,
dopa methyl ester, dopamine, 3,4-dithydroxybenzylam-
ine, and 5-S-cysteinyldopa) in both in vitro and in vive
systems has been reported (4-9). Side effects have been
reported for all these drugs, and include hepatic injury
(10}, cardiotoxicity (11), hemolysis (12} and photosen-
sitivity (13). These side effects and the eytotoxicity of
these drugs in general are thought to be related to the
production of damaging free radicals and ¢-quincnes
(14-20).

Phenols are precursors to catechols (29-25); they are
widely used as antioxidants (21,22,26) and also find use
as antitumor agents (5). Several phenoclic agents also
induce skin depigmentation (27,28). These effects have
been attributed to metabolic activation of phenols to
various catechols in pigmented systems (5,18). Both es-
tradiol and diethylstilbestrol (DES) are phenolic estro-
gens and environmental carcinogens (29,30). They
undergo hiotransformation to catechol estrogens in
uterus {31) and in brain tissues (32,33). Free radicals
from DES-catechol and 2-hydroxy-estradiol have been
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implicated in their toxicity (34-86).

Several xenobiotics (benzene, 4-bromobenzene, and
acetominophen) undergo aromatic hydroxylation by cy-
tochrome P-450 in the liver to form the corresponding
catechol(s) (37-40). In addition the hematopoietic tox-
icity of benzene and the nephrotoxicity of bromobenzene
has been linked to semiquinone/quinone production from
catechol metabolites (37,38).

This review addresses the generation, identification,
and reactions of o-semiquinones and o-quinones from
catechol(amine)s and catechol estrogens in a biochemical
milieu.

Biochemical Toxicology of
Semiguinones and Quinones

Catechol(amine)s and catechol estrogens are de-
graded to semiquinone radicals by both enzymatic and
nonenzymatic pathways (Fig, 1). Semiquinone radicals
can be formed either directly or indirectly from oxida-
tion of the parent catechol(s) or from reduction of qui-
nones (41-46).

Since catechols induce toxicity in several target or-
gans, they are also likely to undergo metabolic activa-
tion in several enzyme systems. Enzyme systems ca-
pable of oxidizing catechol(amine)s,catechol estrogens,
and phenols in vitro include: eytochrome P-450/NADPH
(47-49), horseradish peroxidase (HRP)YHy0; (50), PG-
synthase/arachidonic acid (51), catalase/H,0, (52), and
tyrosinase/Q; (41). Those that reduce the quinones are:
NADPH-P450-reductase, DT-diaphorase, and xan-
thine/xanthine oxidase (58-55). One-electron oxidation
of phenols leads to aryloxyl radicals which through sec-
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FicURe 1. Enzymatic and chemical production of semiquinones
from their precursprs. Reactions that give radicals indirectly are
shown by broken arrows.

ondary reactions can in turn form semiquinones (Fig.
1) (42). In a biological milieu, semiquinones and quinones
can bind covalently to proteins, enzymes or other en-
dogenous constituents producing secondary free radi-
cals and products:(56+60) (Figs. 2 and 3).

The antitumor. effects of several catechol(amine)s
have been attributed to inhibition of DNA polymerase
(in melanocytes) by o-quinones or o-semiquinones
(4,5,58). The neurotoxic effects of 6-hydroxy or amino-
substituted catechol(amine)s (i.e., 6-hydroxydopa, 6-
aminodopamine, ete.) have also been related to produc-
tion of free radicals (61-63).

Inactivation of enzymes/proteins by o-quinones is pre-
sumably due to the nucleophilic addition reactions (of
quinones) to sulfhydryl or amino groups present in these
macromolecules (16,58). The production of 5-S-cysteinyl
dopa in the urine of melanoma patients (64) and the
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FIGURE 2. Possible fates of quinones in biological systems.
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FiGURE 3, Possible oxidation and reduction pathways of semiqui-
nones.

isolation of quinone-alanine adduct(s) in terrestrial
humic acid (65) provide indirect evidence for occurrence
of these addition reactions. Reactions between o-qui-
nones and proteins provide a basis for formation of “me-
lano-proteins” (66). The toxicity of adrenochrome (a ma-
terial which leads to myocardial neerosis) has been
attributed to formation of the (one-electron) reduced
free radical and to the oxy-radicals derived from it (via
redox cyeling of oxygen) (67-69).

Generation of o-Semiquinones

Semiquinones are generated from oxidation/reduction
of catechols and quinones by a variety of methods, in-
eluding photooxidation, autoxidation/chemical oxidation
and enzymic oxidation (70-80).

Photooxidation

Photooxidation provides a simple, clean method for
generating semiquinonhe radicals and studying their re-
actions. The primary photoreaction in dopa, catechol,
and a variety of other catecholamines involves a mixture
of photoionization and photohomolysis (87). This was
established by a quantitative spin trapping procedure
that we developed using 5,5-dimethyl-1-pyrroline N-ox-
ide (DMPO), which scavenges both hydrated electrons
and hydrogen atoms formed during the photooxidation.
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The quantum yield for semiquinone formation is ca. 0.04
at pH 7, increasing to about 0.08 at higher pH where
the catechol moiety is ionized.

Sensitized photolysis of catechols and catecholamines
has been demonstrated using a variety of dyes. Visible
irradiation in the presence of hematoporphyrin, Rose
Bengal, methylene blue, and other sensitizers gives in-
tense spectra of corresponding semiquinones (70).

In general, photooxidation (using a slow flow) can be
used for (1) generating specific primary radicals for
characterization purposes without interference from
secondary radicals and (2) obtaining kinetic data for






