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ABSTRACT

Cytotoxic quinones such as 6-hydroxydopamine (6-OHDA), antitumour quinones, or
phenolic metabolites of benzene exert toxic effects through cyclic reduction and reoxidation,
producing active oxygen (O;", H,O,, *OH). Mitochondrial respiration also produces active
oxygen through autoxidation of reduced quinone intermediates. This thesis investigates the
mechanisms of reaction of hydroquinones with oxygen. The thesis has three main parts:

a) an evaluation of mitochondrial respiratory impairments on autoxidation of reduced
quinone intermediates, b) investigations into roles of trace metals and radical propagators in
the autoxidations of 6-hydroxydopamine and ascorbate, and c) a systematic comparison of
the autoxidation mechanisms of hydroquinones differing in reduction potentials, aromaticity,
and metal affinity.

Respiring submitochondrial particles did not measurably increase O, generation as

reduced intermediates accumulate with a decline in oxygen tension to anoxia. Partial
removal of cytochrome ¢ however, as occurs in ischaemia-reperfusion injury, increased
normoxic O,  generation relative to oxygen consumption by 60-100%. A hypothesis is
presented whereby, with cellular age, mitochondrial mutations which disrupt normal
electron flow to oxygen, as with respiratory inhibitors, may increase oxidative stress through
autoxidation of accumulating reduced intermediates.

The effects of metal chelators and superoxide dismutase on the reaction of 6-OHDA
with oxygen revealed the importance of trace metals as initiators, and of O, as a reaction
propagator. Superoxide dismutase inhibited autoxidation by up to 96%, but control
experiments with albumin and denatured superoxide dismutase revealed synergistic
coordination of trace metals by the apoprotein. Coordination of trace metals with
desferrioxamine, histidine, or albumin inhibited autoxidation 30-40% and enhanced
inhibition by catalytic amounts of superoxide dismutase from less than 25% to over 95%.
Metal chelation thus precludes formation of a ternary 6-OHDA:metal:oxygen complex, and

forces the autoxidation to occur by an outer sphere, O, -propagated pathway. The
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superoxide dismutase mimic, Mn-desferrioxamine (green complex), did not inhibit 6-OHDA
autoxidation in the presence of excess desferrioxamine, instead catalysing autoxidation.
With added transition metals, EDTA enhanced catalysis by Fe, but inhibited catalysis by Cu,
Mn, or V. Desferrioxamine and histidine inhibited catalysis by each metal. A plot of catalytic
activity versus reduction potential of metal:ligand complexes revealed a potential midway
between reductant and oxygen as optimal for facile reduction and reoxidation. In ascorbate
autoxidation, synergism between metal chelators and superoxide dismutase was not evident
due to over 98% inhibition by chelators alone. Stronger inhibition by heat-denatured
superoxide dismutase than native enzyme indicated a greater affinity of the unfolded protein
for catalytic metals. The plasma antioxidant, uric acid, inhibited 6-OHDA autoxidation
synergistically with ascorbate or superoxide dismutase, indicating metal-binding and
cooperation with ascorbate and superoxide dismutase in its antioxidant activities.

The autoxidations of selected benzenediols, benzenetriols, and naphthalenediols differed
in their responses to superoxide dismutase and metal chelators. In the autoxidation of
benzenetriols (gallate; 2,3,4-trihydroxybenzoate; pyrogallol; 1,2,4-benzenetriol), 5 U/ml
superoxide dismutase inhibited 17-60%, and metal chelators sensitized to further inhibition.
With benzenediols (catechol and 1,4-hydroquinone), superoxide dismutase accelerated
autoxidation (70% and 300%), and metal chelators did not produce inhibition. Superoxide
dismutase evidently accelerates autoxidation when thermodynamic limitations to reduction
of oxygen outweigh propagating actions of O,". With the naphthalenediols (1,2- and 1,4~
naphthalenediol), superoxide dismutase inhibited briefly but then accelerated autoxidation.

More facile quinhydrone formation with naphthoquinones allows comproportionation to
quickly supercede O, as a propagator . Whether an autoxidation proceeds by
comproportionation or O, -propagation, biologically important effects of superoxide
dismutase are to limit formation of semiquinones and to facilitate redox pathways for

excretion of cytotoxic quinones.
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Chapter 1.
Redox Cycling in the Cytotoxicity of Quinones

Abstract

The mechanisms by which hydroquinones react with oxygen require systematic
characterization. We are exposed to potentially cytotoxic quinones from many sources.
They are produced endogenously, prevalent in foods and the environment, and arise in the
metabolism of xenobiotics, including aromatic pharmaceuticals or environmental pollutants.
Pathologies involving or implicating quinone cytotoxicities include: Parkinson’s disease and
other neuropathies, catecholamine cardiotoxicity, antitumour quinone cardiotoxicity,
benzene myelotoxicity and carcinogenicity, cigarette carcinogenicity, naphthalene
ophthalmotoxicity, and cellular respiration-induced aging. Cytotoxicity of quinones arises
mostly from two mechanisms: redox-cycling, with production of reactive oxygen specices
(0,7, H,0,, "OH, '0,), and electrophilic attack of quinones on cellular components such as
proteins or DNA. Since quinones are reduced intracellularly to the corresponding
hydroquinones, both mechanisms depend in part on the reaction of hydroquinones with
oxygen. Due to a large activation free energy barrier, oxygen has a limited range of
mechanisms available to react with hydroquinones. Catalytic metals and radical propagators
are thus important participants. However, the relative contribution of different metals and
radical propagators varies with different hydroquinones and needs systematic study. A major
goal is to find generalizations relating hydroquinone structure to the mechanism of reaction
with oxygen. In addition, we need to understand how different metal-binding and chain-
breaking antioxidants interact to inhibit hydroquinone oxidations. Such interactions are
fundamental to mechanisms of antioxidant action and to therapeutic strategies for protecting

against quinone cytotoxicities.




Quinones as cytotoxic species: Current perspectives and future prospects

Quinones are among the most electronically active of all organic biomolecules. They are
fundamental to life, abundant in nature, and highly active as natural and synthetic
pharmaceuticals. The medicinal activity of a quinone preparation was first documented in
Peru in 1638, when an extract from the bark of the chinchona tree, called "kina-kina" by the
natives ("quina-quina" in Spanish), was used to cure a fever in the wife of the Spanish
governor of Peru. Eventually the active ingredient was isolated and identified as a derivative
from Kinic acid, called "kinone" or "quinone" (figure 1). The major classes of quinones are
shown in figure 2. In addition, several quinoid compounds such as quinonimines and
phenazines (figure 3) show similar chemical properties. The unique chemistry of quinones
results from their ability to undergo reversible reduction to the hydroquinone and
reoxidation to the parent quinone (figure 4). The oxidation can occur either enzymatically
(eg. by myeloperoxidase), or by non-enzymic reaction with oxygen (the subject of this

thesis).

Quinones serve many functions biologically and industrially or clinically. Some relevant
quinones or hydroquinones are shown in figure 5. Quinones provide a major function as
electron transfer agents in cellular respiration (ubiquinone, flavoquinones) and
photosynthesis (plastoquinones). Other biological functions of quinones include as
hormones (catecholamines), as oxidation-reduction cofactors in protein carboxylation
(vitamin K) and in monooxygenases or mixed-function oxidases (flavins, biopterins), as
pigments (lawsone, tannins, melanins), as precursors to structural polymers (eg. lignin), and
as natural pesticides or herbicides (eg. juglone in walnut hulls and leaves). The antioxidants
vitamin C, vitamin E and bioflavonoids also have quinone or quinoid structures. Quinone or
quinoid compounds used as pharmaceuticals include analgesics (acetaminophen), antibiotics,
antihelmintics, and antitumour agents (cg. streptonigrin, mitomycin C, anthracyclines).
Quinone containing extracts from plants such as rhubarb and aloe have been used as
purgatives for over 4000 years, and are widely used in folk medicines. Industrially, quinones

are used as stains (eg. alizarin) and dyes (eg. lawsone in henna and "natural” hair dyes).
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We are exposed to potentially beneficial and toxic quinones or hydroquinones from many

sources, endogenous and xenobiotic. Teas and red wines for example contain a wide variety
of polyphenolics, some of which are considered beneficial. Coffee contains catechol and
caffeic acid. Potentially toxic quinones are present in cigarette smoke (eg. catechol), wood
smoke (benzo[a]pyrene quinones), and atmospheric pollution (anthraquinone, phenanthrene
quinone, benzo[a]pyrene quinones). Other toxic quinones arise through metabolism of
aromatic compounds in pesticides (eg. chlorinated phenolics (Juhl et al 1991)) or of other

environmental pollutants (eg. benzene, dioxins).

While quinones serve many therapeutic or useful purposes, both endogenous and xenobiotic
quinones may be cytotoxic through cyclic reduction and reoxidation, producing reactive
species of oxygen (O,”, H,0,, *OH, '0,) (figure 6). Autoxidative redox cycling can
propagate cytotoxic damage to widespread and sensitive cellular targets through lipid
peroxidation and metal site specific production of “OH (as elaborated in a comprehensive
reaction schema by Borg and Schaich 1984). Such redox cycling-induced oxidative stress
contributes to the toxicities and mutagenicity of industrial chemicals, environmental
pollutants, and quinone pharmaceuticals. Minimizing or protecting against such actions is of
considerable interest. Quinone chemistry, biochemistry, and toxicology has received vast
attention, and is the subject of several books (Thomson 1971, 1987, Patai 1974, 1988) and
many excellent reviews (Brown 1980, Smith et al 1985, Nohl et al 1986, Powis 1987, 1989,
Brunmark and Cadenas 1989, Willson 1990, Wardman 1990, Monks et al 1992). The
reaction of hydroquinones with oxygen, and the contributions of active oxygen to quinone
cytotoxicity are well documented. However, three aspects stand out as in need of attention:
a) the roles of different metals and their ligands in catalysing the reactions of hydroquinones
with oxygen, and b) systematic comparisons of the mechanisms by which different
hydroquinones react with oxygen, and ¢) since antioxidants act together in vivo, interactions
between different antioxidants (metal-binding and/or chain-breaking) in modulating quinone

cytotoxicity.




DT-Diaphorase

NAD(P)* NAD(P)H

Flavoprotein Flavoprotein
VoNAD(P)t feductase 1, NADPIH Y, napp)t,  reductase 1, NAD(PH

N

\4 ) %
/ ] / ]
0, 0, 0, 0,
-0,
24 sop .-

N> oH 4 H
0, + H,0, oS, > O+ HO'

OH
OH

Figure 6. Redox cycling of 1,2,4-benzenetriol with production of active oxygen.



6-Hydroxydopamine and other catecholamines autoxidize to generate active oxyger.

Catecholamines are catabolized in vivo by monoamine oxidase and catechol-O-methy!
transferase, but are also susceptible to non-enzymatic oxidation. The formation of pink
oxidation products (0-quinones and aminochromes) can be readily observed in
catecholamine solutions standing in air. The progressive accumulation of neuromelanin in
catecholamine neurons implies that spontaneous oxidation also occurs in vivo (Graham
1978, 1979). The "autoxidation" of most natural catecholamines is slow at neutral pH, and
would not on this basis be expected to be a significant source of cytotoxic oxygen species in
vivo (Jewett et al 1989). However, metals such as copper, iron, and manganese greatly
accelerate oxidation (Chaix et al 1950, Trautner and Bradley 1951, Gillette et al 1954,
Heacock 1959, Graham 1984, Archibald and Tyree 1987). Oxygen mediated cytotoxicity
thus becomes a danger in situations where catalytic metals become decompartmentalized in

proximity to catecholamines.

Catalytic metals are available in brain to varying degrees. Certain regions of the brain (eg.
Substantia nigra) concentrate transition metals (Poirier et al 1985), and cerebral spinal fluid
contains significant catalytically active iron and copper complexes (Gutteridge et al 1982,
Gutteridge 1984). Total free copper in sheep and mouse brains has been estimated at greater
than 10 M (Lander and Austin 1976, Keen and Hurley 1976). Metals are generally
sequestered by specific binding proteins, but the binding constants of certain cupro- and
terro-proteins implies a finite concentration of free metals to ensure catalytic activity. Metals
are released in situations such as bleeding into brain or spinal chord following trauma, where
iron becomes decompartmentalized from extravasated hemoglobin, or in
ischaemia/reperfusion or inflammation, where superoxide induces release of iron from
ferritin. In addition, metal storage sites can become overloaded on excessive ingestion or
exposure to iron, copper, or manganese. For example, manganesc poisoning in miners of
manganese ore produces a neurological disorder (locura manganura) resembling
Parkinsonism and an associated decrease in brain dopamine (Graham 1984, Segura-Aguilar
and Lind 1989).




Reduction of oxygen by catecholamines is implicated in several neurologic and myocardial

pathologies.

Dopamine. Loss of dopaminergic neurons originating in the Substantia nigra is notable in
Parkinson's disease. This loss is likely due to reaction of oxygen with dopamine in these
neurons, and the production of cytotoxic oxygen species (Graham et al 1978, Cohen 1985,
Segura-Aguilar and Lind 1989). Administration of L-dopa boosts dopamine levels and helps
alleviate symptoms of Parkinsonism, but may accelerate the underlying neuronal
degeneration (Monks et al 1992). Ischaemic stroke, and amphetamine intoxication also
produce release of dopamine in the striatum, which may contribute to neurotoxicity. An
understanding of the factors contributing to dopamine oxidation, and the development of

possible preventive or protective strategies is clearly of much interest.

Epinephrine. Elevated plasma levels of epinephrine (or isoproterenol) are cardiotoxic,
producing functional and morphological changes, and ultimately myocardial necrosis (Singal
et al 1982, Bindoli et al 1992). Moreover, ischaemia induces myocardial catecholainine
release, with associated cardiac arrhythmia’s (Reimmersma et al 1982). Also, B-adrenergic
antagonists help protect against damage due to ischaemia-reperfusion (refs in Jewett et al
1989). Whether it is reactive oxygen associated with catecholamine autoxidation, or the
cytotoxicity of adrenochrome oxidation products that produces the cardiomyopathy is a
matter of debate (Jewett et al 1989, Bindoli et al 1992). Reduced adrenochrome autoxidizes
much more rapidly than epinephrine, and adrenochrome redox cycles in mitochondria,
microsomes, and sarcolemma with damaging consequences. However, much higher
circulating concentrations of adrenochrome (10™ M) than epinephrine (>10"" M) are
needed to induce toxic effects. Catecholamine autoxidation in the absence of metal catalysts
is arguably too slow to produce appreciable oxidative stress to myocardium in ischaemia-
reperfusion (Jewett et al 1989). Instead, oxidation of epinephrine by microsomal enzymes or
peroxidatic oxidation in the presence of ferritin or hemoproteins are suggested as possible
sources of active oxygen (Jewett et al 1989). Alternatively, O, from xanthine oxidase may

release catalytic iron from ferritin in ischaemia-reperfusion conditions.




6-Hydroxydopamine. The cytotoxic and neurotoxic properties of 6-hydroxydopamiue

(6-OHDA) have been documented extensively (Uretsky and Iversen 1969, 1970, Malmfors
and Thoenen 1971, Heikkila et al 1973, Jonsson et al 1974, Heikkila and Cohen 1975,
Jonsson and Sachs 1975, Davison et al 1984, Gee et al 1992), and 6-OHDA is often utilized
as a model prooxidant in cell toxicity studies (eg. Giunta et al 1991). 6-Hydroxydopamine 1s
selectively accumulated by the uptake systems of catecholaminergic neurons, where it
generates reactive oxygen and destroys the neuron or nerve termiral. Injected systemically,
6-OHDA selectively destroys sympathetic adrenergic nerve terminals, producing chemical
sypathectomy. Injected into brain (Ungerstedt 1968), 6-OHDA destroys dopaminergic
neurons originating in the Substantia nigra, and produces experimental Parkinsonism.
Intraventricular 6-OHDA depletes brain norepinephrine (Uretsky and Iversen 1969, 1970,
Stein and Wise 1971), and produces behavioral deficits similar to schizophrenia (Stein and
Wise 1971, Adams 1974). With neuroblastoma, a tumour of the sympathetic nervous system
in children, 6-OHDA is used clinically to purge neuroblastoma cells (which take up
catecholamines) from bone marrow prior to marrow transplantation (Angletti and
Levi-Montalcini 1970, Graham et al 1978, Tiffany-Castiglioni et al 1982, Reynold. et al
1982, Bruchelt et al 1989). Ascorbate augments this chemotherapeutic action (Reynolds and
Perez-Polo 1981) by redox cycling accumulated quinone, thereby increasing consumption of

oxygen and production of cytotoxic species (Heikkila and Cohen 1972, Heikkila et al 1973).

6-Hydroxydopamine is a focus of interest in this thesis both as a prooxidant cytotoxin and as
a model for autoxidation studies. 6-Hydroxydopamine differs from natural catecholamines in
possessing an additional hydroxyl group across from the catechol residue, which accelerates
its reaction with oxygen. This p-hydroxyl group makes 6-OHDA a stronger reductant by
adding an additional electron donor group and by providing a more stable p-quinone
oxidation product. Thus, 6-OHDA has properties both of catechols and of p-hydroquinones,
and serves as a model reductant for studying mechanisms of oxygen reduction. Like other
catecholamines, 6-OHDA has vicinal hydroxyl groups capable of coordinating metals.
However, its oxidation product is primarily 2-hydroxy-p-quinone rather than the tautomeric
o-quinone, and this quinone only slowly cyclizes to aminochrome. Previous studies on
6-OHDA autoxidation have shown that O, serves as a propagating intermediate, that H,O»

is the major oxygen-derived product (but can be reduced further to produce “OH), and that
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metal catalysts are important to the reaction with oxygen (Heikkila and Cohen 1971, 1973,
Cohen and Heikkila 1974, Liang et al 1976, Heikkila and Cabbat 1978, 1981, Borg et al
1978, Floyd and Wiseman 1979, Sullivan and Stern 1981, Gee and Davison 1984, 1985).
This thesis focuses on the interdependencies of metal catalysts and radical propagators in the

mechanisms of reaction of 6-OHDA with oxygen.

In particular, the influences of different metal-binding ligands on the rate of trace metal-
catalysed oxidation and on the sensitivity to active oxygen scavengers (superoxide
dismutase, catalase, ascorbate, urate) are assessed. Observations on the eftects of ligands on
catalysis by adventitious metals are extended to studies on the catalytic effectiveness of
added metal-ligand combinations. The interactions of uric acid, a plasma antioxidant of

current interest (Ames et al 1981, Becker 1993), ascorbate, and superoxide dismutase are

explored.

Intermediary metabolism activates aromatic xenobiotics such as benzene and naphthalene

to potentially cytotoxic hydroquinones.

In addition to being exposed to preformed quinones and polyphenolics in the environment,
intermediary metabolism produces quinones during metabolic “detoxification” of other
drugs or environmental toxins. Aromatic hydrocarbon hydroxylases and reductases of
endoplasmic reticulum are essential for excretion of xenobiotics, but activate them to redox
active metabolites. Aromatic hydrocarbons are generally lipophilic, and disrupt membranous
structures and functions. Hydroxylation increases aqueous solubility, and allows for
conjugation and excretion. Reductases such as cytochrome Pjso reductase and
DT-diaphorase (NAD(P)H:quinone oxidoreductase) keep quinones in a reduced state to
prevent accumulation of electrophilic quinones and to allow sulphonation and
glucuronidation, but leave them susceptible to reaction with oxygen. Redox cycling can thus
produce substantial oxidative stress before the cytotoxin is excreted. Metal-binding and
chain-breaking antioxidants help minimize the oxidative stress, but may become

overwhelmed. Different hydroquinones vary in the rate and mechanisms by which they react




with oxygen. Understanding these mechanisms is crucial to designing optimal

chemotherapeutic strategies (prooxidant or antioxidant).

Benzene. Chronic exposure to benzene is myelotoxic, producing aplastic anemia,
leukopenia, and increasing risk of leukemia. Benzene is metabolized in the liver to phenol,
catechol, 1,4-hydroquinone, and 1,2,4-benzenetriol. These metabolites accumulate in bone
marrow, where they exert myelotoxic effects. The mechanisms by which benzene
metabolites produce their toxic effects have not been fully resolved. The two main
mechanistic possibilities are a) reduction of oxygen to cytotoxic species, and b) attack on
cellular nucleophiles by electrophilic quinone products. Either case requires oxidation of the
hydroquinone. The relative contribution of these pathways depends on the rates and
mechanisms of oxidation, and the clectrophilicity of the quinone products. Benzene
metabolites bind to DNA and proteins in vitro and in vivo, indicating electrophilic attack by
quinone oxidation products (refs in Brunmark and Cadenas 1989). Conversely, 1,2,4-
benzenetriol reacts rapidly with oxygen (Greenlee et al 1981), is redox cycled by DT-
diaphorase (Ollinger et al 1990), and produces cytotoxic and genotoxic effects through
generation of active oxygen (Lewis et al 1988, Kawanishi et al 1989, Zhang et al 1993,
1994). 1,4-Hydroquinone reacts much less rapidly with oxygen than 1,2,4-benzenetriol,
while catechol and phenol autoxidation was imperceptible in vitro (Greenlee and Sun 1981).
Significant oxidation of these metabolites thus depends on other factors, such as metals and
enzymes. Copper, and paradoxically superoxide dismutase stimulate the reaction of
1,4-hydroquinone with oxygen (Greenlee and Sun 1981, Li and Trush 1993). Bone marrow
myeloperoxidase also provides enzymic oxidation of phenol, catechol, 1,4-hydroquinone,
and perhaps 1,2,4-benzenetriol to electrophilic products. A difference in the balance
between myeloperoxidase activity and DT-diaphorase activity may explain the differential
sensitivity to benzene metabolites of bone marrow macrophages compared to fibroblast

stromal cells (Monks et al 1992).

Naphthalene. Exposure to naphthalene, the major component of coal tar distillate, produces
toxicity in the eye, resulting in lens opacification (eg. Russell et al 1991). In an analogous
manner to benzene, naphthalene is metabolized in the liver to 1-naphthol, 1,2-

naphthalenediol, 1,4-naphthalenediol, and 1,2,4-naphthalenetriol. (Brunmark and Cadenas
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1989). 1-Naphthol is of some interest as a potential anticancer agent, as it, and its
metabolites 1,2-naphthoquinone and 1,4-naphthoquinone, are selectively toxic to cultured
colorectal tumour tissue. 1-Naphthol also has therapeutic potential in treating certain
melanomas rich in tyrosinase activity, which activates I-naphthol to 1,2-naphthoquinone
with destructive consequences. As with metabolites of benzene, cytotoxicity can result
through redox cycling and/or through electrophilic arylation (Brunmark and Cadenas 1989,
Monks et al 1992). Evaluating the relative contribution of these pathways is a challenge that
has received substantial attention (Monks et al 1992). In general, however, the
naphthoquinones redox cycle more actively than benzoquinones (Oliinger et al 1990). While
redox cycling of naphthoquinones by DT-diaphorase has received significant attention, the
direct mechanisms of reaction of naphthohydroquinones with oxygen have received only

preliminary characterization (Ishii and Fridovich 1990).

Respiratory flavoproteins produce redox-cycling semiquinone intermediates

DT-Diaphorase reduces quinones by a concerted two-electron mechanism, and thus redox
cycling depends on the reactivity of the hydroquinone (rather than the semiquinone) with
oxygen. With naphthoquinones, this redox cycling can be quite active (Buffington et al
1989, Ollinger et al 1990). In contrast to DT-diaphorase, mitochondrial or microsomal
flavoenzymes reduce quinones by one-electron steps, producing significant steady state
levels of semiquinones, which react even more readily with oxygen. Two much investigated
examples of quinones which produce cytotoxicity through redox cycling in mitochondria
and endoplasmic reticulum are menadione and the anthracycline antitumour quinones (eg.
adriamycin). In addition, endogenous semiquinones (flavosemiquinones, ubisemiquinone)

are susceptible to autoxidation under certain conditions.

Menadione. Menadione (2-methyl-1,4-naphthoquinone) is a synthetic naphthoquinone with
vitamin K activity, which induces substantial oxidative stress in hepatocytes (Smith et al
1985), and has been studied extensively as a model redox-cycling prooxidant. Redox cycling
of menadione by microsomal and mitochondrial flavoproteins produces large quantities of

O," and H,0,. This oxidative stress causes rapid depletion of NAD(P)H and glutathione,
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and release of calcium to cytosol from mitochondria and endoplasmic reticulum. The results

of the oxidative stress are blebbing of the cell surface and eventual cell death.

Anthracyclines. Adriamycin and other anthracyclines produce antitumour activity largely
through intercalation in and alkylation of replicating DNA (and perhaps by inducing
oxidative damage to DNA). However, their effectiveness in cancer treatment is dose-limited
by cardiotoxicity. The cardiotoxicity of anthracyclines results at least in part from the highly
aerobic nature of heart tissue and the prevalence of respiratory flavoenzymes which redox
cycle these quinones. Designing quinones which redox cycle less actively in myocardium but
produce similar or greater antitumour activity, such as recently developed 5-
iminodaunorubicin, would be of significant benefit. Knowledge of the fundamental

mechanisms by which hydroquinones react with oxygen will aid in the rational design of

such agents.

Endogenous semiquinones. Autoxidation of endogenous ubisemiquinone or
flavosemiquinone intermediates produces significant active oxygen under some conditions.
The respiratory inhibitors antimycin and cyanide impair conduction of electrons to
cytochrome oxidase, blocking normal respiration. The resulting accumulation of reduced
quinone intermediates leaves them susceptible to autoxidation, and produces substantial
release of O, and H,O, (Turrens and Boveris 1980, Cadenas and Boveris 1980, Ksenzenko
et al 1983, Turrens et al 1985, Forman and Boveris 1982). In addition, respiratory inhibitors
increase the reduction of exogenous quinones such as menadione to autoxidizable
semiquinones and hydroquinones, accentuating the oxidative stress. In vivo situations for
respiratory impairment include hypoxia, loss of cytochrome ¢ from the surface of the
mitochondrial inner membrane, or mutations to the terminal components of the respiratory
chain. Mitochondrial generation of O,” and H,O, has been suggested to contribute to
ischaemia-reperfusion injury (Fridovich 1979, Sjostrom and Crapo 1981, 1983, Flaherty and
Weisfeldt 1988). Loss of cytochrome ¢ (through ischaemia-induced mitochondrial swelling),
or hypoxic accumulation of reduced intermediates, provide possible mechanisms.
Mitochondrial mutations increase with age (Linnane et al 1989, Arnheim and Cortopassi
1992, Ozawa 1993), and mitochondria from older individuals release more O, and H,O,

(Nohl et al 1978, Sawada and Carlson 1987, Sohal 1993, Yen et al 1994). We have
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suggested that mitochondrial mutations to terminal components of the respiratory chain
provide a mechanism for this increased leakage of active oxygen (Bandy and Davison

*
1990). The influences of mitochondrial impairments on the generation of active oxygen by

respiratory quinones will be addressed in Part II of this thesis.

*

ThlS suggestion has currently come in focus due to a recent wealth of information and interest in
mitochondrial genetic diseases (eg. reviews: DiMauro et al 1988, 1989, Shoftner and Wallace 1990, Kiester
1991, Wallace 1992a, 1992b, 1993, Byrne 1992, Bakker et al 1993, Schapira 1993, Schapira et al 1993,
Schon 1993, Taylor et al 1993).




Hydroquinones can react with oxygen by a limited range of pathways

Transfer of an electron pair from hydroguinone to oxygen is spin restricted and

thermodynamically unfavourable.

Consistent with molecular orbital theory (and Hund’s rule of maximum multiplicity), oxygen
behaves as a diradical. The molecular orbital diagram for ground state dioxygen is shown in
figure 7. Oxygen has two unpaired electrons of the same spin in T* antibonding orbitals. In
contrast, the valence orbitals of non-radical organic molecules such as hydroquinones are
occupied by paired electrons of opposite spin, thereby balancing spin magnetic moments.
The valence orbitals of oxygen have an appropriate symmetry to overlap those of organic
biomolecules in forming a transition state species. However, the occupancy is inappropriate
for yielding two sets of spin-paired electrons. Thus, while oxygen is a relatively strong two-
electron oxidant (E”0,M,0, = 0.33 V) (Table 1), the spin restriction creates an activation

free energy barrier and prevents a direct two-electron reaction with organic biomolecules.

Oxygen can receive one electron from organic molecules such as hydroquinones, but
thermodynamically the reaction is most often unfavourable. The reduction potentials for
oxygen, ascorbate, and ubiquinone are shown in Table |. Oxygen is a weak one-electron
oxidant (E”g,/0,” = -0.16 V), since formation of O, just fills one m* antibonding orbital.
Thus a reductant must have a reduction potential of less than -0.16 V to produce a
favourable free energy change in reducing O, to O,". Neither ascorbate (E” A /an™ = 0.28
V) nor ubihydroquinone (E"Q71QH, = 0.35 V) for example have favourable reduction
potentials for reducing O, to O,". In contrast, the semidehydroascorbate radical (E”a/a”™ = -
0.17 V) and ubisemiquinone radical (E”g/Q~ = -0.23 V), once formed, may favourably
reduce O, to O,". Free energies, entropies, and enthalpies of activation have been calculated
for at least one single-electron reduction of oxygen (Davison and Kaminsky 1971), with the

inference that the main energy barrier results from the unfavourable entropy of solvation of

superoxide.
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Figure 7. Molecular orbital diagram for valence electrons of ground state

dioxygen.

Table 1. Standard reduction potentials for oxygen, ascorbate, and

ubiquinone.

Reaction E” (V)
O+ —— Op” -0.16
02 +2¢ ——> HzOg +0.33
Oy +e —> H202 +0.94
H,0,+¢ + H —— H,0 + 'OH +0.33
‘OH+e¢ + H" ——> H,0 +2.31
semidehydroascorbate + ¢ + H' —— ascorbate +0.28
dehydroascorbate + ¢ —— semidehydroascorbate -0.17
ubisemiquinone + ¢" + H* —— ubiquinol +0.35
ubiquinone + ¢” + H" —— ubisemiquinone -0.23




Catalysis by transition metal ions alleviates the spin restriction and decreases the free energy
of activation that prevents the thermodynamically favoured reduction of O, to H,O, (Miller
et al 1990). The five partially filled d orbitals of transition metal ions permit formation of
coordination complexes and facilitate transfer of electrons from one reactant to another.
Thus Fe** can, for example, form a bidentate perferryl complex with O, (ie. [Fe(IV):Og]2+)
where electrons of appropriate spin are available for transfer to oxygen. Moreover, metal
ions allow formation of a ternary complex between reductant, metal, and oxygen.
Oxidations of ascorbate (Khan and Martell 1967) and 6-hydroxydopamine (Gee and
Davison 1984a, 1984b) reportedly occur by such inner sphere mechanisms. In this way the
activation energy barrier for thermodynamically favourable reduction of Os to H,O: is
diminished. For example, the thermodynamically favourable oxidation of ascorbate to

dehydroascorbate (E”a/a = 0.054 V) by oxygen (E"0,H,0, = 0.33) becomes feasible.

In addition to reduction of oxygen within a ternary reductant:metal:oxygen complex, several
other pathways are available to circumvent the spin restriction and thermodynamic barriers
to reduction of oxygen by hydroquinones. For example, the thermodynamically
unfavourable one-electron reduction of oxygen may be accelerated kinetically by removal of
products (O, and Q") through disproportionation. Such a mechanism likely requires metal
catalysts to decrease the activation energy and thus increase the rate at which equilibrium is
established (Miller et al 1990).
QH,+ 0, & Q + O, +2H"
20,"+2H" = H,;0,+ 0O,
2Q7+2H" = QH,+Q
Metal catalyzed oxidation can also proceed by an outer-sphere O, -propagated pathway.
initiation:
QH, +M"™ & Q™ +M"'"™ +2H"
propagation:
Q +0, = Q+0y
M+ 0,” = M™ + H,0,
QH,+ 0;,” = Q™ + H,0,
H:0, produced in inner sphere or outer sphere pathways may also propagate autoxidation.
QH; + H,0; = Q7 +"OH + OH’




Finally, once quinone product has accumulated, reaction with oxygen can be propagated by

comproportionation.
QH,+Q = 2Q +2H"
Q +0, = Q+0,
The contribution of each of these pathways depends on the hydroquinone and the metal

catalysts present, as well as on the influences of metal-binding ligands and radical

scavengers.

Metal binding ligands and radical scavengers influence the pathways of autoxidation.

Different hydroquinones coordinate catalytic metals with differing affinities. Catechols for
example bind metal cations avidly, while 1,4-hydroquinones generally do not. Thus, the rate
and mechanism of autoxidation depends not only on the reduction potentials involved, but
also on the interactions with metal catalysts. Few, if any, direct comparisons of the
mechanisms of (metal-catalyzed) oxidation of [,2- and 1,4-hydroquinones are available. The

results of such comparisons are presented in Part I'V of this thesis.

The presence of metal-binding ligands influences both the reactivity of metal catalysts and
the physical interactions of metal catalysts with hydroquinones. Ligands with a preferential
affinity for the oxidized or reduced form of a metal ion decrease or increase its reduction
potential, and thus influence its reactivity. EDTA for example binds Fe™* more strongly than
Fe™, and thus decreases the reduction potential of iron dramatically (from 0.77 to 0.12 V).
By competing with hydroquinones and oxygen for coordination sites (d orbitals) on the
metal, ligands sterically hinder access to the metal. Multidentate ligands such as
desferrioxamine can occupy all coordination sites, and prevent inner-sphere electron
transfers to oxygen. Other ligands such as histidine can form bi- or tri-molecular complexes
(eg. histidine:Cu™*:histidine) or mixed-ligand complexes (eg. catechol:Cu**:histidine). In
vivo, metals are mostly sequestered by metal-binding proteins, such as ferritin. However,
low molecular weight complexes are also found to a varying extent in tissues and biological
fluids, particularly on release of metals from storage sites. Under such situations the
available ligands are important in modulating unwanted catalytic activity. Potential ligands

include ADP, citrate, histidine, albumin, and urate. Such ligands may allow redox activity or




may have metal-binding antioxidant activity. While coordination chemistry is an extensive
field, and much is known of the principles of metal coordination, the influence of different
ligands on redox activity in metal-catalysed oxidations has not been studied systematically.
A systematic comparison of the influences of different ligands and ligand-metal complexes
on the rates and mechanisms of oxygen reduction by 6-hydroxydopamine and ascorbate are

presented in Part III of this thesis.

Scavengers of reactive intermediates can also influence the pathways of hydroquinone
oxidation in several ways. Scavenging of O, by superoxide dismutase for example can
prevent propagation of radical chains by O,", and thus inhibit net reduction of oxygen.*
Conversely, superoxide dismutase can accelerate reduction of oxygen by removing a
product from equilibria which form O,”. Ascorbate can also scavenge O, ", but the resulting
ascorbyl radical may either propagate further chains, or terminate them through
disproportionation. Similarly, “OH scavengers such as urate or formate may remove "“OH,
but the resulting (less reactive) radicals may more selectively propagate hydroquinone
oxidation. In vivo, moreover, radical scavengers act in combination with other radical
scavengers, and with metal-binding ligands. The influences of combinations of different

scavengers and metal-binding ligands on hydroquinone autoxidations are explored in Parts
1Y and IV of this thesis.

*

By this means, superoxide dismutase can paradoxically diminish the yield of its product H,0,.
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General Aims

To what extent does mitochondrial respiratory impairment influence the steady state level
of autoxidizable (quinone) intermediates?

The influences of hypoxia and removal of cytochrome ¢ on the generation of O, by
submitochondrial particles are assessed. In addition, the possible influences of mitochondrial

mutations on generation of active oxygen by mitochondria are evaluated on a theoretical
basis.

To what extent do trace metals and radical intermediates participate as initiators and
propagators of hydroquinone autoxidation?

Conversely, in what ways do metal-binding ligands and radical scavengers interact to
influence hydroquinone autoxidations?

The effects of different combinations of ligands, added metals, and active oxygen scavengers

on the autoxidations of 6-hydroxydopamine and ascorbate are assessed.

To what extent do thermodynamic (reduction potentials) and kinetic or steric (metal
coordination) factors influence the rates and mechanisms of autoxidation?
The rates and kinetics of autoxidation, and the influences of metal chelators and superoxide

dismutase are assessed for 1,2- and 1,4-, benzo- and naphtho- hydroquinones differing in

metal affinities and reduction potentials.
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ABSTRACT

Hypoxia, and loss of cytochrome ¢, impair mitochondrial respiration in ischaemic tissues,
and result in the accumulation of autoxidizable respiratory intermediates. We therefore
assessed the effects of oxygen depletion and of cytochrome ¢ removal on the release of O,"
by beef heart submitochondrial particles. Rapidly respiring submitochondrial particles
(SMPs) consuming NADH in air-saturated buffer produced 0.40 nmol O, /min/mg protein
(or 0.82 nmol O, /umol O, consumed), as detected by superoxide dismutase-sensitive
reduction of acetylated cytochrome ¢. Respiration on succinate produced only 0.1-0.2 nmol
O,"/min/mg protein (0.66 nmol O, /umol O, consumed). Increasing the level of reduced
intermediates by adding the respiratory inhibitor antimycin A increased O, generation
2-fold. In contrast, increasing the steady state level of reduced quinone intermediates by
allowing respiration to deplete oxygen to hypoxic levels, did not measurably increase O,”
generation. Presumably the low Km of cytochrome oxidase for oxygen minimizes
autoxidation of reduced intermediates even at very low oxygen tensions. Partial removal of
Cytochrome c to a level which decreased oxygen consumption 50%, did not change the
absolute rate of O,” generation, but increased the generation of O, per umole O, consumed
by 80-90%. Thus, while hypoxia may not increase O, release by mitochondria, loss of

cytochrome ¢ can, on reoxygenation, result in an increase in oxidative stress relative to the

capacity for oxidative phosphorylation.




INTRODUCTION

Mitochondrial flavoproteins and quinone oxidoreductases produce significant 0,

and H,0; in state IV, or inhibited respiration.

Mitochondria from mammalian sources generate 0.2-1.0 nmol H,O,/min/mg protein during
respiration in state IV, where the absence of ADP gives slow respiration and largely reduced
respiratory intermediates (reviewed in Forman and Boveris 1982). This H,O, generation
accounts for 1-2% of state IV oxygen consumption (Boveris et al 1972, Loschen et al
1974). Under more physiological conditions (state III: presence of ADP and rapid
respiration) H,O, generation decreases to less than 25% that of state IV (Boveris et al 1972,
Boveris and Chance 1973, Forman and Boveris 1982). Submitochondrial particles (free of
endogenous superoxide dismutase) produce 0.8-5.2 nmol O," /min/mg protein in the
presence of respiratory inhibitors antimycin or cyanide (Forman and Boveris 1982). The rate
of O, generation in the absence of respiratory inhibitors is very low (due to rapid

uncoupled respiration in SMP's) and is not often measured or reported.

The autoxidizable components of the mitochondrial respiratory chain responsible for the
"leak"” of O, and H,0, during respiration include reduced ubiquinone and flavoquinone
intermediates (Forman and Boveris 1982). Ubiquinol reacts only slowly with oxygen (k =
1.5 M sec’") (Sugioka et al 1988, Cadenas et al 1977), and is likely not a major source of
O, and H,0,. The effects of specific respiratory inhibitors and of ubiquinone extraction on
O;" or H,0; generation, and the effects of superoxide dismutase and oxygen on ESR
signals, suggest enzymically produced ubisemiquinone as the component of complex III
(ubiquinol:cytochrome ¢ oxidoreductase) which reacts with O, (Boveris et al 1976, Cadenas
et al 1977, Trumpower and Simmons 1979, Sugioka et al 1980, Ksenzenko et al 1983,
Turrens et al 1985, Sugioka et al 1988). While the bulk of evidence supports autoxidation of
ubisemiquinone as the major source of O, and H,0, from this complex, other evidence
suggests the Rieske iron-sulphur protein (DegliEsposti et al 1990) or cytochrome bses (Nohl

and Jordan 1986, Nohl et al 1990) as autoxidizable components. In NADH dehydrogenase
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(complex I, flavosemiquinone or iron-sulphur clusters are the likely sources of O>”

(Cadenas et al 1977, Turrens and Boveris 1980, Kang et al 1983). Succinate dehydrogenase
(complex II) reportedly does not produce O,” and H,O, (Boveris et al 1976, Forman and

Boveris 1982), except by supplying substrate (ubiquinol) for complex IIL.

In vivo, hypoxia or ischaemia/reperfusion injury may increase mitochondrial

generation of O, and H,0,

Hypoxia, and damage to or dissociation of respiratory chain components, produce situations
where reduced intermediates may accumulate to react with O,. The state II1 Km of
cytochrome oxidasc for oxygen is 0.5 - 1.0 uM (Chance 1957, Wilson et al 1979, Ludwig et
al 1983). At oxygen concentrations below about 3 uM (in isolated cells or mitochondria)
mitochondrial respiration drops off and the cytochrome components become more reduced
(Longmuir 1957; Sugano et al 1974; Wilson et al 1977, 1979; Ludwig et al 1983). Above 3
KM respiration is almost independent of oxygen tension (Longmuir 1957, Wilson et al 1979)
and the cytochromes are largely oxidized (Chance 1957, Sugano et al 1974, Wilson et al
1979, Ludwig et al 1983). In hyperoxia, O, and H,O, generation during state IV or
antimycin inhibited respiration increases directly with oxygen tension (Boveris and Chance

1974; Freeman and Crapo 1981; Turrens et al 1982a, 1982b).

Conversely, it has been suggested (Fridovich 1979, 1980; Sjostrom and Crapo 1981, 1983)
that hypoxia in actively respiring (ie. state III) mitochondria may provide an increased
opportunity for spontaneous oxidation which at some pO, may increase generation of O,
and H,0,. The generation of O, by ferredoxin:NADPH oxidoreductase, for example, peaks
at low oxygen tensions (Misra and Fridovich 1972a). ESR measurements show an increase
in the radical signal from FeS proteins and from ubisemiquinone during myocardial
ischaemia (Suzuki 1975, Ledenev et al 1986, Baker et al 1988, Baker and Kalyanaraman

1989). Because of this evidence, and the possibility that mitochondrial generation of O~
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and H,0,, either during ischaemia, or on reoxygenation may contribute to cellular injury, we

chose to measure the effect of pO, on mitochondrial generation of superoxide.

Disruption of the electron transport chain creates another situation where mitochondria may
accumulate reduced intermediates and in normoxia, or on reoxygenation after ischaemia,
increase their release of O, and H,0,. Mitochondria are among the first sites of injury in
ischaemia or on reoxygenation (reviewed in Steen et al 1983). Mitochondria in ischaemic or
reperfused tissues appear swollen, have disrupted cristae, and accumulate hydroxyapatite
crystals due to uptake of excessive cytoplasmic calcium. Mitochondria isolated from
ischaemic tissues display decreased respiratory capacity (state I1I respiration) and increased

(ie. uncoupled) state IV respiration, resulting in loss of respiratory control.

Measurements of O, and H,O, generation by mitochondria from ischaemic tissues has
yielded mixed results. Succinate-supported H,O, generation (in absence of respiratory
inhibitors) was lower in mitochondria from ischaemic rat brain or hypoxic rat heart, perhaps
due to decreased reverse electron flow through NADH dehydrogenase (Cino and
DelMaestro 1989, Paraidathathu et al 1992). With NADH as substrate however,
mitochondria from ischaemic or reperfused myocardium generate more O, and H,O, than
control mitochondria, either in the presence of respiratory inhibitors (Guarnieri et al 1985,
Ledenev and Ruuge 1991) or in their absence (Turrens et al 1991). This increased
generation of O,” and H,O, was most evident at the level of NADH dehydrogenase, and
was associated with inhibited electron transfer from NADH dehydrogenase to complex 111,
and uncoupled respiration (Guarnieri et a! 1985, Ledenev and Ruuge 1986, Turrens et al
1991). The findings could be mimicked by exposure of control mitochondria to high Ca™ or
unsaturated fatty acids. These results suggested a mechanism whereby Ca™* activates
phopholipase A; to release free fatty acids, causing uncoupling, swelling, and impaired
interaction between complexes [ and III (Turrens et al 1991). The observation that
ubisemiquinone only autoxidizes on exposure to protic media (Nohl 1990), gives a rationale

for increased release of O, and H,0, on disruption of the aprotic membrane environment.
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Ischaemia also results in losses of cytochrome ¢ (loosened by mitochondrial swelling) and an
associated decrease in state III respiration in isolated mitochondria (Toleikis 1983, Steen et
al 1983). Loss of cytochrome ¢ may result in prolonged accumulation of reduced
intermediates on reintroduction of 0,, leaving them susceptible to autoxidation. In vitro
removal of cytochrome ¢ from isolated mitochondria increased the proportion of H,O:
formed per oxygen consumed about 3-fold (comparison of figures 2,4 and 5 in Turrens et al
1985), but it slightly inhibited succinate-supported state IV generation of H,O; per mg
mitochondrial protein (and inhibited antimycin-stimulated H,O, formation 50-60%, as might
be expected) (Loschen et al 1974, Turrens et al 1985). However, the influence of
cytochrome ¢ removal on O, or H»O, generation in active state III (or uncoupled)

respiration, which would predominate following hypoxia, has not been tested.

The goals of the studies reported here were to measure low level O,” generation by SMPs in
the absence of respiratory inhibitors, and to assess O, generation under conditions where
reduced intermediates accumulate: i) as oxygen is depleted to hypoxic levels and ii) in

normoxia or hyperoxia after extraction of cytochrome c.




MATERIALS AND METHODS

Reagents

All reagents were from Sigma Chemical Co. Epinephrine was dissolved to 10 mM in H,O at
pH 2.0 to prevent autoxidation (Misra and Fridovich 1972b). Acetylated cytochrome ¢ was
prepared as previously described (Azzi et al 1975, Boveris 1984) by reacting cytochrome ¢
(Sigma type VI) with acetic anhydride (resulting in approximately 60% acetylation of lysine
residues) and dialyzing against distilled water and 50 mM phosphate buffer. Concentrations
of cytochrome c¢ and acetylated cytochrome ¢ solutions were determined from the dithionite-

reduced minus ferricyanide-oxidized absorbance spectra (Esso = 21100 M'tem™h).

Preparation of mitochondria and submitochondrial particles

Mitochondria were prepared in a cold-room from a fresh beef heart transported on ice in
sucrose/Tris/EDTA buffer from a local slaughter house. The heart was homogenized and
mitochondria isolated by differential centrifugation according to established procedures
(Smith 1967). Aliquots of the mitochondrial preparation were frozen in liquid nitrogen and
stored at -80°C. Cytochrome ¢ was extracted from samples of these mitochondria by
osmotic swelling and subsequent washing, as described (Lenaz and MacLennan 1967), and
refrozen. Submitochondrial particles were prepared from mitochondria and cytochrome ¢ -
extracted mitochondria by sonication and ultracentrifugation as previously described (Beyer
1967, Lee 1979). Protein concentrations of mitochondrial and submitochondrial particle

preparations were determined by the method of Lowry et al (1951).

O, generation and oxygen consumption measurements

Cytochrome c, acetylated cytochrome c, and epinephrine worked equally well as superoxide
dismutase-sensitive measures of O, generated by xanthine oxidase. Reduction of
cytochrome ¢ by an aged solution of xanthine oxidase however was partially (40%)
insensitive to inhibition by superoxide dismutase (as, I later found, had been described in a
footnote of a previous article (McCord and Fridovich 1969). Reduction of acetylated

cytochrome ¢ by this aged enzyme, on the other hand, was 100% inhibitable by superoxide
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dismutase, suggesting hindered access of the acetylated protein to a loosened active site.
Acetylation of cytochrome c inhibits enzymic reduction and reoxidation by the
mitochondrial respiratory chain, making it more suitable than native cytochrome c as a

probe for O," generated by SMP's (Azzi et al 1975, Boveris 1984).

Assays for O,” generation by SMP's were conducted initially in a split beam Beckman DB-
GT at 550 nm for reduction of acetylated cytochrome ¢ (Esso = 0.0211 pM" cm") or 480
nm for formation of adrenochrome (E4z, = 0.00402 pM" cm'l). Control of light scattering
effects due to swelling and shrinking of SMP's required addition of SMP's and substrate
(succinate or NADH) to both sample and reference cuvettes, causing increased noise at high
sensitivity settings. Buffers isotonic with the SMP sonication medium (sucrose-Tris,
sucrose-HEPES, KCl-phosphate) did not prevent light scattering effects. Epinephrine assays
were complicated by spontaneous autoxidation, particularly in Tris buffers, but could be
largely controlled by addition of EDTA or DTPA (but not desferrioxamine). 50 mM
Potassium phosphate/0.1 mM EDTA (pH 7.4) was therefore established as the buffer
system for these experiments. Later experiments were conducted with a dual wavelength

photometer to better control effects of light scattering (see below).

Hypoxia: Measures of O, generation and oxygen consumption were performed
simultaneously in a specially designed and constructed spectrophotometer cuvette equipped
with a Clarke oxygen electrode and a water turbine-powered magnetic stirrer (figure 1).
Because stirring rate and water temperature through the turbine influenced measurements in
the cuvette, water pressure was controlled with a regulator and water temperature adjusted
to 25°C with the aid of a thermistor inserted in the outflow water line. Differences in light
scattering between sample (closed cuvette) and reference cuvettes on exhaustion and
reintroduction of oxygen complicated initial attempts to follow adrenochrome formation as
SMP's consumed oxygen to anoxia. Subsequent experiments therefore were conducted with
a dual wavelength spectrophotometer (TCS model 3000) using 550 nm minus 530 nm
measurements for reduction of acetylated cytochrome ¢ and 490 nm minus 550 nm for

adrenochrome formation.
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Normoxia and Hyperoxia: O, generation by SMP's and cytochrome ¢ - extracted SMP's
(-cSMP's) was monitored by superoxide dismutase-sensitive reduction of acetylated
cytochrome ¢ at 550 minus 530 nm (TCS dual wavelength photometer) in a standard open
cuvette with continuous stirring. Experiments were conducted in air-saturated or oxygen-
saturated 50 mM phosphate/0.] mM EDTA buffer (pH 7.4) ac 25°C. Oxygen consumption
by the SMP preparations was measured separately in the sample chamber of a YSI model 53
oxygen monitor and stirrer assembly. Oxygen concentrations were calculated using a value
of 246 uM for air-saturated buffer at the altitude of our laboratory. Rates of O, generation
were calculated from the rates of acetylated cytochrome c¢ reduction in the presence and

absence of excess superoxide dismutase.
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RESULTS

SMP's respiring on succinate produced 0.1-0.2 nmol O,” /min/mg protein, depending on the
succinate oxidase activity of the SMP preparation (figure 2). Antimycin increased O,

generation 2-fold, and blocked significant consumption of oxygen (figure 3). Respiration on
NADH produced 0.40 nmol O, /min/mg protein and consumed oxygen more rapidly, but it
also produced greater superoxide dismutase-insensitive reduction of acetylated cytochrome

c (figure 4), as noted previously in lung SMP's (Turrens et al 1982).

O;" generation by SMP's during oxygen consumption to hypoxia

Oxygen consumption on succinate accelerated to a rate of 0.16 pmol/min/mg protein (figure
5a), displaying a latent period for full activity of succinate dehydrogenase (as observed
previously (Kearney 1957, Lee 1979)). The rate of acetylated cytochrome ¢ reduction
decreased as oxygen tension declined (figure 5a). At the point of oxygen exhaustion the 550
- 530 nm absorbance showed a sudden small increase. However, this sudden increase also
occurred in the absence of acetylated cytochrome ¢ (figure 5b) or in the presence of

superoxide dismutase, so was likely due to sudden reduction of endogenous cytochrome c.

Epinephrine was also useful for detecting O,”, but was hampered somewhat by spontaneous
oxidation and by light scattering effects on addition of substrate or exhaustion of O, (figure
6). Although the measurements were influenced by a change in light scattering, oxidation of
epinephrine also did not reveal any change in O,” generation at low oxygen tensions (figure
6). In this measurement, the cuvette was left open to allow slow diffusion of oxygen into the
stirred suspension. Only very slow oxidation of epinephrine continued under these
conditions. These studies were not conclusive, but they showed no evidence of an increase

in O, generation at lJow oxygen tensions.
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O;" generation by cytochrome c deficient SMP's

Extraction of cytochrome ¢ by the procedures used does not give complete removal from
heart mitochondria (Jacobs and Sanadi 1960, Lenaz and Maclennan 1967, Turrens et al
1985), but produced SMP's with a 50-60% decrease in the rate-of oxygen consumption
(figure 7). Addition of native cytochrome c, but not acetylatea cytochrome ¢, increased
oxygen consumption by these SMP's 70-80% (figure 7). Addition of cytochrome c also
stimulated respiration of control SMP's 10-15%, indicating some loss of cytochrome ¢

during preparation.

A first preparation of -cSMP's respiring on succinate seemed to generate slightly more O,
/min/mg protein (figure 8, table I). However, the succinate oxidase activity of these
preparations declined with time, leading to low rates of oxygen consumption and acetylated
cytochrome ¢ reduction (figure 9). The pH of the sonicating medium was thus decreased
from 8.2 to 7.8 at 4°C in subsequent preparations (as recommended by Lee 1979). Succinate
is sometimes added to the sonication medium to stabilize succinate dehydrogenase (Kearney
1957, Lee 1979), but was withheld in these SMP preparations since it is not present in the
buffer for extraction of cytochrome ¢ from mitochondria (to assist mitochondrial swelling

and loosening of cytochrome c).

With fresh preparations of cytochrome ¢ - extracted mitochondria, -cSMP's, and SMP's, we
used oxygen-saturated buffer and NADH to maximize O, generation from both complex I
and complex III. Succinate-supported reduction of acetylated cytochrome ¢ was non-linear
and partially insensitive to superoxide dismutase (figure 10). Respiration on succinate was
also low, suggesting partial inactivation of succinate dehydrogenase. NADH produced a
consistent linear reduction of acetylated cytochrome ¢ (figure 11), which was partially
insensitive to superoxide dismutase. The rate of acetylated cytochrome ¢ reduction and its
sensitivity to superoxide dismutase depended on the concentration of acetylated cytochrome
c (as found previously for native cytochrome ¢ (Boveris and Cadenas 1975)), 5 uM proving

suitable for distinguishing O." under the conditions used here (figure 12). The superoxide
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dismutase-sensitive reduction of acetylated cytochrome ¢ was distinguishable in air-
saturated buffer, but was more evident in oxygen-saturated buffer (figure 13). The
cytochrome ¢ deficient SMP's produced O, at approximately the same rate per milligram
protein as the control SMP's (table II). The amount of O, produced per oxygen consumed

however was 80-90% higher in -cSMP's.
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DISCUSSION

Optimal conditions for measuring O;" generation by SMP's.”

Generation of O, was measurable using either epinephrine oxidation or acetylated
cytochrome ¢ reduction. Each method had advantages and disadvantages, depending on the
situation. Spontaneous oxidation and sensitivity to light scattering effects (due to the broad
wavelength difference measured) complicated the epinephrine assay. Superoxide dismutase-
insensitive reduction of acetylated cytochrome ¢ complicated the acetylated cytochrome ¢
assay with NADH as the respiratory substrate. Acetylation of cytochrome ¢ apparently does
not inhibit enzymic reduction by NADH:cytochrome ¢ reductase, as it does for
succinate:cytochrome ¢ reductase (Minakami et al 1958, Azzi et al 1975, Boveris 1983).
Optimal detection of O, by this assay required a suitable balance between the
concentrations of acetylated cytochrome ¢, SMP's, and superoxide dismutase. For the range
0.05 - 0.1 mg SMP protein/ml used in these studies, an acetylated cytochrome ¢
concentration of 5 uM proved suitable for maximal inhibition by 40 U/ml superoxide

dismutase.

Succinate oxidase activity appeared unstable in the current preparations, declining in activity
on storage, and displaying a latent period for full activation. For use of succinate as
substrate, care should be taken to preserve succinate oxidase activity. Addition of substrate
(succinate or malonate) helps stabilize succinate dehydrogenase (Kearney 1957, Lee 1979)

and may also help prevent loss of cytochrome ¢ from SMP preparations.

*

Measuring low level O, generation by SMP's proved feasable, but measures of H,0, generation by whole
mitochondria would likely present less technical difficulties for future studies, and would allow comparisons
under more physiological, coupled conditions.
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Hypoxia did not measurably increase O," generation

Within the limitations of the preparations and assays used here, no increase in O, was
detectable at oxygen tensions where the respiratory intermediates become more reduced.
Presumably the very low Km of cytochrome oxidase for oxygen keeps the respiratory
intermediates in a mostly oxidized steady state until the oxygen concentration is too low to
give significant autoxidation of accumulating reduced intermediates. Slow diffusion of
oxygen into the system did not produce measurable O,", likely because oxygen tension was
kept very low by respiratory activity. Generation of O, would not expectedly increase on
introduction of oxygen unless damage to the respiratory chain prevented enzymic

reoxidation of accumulated reduced intermediates.

Respiratory deficiency due to loss of cytochrome c increased O, generation relative to

oxygen consumption.

Removal of sufficient cytochrome c to decrease respiratory activity by 50-60% did not
increase O, generation by SMP's in these assays. Complete respiratory inhibition by
antimycin A or cyanide increases the free radical signal from SMP's (Commoner and
Hollocher 1960, Suzuki 1975, Sugioka et al 1988) and stimulates O,” formation (Cadenas
and Boveris 1980, Turrens and Boveris 1980, Sugioka et al 1988). The remaining
respiratory activity in cytochrome ¢ - extracted SMP’s was apparently sufficient to prevent
significant accumulation of autoxidizable intermediates. However, the O, generated by
these preparations was 3-fold higher than controls when expressed as a function of oxygen
consumed. In ischaemia-reperfusion, where cytochrome ¢ may be partially lost due to

mitochondrial swelling, the capacity of the mitochondria to produce O, would remain,

*
Extraction of cytochrome ¢ from heart mitochondria is inevitably incomplete. Thus, cytochrome ¢ removal

does not allow us to assess the influence of abolition of cytochrome oxidase activity, as might occur with a
mitochondrial mutation (Bandy and Davison 1990). Cytochrome c is more readily extracted from liver
mitochondria however, leaving respiratory rates of 0-5% (Jacobs and Sanadi 1960).
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while the ability to generate ATP would decrease. Moreover, the decreased respiration
would increase the steady-state membrane oxygen tension (on reperfusion), adding to
reperfusion hyperoxia from the Bohr effect (Wolbarsht and Fridovich 1989), and increasing

the possibility for autoxidation of intermediates.

CONCLUSIONS

Hypoxia alone does not measurably increase generation of O," by submitochondrial
particles. In the absence of respiratory impairment, the low Km of cytochrome oxidase for
oxygen apparently limits autoxidation of reduced intermediates. Respiratory impairment
through loss of cytochrome c increases the rate of O, release by SMP’s relative to oxygen
consumption. Thus, in ischaemia-reperfusion, loss of cytochrome ¢ from mitochondria may
increase O, and H,O, production relative to ATP production. Reperfusion hyperoxia

would amplify such oxidative stress.
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Table I. Comparison of succinate-supported respiration and O,  generation in SMP's
and -cSMP's (preparation 1).

VO, 0, 0,70,
(umol/min/mg) (nmol/min/mg) (nmol/pmol)
SMP 0.152 +0.02 0.10 0.66
(n=4) (n=1)

-cSMP 0.054 £ 0.01 0.17 3.15
(n=4) (n=1)



Table I1. Comparison of NADH-supported respiration and O, generation in SMP's
and -¢cSMP's (preparation 2).

VO, 0, 0,70,
(pmol/min/mg) (nmol/min/mg) (nmol/umol)
air-saturated
SMP 0.584 £ 0086 0.402 0.825
(n=6) (n=2)
-cSMP 0.282 £0.028 0.355 1.51
(n=5) (n=2)
O,-saturated
SMP - 0.588 £0.115 1.21 £0.20
(n=5)
-cSMP - 0.498 £0.088 2.12+£0.11
(n=5)
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Legends to Figures

Figure 1. Apparatus for simultaneous measurement of oxygen consumption and O;”
generation. Air- or oxygen- saturated buffer, SMP's, and reagents were added to the cuvette
to a final volume of 7.4 ml. The oxygen electrode was inserted into the suspension through a
snug sleeve in an epoxy stopper (secured to the cuvette with an elastic). and head-space gas
forced out through a side arm. The apparatus was inserted into the cuvette chamber of a
dual wavelength photometer equipped with a water-powered magnetic stirrer. Reactions

were initiated by addition of substrate through the side arm with a syringe.

Figure 2. Measurement of succinate-supported generation of O;” by SMP's. The reaction
medium consisted of 50 mM phosphate buffer (pH 7.4), 0.1 mM EDTA, 3 uM acetylated-
cytochrome ¢, and 0.042 mg/ml SMP's. Respiration was initiated by addition of 5 mM
succinate and reduction of acetylated-cytochrome ¢ followed at 550-530 nm. Blips in the
trace represent surges in water pressure through the magnetic stirrer before adjustment of

the pressure regulator.

Figure 3. a) Effects of antimycin on succinate-supported generation of O;". Reaction
conditions as in figure 2, but acetylated-cytochrome ¢ reduction was followed in a standard
open cuvette without stirring. b) Effect of antimycin on succinate-supported respiration.
Antimycin (2 pM) was added to 0.042 mg/ml SMP's respiring on succinate and oxygen

consumption monitored polarographically.

Figure 4. Measurement of NADH-supported generation of O;". Reaction conditions as

shown. Acetylated-cytochrome ¢ reduction was followed in an open cuvette with stirring.

Figure 5. Acetylated-cytochrome ¢ reduction during oxygen consumption to anoxia.
Reactions were conducted using the closed-system cuvette described in figure 1. a)
Simultaneous oxygen consumption and acetylated-cytochrome c reduction by SMP's

respiring on succinate. Reaction conditions consisted of 7.4 ml 50 mM phosphate/EDTA
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(pH 7.4), 3 uM acetylated-cytochrome ¢, 0.06 mg/ml SMP's. Respiration was initiated by
addition of 3 mM succinate. b) Absorbance at 550-530 nm in the absence of acetylated-

cytochrome ¢ during consumption of oxygen by SMP's.

Figure 6. O, generation by SMP's as detected by epinephrine oxidation. Epinephrine
oxidation was monitored at 490-550 nm in a stirred open cuvette (traces a and b).
Consumption of oxygen to hypoxia in the time span shown in trace b was confirmed in

separate oxygen consumption measurements under similar conditions.

Figure 7. Oxygen consumption by SMP's and cytochrome c-extracted SMP's (-cSMP's)
respiring on NADH. Oxygen consumption by 0.05 mg/ml SMP's or -cSMP's was followed
on addition of 0.5 mM NADH. Cytochrome ¢ or acetylated-cytochrome ¢ (10 uM) were

added as indicated.

Figure 8. Initial comparison of Oy generation by SMP's and -¢cSMP's. SMP's and -cSMP's
were prepared simultaneously, under identical conditions, from previous preparations of
mitochondria and cytochrome c-extracted mitochondria and stored for 3 days at -80°C prior
to these assays. Acetylated-cytochrome ¢ reduction by SMP's and -cSMP's during

respiration on succinate was followed at 550-530 nm in a stirred, open cuvette.

Figure 9. a) Oxvgen consumption by SMP's and -¢SMP's respiring on succinate. Oxygen
consumption by 0.05 mg/ml SMP's or -cSMP's was followed on addition of | mM
succinate. Cytochrome ¢ (10 uM) was added as indicated. Oxygen consumption on the day
of the assays shown in figure 8 is compared with oxygen consumption by SMP's and -
cSMP's after 3 days further storage. b) Succinate-supported generation of Oy by SMP's
and -cSMP’s after storage. Assays of acetylated-cytochrome ¢ reduction on subsequent

days from those shown in figure 8.
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Figure 10. Succinate-supported generation of Oy by preparation-2 SMP's and -¢cSMP's.
SMP's and -cSMP's were prepared from mitochondria and a fresh preparation of

cytochrome c-extracted mitochondria and stored for 3 days prior to these assays.

Figure 11. NADH-supported generation of Oy by preparation-2 SMP's and -¢cSMP's.
Acetylated-cytochrome ¢ reduction was followed at 550-530 nm during respiration on 0.5

mM NADH in stirred, air-saturated suspensions.

Figure 12. Dependence of superoxide dismutase-sensitive reduction of acetylated-
cytochrome ¢ on concentration of acetylated cytochrome ¢. Reduction of differing
concentrations of acetylated-cytochrome ¢ was followed during respiration on NADH in air-

saturated suspensions.
Figure 13. NADH-supported generation of Oy in oxygen-saturated suspensions of SMP's

and -¢SMP's. Reduction of acetylated-cytochrome ¢ by preparation 2 SMP's and -c SMP's

was followed during respiration on NADH in oxygen saturated suspensions.
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Figure 3.
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Figure 4.
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Figure Sa.
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Figure 7.
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Figure 9a.
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Figure 10.

0.004

0.003

4 mM succinate

5 uM ac-cyt ¢
| 0.1 mg/ml -cSMP

A 550-540
0.002
1

4 mM succinate

60 U/ml SOD

\

60 U/mi SOD

\

o |
Q
o
—+ SuMac-cyt ¢
0.1 mg/ml SMP
o 1 = { f
0 1

Minutes

67



A 550-540

0.003

Figure 11.

0.007

0.006

0.005

0.004

0.002

0.001

0.5 mM NADH

4 10 uM ac-cyt ¢ 10 uM ac-cyt ¢

0.1 mg/ml -cSMP 0.1 mg/ml -cSMP
—— \

33 U/ml SOD 33 U/ml SOD

|05 mM NADH 0.5 mM NADH
+ 10 pM ac-cyt ¢

0.1 mg/ml SMP 10 uM ac-cyt ¢

0.1 mg/ml SMP
Minutes

68



A 550-540

Figure 12.

S
QT
o
w
o
S +
© 0.5 mM NADH
] \
8 4 2uMac-cytc
o 0.1 mg/ml SMP
/ \
c?g“ 1 40 U/ml SOD
o /
7

—- /
N /
8 T 0.5 mM NADH
] \
~ 10 pM ac-cyt ¢
8 <+ 0.1 mg/ml SMP
o 40 U/ml SOD
_ 0.5 mM NADH
o L
3
e}

1 S uMac-cyt ¢

0.1 mg/ml SMP
o J" f f } 1 t f } 4
0 1 2 3
Minutes

69



550-540

A

Figure 13. /

/
- /
3
g L
o ‘/’\ 40 U/ml SOD
-3 — // / -
RN 40’U/ml SOD
I~ /
8 . /
© 0.5 mM NADH
w0 \ -~
o
8 T SuMaccytc
0.1 mg/ml -cSMP //
T /
" /
S 4 0.5 mM NADH
S \ 40 U/ml SOD
S uM ac-cyt ¢ ,/’
N | 0.1 mg/ml -cSMP
S
S /
/
T /
/
S | 0.5 mM NADH
S
: \
T SuMac-cytc
o~ 0.1 mg/ml SMP
S paN
o 40 U/ml SOD
S5 | 0.5 mM NADH
S
: \
T SuMaccyte
0.1 mg/ml SMP
o L i ; } i f ; ; —
0 i 2 3 4

Minutes

70



Free Radical Biology & Medicine, Vol. 8, pp. 523-539, 1990
Printed in the USA. All rights reserved.

0891-5849 90 $3.00 + .00
€ 1990 Pergamon Press ple

Chapter 3.

‘NC{' Hypothesis Paper

MITOCHONDRIAL MUTATIONS MAY INCREASE OXIDATIVE

STRESS:

IMPLICATIONS FOR CARCINOGENESIS AND AGING?
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Abstract—The sensitivity of mitochondrial DNA to damage by mutagens predisposes mitochondria to injury on
exposure of cells to genotoxins or oxidative stress. Damage to the mitochondrial genome causing mutations or
loss of mitochondrial gene products, or to some nuclear genes encoding mitochondrial membrane proteins, may
accelerate release of reactive species of oxygen. Such aberrunt mitochondria may contribute to cellular aging and

promotion of cancer.

Keywords— Mitochondrial mutations, Oxidative stress, Carcinogenesis. Cellular aging, Mitochondrial respiration.
Superoxide, Lipid peroxidation. Intraccllular calcium, Free radicals

INTRODUCTION

Not all mitochondrial abnormalities in cancer cells
result from ischemia

Mitochondrial abnormalities in cancer cells
many. These abnormatities include'=

are

1. changes in ultrastucture;

2. deficiencies in energy-linked functions (such as
ADP-stimulated state U1 respiration):

3. increased state IV (ADP-limited) respiration:

4. loss of ability to undergo swelling and ATP-in-
duced contraction cycles;

5. disturbed Ca** or K* transport;

6. impaired protein synthesis. and

7. loss of elcctron transport compongents.

Warburg wrote': “*Cancer arises because lack of ox-
‘gen, or respiratory enzymes, produces fermentation
in the body cells and leads to a destruction of the
differentiation of these cells.” For many years cancer
rescarch focused on the loss of respiratory metabolism
common to tumor cells. Tumor cells are not always
grossly impaired in respiration however, and the con-
nections between mitochondrial function or dysfunc-
tton  and neoplasia (c.g., activation of nuclear
oncogenes) are not obvious. Mitochondrial aberrations

*Author to whom correspondence should be addressed.
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may be attributed to the poor perfusion and anoxic state
of many tumors. Mitochondrial aberrations in cancer
cells which are not ischemic however, such as the leu-
kemias.” or ascites, or culured tumor cells. ! require
other explanations. Recent reports that mitochondrial
DNA is highly sensitive to mutagens and that cyto-
plasm transter supresses tumorigenicity, has prompted
suggestions of a more direct role of mitochondria in
transtormation.>* ' Impaired calcium regulation,”™ or
incorporation of mitochondrial DNA fragments into the
nuclear genome™'" are two suggested mechanisms by
which mitochondria might contribute to neoplastic
transformation.

Release of active oxygen by mitochondria may
promote transformation

The possibility that mitochondria contribute to tu-
morigenesis as an intracellular source of excited ox-
vgen deserves consideration. Reactive species of
oxygen can participate in the initiation or promotion
of cancer through their ability to cause point mutations,
DNA cross-links. and DNA strand breaks in nuclear
chromosomes. Such injuries may activate an oncogene
or inactivate a tumor-suppressor gene. Mitochondria
consume over 90% of the oxygen used by most cells
and are a significant source of active oxygen under
normal conditions. Any condition which increases this
generation, or decreases protective systems. will likely
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have pathological consequences; both to the mito-
chondria and the cell. The toxicity and carcinogenicity
of the dioxin 2.3,7.8-tetrachlorodibenzo-p-dioxin, for
example, may be related to generation of O, and
H,O, in mitochondria.t

Oxidative stress and intracellular redox balance can
also influence cellular differentiation and proliferation
through effects on intracellular messengers.'*'® The
ability of respiratory stress to influence expression of
the nuclear genome is evident in the appearance of
chromosome “‘puffs’’ in certain regions (e.g2., heat
shock genes) on exposure to respiratory poisons {e.g. .
antimycin, rotenone. menadione, dintrophenol), hy-
peroxia, or intermittent anoxia.'’ !

Release of active oxygen by mitochondria can
contribute to aging

The free radical theory of aging receives wide sup-
port. and the contributions of mitochondria to this pro-
cess are widely accepted.”™* Maximum life span
potential relates inversely to the rate of oxvgen me-
tabolism and positively to antioxidant capacity in dif-
ferent mammalian species or insects. ™ Oxidized
lipid pigments (e.g.. lipofuscin) accumulate in aged
cells and at least partly represent peroxidized mito-
chondria.™* Other common observations in aged cells
include fewer mitochondria, increased mitochondrial
structural abnormalitics. losses in mitochondrial en-
zyme activities, and decreased respiratory control. >+
Moreover, mitochondria from older rats show higher
levels of lipid peroxides, losses of polvunsaturated
fatty acids, and correspondingly increased oxygen rad-
ical generation.>**-¥ In houseflies. rates of mitochon-
drial generation of superoxide are inversely associated
with life expectancy, and increase with age.™

Aged cells also show losses or injury of mitochon-
drial DNA *** For example, deletions and insertions
in mitochondrial DNA of mouse liver accumulate with
age.* Thus, in addition to sustaining damage to pro-
teins and lipids from oxygen radicals generated during
respiration, mitochondria lose ability to regenerate
functional mitochondria. Decreased ability of mito-
chondria to replicate in terminally differentiated cells
leads to age-related declines in functionally intact mi-
tochondria and ATP production. Cellular aging is con-
ceivably caused by intrinsic injury to the mitochondrial
genome from oxygen radicals generated during normal
mitochondrial respiration. with consequent loss of res-
piratory capacity.™***" This loss depends on imbal-
ance between mitochondrial turnover and oXxygen
radical gencration in terminally differentiated cells
(which have the highest respiratory rates and slowest
mitochondrial turnover). We elaborate that injury to
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the mitochondrial genome may increase generation of
oxygen radicals, which then more readily overcome
protective svstems than the O. radicals generated in
normal respiration.

Hxypothesis

We suggest that some mutations to the mitochon-
drial genome (or to certain nuclear genes) produce
aberrant mitochondria which reduce oxygen to reactive
intermediates. Such nwtations give a mechanism for
mitochondria to contribute to cancer and aging. Sub-
stantiation of this hypothesis requires: 1) evidence that
mitochondrial mutations influence release of active ox-
veen, and 2) evidence that mitochondrial generation
of active oxygen can contribute to neoplastic transfor-
mation and aging. In this manuscript we: (1) review
evidence implicating mitochondrial mutations in car-
cinogenesis. (it) outline mechanisms by which mito-
chondrial mutations predispose to release of active
oxygen. and (i) review evidence implicating mito-
chondrial release of active oxygen in cancer and aging.

Mitochondria are vulnerable to mutagens

Mitochondrial DNA is susceptible to damage by
genotoxins for a variety of reasons. ' Reasons {or this
vulnerability include the lack of protective histones or
nonhistone proteins {**naked”” DNA), limited DNA re-
pair mechanisms, low replication fidelity, the presence
of respiratory enzymes which can activate chemical
carcinogens. and the sensitive supercoiled structure of
the DNA. The high lipid content and lipid-to-DNA
ratio make mitochondria particularly susceptible to li-
pophilic chemicals. Attachment of mitochondrial DNA
to the inner membrane makes it sensitive to membrane
disturbances and a prime target for electrophiles gen-
erated within the membrane (e.g., peroxides, epox-
ides, nitroxides. semiquinones).

Several studies on exposure of cells or animals to
carcinogens report accumulation of the carcinogen in
mitochondria and selective meditication of mitochon-
drial DNA. For example. carcinogenic polyeyclic ar-
omatic hydrocarbons ** ** azo dyes.** and nitrosa-
mines* accumulate preferentially in the mitochondria
of animal cells. In addition, polycyclic aromatic com-
pounds of ditfering carcinogenicity bind to the mito-
chondrial DNA of cultured mouse embryo cells 50 to
more than 300 times more readily than to nuclear
DNA** The lipophilic inner and outer mitochondrial
membranes contain the enzymes to metabolize these
compounds to their active forms. Similarly a carcin-
ogenic dihydrodiol-epoxide derivative of benzo(a)py-
rene covalently modifies  mitochondrial DNA 40



Mitochondrial mutations and oxidative stress

10 90 times more extensively than nuclear DNA in
mammalian cell cultures.” Also. treatment of rats
and hamsters with N-("C)methyl-N-nitrosourca® or
("C)dimethylnitrosamine®® methylates mitochondrial
DNA up to five times more heavily than nuclear DNA.
Cyclophosphamide alkylates mitochondrial DNA
in rat liver over 100 times more readily than nu-
clear DNA . 7 Moreover, dimethylnitrosamine de-
creases mitochondrial DNA which can be isolated in
the closed circular form and correspondingly increases
open circular or linear forms which result from single-
strand breaks in the normally supercoiled circular
DNA.* N'-nitro-N-nitrosoguanidine and 4-nitroquin-
oline l-oxide also cause strand scission of mitochon-
drial DNA in animal cells, with formation of open
circular forms.* This damage was not repaired during
20 h of posttreatment incubation. Aflotoxin B, admin-
istered to experimental animals binds covalently to
liver mitochondrial DNA at concentrations three to four
times higher than to nuclear DNA® The adducts re-
mained unrepaired even after 24 h. inhibiting mito-
chondrial transcription and translation. Chromium is
reduced by the mitochondrial respiratory chain and
preferentially  forms  adducts  in mitochondrial
DNA %% Carbon tetrachloride is activated by rat liver
mitochondria,™ and binds covalently to mitochondrial
DNA 20-50 times more extensively than to nuclear
DNA in fivers of poisoned rats.™ In addition, lipid
peroxidation ot mitochondrial membranes or increased
oxidative stress damages mitochondrial DNA 5

The mitochondrial genome is thus particularly sus-
ceptible to mutations. The spontaneous frequency of
mitochondrial petite mutations in yecasts is more than
one thousand times the nuclear mutation rate.™ In
mammalian cells. mitochondrial DNA fixes mutations
5 to 10 times faster than nuclear DNA. consistent with
the fuster evolution of mitochondrial DNA ™% Com-
paring mutations to specific genes. mitochondrial
genes sustained mutations at 17 times the rate of a
nuclear encoded subunit of ATP synthase.® Similarly,
oxidative damage to mitochondrial DNA occurs at 16
times the level in nuclear DNAY

Consistent with their supposed procaryotic origins,
mitochondria are also sensitive to viral infection. Viral
replicates are often found in the mitochondria after
infection of cells with oncogenic viruses (see ref | for
a summary of different studies). For example, repli-
cates of Rous sarcoma virus were found to a high titre
within mitochondria of infected cells.®' Viral transfor-
mation can also clevate synthesis of mitochondrial
DNA, RNA_ or protein. For example. levels of mi-
tochondrial mRNA increased in rat fibroblasts trans-
formed with polyoma virus DNA or immortalized with
the cellutar mye, adenovirus ETA, or polyoma plt on-
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cogenes.®™ Thus. oncogenic viruses could conceivably
use mitochondria as carriers.” In doing so. the virus
can disrupt mitochondrial gene expression.

Are mitochondrial mutations involved in
neoplastic transformation? Some evidence
is supportive

Although the mechanisms remain specutative, there
is growing evidence of a relationship between mito-
chondrial mutations and cancer (reviewed in refs®-!¥).
We summarize here some of the supporting evidence
and proposed models.

L. Mitochondrial DNA murations or abnormalities
propagate in transformed cells

For example. circular dimer and catenated forms of
mitochondrial DNA occur in leukocvtes from all pa-
tients tested with granulocytic leukemia but not in mi-
tochondria  from oaormal leukocytes.”  Restriction
patterns were abnormal in mitochondrial DNA from
leukemic leukocytes in 12 of 14 cases.® Another study
on mitochondrial DNA from colon and brain tumors.
however. did not reveual any abnormal restriction pat-
terns.™ Circular dimers of mitochondrial DNA appear
in various other transformed cells and human solid
tumors® * ** (reviewed in'). DNA sequences also differ
inregions of the mitochondrial genome in some tumor
cells compared with normal cells. s -204

2. Chemical carginogens accelerate
mitochondrial mutations

In yeast, various carginogens increase the frequeney
of petite mutations.* Such mutants result from dele-
tions (rho or rho"y or mutations (mit” or svn” ) in the
mitochondrial genome which produce respiration de-
ficient mitochondria (see®™ for a review). Petite mutants
share many properties of neoplastic cells, such as de-
creased respiratory capacity and increased glveolysis.
Mutagens, many of which are known carcinogens. also
produce heritable mitochondrial mutations in mam-
maltan cell lines (reviewed in'"). For example. mito-
chondrial mutants resistant to inhibitors of mito-
chondrial respiration. oxidative phosphorylation, or
protein synthesis can be selected in mammalian cells
exposed to mutagens. - 7F

b} : : : /
3. Mitochondrial mutations produce changes in the
cell surfuce

Such mitochondrial lesions lead to changes in the
veast cell surface. reflected in reversal of floceulating
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(clumping) cultures, increased cell agglutination by
concanavalin A, decreased permeability to chlorimi-
primine and cycloheximide, decreased uptake of some
fermentable sugars such as galactose and maltose. and
modifications in the pattern of plasma membrane pro-
teins.® Mitochondrial mutations also modify expression
of cell surface antigens in mouse cells.””7 Mitochon-
drial genetic lesions thus apparently influence the
expression of nuclear genes involved in biogenesis of
the plasma membrane and cell surface. These findings
suggested a model for carcinogenests in which mito-
chondrial DNA mutations alter expression of the mi-
tochondrial inner membrane and disrupt regulatory
influences of the mitochondria on nuclear expression
of cell surface components (perhaps by an effect on
calcium regulation).>® Cell division and segregation of
mitochondrial genotypes would eventually lead to neo-
plastic transformation.** Along with changes leading
to unrestricted cell growth. mitochondrial mutation-
induced changes to the cell surface may allow descen-
dent cells to collaborate to enhance survival and to
compete with normal cells for resources.™

4. Mathematical models of carcinogenesis
support extrachromasomal inheritance of some
contributing events

In one mathematical model, alteration of the mi-
tochondrial genome leads to accumulation of the lesion
in selected daughter cells through a stochastic distri-
bution of pathological mitochondria during celiular and
mitochondrial divistons.” Replacement of normal mi-
tochondria by pathological mitochondria eventually
leads in some way to neoplastic transformation.”

5. Mitochondrial contributions can explain the latent
period of cancer

A mechanism involving oncogenes alone does not
cxplain well the **lag time.”” or promotional phase of
cancer.' The time for mitochondrial mutations to prop-
agate better explains this phase.'” A model in which
some mitochondrial mutations provide a growth ad-
vantage to the cell when accumulated under selective
environmental conditions (analogous to the increase in
chloramphenicol-resistant mitochondria that occurs in
¢hloramphenticol selection after mutation) is consistent
with the need for a latent period."

6. Fusion of cancer cells with cytoplasts
Sfrom nontumorigenic cells suppresses the
tumorigenic phenotvpe

Hybrid fusion of normal fibroblasts with tumor cells
often suppresses tumorigenicity, despite full expres-
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sion of activated oncogenes.”* Moreover, ¢ybrid fu-
sion of tumor cells with cytoplasts from normal celis
can suppress the tumor phenotype.®-* For example,
cybrid transfer of mitochondrial DNA (mtDNA) from
relatively normal HT1080 cells to HeLa cells retards
cell growth (the converse was not true).*> The HT 1080
mtDNA  codes for a chloramphenicol-sensitive,
growth-retarding, phenotype that HeLa mtDNA lacks.
An abnormal mitochondrial protein from Hela was
identified and localized to a specific mitochondrial
gene (ND3). Conversely. cytoplasts from transformed
cells reportedly immortalized B and T lymphocytes.™
Cybrid transfer experiments thus suggest that in some
cancer cells mutations to mitochondrial DNA change
cell physiology to induce growth.'* One model sug-
gests that mitochondria produce a factor important for
suppression of tumorigentcity which i1s lost when del-
eterious mitochondrial mutations cause a decline in
mitochondria. "

7. Rearranged and normal segments of
mitochondrial DNA appear in nuclear genomes of
various cell species” 1"

Mitochondrial DNA sequences can apparently enter
nuclear DNA during mitochondrial breakdown or dur-
ing normal cycles of organelle fusion/segregaticn.® In-
corporated mitochondrial plasmids might then provoke
activation of oncogenes.® For example, such plasmids
could lead to control of an oncogene by a new promoter
by encouraging **breakpoints’’ and somatic rearrange-
ments or by inserting a mtDNA reptlication or tran-
scription origin.® The observation of 16 times more
oxidized bases (8-hydroxydeoxygaunosine) in mito-
chondrial DNA than in nuclear DNAY suggests that
oxidative stress may cause appreciable strand scission
and fragmentation of mitochondrial DNA." Oxida-
tively generated fragments of mitochondrial DNA re-
leased from mitochondria might then incorporate into
nuclear DNA to activate oncogenes or inactivate
growth control genes."

MITOCHONDRIAL MUTATIONS MAY INCREASE
GENERATION OF ACTIVE OXYGEN

The potential for involvement of mitochondria in
carcinogenesis is apparent. but what mechanism might
link mitochondrial genome damage to neoplastic trans-
formation is less clear. Disrupted calcium regulation
or transfer of mitochondrial DNA fragments to the nu-
cleus provide potential mechanisms. We now outline
a mechanism by which minor damage to mitochondrial
genes might amplify damage to the nuclear genome
and produce changes in cellular phenotype.
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Mitochondrially coded components minimize
autoxidation of respiratory intermediates

Most injuries to the mitochondrial genome can pre-
dispose to increased generation of reactive species of
oxygen. This predisposition occurs because the com-
ponents of the respiratory chain coded for by mito-
chondrial genes remove reduced intermediates. The
mitochondrial genome codes for cytochrome b. three
large hydrophobic subunits of cytochrome oxidase.
two subunits of the F,F,-ATPase, two rRNA compo-
nents of the mitochondrial ribosomes. all mitochon-
drial tRNAs (see®™193-1% for reviews), and. in
mammals but not yeasts, seven hydrophobic subunits
of NADH dehydrogenase."” ™ Damage to the mito-
chondrial genome thus results in impaired function of
cytochrome oxidase. ubiquinol:cytochrome ¢ oxido-
reductase (contains cytochrome b), the FF-ATPase
complex, or NADH dehydrogenase. The loss of ab-
sorption bands for cytochrome b and cytochrome ox-
idase in yeast cells exposed to chemical carcinogens®
is consistent with this prediction. The mitochondrial
respiratory chain normally releases small amounts of
O, and H,O, through autoxidation of one or more
reduced species of tlavin, iron-sulphur complex. and
ubiquinone® generated by succinate, NADH. and other
ubiguinone reducing dehydrogenases (see'™ for a
review).

Many of the mitochondrial components which
produce autoxidizable intermediates are
coded extramitochondrially

Except for some subunits of NADH dehydrogenase
(in mammalian cells), flavoprotein dehydrogenases are
synthesized extramitochondrially and thus not neces-
sarily lost with mitochondrial mutations.'™ For ex-
ample, rlio™ or rho" mutants of yeasts, which lack
segments or all of the mitochondrial genome. contain
reasonably normal levels of tlavoprotein dehydrogen-
ases and other nuclear coded enzymes.'" '** Ubiqui-
none is also available in normal amounts in petite
mutants.'**'*" Components of the respiratory chain
which contain mitochondriatly synthesized subunits
bear responsibility for oxidizing the reduced flavins
(indirectly), ubisemiquinone and ubiquinol. and for
reducing oxygen safely to water. Damage to the
mitochondrial genome which mutates or deletes any
of the cytochrome components should increase the
steady-state concentration of these reduced interme-

*Autoxidation of ubisemiquinone intermediates are likely a major
source, '™ "' although autoxidation of cytochrome b, may also he
pussible ™ Flavin semiquinone or iron-sulphur centers are likely the
major source of Q.- and H,O, with isolated NADH dehydrogen-
a.sc,”’
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diates and so increase free radical products of their
autoxidation. In evidence of this supposition, inhibi-
tion of cytochrome oxidase (CN7) or of cytochrome b
oxidation (antimycin) stimulates generation of H.O,
and O,-~ by mitochondria or submitochondrial parti-
cles 213N Myrant mitochondria deficient in
normal respiration may thus release abnormally high
levels of reactive oxygen species and lipid peroxidation
by-products to the cytosol and expose the nucleus and
other cellular components to cytotoxic species. This
situation gives a mecharism for mitochondrial muta-
tions to promote cellular aging and cancer.

SMALL CHANGES IN THE MITOCHONDRIAL
GENOME MAY HAVE SEVERE CONSEQUENCES

The mammalian mitochondrial genome is highly or-
ganized. This genome has one origin of replication.
one promoter for transcription, and heavy strand se-
quences coding for mRNAs, rRNAs, and tRNAs im-
mediately contiguous to cach other (see'™ '™ for
reviews). The single large transeript is processed by
precise endonucleolytic cleavages before and after the
tIRNA regions which separate cach of the rRNA and
mRNA regions. Point mutations in any of the mRNA
genes lead to abnormal subunits of the cytochrome
oxidase. cytochrome b-¢,. NADH dehydrogenase. or
ATPase complexes. Point mutations in the rRNA or
tRNA sequences aftects synthesis of all these proteins.
Single-strand breaks disrupt the integrity of the ge-
nome, as evidenced by the formation of circular dimer
or catenated forms.c ¢ Even with intervening se-
quences and multiple promotor regions in their mito-
chondrial DNA. veasts lose mitochondrial proteins
(cytochromes b and «) and form petite mutants when
exposed to mutagens.®

PROLIFERATION AND ASSEMBLY OF
MITOCHONDRIA DO NOT REQUIRE AN INTACT
MITOCHONDRIAL GENOME

Mitochondria containing a mutated genome con-
tinue to replicate. because the enzymes for DNA rep-
lication are coded by the nucleus and imported from
the cytoplasm (see'™ "1 for reviews of mitochon-
driul biogenesis). Membrane lipids. structural proteins
and other enzymes needed for proliferation of mito-
chondria are also produced in the cytoplasm. Cells of
rho™ mutants of yeast lacking mitochondrial protein
svnthesis or even r/io” mutants lacking mitochondrial
DNA still produce mitochondria. Although these mi-
tochondria cannot respire normally and are fewer, they
still contain flavoprotein dehydrogenases.'-'* Be-
cause mitochondria grow and divide independent of
cell division and even of

mitochondrial genome



52 B. Baxpy and A. J. Davisox

replication, "™ -1 mytated mitochondria accumu-

late in cells and may eventually predominate over nor-
mal mitochondria in certain daughter cells of a di-
viding tissue (as described mathematically in”). As
demonstrated in yeasts, rho” mitochondria contain-
ing a truncated mitochondrial genome or tandem
repeats of mitochondrial genes (a frequent occurrence)
often gain a selective advantage over normal mitochon-
drial genomes due to faster replication and tran-
scription. ™ Mitochondrial DNA polymorphisms be-
tween individuals.'  mitochondrial  myopathies
in humans,s# o133 and mitochondrial inhibitor-
resistant mutants in yeast or mammalian cell cul-
tures®* - show the somatic heritability of mitochon-
drial mutations. If these mutated mitochondria release
pathological levels of reactive oxygen species. the
probability of nuclear genctic damage and damage to
other cellular constitucnts increases.

MITOCHONDRIA PRODUCE REACTIVE SPECIES OF
OXYGEN DURING NORMAL OR CYTOCHROME-
INHIBITED RESPIRATION

Production of O, and H,O, by mitocondria ac-
counts for about 1-2% of oxygen uptake under phys-
iological conditions. "' In intact mitochondria. the
rate of H,O, generation is higher in state [V (up to 4%
of oxygen uptake), where the absence of ADP gives
slow oxygen consumption and mostly reduced respi-
ratory chain components. The rate is lower in state 11
or in the presence of an uncoupler. where oxygen up-
take is fast and the respiratory components are mostly
oxidized. Antimycin (which blocks oxidation of
cytochrome b) or CN” {which blocks cytochrome ox-
idase) stimulate release of H.O. or O~ in mito-
chondria  or submitochondrial  particles  due  to
accumulation and autoxidation of reduced components
(flavins and quinones) prior to the block.© Mutations
to. or loss of any of the cytochromes should have sim-
ilar effects.

"Mitochondria grow in mass by incorporation of new lipids and
proteins into existing organelles (rather than by de novo formation)
and in number by a dynamic fragmentation and fusion process.
Mitochondrial DNA replicates throughout the cell evele. The for-
mation of new mitochondria by growth and fission of existing mi-
tochondria. plus random partition of mitochondria at celt division,
allow random changes in gene frequencies and vegetative segrega-
ton of alleles."™

“‘Addition of CN to antimycin-supplemented submitochondrial par-
ticles however decreases release of O, L presumably due to de-
creased formation of ubisemiquinone in the presence of both
inhibitors (see Q cyele (Fig. D))" Addition of an uncoupler to
antimycin-supplemented submitochondrial particies further stimu-
fates release of O, (probably from an effect of membrane potential
on the rate of clectron transfer between ubiguinol and cytochrome
et
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DEFECTIVE FUNCTION OF MITOCHONDRIAL GENE
PRODUCTS INCREASES GENERATION OT
ACTIVE OXYGEN

At least some heritable mutations to mitochondrial
gene products are likely to increase generation of O+~
and H,O,. The etfects of respiratory inhibitors and of
respiration state support this premise. We now consider
the consequences of impaired function of any of the
mitochondrial gene products.

Loss of cytochrome oxiduse increuses
superoxide vield

Cytochrome oxidase allows the electron transport
chainto reduce oxygen safely to water. The cytochrome
c/eytochrome oxidase complex also confers superox-
ide oxidase activity to mitochondna. (This activity re-
sults from the ability of ferricytochrome ¢ to react with
0.~ . while cytochrome oxidase regenerates ferricy-
tochromie ¢ from the resulting ferrocytochrome ¢.) Al-
teration or deletion of cytochrome oxidase increases
the steady state concentration of oxygen in the mem-
brane and simultancously accelerates autoxidation of
the reduced electron transport components which
accumulate.

Loss of cytochrome b increases levels of
autoxidizable quinones

Similarly. alteration or deletion of cytochrome b
impairs oxidation of the reduced species of tlavin and
ubiguinone by the cytochrome b complex and teaves
them susceptible to attack by oxygen (or other cyto-
toxic electrophiles). Apparent from the ubiquinone
(Q") eyele™ ¥ (Fig. 1), loss of function of cyto-
chrome b could be a dangerous alteration. Other (nu-
clear encoded) subunits can still oxidize ubquinol to
the more autoxidizable ubisemiquinone species. Such
an alteration is equivalent to adding antimycin. Ab-
sence of ¢yvtochrome h does not attect incorporation of
cytochrome ¢, (a nuclear gene product)'® or formation
of “"centre 0.7 the myxothiazo! binding site."™ How-
ever, absence of cytochrome b impairs assembly of the
iron-sulphur protein into complex ™' and thus
might avoid ubisemiquinone formation at this site. A
mutation to the cytochrome b gene (i.c., mit”) which
impairs the ability of the product to transfer electrons,
but does not aftect assembly of complex HI however.
would not avoid ubisemiquinone formation. Mito-
chondrial antibiotic-resistunce (ane®) mutations which
lower affinity for an antibiotic such as antimycin or
oligomycin but do not otherwise alter function of the
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Fig. . The mitochondrial respiratory chain and *"Q cycele.” The “"double Q cyvele™ madel.™ #5134 where the eyvtochrome be,
complex operates in a dimer is shown here. Some details of the mechanism of electron transter through QH,:eytochrome ¢
oxtdoreductase are yet to be firmly established.™ "% 5o a somewhat diftering model hus also evolved. '™ The need for an oxidunt
of FeS7eytochrome ¢ tor reduction of eytochrome A is well established however, and other models share major features (oxidation
of QH: by FeSicyvtochrome ¢ oxidation of Q-,,  and reduction of Q-7 by b cytochromes). Assuming that unstable outer
ubisemiquinone species (Q-, ) are major autoxidizable species ! ™ the double Q ey ele model readily explains observations
that CN stimulates O, and H.O, release but inhibits antimycin-stimulated refease.

Reactions catalyzed by NADH dehydrogenase and other ubiquinone-reducing flavoproteins are shown at the surfaces of the
inner mitochondrial membrane. Subunits encoded by mitochondrial genes are shown by dotted boxes and sites of inhibition by
CN and antimycin (ant) are indicated.

component affecteds ® 101102004 show the wide poten-
tial for functional changes.

Loss of F, ATPuse function causes state [V-like
generation of Oy~ and H»>0»

Alteration or deletion of the FyATPase complex
would also increase O,-~ and H,0O, generation (in ad-
dition to decreasing ATP production for the cell). The
mitochondria would only be capable of state [V-like
respiration if unable to dissipate the proton gradient
through the ATPase complex.
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Loss of NADH dehvdrogenase subunits doesn’t

necessarily decrease Oy generation

Loss or alteration of a mitochondrially coded sub-
unit of the NADH dehydrogenase complex presumably
removes this site of ubiquinone reduction and O, -
generation (the two main sites of O,-" generation are
complex I, NADH dehydrogenase: and complex U,
ubiguinol-cytochrome ¢ oxidoreductase). Other de-
hydrogenases capable of reducing ubiquinone remain
however {e.g.. succinate dehydrogenase, dihydrooro-
tate dehydrogenase, electron transferring flavoprotein.



glycerol-3-phosphate dehydrogenase. acyl CoA de-
hydrogenase, NADPH/NADH transhydrogenase). For
example, glycerol-3-phosphate dehydrogenase or iso-
lated dihydroorotate dehydrogenase themselves pro-
duce O,-~ and H,O, . 'H163.104-187 Algn {oss or mutation
of a subunit of NADH dehydrogenase does not nec-
essarily abolish O,-~ generation from this site. One
function of these subunits is to presumably help create
an environment appropriate for the catalytic moi-
ties.'91%% Thus, loss of a subunit. or particularly a
mutation which does not otherwise affect assembly of
the complex, might conceivably destabilize the fla-
vosemiquinone or ubisemiquinone intermediates and
increase O, " release. For example, a small isoform
of NADH dehydrogenase without mitchondrial en-
coded subunits assembles in Neurospora treated with
chloramphenicol, which has the same electron transfer
activity, but a lower affinity for ubiquinone.' (Sim-
ilarly, a mutation to one of the subunits of cytochrome
oxtdase might conceivably destabilize the O, or H.O,
enzyme intermediates and lead to release of reactive
species.) Such spectfic mutations may occur with less
probability, but would be dangerous nonetheless.

Loss of function of more than one mitochondrial
gene product also predicts increased generation

of O+~

If cytochrome b plus one or more subunits of cy-
tochrome oxidase were mutated, O,-~ generation at
site I would increase. For example. blocking cyto-
chrome b and cytochrome oxidase with antimycin plus
CN ™ increases NADH-supported generation of O,-~
over that in absence of inhibitors.'** O, ~ generation
at site 11 would depend on the rate of autoxidation of
reduced species of ubiquinone. This rate may be sub-
stantial at the increased oxygen tension which devel-
ops. Loss of cytochrome & plus subunit 8 of the
F/ATPase complex (which may control coupling of
ATP synthesis) is equivalent to adding antimycin plus
uncoupler; a situation which produces the highest rates
of H,0, generation in mitochondria (10-30-fold
greater than that released in normal respiration). If the
whole mitochondrial genome is lost, the rate of O,-~
generation depends partly on the degree of assembly
of complex Il in the absence of cytochrome &, but
ubiquinol is generated by succinate dehydrogenase and
dehydrogenases other than NADH dehydrogenase. In
addition to increasing univalent reduction of oxygen,
mutations to mitochondrial genes can increase reduc-
tion of cytotoxic quinones or xenobiotics.
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CYTOCHROME DEPLETED MITOCHONDRIA SUPPORT
GENERATION OF ACTIVE OXYGEN

A cytochrome c¢-deficient yeast mutant had in-
creased levels of both cytosolic and mitochondrial
forms of superoxide dismutase (both are induced by
oxidative stress in yeasts) and had increased CN ™ -re-
sistant respiration.'” """ These changes occurred with
or without oxidative stress induced by paraquat, sug-
gesting increased generation of O, ~ and increased
ability to reduce cytotoxic agents. Also, a cytochrome
b-deficient veast mutant contained at least normal
amounts of mitochondrial superoxide dismutase, de-
spite being deficient in normal respiration.'” In this
study, mitochondrial superoxide dismutase was highest
in the log phase of yeast growth on glucose, before
appearance of cytochromes (subject to glucose repres-
ston) and respiration. Flavoprotein dehydrogenases are
less subject to glucose repression and were derepressed
earlier than cvtochrome oxidase. Petite (rho™) yeast
mutants also express immunoprecipitable mitochon-
drial superoxide dismutase'” plus catalase'™ and per-
oxidase.'™ though lacking cytochromes and normal
respiration,

Extraction of cytochrome ¢ from rat heart mito-
chondria did not substantially alter the rate of succinate
supported H.O, generation per mg protein {in absence
of antimycin).'™ The H,O, yield per oxygen consumed
(oxygen consumption was decreased 70%) increased
3-fold (comparison of Figs. 2. 4. and 5 in''"). Also,
dihydroorotate produced the same amount of O,- ~ after
separation of the dehvdrogenase from cytochrome b
and other cyvtochromes as in the presence of cyto-
chromes plus antimycin. 't

Increased CNT-resistant respiration. presumably
representing some autoxidizable component.'™ also
develops in respiratory deficient cells of several eu-
karyotic microorganisms. These cells include respi-
ration deficient mutants of §. pombe'™ and N.
crassa>™ " rho” or rho® mutants of S. cerevisiae,
and yeast cells grown anaerobically (and thus lacking
mitochondrial cytochromes but not flavoprotein de-
hydrogenases)." Sonicated cells from anaerobically.
but not acrobically grown §. cerevisiue spontaneously
(endogenous substrate) generated O, .17

MITOCHONDRIAL MUTATIONS PROVIDE AN
AMPLIFIED ROUTE TO PATHOLOGY

The above analysis shows the number of possibil-
ities for increasing generation of reactive oxygen spe-
cies with injury to the mitochondrial genome. it seems
almost certain that mutations causing increased free
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radical generation occur at lcast occasionally. Whether
such mutations manifest as overt pathology depends.,
of course, on a variety of other factors (¢.g.. protec-
tion, lethality, heritability). Presumably. most often
they do not.

Although mitocondria often have more than one
copy of the genome, mutation to one copy of gene still
produces abnormal subunits. Also, the possibility that
each copy of a gene receives mutations is not remote.
Further, mutated genomes containing deletions some-
times gain a replicative or transcriptional advantage
(as in petite (rho™) mutants of yeasts'*).

While mutations to nuclear genes coding for mito-
chondrial subunits occur with less frequency.* a mu-
tation to a nuclear-encoded subunit of cytochrome
oxidase, ubiquinol:cytochrome ¢ oxidoreductase, or
FoF ATPase, (or an enzyme needed for mitochondrial
protein synthesis) could similarly increase oxidative
stress. In this case, the mutation would affect the whole
mitochondrial population of the cell. Mitochondria
would thus act as an adjuvant to nuclear mutations,
increasing the steady state concentration of oxidative
species.

MITOCHONDRIAL MUTATIONS CAUSING ACTIVATION
OF OXYGEN CAN AMPLIFY CARCINOGENESIS

Multiple pathways lead to ncoplastic transforma-
tion. These pathways include responses to chronic in-
flammation, or direct actions of carcinogens or their
biotransformation products on the nuclear genome.
Mutations to mitochondria leading to release of reac-
tive oxygen provide onc additional pathway. In this
pathway. the initial event is the interaction of a mu-
tegen with the mitochondrial genome, alone, or si-
multancously with the nuclear genome. Lipophilic
mutagens which can be activated by cnzymes in the
mitochondrial membranes, or which cooperate with ac-
tivated oxygen preferentially damage mitochondrial
DNA_ Injury to the mitochondrial (or nuclear) genome
impairs synthesis of onc or more inner membraune prod-
ucts. Mutant mitochondria may then develop which
release reactive species of oxygen and products of mi-
tochondrial membrane degeneration (e.g.. lipid per-
oxides, reactive aldehydes). and have increased ability
to reduce reactive quinones. Such mitochondria con-
tinuously exposc the nucleus (and other mitochondria)
to genotoxic agents. Exposure might occur in an acute
burst, as a mitochondria degenerates, or more insidi-
ously, where mitochondria release moderately elevated
levels of oxygen radicals for a substantial time before
they inactivate. Within this time. the mutant mito-
chondrial genome may have replicated. The mutagenic
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process may be intracellularly amplified as genotoxic
damage spreads from mutant mitochondria to adjucent
normal mitochondria. Not only do such mutations in-
crease generation of cytotoxic agents, they may also
result in release of mitochondrial DNA fragments (and
also decrease functional respiration and oxidative
phosphorylation). By increasing oxidative stress, car-
cinogen-induced mutations to mitochondria can thus
amplify exposure of the nucleus to genotoxins. This
intracellularly amplified damage increases the likeli-
hood of oncogene activation or growth-suppressor gene
inactivation.

Mitochondrial mutations which increase oxidative
stress can also influence transformation and cellular
proliferation through effects on calcium storage or
other intracellular signals. The enhanced proliferation
ot fibroblasts observed on exposure to low concentra-
tions of H,O," might reflect such effects of oxidative
stress on intracellular signals. Hydroperoxides, or
agents which induce oxidative stress, impair calcium
sequestration and cause release of calcium from mi-
tochondria and other intracellular stores (e.g,'¥-'*
see' forareview). Moreover, peroxide or prooxidant-
induced release of calcium from mitochondria and
other stores causes cytoskeletal changes evident in
blebbing of the cell surface of hepatocytes.!®-15¢ fn-
creases in cytosolic calcium stimulate DNA synthesis
and cell proliferation.® #%7" and intracellular stores
contribute to these processes. & o192l
paired calcium storage can activate calcium-sensitive
protcases. phospholipases, and protein kinases, and the
arachidonic acid cascade. Thus, mutant mitochondria
might act intracellularly in a manner analogous to on-
cogenic growth factors which cause influx of calcium
across the cell membrane (EGF) or release calcium
from endoplasmic reticulum through turnover of phos-
phatidy! inositol (PDGF).

In contrast to most other models. a mitochondrial
mutation/oxygen activation pathway theoretically al-
lows just one, or a few, mutant mitochondria to insti-
gate oncogenesis.  Consistent  with other models
however. a latent period (promotional phase?) may en-
sue while cell division and mitochondrial proliferation
allow for the segregation and accumulation of mutant
mitochondria in selected daughter cells. The length of
the latent period depends on the initial dose and po-
tency of the mutagen, the number of mitochondria af-
tected, the nature of the mutation, the lability of the
mutated mitochondria, and the rate of cell division of

‘Changes in caleium-buffering activity of mitochondria formed the
basix of a previous model for the sustained growth of tumors, ™
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the tissue. In addition, time is necded for the multistep
activation of oncogenes and inactivation of growth sup-
pressor genes usually required for transformation. %1%

SOME TUMOR CELL CHARACTERISTICS ARE
CONSISTENT WITH MITOCHONDRIAL RELEASE OF
ACTIVE OXYGEN

Changes seen in tumor cells and tumor mitochondria
do not necessarily reflect carcinogenic mechanisms be-
cause i) they are after the fact. and differences may be
coincidental or even compensatory, ii) the mitochon-
drial population may not be homogeneous. and iii)
mitochondria may not always be involved. Some
changes may give indirect support, however. Several
observations are consistent with involvement of mi-
tochondrial mutations and of active oxygen release in
cancer.

Products of mitochondrial genes are sometimes
abnormal in tumor mitochondria where nuclear gene
products are unaffected

Respiration of tumor cells is often severely im-
paired. The cells have fewer mitochondria, and those
present are structurally abnormal (see! for a review).
Consistent with decreased respiration, levels of cyto-
chromes aa, and & (and less so, ¢,) were decreased in
hepatoma or virus-transformed cells.”71™ Levels of
cytochrome ¢ (a nuclear gene product) were increased
however, increasing the cytochrome ¢/cytochrome ox-
idase ratio. These observations, plus abnormal DNA
seen in tumor mitochondria.”” ' suggest impairment of
mitochondrial gene products is more prevalent than
impairment of mitochondrial proteins derived from nu-
clear genes.

Mitochondria from tumor cells generate normal or
increased O,

Mitochondria or submitochondrial particies from
some tumor cells show normal or increased antimycin-
induced gencration of O,- " when compared with nor-
mal tissues. '™ " In one case. hepatoma mitochondria
reportedly generated more O,+~ without antimycin than
normal liver mitochondria.™™

Despite ability of the mitochondria for normal or
increased gencration of O, ", tumor cells generally
contain less  mitochondrial  superoxide  dismutase
{MnSOD) and sometimes less cytosolic superoxide dis-
mutase (CuZnSOD). """ §ome  contradictory
reports appear, however.™ 7 The location and local
environnient (e.g., oxygenation) of the tumor cells can
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influence the expression of superoxide dismutase and
other oxidative enzymes. ™"

Neoplastic transformation exhausts
lipid peroxidation

Tumor cells and mitochondria produce less lipid
peroxide in vitro.™™-*"* Tumor mitochondrial mem-
branes generally have decreased polyunsaturated phos-
pholipids and increased monounsaturated
phospholipids® ® *!% (see refs'** for reviews). These
changes in membrane composition suggest previously
peroxidized lipids.2'*2'®

Aldehydic products of lipid peroxidation (e.g.. al-
Kenals) are cytostatic, inhibiting chromosomal repli-
cation and transcription 2773 as well  as
cvtotoxic, inducing mutations®** and triggering heat
shock genes.” Addition of polyunsaturated fatty acids
at sufficient concentration inhibits proliferation of tu-
mor cells (or regencrating normal cells).”'==
Chain-breaking antioxidants such as alpha-tocopherol
or butvlated-hydroxytoluene promote cell prolifera-
tion.”'**** Levels of lipid peroxidation thus relate in-
versely with rates of cell proliferation.?3>*37 Loss of
the moderating influence of peroxidation on cell di-
vision may stimulate the proliferation of tumor
CcHS.31)1.203.2r1~x.20<.3:x

Thus, release of reactive oxygen species (oxygen
radicals, peroxides. aldehydes. etc.) by mitochondria
may contribute to initiation and promotion before cell
transtormation. while subsequent exhaustion of per-
oxidative ability may contribute to proliferation of
transformed cells. In the broadest interpretation these
views accomodate both the respiratory deficiency the-
ories of Otto Warburg™* and the bioclectronic (keto-

23-232

aldehyde) theories of Albert Szent-Gyorgyi.="0-=%

MITOCHONDRIA FROM AGING ANIMALS RELEASE
MORE ACTIVE OXYGEN

A link between mitochondrial mutations and oxygen
activation adds to the current mitochondrial model of
senesence by more accurately predicting aceelerated
aging on cxposure to environmental mutagens or tox-
ins. Thus, damage to the genome either from exposure
to a mitochondrial genotoxin or from endogenous gen-
eration of oxvgen radicals during respiration can lead
to loss of normal respiration and turther release of toxic
oxygen species. In evidence mitochondria and sub-
mitochondrial particles isolated from the hearts of old
rats release about 34% more H.O, and O, ~ than those
from young rats.* This increase with age is relatively
insignificantin liver, but is more substantial in rat brain
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Mitochondrial amplificd pathways to cellutur aging and tumorigenesis. Mitochondrial mutations can accelerate cellular

aging by decreasing functional respiration and ATP production and by feading o amplitied damage from those mitochondrial
mutations which increase release of active oxyegen. Propagation of such mutations in celfular and mitochondrial division can
further amplity damage. Mitochondrial mutations which increuse release of active oxygen also amplify exposure of the nucleus
to mutagens. Propagation of these mitochondrial mutations chronically amplities nuclear mutations. Chronic exposure of the
nucleus to mutagens incrcases the possibility of mutations which activate oncogenes or inactivate supressor genes. and release
the cell from normal growth controls. Additional mechanisms for mitochondrial mutations and increased oxygen activation to
stimulate cellular proliferation include peroxide-induced release of caleium and exhausted release of peroxides and Keto-aldehydes.
These influences may combine to cause neoplastic transtormation and tumor formation.

than in heart.?’” In housetlics, antimycin-resistant res-
piration increased 500 and mitochondrial generation
of O, increased more than two-fold with aging.*
Increased release of reactive oxvgen species allows
further damage to the mitochondrial genome and other
mitochondrial structures, eventually causing loss of
regenerative ability and a decline in normally func-
tioning mitochondria. This amplification further ex-
plains the decreased respiratory rates, respiratory
control ratios, and P/ O ratios observed in mitochondria
isolated from older animals.**3* Such mitochondrial
dysfunction causes damage to the mitochondria. and
also to other cellular constituents through release of
oxygen metabolites to the cytosol. Accumulation of
mitochondrial genetic damage with age®**" thus not
only contributes to aging, but may also increase risk
of cancer.

X
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CELLS LEAST SUSCEPTIBLE TO CANCER ARE MOST
SUSCEPTIBLE TO AGING

Those cells most susceptible to cellular aging (e.g..
muscle and nerve)™ ¥ are precisely those fixed. post-
mitotic cells least susceptible to cancer.*™ So, a com-
mon mechanism of mitochondrial mutagenesis could
contribute to cancer in dividing cells (e.g.. fibroblasts,
leukocytes, bone marrow). to aging in terminally dif-
ferentiated cells. and to both aging and cancer inter-
mitotic cells (e.g.. liver, kidney, adrenal gland). Fig.
2 provides a summary of the potential involvement of
mitochondrial mutations in carcinogenesis and aging.

CONCLUSIONS

The tight conservation of mitochondrial encoded
proteins. but labile mitochondrial DNA must reflect
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the strong evolutionary pressures on this organelle. The
high mutation rate of mitochondrial DNA allowed it
to evolve a highly efficient and reasonably safe system
for reducing oxygen. To reduce oxygen safely is a
difficult task, and these evolutionary pressures remain.
To allow beneficial mutations but safeguard against
detrimental ones, nature apparently adopted a strategy
where detrimental mutations self-destruct. By leaving
the mitochondrial genome unprotected. any mutation
which increases release of active oxygen should even-
tually destroy that copy of the genome. Sources of
reactive intermediates such as those produced by
NADH dehydrogenase or a mutated cytochrome b-c,
complex thus would eventually be eliminated. This
system helps limit long-term damage to the rest of the
cell.

The criticism that respiratory deficiency may be a
result rather than a cause of the cancer has limited wide
acceptance of the respiratory deficiency model. It mi-
tochondrial mutations which increase release of active
oxygen prove to contribute to carcinogenesis and ag-
ing. this criticism falls aside, since the respiratory dam-
age is both a result of carcinogen exposure and a cause
of transformation. This intracellularly amplified path-
way accommodates both mitochondrial and nuclear
events, such as activation of oncogenes or inactivation
of growth-suppressor genes, and the involvement of
active oxygen.
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Transition metal ions and superoxide participate in different autoxidations to a
variable extent. In the reaction of 6-hydroxydopamine (6-OHDA) with oxygen at pH 7.0
or 8.0, addition of 5 to 300 U/ml superoxide dismutase inhibited autoxidation by up to
96% at the highest concentrations. Superoxide dismutase at concentrations of 5-20
U/m]l inhibited by less than 40% when present alone, but inhibited by over 99% in the
presence of desferrioxamine or histidine. EDTA also enhanced the inhibition by 20
U/ml superoxide dismutase to 8%, even though EDTA accelerated the autoxidation of
6-OHDA when present alone or with desferrioxamine. In contrast, other ligands, such
as ADP or phytic acid, had little or no effect on inhibition by superoxide dismutase.
Proteins such as albumin, cytochrome oxidase, or denatured superoxide dismutase also
enhanced inhibition by active superoxide dismutase from less than 40% to over 30%.
Evidently, in the presence of redox active metals, autoxidation occurs by inner sphere
electron transfer, presumably within a ternary 6-OHDA - metal - oxygen complex. This
mechanism does not involve free O3 and is not inhibited by superoxide dismutase. On
the other hand, the presence of certain ligands (including proteins) diminishes the
ability of trace metals to exchange electrons with 6-OHDA or oxygen by an inner sphere
mechanism. These ligands render autoxidation dependent on propagation by O3
and therefore inhibitable by superoxide dismutase. Previously conflicting reports that
superoxide dismutase alone inhibits 6-OHDA autoxidation are thus explicable on the
basis that at sufficient concentration the apoprotein coordinates trace metals in such a
way to preclude inner sphere metal catalysis. @ 1987 Academic Press. Inc.

is spin restricted, many “autoxidations”
require transition metal catalysis (5).
Even so reactive a compound as 6-OHDA
does not reduce molecular oxygen directly
(6), since the reaction reportedly requires
a ternary 6-OHDA : metal ~oxygen com-
plex (6, 7).

Superoxide acts as an autocatalytic in-
termediate in the aerobic oxidation of 6-
OHDA, and hence, superoxide dismutase
inhibits this autoxidation by 93-96%

Interactions between metals, their li-
gands, and oxygen must be considered
when investigating biological autoxida-
tions. The autoxidation of catecholamines
such as 6-hydroxydopamine (6-OHDA),®
or other autoxidizable compounds is stim-
ulated by added metal ions such as Cu®* or
Fe®* (1-4). In addition, since the direct re-
action of oxygen with organic reductants

' Supported by a grant from the Natural Sciences

and Engineering Research Council of Canada A7568.
2To whom correspondence should be addressed.
! Abbreviations used: 6-OHDA, 6-hydroxydopa-
mine; SOD, superoxide dismutase.
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(6-9). However, Sullivan and Stern report
that superoxide dismutase failed to inhibit
6-OHDA autoxidation except in the pres-
ence of the metal chelators EDTA or DE-
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TAPAC (4). Moreover, addition of iron
(EDTA chelate) accelerated autoxidation
and rendered it insensitive to superoxide
dismutase. Thus O3 does not appear to
contribute to oxidation of 6-OHDA in the
presence of transition metal ion.

The catalytic efficiency of a particular
metal and its reactivity with a reductant
or with oxygen depend largely on its coor-
dination structure and thus on the nature
of available ligands. For example, desfer-
rioxamine forms a stable octahedral coor-
dination complex with ferric ion by virtue
of its six oxygen donor atoms and prevents
the reduction of iron (10). Thus, desfer-
rioxamine inhibits iron-catalyzed autoxi-
dation of 6-OHDA (2) as well as iron-cata-
lyzed - OH formation or lipid peroxidation
(11-13). EDTA, on the other hand, is often
found to accelerate these reactions (4, 11,
14). Crystallography of the Fe?*-EDTA
complex reveals a hexadentate complex
which displays an unusual seventh coordi-
nation site occupied by water (15). This
coordinated H;O can be readily displaced
by ligands such as azide, H,O, or oxygen,
allowing the chelated iron to participate in
redox reactions (16). While EDTA stabi-
lizes Fe®* and thus slows its reduction, it
does not prevent the reduction of iron (as
evidenced by reduction of Fe3* - EDTA, but
not Fe¥*-DETAPAC or Fe®*.desferriox-
amine, by 03) (17, 18). In addition to the
interaction between reductant and metal,
the stability of reduced metal, metal - oxy-
gen, or metal-superoxide complexes de-
pends in turn on the nature of other li-
gands present (19-21). With the hope of
providing a more systematic and complete
understanding of the roles of ligands in
the interactions between reductants,
metals, and oxygen we investigated the
effects of various added ligands on the
rate of autoxidation and on the ability of
superoxide dismutase to inhibit autoxida-
tion of 6-OHDA.

MATERIALS AND METHODS

Reagents. 6-OHDA hydrobromide (Sigma Chemi-
cal Co.) was prepared anaerobically in H;O immedi-
ately before use. Substantial exclusion of oxygen
from stock solutions was confirmed by the absence of
significant concentrations of the p-quinone oxidation
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product at the start of each assay. Superoxide dis-
mutase (bovine blood), EDTA, phytic acid, ADP, cy-
tochrome ¢ (type 111), bovine serum albumin, and po-
tassium phosphate buffer salts were also from
Sigma. Desferrioxamine (Desferal Mesylate) was a
gift from CIBA. Histidine was from Coleman, Math-
eson, and Bell. Cytochrome oxidase was prepared in
this Jaboratory by the method of Wainio et al (22)
and was assayed to have an activity of 0.231 s mg™!
m! at an initial ferrocytochrome c concentration of 20
uM. Catalase, from Boehringer Manheim, was as-
sayed for superoxide dismutase activity (according to
the method of (23)) and was found to be free of su-
peroxide dismutase activity even at 12500 U/m] of
catalase activity. Sigma catalase on the other hand
was confirmed to have substantial superoxide dis-
mutase activity and was not used in these experi-
ments.

Water, buflers, and metal ion contamination. Dis-
tilled, deionized water was used for preparation of
reagent and buffer solutions. Transition metal ions
were present largely as a result of trace contami-
nants in the buffer salts. In view of the inefTective-
ness of the customary precautions to remove all
traces of transition metal ions and because trace
metals were desired in these experiments, no further
attempts were made to lower the level of trace metals
in the buffer solutions. These experiments should
thus represent standard laboratory conditions.

Assay procedures and reaction conditions. Experi-
ments were conducted at both pH 7.0 and pH 8.0 in
2.5 ml final volume air-saturated, 50 mM, potasstum
phosphate buffer; 25°C. Ligands were added to a
concentration of 1 mM. This concentration was pre-
sumed to be sufficiently above the initial 6-OHDA
concentration that the added ligand could compete
effectively with the catechol hydroxyls of 6-OHDA
for coordination of metals. The concentrations of any
added proteins or enzymes are indicated in the leg-
ends to figures. Reactions were initiated upon addi-
tion by gas-tight syringe of a 25-ul aliquot of 6-
OHDA stock solution to give an initial 6-OHDA con-
centration of 200 uM, just below that of dissolved
oxygen. Formation of the p-quinone product of au-
toxidation was monitored spectrophotometrically at
490 nm. Data were collected on both a linear strip
chart recorder and a2 microcomputer equipped with
an analog-digital converter. The data were trans-
ferred to an IBM mainframe computer and analyzed
using APL programmes. The initial rate constant of
para-quinone formation was used as the measure of
maximal reaction velocity. For those reactions which
displayed an induction period, the subsequent linear
phase of p-quinone formation was used to measure
the rate constant at maximum velocity.

The activity of stock superoxide dismutase solu-
tions was assayed by the method of McCord and Fri-
dovich (23). Based on the observed dose-response
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curves for inhibition of 6-OHDA autoxidation by su-
peroxide dismutase (Fig. 5) a concentration of super-
oxide dismutase which inhibited by close to 40% was
chosen for comparison of the effects of different li-
gands on the inhibition of 6-OHDA autoxidation by
superoxide dismutase.

Since the contribution of cytochrome ¢ to absor-
bance at 490 nm decreases as it becomes reduced,
data were collected in comcomitant reactions moni-
tored at 490 and 550 nm for those reactions involving
cytochrome c¢. Simultaneous solutions for three
equations (A,w, Asswo, total cytochrome ¢ concentra-
tion) in three unknowns (;-quinone concentration,
ferrocytochrome ¢ concentration, ferricytochrome ¢
concentration) were then solved using molar absorb-
tivities determined specifically for these reaction
conditions. This allowed calculation of the true rate
of 6-OHDA autoxidation. The correction was not
large for the reactions reported here (e.g., 10% of the
Ao rate constant) since at 10 uM cytochrome
(added to both sample and reference cuvettes) the
change in its contribution to absorbance at 490 nm
was relatively small.

Duta analyses. All reactions were performed at
least in duplicate. Since the variability between du-
plicates was roughly proportional to the rate of the
reaction, the relative standard error for the control
reaction of a particular experiment (performed a
number of times) was used to estimate the standard
error for the other conditions. These estimates are
represented by the error bars in the figures.

~

RESULTS
Effect of Ligunds or Proteins Alone

The addition of ligands to the reaction
mixture markedly influenced the rate of
6-OHDA autoxidation (Fig. 1a). At pH 7.0
desferrioxamine or histidine inhibited the
reaction by over 50%. Addition of EDTA
accelerated the rate of autoxidation to
over twice that of 6-OHDA alone, while
phytic acid or ADP had little or no effect.
The results were similar at pH 8.0 (not
shown) except that desferrioxamine was
less inhibitory, EDTA less stimulatory,
and phytic acid was somewhat stimula-
tory (40%). While the autoxidation of 6-
OHDA is more rapid at pH 8.0 (with arate
constant of 8.7 X 1073 for 6-OHDA alone
versus 3.1 X 1072 at pH 7.0) the effects of
added ligands on the reaction rate were
proportionately diminished. Thus the ac-
celeration at increased pH is largely
attributable to an increased contribution
of metal independent pathways.
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F1G. 1. (a) Effect of added ligands on the autoxida-
tion of 6-OHDA. Reactions were carried out in air-
saturated 50 mM phosphate buffer (pH 7.0) at 25°C.
6-OHDA (200 uM) was used to initiate the reaction
and p-quinone formation was followed spectrophoto-
metrically at 490 nm. Ligands present in the reaction
mixture (at 1 mM) are indicated on the x axis. Abbre-
viations used: NONE, no ligand added; DEF, desfer-
rioxamine; PA, phytic acid; HIS, histidine. Error
bars represent estimates of standard deviation from
the mean. (b} Effect of added proteins on the autoxi-
dation of 6-OHDA. Reaction conditions as in (a).
Proteins present are indicated on the x axis: albumin,
bovine serum albumin (130 ug/ml); catalase (100
U/ml); boiled superoxide dismutase (100 ug/m});
cytox, eytochrome oxidase (100 ug/ml); cyte, ey-
tochrome ¢ (10 uM).

With a few exceptions, proteins {enzy-

_mic or nonenzymic) substantially inhib-
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ited 6-OHDA autoxidation (Fig. 1b). Thus,
albumin (0.13 mg protein/m]l), boiled su-
peroxide dismutase (0.10 mg protein/ml),
and cytochrome oxidase (0.1 mg/ml), all
inhibited by 30-45% at either pH 7.0 or pH
8.0. Inhibition then, appears to be a gen-
eral effect. of added proteins, presumably
mediated by chelation of trace metals.
Moreover, albumin and to some extent cy-
tochrome oxidase caused an induction pe-
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riod before the maximal, linear phase of
oxidation. This latency persisted after ad-
dition of catalase and was thus not due to
accumulation of H;0,. There were some
notable exceptions to the inhibitory ef-
fects of added proteins. Very low concen-
trations, such as the catalytic amounts of
catalase (added to 1.5 ug protein/ml), were
ineffective. Also, at pH 8.0 cytochrome ¢
did not display the general inhibitory ef-
fect of added protein and, in the presence
of cytochrome oxidase, actually acceler-
ated the rate of 6-OHDA autoxidation
over that of control (not shown). Cy-
tochrome c is rapidly reduced by 6-OHDA
under aerobic or anaerobic conditions (24)
and cytochrome oxidase increases the
contribution of this process by recycling
ferricytochrome c

Competing Effects of Ligands and
Proteins on Inhibition by
Desferrioxamine

At pH 7.0, ADP or phytic acid had little
or no effect on inhibition by desferriox-
amine (Fig. 2a). Histidine augmented the
inhibition slightly. In contrast, EDTA not
only removed the inhibition afforded by
desferrioxamine but actually accelerated
the rate of autoxidation in the presence of
desferrioxamine to 27% greater than that
of 6-OHDA alone. EDTA must therefore
compete effectively with desferrioxamine
for binding of one or more metals which,
when coordinated with EDTA, actively
catalyze this autoxidation. At pH 8.0 (not
shown), desferrioxamine was less inhibi-
tory and either histidine or ADP aug-
mented the inhibition. EDTA again re-
versed the inhibition. Phytic acid was
timulatory at this pH and, like EDTA, re-
versed inhibition by desferrioxamine.

Among the proteins tested, ablumin,
catalase, boiled superoxide dismutase (at
pH 7.0) or cytochrome oxidase had little or
no effect on the inhibition afforded by
desferrioxamine (Fig. 2b), although albu-
min did produce an induction period. At
pH 8.0, boiled superoxide dismutase en-
hanced the inhibition by desferrioxamine
(from 24 to 87%). It should be noted how-
ever, that we were not able to completely
inactivate the superoxide dismutase prep-
aration by boiling. Even with extensive
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F1G. 2. (a) Inhibition by desferrioxamine: Effect of
additional ligand. Reaction conditions and abbrevia-
tions as in Fig. 1a. The data are expressed as percent-
ages of control (6-OHDA alone) rate constant
(0.00306 s7'). (b) Inhibition by desferrioxamine: Ef-
fect of added protein. Reaction conditions and abbre-
viations as in Fig. 1b. The data are expressed as per-
centages of control (6-OHDA alone) rate constant
(0.00306 s7).

boiling we were only able to decrease the
superoxide dismutase activity from 3200
to 50 U/mg. Thus, by adding 0.1 mg/ml of
a boiled superoxide dismutase preparation
we may be adding up to 5 U/ml of super-
oxide dismutase activity. Cytochrome ¢, ei-
ther in the presence or the absence of cy-
tochrome oxidase, removed approximately
50% of the inhibition provided by desfer-
rioxamine alone at pH 7.0 and, at pH 8.0,
accelerated the reaction over that of 6-
OHDA zlone. Cytochrome ¢ thus provides
a redox-active metal center which is inac-
cessable to coordination by desferriox-
amine.

Imhibition by Superoxide Dismutase:
Effects of Added Ligands or Proteins

The various ligands (including proteins)
were tested for their ability to augment or
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relieve inhibition of 6-OHDA autoxidation
caused by a concentration of superoxide
dismutase which alone inhibited by 40%.
As has been found for other autoxidations
(e.g., epinephrine, (23)) superoxide dismu-
tase was much more inhibitory at higher
pH. Thus 20 U/ml superoxide dismutase
was used at pH 7.0 while only 5 U/ml was
required at ph 8.0. Of the ligands tested,
phytic acid or ADP had little or no effect
on the inhibition by superoxide dismutase
(Fig. 3a). At the other extreme, the pres-
ence of desferrioxamine plus superoxide
dismutase inhibited 6-OHDA autoxida-
tion almost completely (99.7%). As little
as 5 U/ml superoxide dismutase was suf-
ficient even at ph 7.0 to provide 99.5% in-
hibition in the presence of desferrioxam-
ine (not shown). Histidine plus superoxide
dismutase also afforded very substantizal
(e.g., 95% at pH 7.0) inhibition.

180

100+

N

PERCENT INHIBITION

m
ﬁoxmm

‘°o
A

ON-

2
”’;,,"- SN
[e)

?
Qﬁe“

180

100

NN\
N

7

1l

]
o o
s°°5%°s° scfs°°5cfs°
vo“‘\ \" S A
e,
\
v ol

80

PERCENT INHIBITION

NN

F1G. 3. (a) Inhibition by superoxide dismutase: E{-
fect of added ligznds. Reaction conditions and abbre-
viations as in Fig. 1a. The data are expressed as per-
centages of inhibition from the 6-OHDA alone con-
dition. (b) Inhibition by superoxide dismutase: Effect
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F1G. 4. Inhibition by EDTA + superoxide dismu-
tase: Effect of catalase on the latent period. Reaction
conditions as in Fig. 1a at pH 8.0 with superoxide
dismutase present at 5 U/ml and catalase (CAT)
present at 100 U/ml.

One of the more remarkable observa-
tions is that while EDTA accelerates 6-
OHDA autoxidation when present alone
or even with desferrioxamine (Figs. 1a and
2a), it dramatically augments inhibition of
6-OHDA autoxidation by superoxide dis-
mutase (Fig. 3a). EDTA also changed the
kinetics of the reaction in the presence of
superoxide dismutase, producing a signifi-
cant induction period. (The inhibition by
superoxide dismutase + EDTA shown in
Fig. 3a is calculated from the maximal
rate, i.e., after the induction period.) This
induction period could be abolished and
net inhibition enhanced by futher addition
of catalase (Fig. 4). Thus, in the presence
of superoxide dismutase plus EDTA, ac-
cumulated H;0, does contribute to the net
rate of autoxidation.

Histidine produced a similar but briefer
induction period in the presence of super-
oxide dismutase (not shown). With histi-
dine plus superoxide dismutase, however,
the induction period could not be abol-
ished by further addition of catalase. In
this case some species other than H,0,
(such as the semiquinone or paraquinone)
is accumulating as a propagator of the au-
toxidation.

Several proteins also enhanced the inhi-
bition of 6-OHDA autoxidation induced by
superoxide dismutase (Fig. 3b). Albumin,
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cytochrome oxidase, and boiled superoxide
dismutase were the most effective, pro-
viding 87-93% inhibition in the presence
of active superoxide dismutase. Note that
although the boiled superoxide dismutase
preparation contained some residual su-
peroxide dismutase activity, the inhibition
by active superoxide dismutase was en-
hanced to a much greater extent by 0.1
mg/ml boiled superoxide dismutase than
the equivalent 5 U/m]l superoxide dismu-
tase activity which it provides (compare
Fig. 3b with Fig. 5). Albumin plus super-
oxide dismutase again caused an induction
period which was not abolished by cata-
lase (not shown). Synergism between the
inhibitory actions of superoxide dismutase
and cytochrome ¢ (or cytochrome c¢ plus
cytochrome oxidase) was less than with
the other proteins tested (particularly at
pH 8.0). This lessened effect is presumably
due to stimulatory effects of the redox-ac-
tive iron of cytochrome ¢ Catalytic quan-
tities of catalase, on the other hand, did
not enhance inhibition by superoxide dis-
mutase.

Increasing the concentration of super-
oxide dismutase alone led to progressive
increases in inhibition (Fig. 5). However,
since in the presence of desferrioxamine
only 5 U/ml superoxide dismutase was re-
quired for almost 100% inhibition, and
since even inactivated superoxide dismu-
tase enhanced the inhibition by active su-
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FIG. 5. Inhibition by superoxide dismutase: Dose-
response curve, Reaction conditions as in Fig. 1a with
no ligands added. Superoxide dismutase was present
at the indicated concentration before initiating the
reaction with 6-OHDA.

93

BANDY AND DAVISON

peroxide dismutase (Fig. 3b), much of the
effect of increased superoxide dismutase
concentration can be attributed to metal
chelating effects of the apoprotein (0.33 ug
protein/U superoxide dismutase activity).
In the absence of a metal chelator it is
difficult to say how much inhibition by
superoxide dismutase is caused by re-
moval of O3 and how much is caused by
chelation of metals by the protein. One
must be cautious therefore in interpreting
results from experiments with superoxide
dismutase added alone. In the presence of
metal chelators on the other hand, the in-
hibitory effect of catalytic amounts of su-
peroxide dismutase is consistent and dra-
matic (e.g., Fig. 3a).

Inhibition by Superoxride dismutase Plus
Desferrioxamine: Effect of Competing
Ligands or Proteins

EDTA was unique among the ligands
tested in that it relieved (by 25%) the inhi-
bition provided by superoxide dismutase
plus desferrioxamine (Fig. 62). Thus
EDTA must compete effectively with des-
ferrioxamine for one or more redox-active
metals and allows some autoxidation to
occur even in the presence of superoxide
dismutase. Further addition of catalase
lessened this effect of EDTA (not shown).

None of the proteins except cytochrome
¢ removed any of the inhibition by super-
oxide dismutase plus desferrioxamine
(Fig. 6b). Cytochrome ¢ removes 8% of the
inhibition at pH 7.0 and 26% at pH 8.0. As
before (Fig. 2b) cytochrome ¢ acts as a
metal center which is capable of directly
oxidizing 6-OHDA but remains inaccess-
able to cheldtion by desferrioxamine. Pre-
dictably, in the presence of cytochrome
oxidase this stimulatory action of cy-
tochrome ¢ is enhanced (Fig. 6b).

DISCUSSION

Metal Chelation Is Required for Inhibition
of 6-OHDA Autoridation by Superoxide
Dismutase

The current results resolve a conflict be-
tween studies which showed substantial
(93-96%) inhibition by superoxide dismu-
tase alone (2, 6, 7) and those which found
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F1G. 6. (a) Inhibition by desferrioxamine + super-
oxide dismutase: Effect of additional ligands. Reac-
tion conditions and abbreviations as in Fig. 1a. Des-
ferrioxamine (1 mM) and superoxide dismutase (20
U/ml) were present in all cases. The additional li-
gands present are listed on the r axis. The data are
expressed as percentages of control (6-OHDA alone)
rate. (b) Inhibition by desferrioxamine + superoxide
dismutase: Effect of additional proteins. Reaction
conditions and abbreviations as in Fig. 1b. Desfer-
rioxamine (1 mM) and superoxide dismutase (20
U/m]l) were present in all cases. The additional li-
gands present are listed on the r axis.

no inhibition by superoxide dismutase ex-
cept in the presence of EDTA or DETA-
PAC (4). High concentrations of superox-
ide dismutase (200 U/ml (66 pg/ml) or
more) do indeed inhibit 6-OHDA autoxi-
dation by over 90% (Fig. 5). On the other
hand, 5 U/m]l (1.67 ug/ml) had little effect
alone (at pH 7.0) but inhibited by over
997 in the presence of desferrioxamine or
histidine. Proteins such as albumin, cy-
tochrome oxidase, or denatured SOD (at
100-130 pg protein/ml) also render the
autoxidation inhibitable by 5-20 U/ml su-
peroxide dismutase. Thus, the almost
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complete inhibition by 200 U/m] superox-
ide dismutase alone involves not only re-
moval of OZ but also metal chelation. The
differences between the findings of pre-
vious investigators of 6-OHDA autoxida-
tion, then, lie in the differing amount of
superoxide dismutase added (relative to
the concentration of trace metals present).
Those studies which found greater than
90% inhibition by superoxide dismutase
alone had added 250 U/m] (82 ug/m]l) (6) to
300 U/m]l (100 pg/ml) (8) at pH 7.0. Those
studies which reported little or no inhibi-
tion by catalytic quantities of superoxide
dismutase except in the presence of addi-
tional metal chelation had used 2.1 U/ml
(0.7 ug/ml) (4) to 5 U/ml (1.7 pg/ml) (cur-
rent study).

Roles of Metals in the Autozidation of 6-
OHDA

Trace metals serve as the primary ini-
tiating species in the autoxidation of 6-
OHDA. This follows from the findings
that removal of metal catalysis and O3
with desferrioxamine plus 5 U/ml super-
oxide dismutase inhibit by almost 100%
(therefore either metals or O3 initiate)
and that desferrioxamine alone (but not 5
U/m]l superoxide dismutase alone) in-
hibits by over 50%. In the presence of a
metal chelator such as desferrioxamine,
then, O3 serves as a major propagating
species. Catalase, on the other hand, had
no effect on the aerobic oxidation of 6-
OHDA either in the presence or in the ab-
sence of desferrioxamine. Thus while H,0,
is capable of oxidizing 6-OHDA (26, 27) it
does not contribute significantly to the
process of autoxidation (unless O3 is re-
moved by superoxide dismutase). A reac-
tion scheme consistent with the results
might be as follows:

Initiation:
M"™ + 6-OHDA — sQ* + M+ [1]
Propagation:
M7+ 0, — M 03 2]
sQ7 + 0, > pQ + 03 3]
03 + 6-OHDA — sQ< + H,0, [4]
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(Further elaborations of this scheme could
show participation of metals in Step {3]},
and dismutation of the semiquinone.)

Effects of Desferrioxamine

Desferrioxamine, which binds strongly
to ferric ions (Ka = 10* for Fe®* versus Ka
= 10" for Fe?*, (10)) and prevents their
reduction (11, 12, 17), slows the net autox-
idation (Fig. 1a), as well as the iron-cata-
lyzed oxidation, of 6-OHDA (2, 28) due to
inhibition of initiation. Thus desferriox-
amine decreased (by 42%) the amount of
6-OHDA semiquinone detectable with
ESR under anaerobic conditions (29), pre-
sumably by inhibiting participation of
iron (16, 29). While desferrioxamine binds
most strongly to iron, it also prevents
stimulation of dopamine autoxidation by
added copper (2) and of 6-OHDA autoxi-
dation by added copper or manganese (in
preparation).

In the presence of desferrioxamine, the
initiating event (i.e., which allows 50% of
the control rate at pH 7.0), is either oxida-
tion by extremely low levels of unchelated
metals, oxidation by a chelated metal, or
direct oxidation by molecular oxygen. Any
of these potentially initiating reactions
occurs only very slowly, because when
propagation by O3 is also removed (with
superoxide dismutase) the autoxidation is
inhibited 99.7%.

Effects of Histidine

Histidine also inhibited 6-OHDA au-
toxidation (in fact slightly more strongly
than desferrioxamine at pH 8.0) and en-
hanced inhibition by superoxide dismu-
tase from less than 40 to 86% or more (de-
pending on pH). While ligands with oxy-
gen donor atoms show greater affinity for
Fe®* than Fe®*, ligands (like histidine)
which contain nitrogen donor atoms pref-
erentially bind Fe?* over Fe®* and thus
stabilize Fe?*, slowing its autoxidation
(Reaction [2]) (3, 30, 31). Thus we would
not expect that histidine should sensitize
the reaction to superoxide dismutase by
effects exerted on iron. On the other hand,
such nitrogen-donating ligands bind more
strongly to Cu?* than to Cu” (e.g., Ka
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= 10" for [Cu(Hist,)P* versus Ka = 107 for
{Cu(HistH,).}*) (31). Consistent with the
expected effects of a nitrogen donor ligand
on the autoxidation of 6-OHDA, histidine
had little effect on catalysis of 6-OHDA
autoxidation by added iron, but it inhib-
ited catalysis by added copper or manga-
nese (in preparation). Also consistent with
cooper and iron selectivities, histidine
augmented inhibition of 6-OHDA autoxi-
dation by desferrioxamine (particularly at
pH 8.0).

Effects of EDTA

The observations that EDTA acceler-
ates 6-OHDA autoxidation, but also
greatly potentiates inhibition by superox-
ide dismutase (4) (Figs. 1a and 3a) suggest,
of course, that EDTA changes the mecha-
nism of autoxidation in such a way that
chain propagation is more dependent on
03. EDTA has similarly been found to
sensitize the autoxidations of sulphite
(32), of epinephrine (25), and of pyrogallol
(33) to inhibition by superoxide dismutase,
although EDTA alone did not stimulate
but in fact slowed these autoxidations.

Since EDTA accelerates the autoxida-
tion of 6-OHDA in the presence or absence
of added iron (2, 4) (Fig. 1a), but inhibits
stimulation of 6-OHDA autoxidation by
added copper (1) or manganese (in prepa-
ration), we presume that the stimulatory
effect of EDTA in the present system re-
sults predominately from its binding to
traces of iron. EDTA is an oxygen donor
ligand with a higher affinity for Fe®** than
Fe?* (Ka = 10% for Fe®* versus 10 for
Fe?*) (34) and therefore EDTA lowers the
reduction potential of iron from 0.77 to
0.12 V (34, 35), accelerating the autoxida-
tion of Fe®* (36-38). The ability of EDTA
to change the reduction potential of iron
in this way explains the ability of EDTA
both to accelerate autoxidation of strong
electron donors (such as in the current
system) and to slow autoxidation of less
strong reductants (such zs diphenols). The
accelerated autoxidation of 6-OHDA in
the presence of EDTA is evidence that
(due to the strong reducing capacity of 6-
OHDA) reduction of iron-EDTA by 6-
OHDA is not rate limiting. Thus, slowing
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of this step is more than compensated for
by acceleration of the (rate-limiting)
reoxidation of Fe®* (recycling Fe®* and
stimulating O3 production). In contrast,
the autoxidations of those weaker reduc-
tants which are inhibited by EDTA (dopa-
mine, norepinephrine, epinephrine, or 6-
aminodopamine) (2, 4, 25) are slowed be-
cause reduction of the metal is the
rate-limiting process and is rendered even
slower by the presence of EDTA.

Unexpectedly, EDTA added in the pres-
ence of desferrioxamine not only removed
inhibition by desferrioxamine but also ac-
celerated 6-OHDA autoxidation over that
of 6-OHDA alone. This was unexpected
since desferrioxamine has a much greater
affinity for Fe** than EDTA (Ka = 10%
versus 10%) and since both desferrioxa-
mine and EDTA inhibit catalysis of 6-
OHDA oxidation by copper or manganese
(1, in preparation). Since EDTA inhibits
catalysis by redox-active metals other
than iron, the 1:10® of the iron bound by
EDTA must be sufficient to stimulate au-
toxidation.

Effects of ADP

ADP had little or no effect on the rate of
6-OHDA autoxidation when added alone
or with SOD and therefore does not affect
redox cycling of the active metals. Simi-
larly, ADP-iron participates in the
Haber-Weiss reaction (e.g., Ref. (19)) or in
iron-catalyzed lipid peroxidation (20, 21).
On the other hand ADP augmented the
inhibition of 6-OHDA autoxidation by
desferrioxamine (only slightly at pH 7.0,
but twofold at pH 8.0). As in the case of
histidine, perhaps the nitrogenous donor
atoms of the adenosine further chelate
copper or other trace metals not well
bound by desferrioxamine.

Effects of Phytic Acid

Phytic acid (inositol hexaphosphate),
which offers binding through phosphate
but lacks the abovementioned nitrogenous
donor groups, had no effect on 6-OHDA
autoxidation at pH 7.0 but stimulated au-
toxidation at pH 8.0. In the presence of
desferrioxamine, phytic acid had little ef-
fect at pH 7.0 but dramatically removed
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inhibition by desferrioxamine and even
accelerated autoxidation over that of 6-
OHDA at pH 8.0. Thus at pH 8.0, but not at
pH 7.0, phytate shares this property of
EDTA. Ferrous chelates of polyphos-
phates appear to autoxidize similarly to
Fe?*.EDTA (38, 39), which may explain
the stimulatory effects of phytate at pH
8.0. However, in contrast to EDTA the
iron-phytate chelate lacks a free H;O co-
ordination site (at pH 7.4 at least) and was
unreactive in the Haber-Weiss reaction
(16). Also, unlike EDTA, phytate did not
enhance inhibition by superoxide dismu-
tase in the present study.

Why Does Superoxide Dismutase at
Catalytic Concentrations Not Inhibit the
Autoxidation of 6-OHDA?

The reaction between freely hydrated
metals and 6-OHDA must occur at a sub-
stantial rate when the metal is allowed to
undergo redox cycling (Reactions [1] and
{2)). This follows from the observation
that catalytic quantities of superoxide
dismutase (e.g., 5 U/ml or less) only in-
hibit to a limited extent (if at all) in the
absence of effective metal chelation. In the
presence of a chelator which stabilizes the
oxidized form of the metal (thus slowing
initiation of 6-OHDA oxidation but accel-
erating autoxidation of the metal) propa-
gation by O3 should be relatively more sig-
nificant and net inhibition by superoxide
dismutase would be enhanced.

We must also include the possibility
that in the absence of metal chelation
(other than by 6-OHDA itself), autoxida-
tion occurs through inner sphere electron
transfer within a ternary 6-OHDA -
metal -oxygen complex (in agreement
with (6)). In this case, the present data
imply that 6-OHDA sequentially passes
two electrons to oxygen (reaction [5)), re-
sulting in direct formation of H,O,; thus
precluding net inhibition by superoxide
dismutase.

6-OHDA + M™* + O,
— [6-OHDA - M™* - 0,)
— pQ + M™ + H,0, (5]

Such a mechanism would involve forma-
tion of a complex, transfer of one electron

926
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from 6-OHDA to the metal and oxygen,
electronic rearrangement of the semi-
quinone, and transfer of the second elec-
tron.

While catecholamines such as 6-OHDA
readily complex metals (40-42), the nature
and quantity of competing ligands deter-
mines the extent to which metal coordina-
tion by 6-OHDA occurs. Strongly binding
ligands which contain multiple donor
groups (such as desferrioxamine or
EDTA) form complexes stable enough to
prevent metal coordination by catechol-
amines (42). Other ligands can form mixed
catecholamine- metal-ligand complexes
(42), and may enhance oxidation more ef-
fectively than the metal ions alone (43)
(particularly if it does not preclude simul-
taneous binding of oxygen and produces
an appropriate redox potential).

Superoxide dismutase-sensitizing ef-
fects of EDTA in other systems have been
explained on the basis that EDTA changes
the mechanism from inner sphere electron
transfer to outer sphere electron transfer
(25, 32). However, the presence of a freelv
displacable seventh coordination site on
EDTA -iron complexes (15, 16) allows for
an inner sphere mechanism. In either
case, the implication in the current system
is that EDTA prevents the formation of a
ternary reductant-metal-oxygen com-
plex, and thus forces reduction of oxygen
to proceed by single electron steps with
release of O3.

Ligands not only determine the ability
of oxidized metals to form ternary
6-OHDA -metal-oxyvgen complexes or
mixed 6-OHDA - metal -ligand complexes,
but also affect the stability of reduced
metal - oxygen complexes (5). For example,
some ligands stabilize an Fe®* -0, com-
plex, permitting its reaction with another
Fe?*, and resulting in H,0, formation by a
concerted two-electron transfer (5). Those
ligands such as ADP or phytic acid, which
did not enhance the ability of superoxide
dismutase to inhibit 6-OHDA autoxida-
tion, may act in this manner (or may allow
inner sphere two-electron transfer from
6-OHDA as previously discussed). Other
ligands destablize the Fe** -0, complex,
thus resulting in the formation of O3. Li-
gands such as desferrioxamine and EDTA
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which enhance the inhibition of 6-OHDA
autoxidation by superoxide dismutase pre-
sumably act in this manner. Histidine,
which stabilizes Cu?* and would destabi-
lize a Cu* -0, complex, may act in a simi-
lar manner to enhance inhibition by su-
peroxide dismutase. We can therefore ex-
pand Reaction [2] to include the possibility
of reduced metal-oxygen complexes (as
in (44)):

MO-D* 4 0, o [MOD+.0,] [2a]
[M(n-—l)+ . 02] — M™* + OE [Zb]
[M*D%. 0,] + M@V — 2M™* + H,0, [6]

In summary, we have the alternative pos-
sibilities of formation of termary 6-
OHDA - metal - oxygen complexes, mixed
6-OHDA - metal-ligand-oxygen com-
plexes, and reduced metal-oxygen com-
plexes which allow electron transfer with-
out release of free (kinetically accessable)
03. Any of these mechanisms precludes
inhibition by superoxide dismutase.
Whether such complexes form depends on
the binding properties of the ligands
present.

CONCLUSIONS

From the effects of different ligands on
the autoxidation of 6-OHDA, trace metals
serve as the primary initiating species and
metal chelation is clearly required for in-
hibition by superoxide dismutase. In the
absence of metal chelators, electron
transfer to oxygen likely occurs by se-
quential two-electron transfer within a
ternary 6-OHDA - metal- oxygen complex,
and results in formation of H,0, without
release of free 0O3. Ligands such as ADP or
phytic acid then allow the formation of
mixed 6-OHDA - metal-ligand- oxygen
complexes or reduced metal-ligand-oxy-
gen complexes since they do not sensitize
the autoxidation to superoxide dismutase.
Other ligands such as desferrioxamine,
EDTA, and histidine sensitize the autoxi-
dation to inhibition by superoxide dismu-
tase by changing the mechanism of autox-
idation in such a way that it is dependent
on propagation by O3. These ligands thus
prevent the formation of ternary 6-
OHDA - metal-oxygen complexes and
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destabilize reduced metal-oxyen com-
plexes, so that electron transfers occur in
single steps which release Q3. Proteins
such as albumin, cytochrome oxidase, or
even boiled superoxide dismutase also
destabilize such complexes and thus they
sensitize the autoxidation of 6-OHDA to
inhibition by catalytic quantities of active
superoxide dismutase.
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ABSTRACT

Comparing the catalytic effectiveness of different transition metals in the autoxidation of
6-hydroxydopamine in HEPES buffer (pH 7.4), copper accelerated autoxidation 61 fold,
iron 24 fold, manganese 7.3 fold, and vanadium 5.7 fold. Copper was thus the most
effective catalyst despite being the weakest oxidant. EDTA, which decreases the reduction
potential of Fe(IlI)/Fe(1l), increased catalysis by iron to almost that of copper. Since EDTA
decreased the catalytic effectiveness of each of the other metals, the effects of EDTA in
buffer alone are apparently due to effects on trace iron. Desferrioxamine strongly inhibited
catalysis by all of the metals. Histidine prevented catalysis by copper, accelerated catalysis
by iron (43%), and had little effect on catalysis by manganese or vanadium. ADP and
phytate inhibited catalysis by iron and manganese (50% or more), accelerated catalysis by
vanadium (100%), and had no effect on catalysis by copper. Although steric effects
obviously contribute to the effect of a ligand on catalysis, the effect of the metal complexes
on catalysis of 6-hydroxydopamine autoxidation could be largely attributed to reduction
potential. An intermediate potential suitable for facile reduction and reoxidation proved

most effective.
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INTRODUCTION

w 1.2

Traces of adventitious metals catalyse most "autoxidations", '~ and several researchers have
described effects of metal chelators on the reactions of oxygen with 6-hydroxydopamine and
other catecholamines.”' Added iron or copper are often reported to stimulate these™”7'*"?
and other'* autoxidations. However, few systematic and detailed comparisons of catalysis

91213 One report' describes the

by added metals and metal:ligand complexes are available.
effects of a range of metals on epinephrine oxidation, but only in the presence of EDTA. In
ascorbate autoxidation, the effects of a range of ligands have been described, but only for
catalysis by iron and copper.'”"” In this study therefore, we extend our observations on

10,11

effects of ligands on 6-hydroxydopamine autoxidation (trace metal catalysed) ' to effects

on catalysis by added transition metals.

The effects of desferrioxamine, diethylenetriaminepentaacetic acid (DTPA), and EDTA on
oxidations catalysed by iron or copper have been well documented. Desferrioxamine and
DTPA stabilize iron in its ferric state, and inhibit iron-catalysed oxidations of

. 5.7,
catecholamines and other reductants, such as ascorbate.™”!’

Similarly, desferrioxamine and
DTPA inhibit copper-catalysed oxidation of 6-hydroxydopamine.” EDTA inhibits iron-
catalysed oxidations of dopamine and norepinephrine,’ and copper-catalysed oxidations of
6-hydroxydopamine, 6-aminodopamine, norepinephrine, and ascorbate,”'” but stimulates
iron-catalysed oxidations of 6-hydroxydopamine and ascorbate.”'” With strong reductants,
EDTA accelerates the otherwise rate-limiting reoxidation of Fe**. Contrasting effects of

other ligands on catalysis by iron and copper, and the influence of ligands on oxidations

catalysed by metals other than iron and copper have not been well characterized.

While some of the properties of metal complexes relevant to catalysis of autoxidations have
been discussed,"* systematic investigations of the roles of ligands in metal catalysed
oxidations are surprisingly sparse. The influence of different metal catalysts on reduction of
oxygen depend not only on the nature of the metal and the available ligands, but also on

metal binding and thermodynamic properties of the reductant. Here we compare the effects
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of a series of ligands (EDTA, desferrioxamine, ADP, histidine, and phytic acid) on catalysis

by Fe, Cu, Mn, and V, in the autoxidation of one reductant, 6-hydroxydopamine.

Ligands can influence the reaction rate in two ways: 1) they may modify the reduction
potential of the metal, making redox cycling more or less facile, 2) they may hinder access
of oxygen and/or 6-hydroxydopamine to inner sphere electron transfers. In this analysis we
ask what properties of a given metal-ligand combination determine its catalytic activity in

the reduction of oxygen by 6-hydroxydopamine.
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MATERIALS AND METHODS

Reagents

6-Hydroxydopamine, HEPES buffer, phytic acid, and ADP were from Sigma Chemical
Company (St. Louis, MO). Histidine was from Matheson Coleman and Bell Manufacturing
Chemists (Norwood, Ohio). Desferrioxamine (Desferal mesylate) was a gift from CIBA
Pharmaceutical Co. (Summit, NJ). Sodium ortho vanadate, cupric acetate, and EDTA were
from Fisher Scientific Co. (Fair Lawn, NJ). Manganese sulphate was from Mallinckrodt Inc.
(Paris, Kentucky). Ferrous sulphate was from American Scientific and Chemical (Portland,
Oregon). All solutions were made using deionized (Corning demineralizer 3508-A), distilled

water.

Procedures

Nitrogen-saturated stock solutions of 6-hydroxydopamine were prepared by three
repetitions of evacuation and flushing with nitrogen using a Virtis evacuator, and sealed
under a positive pressure of nitrogen. Aliquots were removed through a rubber septum with
a Hamilton gas-tight syringe. Experiments were conducted at pH 7.4, 25°C, in air-saturated
50 mM HEPES buffer. HEPES buffer was used in these experiments in order to avoid
competing ligand effects of phosphate buffer. Metals, from freshly prepared stock solutions,
were added to a final concentration of 50 uM. Ligands were added to | mM. Reactions
were started by adding a 25 pl aliquot of 6-hydroxydopamine (to an initial concentration of
200 uM) and quickly mixing with a cuvette plunger. Formation of p-quinone oxidation

product was followed spectrophotometrically at 490 nm.

Data Analyses

Because the rapidity of some reactions made determination of initial rates difficult from strip
chart recordings, half completion times were used to calculate first order rate constants

(k=0.693/t,,)'*. Means and standard deviations were calculated from reactions run at least in

triplicate.
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RESULTS

In the absence of added metals, the ligands had eftects similar to those observed in

10,11 - . C e g . oy -
Desferrioxamine and histidine were inhibitory

phosphate buffer in previous studies.
(13.6-21.6%), EDTA was stimulatory (4.3 fold), and ADP and phytate had little effect

(Figure 1).

In the absence of added ligands, copper was the most active catalyst, accelerating
6-hydroxydopamine oxidation 61-fold (Figure 2). Iron alone accelerated the reaction 24-

fold, while manganese and vanadium accelerated 7.3-fold and 5.7-fold.

EDTA inhibited catalysis by each of the metals except Fe, where it stimulated 74% (Figure
2). Stimulatory effects of EDTA alone therefore, in this and the previous studies, were likely
due to effects on trace iron. EDTA coordinates most transition metal ions strongly (Table ),
generally stabilizing the oxidized form, and thus slowing reduction. In the case of iron
however, accelerated reaction of the reduced metal with oxygen apparently accelerates the

overall reaction.

Desferrioxamine inhibited catalysis by each of the metals (Figure 2). With Fe, Cu, and Mn,
desferrioxamine slowed 6-hydroxydopamine oxidation to less than the rate of the control
reaction, likely due to coordination of additional trace metals present. Desferrioxamine
slowed Mn-catalysed oxidation of 6-hydroxydopamine to less than 31% of the control in
absence of metal, perhaps in part due to superoxide dismutase activity of
Mn:desferrioxamine.”’ Vanadate was unique in retaining some catalytic activity in the

presence of desferrioxamine.

Histidine prevented catalysis by Cu, mildly increased catalysis by Fe (43%), and did not
significantly alter catalysis by Mn, or V (Figure 2). Histidine has fairly similar binding
affinities for Fe™ and Fe** (Table I) and so does not greatly influence the ability of iron to

redox cycle. Histidine does form relatively strong mixed ligand complexes with iron
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however (Table 1), and could inhibit formation of a ternary 6-hydroxydopamine:Fe:O,

complex. Consequently, inhibition of inner sphere electron transfers may explain the
superoxide dismutase sensitizing effect of histidine.'® The affinity of histidine for Mn is
weaker than for Fe, and apparently does not strongly affect its ability to redox cycle. Copper
was unique among the metals studied in that histidine blocked catalysis. Inhibitory actions of
histidine alone are thus likely due to effects on trace copper. Histidine binds copper

relatively strongly (Table I), stabilizing Cu** and inhibiting its activity as a redox catalyst.

The two phosphate-containing ligands, ADP and phytate, inhibited Fe- and Mn- catalysed
oxidations (45-91%), and had no effect on catalysis by Cu or V. The stronger inhibition of
Fe catalysis by phytate may be due to its ability to form a closed-shell hexadentate complex

S 27
with iron.®
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DISCUSSION

The most effective catalysts possess a reduction potential suitable for reduction by

6-hydroxydopamine and re-oxidation by oxygen.

The Cu(II)/Cu(I) couple had the lowest reduction potential (+0.153 V),?* and copper was
the most effective catalyst of 6-hydroxydopamine autoxidation. Iron, manganese, and
vanadium were decreasingly effective, despite being much stronger oxidants (E re(11y/Fe(iny =
0.77 V, E°Maaiymaan = 1.51 V, E’vevyvayy = 0.991 V). For the aquo metals, the rate
limiting process in the autoxidation of 6-hydroxydopamine is evidently the
thermodynamically unfavourable one-electron reduction of oxygen (E® ¢,/0,” =-0.16 V) by
the reduced metal. Thus, at catalytic concentrations, copper is more active than iron, which
1s more active than manganese or vanadium. Predictably, this order reverses if the metals are

. . . . e 3
present in stoichiometric quantities. !

Ligands which influence the reduction potential of the metal (by preferential affinity for
either the oxidized or reduced form) strongly influence the catalytic activity of the metal on
6-hydroxydopamine autoxidation. Thus, EDTA, which decreases the reduction potential of
iron to 0.12 V **** and accelerates autoxidation of ferrous ion,™*° stimulated catalysis by
iron to almost that of copper. However, desferrioxamine, which has an even stronger
preferential affinity for ferric ion and decreases the reduction potential of iron further (to
approx. -0.45 V)", strongly inhibited catalysis by iron. A very strong reductant, such as
the paraquat cation radical, can reduce ferrioxamine sufficiently for it to catalyse Fenton
reactions.”” In the current studies, desferrioxamine apparently limits reduction of Fe** (and

other metals) by 6-hydroxydopamine sufficiently to prevent redox cycling catalysis.”

Similarly, ligands which influenced the reduction potential of copper strongly influenced its

catalytic activity. Histidine, which binds Cu(II) more strongly than Cu(I), lowers the

" Since desferrioxamine inhibits, the O,” produced during the accelerated preliminary autoxidation of 50
uM Fe(I) obviously did not contribute substantially to 6-hydroxydopamine oxidation.
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reduction potential of copper to -0.17 V ** and prevented catalysis of 6-hydroxydopamine

oxidation. EDTA, which also has a strong affinity for Cu(II) (Table I) but lesser affinity for
Cu(I),* also inhibited catalysis by copper.

The most effective catalysts had intermediate reduction potentials, presumably a function of
the potentials of reducing and oxidising species involved in the reaction. Relevant reduction
potentials include not only those of the added metal:ligand complexes, but also those of
collision complexes or mixed-ligand complexes with 6-hydroxydopamine or oxygen.
Nevertheless, a plot of the catalytic activity of metal complexes as a function of their
standard reduction potentials shows a window of reduction potentials for effective redox

cycling catalysis (Figure 3).

Steric effects of ligands reinforce or oppose effects on reduction potential

EDTA accelerated Fe-catalysed autoxidation of 6-hydroxydopamine despite preventing
ternary 6-hydroxydopamine:Fe:O, complex formation. The EDTA-induced sensitization of
6-hydroxydopamine autoxidation to inhibition by superoxide dismutase'’ likely reflects
steric considerations in the stereochemistry of the Fe:EDTA complex. Although the
septacoordinate structure of Fe:EDTA *™*' may allow inner sphere transfer of an electron to
oxygen, it hinders access enough to force discrete one-clectron steps, with release of free
superoxide. Thus, while sterically preventing concerted 2-electron reduction of oxygen,
EDTA accelerates the catalytic effectiveness of iron by optimizing its reduction potential.
Desferrioxamine on the other hand, not only prevents inner sphere electron transfers by
forming a closed-shell hexadentate complex,*” but it decreases the reduction potential of

iron to below the maximally effective range.

Histidine had contrasting effects on catalysis by iron and copper. With copper, histidine not
only decreases the reduction potential to a catalytically ineffective value, but it forms a

stable multi-ligand complex (Table I) to inhibit inner sphere electron transfers from
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6-hydroxydopamine to oxygen. With iron, histidine also forms a fairly strong multi-ligand

complex, inhibiting inner sphere electron transfers, but has relatively little effect on the
reduction potential. Histidine thus allows iron to redox cycle but forces outer sphere
electron transfers, as reflected in the susceptibility of 6-hydroxydopamine autoxidation to

inhibition by superoxide dismutase.

Copper is unique in that redox participation requires a change in coordination number and
geometry. Cu(Il) generally adopts an octahedral geometry (or, less frequently, square

4344

pyramidal or square planar), while Cu(I) adopts a tetrahedral geometry.”"" Phytate and
ADP, which did not hinder the catalytic activity of copper in 6-hydroxydopamine
autoxidation, presumably allow this change. The ligands which inhibited catalysis by copper
(desferrioxamine, histidine, and EDTA), have a stronger affinity for Cu(Il) and maintain an
octahedral geometry. These ligands then, not only hinder inner-sphere access to copper but

influence the reduction potential, in part by an unfavorable entropy of reorganization

required for reduction to Cu(l).
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CONCLUSIONS

The effects of ligands on catalytic activities of metals in the autoxidation of
6-hydroxydopamine depend largely on reduction potential of the metal complex. The most
active complexes had intermediate reduction potentials, appropriate for facile reduction and
reoxidation. However, steric effects influence the reaction mechanism and the energetics,
either reinforcing or opposing the influence on reduction potential. Steric effects include 1)
decreased oxygen and/or reductant accessibility, resulting in a change in mechanism from
inner sphere to outer sphere, and 2) revised entropy of transition state during electron

transfer.
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Table L. Stability constants (log Ka), reflecting affinity of a ligand for metal ion (data from

20-24)'
EDTA DEF HIS (HIS), ADP PA Catechol (Catechol)
cu’ 7.0
Cu™ 187 142 102 18.1 59 13.62 24.94
Fe™* 143 7.2 59 104 7.95 13.5
Fe™* 250 30.6 4.7 20.0 34.7
Mn** 138 33 6.3 4.2 7.47 12.8
Mn™ 253
% 12.7
\% 25.3 18.3
VO," 188 17.7
%A 18.1
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LEGENDS TO FIGURES

Figure 1. Effects of ligands on the trace metal-catalysed autoxidation of
6-hydroxydopamine. ADP, phytic acid (PA), EDTA, histidine (His), and desferrioxamine
(DEF) were at | mM. 6-Hydroxydopamine autoxidation was monitored in air-saturated
HEPES buffer, pH 7.4, 25°C, and first order rate constants were calculated. Error bars

represent standard deviations from the mean of at least three replicates.

Figure 2. Relative catalytic effectiveness of metals and metal complexes in the
autoxidation of 6-hydroxydopamine. Metals included were at 50 uM; ligands were at |
mM. 6-Hydroxydopamine autoxidation was monitored as in figure 1, and the first order rate

constants are plotted.

Figure 3. Dependence of catalytic activity on the reduction potential of the metal complex.
Standard reduction potentials for Fe, Cu, Mn, and V, were from Milazzo and Caroli'’,
Standard reduction potentials have also been reported for Fe(ll):EDTA (0.12 V)",
Cudn):histidine, (-0.17 V)*, and Fe11::DEF (-0.45 V)'* Other reduction potentials were
estimated using the Nernst equation and the relative affinities of a ligand for the reduced and
oxidized form of a metal (from Table I). The curve represents a sixth order polynomial fit

through the data.
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ABSTRACT

The superoxide dismutase mimic, manganese-desferrioxamine (MnDF, green complex),
inhibited reduction of cytochrome ¢ by xanthine oxidase plus xanthine, but showed no
superoxide dismutase activity in the autoxidation of 6-hydroxydopamine. In the presence of
desferrioxamine, which strongly sensitizes the autoxidation to inhibition by superoxide
dismutase activity, the MnDF complex did not inhibit. At 20-80 uM, MnDF mildly (14-
21%) accelerated autoxidation of 200 uM 6-hydroxydopamine, and removed sigmoidal
kinetics produced by desferrioxamine. Higher concentrations of MnDF (200 uM)
accelerated oxidation further (146%), showing the ability of MnDF to oxidize
6-hydroxydopamine. Strong inhibition (98%) by superoxide dismutase (5 U/ml) in the
presence of 80 UM MnDF showed that the MnDF-accelerated autoxidation was O;" -
propagated. Clearly MnDF, unlike superoxide dismutase, does not compete effectively with

6-hydroxydopamine for superoxide.
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INTRODUCTION

Superoxide dismutase has antioxidant and anti-inflammatory properties which make it
potentially useful in treatment of oxidative stresses such as hyperoxia, reperfusion injury,
organ transplantation, autoimmune diseases (eg. rheumatoid arthritis), spinal chord injury,
and pro-oxidant cytotoxin exposure (eg. quinones). However, the usefulness of enzymic
superoxide dismutase is limited by antigenicity, short extracellular lifetime, and lack of cell
permeability. Development of a low molecular weight catalyst of superoxide dismutation has
received considerable attention. Such a complex, if non-toxic, would be desirable for several

pharmacologic and therapeutic applications.

Several low molecular weight complexes of copper, iron, or manganese possess substantial
. . P 1-10 i
superoxide dismutase activity. " In most cases however, these complexes are not stable in

10,11 . 1213
, Or are cytotomcl o

the presence of physiological metal chelators such as albumin
Most recently, a mimic of superoxide dismutase activity based on Mn(I'V) and
desferrioxamine was developed which is non-toxic, and stable toward albumin.'"" The
green complex which results from reacting MnO, with desferrioxamine exerted activity
equivalent to 1 U superoxide dismutase at 1 UM Mn-desferrioxamine (MnDF) in the
xanthine oxidase/cytochrome c or nitroblue tetrazolium photoreduction assays. The complex
also protects cultured Chinese hamster ovary cells or green algae cells against the oxidative
toxicities of paraquat or sulphite."""> Formation of the green complex results from oxidation
of one of the hydroxamate moieties on desferrioxamine by Mn(IV) to give a Mn(III)DF
complex. A more active and more stable (toward EDTA) pink complex, in which all of the
hydroxamate groups remain intact and ligated to Mn(III), is produced by including

. . . . . . 16
ascorbate in the reaction mixture with desferrioxamine and MnQO;.

Except for a few stopped-flow or pulse radiolysis studies of O, disappearance, “superoxide
dismutase activity” of metal complexes has been determined using probes for reductive

actions of O, (cytochrome c or nitroblue tetrazolium). To be truly effective, a superoxide
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dismutase mimic should also prevent oxidizing actions of O,", and thus inhibit autoxidations
in which O, serves as initiator or propagator. The sensitivity of 6-hydroxydopamine
autoxidation in the presence of desferrioxamine to inhibition by superoxide dismutase
activity'” gives an ideal test for the anti-oxidative ability of an superoxide dismutase mimic
based on MnDF. Since absorption at 490 nm, and the presence of dehydroascorbate in the
pink complex preparation complicate interpretation of the results, we tested the effect of the

green MnDF complex on the autoxidation of 6-hydroxydopamine.
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MATERIALS AND METHODS

MnO, was from Fisher Scientific (New Jersey). Desferrioxamine was a gift from Ciba
Pharmaceuticals. All other reagents were from Sigma. All aqueous solutions were made
using deionized, distilled water. Buffer solutions were not purified further, so contained

usual levels of trace metals.

The green MnDF complex was prepared essentially as described'""'®. Desferrioxamine
methansulphonate (50 mM) was dissolved in water, and a 25% molar excess of powdered
MnO, added and stirred for 4 hours at 25°C. The resulting green solution was allowed to
settle, decanted, and passed through a 0.22 um Millex-GV syringe filter to remove
unreacted MnQO,. The concentration of the green MnDF complex was determined from its
absorbance at 640 nm (Eg40 = 1.09 X 10° M em™)'®. Activity of the MnDF complex in the
xanthine oxidase/cytochrome c¢ reduction assay was tested in the absence of EDTA (as

described by Darr et al'h).

6-Hydroxydopamine was prepared fresh before use in argon-saturated water and sealed
under a slight positive pressure of argon. Aliquots were removed through a rubber septum
with a Hamilton gas-tight syringe (initially purged with argon to prevent introduction of air
to the vessel). Autoxidations were initiated by addition of 6-hydroxydopamine to air-

saturated S0 mM phosphate buffer, pH 7.4, 25°C, and monitored at 490 nm for formation of

p-quinone oxidation product.
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RESULTS AND DISCUSSION

Figure 1 confirms inhibitory activity of the MnDF preparation in the xanthine
oxidase/cytochrome ¢ reduction assay for O,". When tested on the autoxidation of
6-hydroxydopamine however, MnDF had little effect, or even accelerated oxidation at
higher concentrations (Figure 2). Most significantly, in the presence of additional
desferrioxamine to sensitize the autoxidation to inhibition by superoxide dismutase activity,
the MnDF complex had no inhibitory effect. Superoxide dismutase activity of the complex

was thus not evident in this assay system.

The acceleration of 6-hydroxydopamine autoxidation by high (stoichiometric)
concentrations of the MnDF complex, and the removal of sigmoidal kinetics in the presence
of desferrioxamine, suggest that the MnDF complex can itself catalyse the autoxidation. The
MnDF complex has been shown to oxidize Fe(II) in the presence of excess
desferrioxamine, '® so is at least a weak oxidant (E” pe(inny:DE/Fe(ily DF = -0.45 V)'*1°.
However, the ability of the MnDF complex to act as a redox catalyst (other than in O,
dismutation) has not been reported. The strong (98%) inhibition by 5 U/ml superoxide
dismutase in the presence of MnDF (Figure 2) shows that MnDF-catalysed
6-hydroxydopamine autoxidation is largely O,"-propagated. Superoxide could propagate
the reaction by oxidizing a new molecule of 6-hydroxydopamine, or by reoxidizing Mn(II)
to Mn(11I). The Mn**-catalysed oxidations of dihydroxyfumarate and NADH are similarly
sensitive to inhibition by superoxide dismutase, and it was suggested that Mn** interacts
with O, to produce an oxidizing species (Mn™* or Mn0,").”° In the current system
however, desferrioxamine stabilizes Mn(III) over Mn(II) (as evidenced by rapid
autoxidation of Mn** on addition of desferrioxamine)“’ and thus likely stimulates (outer

sphere) oxidation of Mn(II) by O; to produce O;". A possible reaction scheme may be as

follows.
QH, + Mn(IlI):DF —12% > Q" + Mn(II):DF (1
Mn(I):DF + O, —13L> Mn(IlI):DF + O;” )
Q +0, 85 Q+0,7 3)
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QH, + 0,” —18L5 Q" + H,0, 4)

Superoxide dismutase would thus inhibit the autoxidation in the presence of MnDF by

preventing reaction 4.

The current results raise the question of whether the MnDF complex gives apparent
superoxide dismutase activity in reductive assays for O," (eg. cytochrome ¢ reduction) by
acting as an oxidant for the probe. The rapid oxidation of Fe** (which is a weaker reductant
than ferrocytochrome c) by the green MnDF complex'® shows the possibility for oxidation
of ferrocytochrome c¢. However, the stability of 550 nm absorption after addition of excess

MnDF to the xanthine oxidase/cytochrome c reduction assay (Figure 1) argues against this

possibility.

These results with 6-hydroxydopamine autoxidation show that the green MnDF complex
does not eliminate oxidizing actions of O,", at least toward 6-hydroxydopamine.
6-Hydroxydopamine (or its semiquinone) can apparently reduce the Mn(III)DF complex,
since MnDF accelerates autoxidation. Moreover, since enzymic superoxide dismutase

inhibits the autoxidation in the presence of MnDF, the Mn(II)DF complex does not compete

effectively with 6-hydroxydopamine for O™

The search for an effective low molecular weight mimic of superoxide dismutase continues.

To be a true and effective catalyst, the mimic should inhibit both reducing and oxidizing

actions of Oy,
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LEGENDS TO FIGURES

Figure 1. Effect of the green Mn-desferrioxamine complex (MnDF) on cytochrome ¢
reduction by xanthine/xanthine oxidase. The xanthine oxidase/cytochrome ¢ reduction assay
for superoxide dismutase activity was conducted under usual conditions except for omission
of EDTA (as described previously''). Reactions were initiated by addition of 0.12 mg/ml
xanthine oxidase to 50 mM potassium phosphate buffer (pH 7.4, 25°C) containing 50 uM
xanthine and 10 UM cytochrome c. Reduction of cytochrome ¢ was monitored at 550 nm.

The MnDF preparation or desferrioxamine were added at 100 uM.

Figure 2. Effects of the green Mn-desferrioxamine complex (MnDF) on autoxidation of
6-hydroxydopamine. Autoxidation of 6-hydroxydopamine (200 uM) was followed at 490
nm in air-saturated 50 mM phosphate buffer, pH 7.4, 25°C. MnDF was added at 80 uM or
200 pM. Desferrioxamine was at 80 uM or 0.5 mM.
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Figure 2. Effects of MnDF Complex on
Autoxidation of 6-Hydroxydopamine
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ABSTRACT

Unlike some autoxidations, no synergism between metal chelators and superoxide dismutase
was observable in the autoxidation of ascorbate due to strong (over 98%) inhibition by
chelators alone. Superoxide dismutase alone inhibited ascorbate autoxidation by up to 60%.
However, heat-denatured superoxide dismutase inhibited more strongly (up to 85%) than
native enzyme, indicating a greater affinity of the unfolded protein for trace metals. Albumin
inhibited more strongly than denatured superoxide dismutase, emphasizing its importance in
blood as a metal-binding antioxidant. In autoxidation of 6-hydroxydopamine, albumin or
heat-denatured superoxide dismutase, like metal chelators, inhibited synergistically with
active superoxide dismutase. H,O,-inactivated superoxide dismutase however did not inhibit
synergistically with active superoxide dismutase, indicating H,O»-induced loss of metal
binding sites. In summary, we found no evidence for participation of O,” in ascorbate
autoxidation, and observed differing metal-binding affinities of different inactivated

preparations of superoxide dismutase.
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INTRODUCTION

Does O, participate in ascorbate autoxidation?

Contradictory reports on the participation of O," in ascorbate autoxidation raises the
question of whether coordination of trace metals, like in 6-hydroxydopamine autoxidation',
sensitizes ascorbate autoxidation to inhibition by superoxide dismutase. Ascorbate reacts
efficiently with O,” (k=2.7 X 10° M sec™ at pH 7.4),"* and the resulting ascorbyl radical
decays mostly by disproportionation5 . However, the extent to which autoxidation of

ascorbate produces O,", and proceeds as an O, -propagated chain, has been a matter of

debate.

In an early study, superoxide dismutase strongly inhibited ascorbate autoxidation when
observed in phosphate buffer at pH 8.8.° A subsequent study however, showed that albumin
or superoxide dismutase apoenzyme inhibited as strongly as superoxide dismutase under
these conditions,” implying inhibition by metal binding. Moreover, no O, generation during
ascorbate autoxidation was evident using epinephrine or nitro blue tetrazolium as probes.”
At pH 10.2 (Na,CO; buffer), where addition of 33 uM Fe(III):EDTA or Fe(lI):EDTA
stimulated autoxidation of 50 uM ascorbate (~3 fold), superoxide dismutase had little or no
inhibitory effect.” Superoxide dismutase (but not albumin) did abolish Fe™ uquo-stimulated
oxidation of ascorbate, but this effect was attributed to removal of O,” produced from the
rapid autoxidation of Fe** (33 uM) at alkaline pH.7 With Cu2+(uqu0)-stimulated ascorbate
autoxidation (pH 10.2), superoxide dismutase, albumin, and superoxide dismutase

apoenzyme inhibited equally.

Then, while confirming a strong inhibitory effect of superoxide dismutase apoenzyme on

ascorbate autoxidation in untreated phosphate buffer (pH 7.4), Scarpa et al’ observed 50%

* The lack of a similar effect of SOD with Fe(II):EDTA was considered due to the ability of Fe(I[):EDTA to
catalytically remove 0,~%ie. Any O, produced from autoxidation of Fe(II):EDTA is reduced efficiently to
H,0, by remaining Fe(1I):EDTA, while Fe(11):EDTA oxidizes ascorbate to regenerate Fe(II):EDTA.

133



G R

inhibition by 1.0 pM (~100 U/ml) active superoxide dismutase of the slow autoxidation in
chelex treated buffer. In the presence of 0.8-5.0 uM metal-complex catalysts
(Fe(1l1):EDTA, Fe(Il):EDTA, Fe(Ill): ADP, Cu(Il):histidine;), 0.1 uM or more superoxide
dismutase inhibited 50%, while albumin or superoxide dismutase apoenzyme were without
effect. Generation of O,” was also detected using an NMR method for measuring reduction
of active site Cu®" in superoxide dismutase. Metal-catalyzed autoxidation in the absence of

complexing ligands (allowing inner sphere electron transfers from ascorbate to oxygen) was

not tested for participation of O,".

Studying Cu** qu0-catalysed autoxidation of ascorbate in phosphate buffer (pH 7.4),
Lovstad'® found equal or greater inhibitory effects of albumin or azide-inhibited superoxide
dismutase compared to active superoxide dismutase (Iso=2.2 uM). The presence of nitroblue
tetrazolium to scavenge O, also had no effect on the rate of Cu**-catalysed ascorbate
autoxidation. The ability of various proteins, amino acids, or chelators to inhibit Cu®"-

catalysed autoxidation was proportional to their affinity for cuprous or cupric ions relative

to ascorbate.

Most recently, in Tris buffer with usual trace metals, Mordente et al'' found equal inhibition
by albumin and superoxide dismutase in the absence of a chelator. In the presence of

desferrioxamine however, superoxide dismutase inhibited the residual ascorbate

autoxidation by 50%, while albumin did not inhibit.*

These previous studies differed substantially in pH, metal concentration, and metal complex

studied. Whether O," is produced and participates in ascorbate autoxidation may depend on

any of several factors:
i) pH, influencing the level of ascorbate dianion (pK [1.3) and hydrolysis of metal

ions,

* Paradoxically, while desferrioxamine alone slowed oxidation of 0.1 mM ascorbate, desferrioxamine

accelerated oxygen consumption by 5 mM or more ascorbate, and superoxide dismutase inhibited this
acceleration by 56%. This effect was attributed to the formation of a desferrioxamine anion radical which

autoxidises to produce Oy’ .
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ii) the background level of trace metals (relative to added ligands or metals),
iii) the level of added metals relative to ascorbate (ie. need to redox cycle),
iv) the affinity and concentration of competing ligands relative to ascorbate, and

v) the nature of the metal (eg. Cu** versus Fe™).

From previous studies we might summarize that participation of O, was detected at
extremely low levels of catalytic metals (chelex treated buffer), and in the presence of low
(relative to ascorbate) levels of complexed metals.”"! Participation of O,” was not evident in

7,10 -
or in the presence of

the presence of significant trace metals and/or added metals (aquo),
a substantial (relative to ascorbate) level of complexed metal (Fe(III):EDTA,
Fe(II):EDTA)’. Accordingly, ascorbate autoxidation, like autoxidation of
6-hydroxydopamine, may proceed by concerted inner sphere electron transfers (without
release of O,”) when it can form a ternary ascorbate:metal:oxygen complex (as described by

Martell)'z, but may proceed by a single electron, O, -propagated pathway when catalytic

metals (at low concentrations) are complexed.

Previous studies have not tested the relative ability of different ligands to sensitize trace
metal catalysed ascorbate autoxidation to inhibition by superoxide dismutase. We thus

compared the effects of several ligands (including proteins) in the presence and absence of

superoxide dismutase.
Ascorbate autoxidation as a measure of metal affinities of proteins

The strong dependence of the rate of ascorbate autoxidation on the level of catalytic metals
makes it useful for testing levels of adventitious metals in buffer solutions.'’ Conversely, this
dependence makes ascorbate autoxidation suitable for assessing relative levels and affinities
of competing ligands. Ascorbate has a relatively weak affinity for metal cations (Ka's of
10"“-10** for deprotonated complexes) compared to other ene-diols (Ka's of 10°-10'%)."?

This weak affinity makes ascorbate autoxidation sensitive to small changes in competing

ligands. Some inhibitory effects of superoxide dismutase in biochemical or physiological
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studies may be due, at least in part to binding of metals by apoprotein. Thus, we compared
the inhibitory effects of native superoxide dismutase, HO,-inactivated superoxide

dismutase, and heat-denatured superoxide dismutase in ascorbate autoxidation.
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MATERIALS AND METHODS

Ascorbic acid and Na,CO; were from Sigma. FeCl; was from Fisher. Superoxide dismutase
(bovine liver) was from DDI Pharmaceuticals (Mountainview, CA). Other materials were as
described previously. Solutions were made with deionized, distilled water. Buffer solutions
were not purified further, leaving trace metals at normal levels." Fe(III):EDTA was
prepared as a stock solution of equimolar EDTA plus FeCl;. Ascorbate and

6-hydroxydopamine stock solutions were prepared in nitrogen-saturated water and sealed

under a slight positive pressure of nitrogen.

Heat denatured superoxide dismutase was prepared by immersing the end of a test tube
(covered with a marble to limit evaporation) containing 5000 U/ml superoxide dismutase in
boiling water for 20 minutes. The resulting preparation had less than 1/20 th the activity of
native superoxide dismutase as measured in the xanthine oxidase/cytochrome ¢ reduction
assay”. H,O,-inactivated superoxide dismutase'>'® was prepared by exposing 1.4 mg/ml
superoxide dismutase to 10 mM H,O, for 90 minutes in 0.1 M NaHCQO; buffer (pH 9.5,
25°C) and dialyzing against phosphate buffer (50 mM, pH 7.4) containing 50 U/ml catalase.
Protein concentrations of superoxide dismutase preparations were determined by the
method of Lowry et al'’.

Ascorbate autoxidation was conducted in 50 mM air-saturated phosphate buffer (pH 7.0
and pH 8.8) or carbonate (pH 10.2) buffers at 25°C. Ligands (0.2 mM), proteins (as
indicated), or Fe(II):EDTA (5 uM) were included as indicated, and the reaction initiated by
addition of ascorbate to give an initial concentration of 100 uM. Initial rates of ascorbate

oxidation were determined from loss of absorbance at 265 nm (Ez6s=15000 M™' cm™).

6-Hydroxydopamine autoxidation was conducted in air-saturated phosphate buffer (pH 7.4,
25°C), with ligands or proteins added as indicated. Reactions were initiated on addition of
6-hydroxydopamine by gas-tight syringe to give an initial concentration of 200 uM.

Formation of p-quinone oxidation product was followed spectrophotometrically at 490 nm.
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RESULTS AND DISCUSSION

Superoxide dismutase inhibits ascorbate autoxidation primarily by coordination of

trace metals

Superoxide dismutase inhibited ascorbate autoxidation by up to 45% at pH 7.0, or 60% at
pH 8.8 (Figure 1). Heat-denatured superoxide dismutase however, with less than 1/20 th
residual superoxide dismutase activity, inhibited more strongly at all concentrations, up to a
maximum of 80-85%. These results suggest that denaturation of superoxide dismutase
opens up additional high affinity sites for coordination of trace metals. In
6-hydroxydopamine autoxidation, denatured superoxide dismutase, like metal chelators
(including albumin and other proteins),'” inhibited autoxidation synergistically with active
superoxide dismutase (Figure 2). Unlike heat-denatured superoxide dismutase however,
H,0;-inactivated superoxide dismutase provided little synergism with active superoxide
dismutase in inhibiting autoxidation of 6-hydroxydopamine (Figure 2). This lessened
inhibitory effect of H,O,-inactivated superoxide dismutase suggests a decreased affinity for
trace metals. H,O, presumably destroys sites on the protein which bind metals through site
specific Fenton reactions. These results with different preparations of inactivated superoxide
dismutase show the need for caution in choosing and interpreting controls for effects of
superoxide dismutase activity. The slight residual activity of heat-denatured superoxide
dismutase (or dialyzed apoprotein) may be significant under sensitive circumstances (eg.
6-hydroxydopamine autoxidation in the presence of desferrioxamine)’. A good control

therefore might be albumin, which possesses metal binding properties but no superoxide

dismutase activity.

Metal participation dominates O, in determining rates of ascorbate autoxidation

Autoxidation of ascorbate in phosphate buffer at pH 7.0 proceeded with a first order rate

constant of 6.2 x 10~ sec”". This rate agrees reasonably with values of 3.96 x 10 sec™! for
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ascorbate autoxidation at pH 7.0 (calculated from data of Buettner'®) and 5.87 x 10™ sec™!
for ascorbate monoanion (which predominates 99.9% at pH 7.0)"". These rates are much
faster than those in chelex-treated buffers (2 x 10° - 6 x 107 sec™)”"?, indicating greater
presence of metal ions. Concentrations of trace Fe™ and Cu® in 50 mM phosphate buffer
have been estimated at 0.3 -0.7 uM and ~0.13 pM."? Calculation of k.,'s in ascorbate
autoxidation at pH 7.0 for Fe(IIl) (10 M™' sec™) and Cu(II) (880 M ™' sec™) (including
hydrolysis species present)'’ suggest that copper may have the greater influence on
ascorbate autoxidation in untreated phosphate buffer. The properties of any competing

ligands will obviously influence the reaction mechanism, and the extent to which different

metals participate.

At pH 7.9, strong inhibition and slow autoxidation in the presence of metal chelators,
including albumin or denatured superoxide dismutase, precluded observation of synergistic
interactions between metal chelators and superoxide dismutase (Figure 3). Addition of 5 uM
Fe(II):EDTA, a catalyst with which participation of O," had previously been observed (in
chelex-treated buffer),” produced just a slight increase in ascorbate autoxidation (Figure 3).*
While superoxide dismutase inhibited ascorbate autoxidation in the presence of
Fe(Il1):EDTA by 15-38%, denatured superoxide dismutase was equally or more inhibitory

(Figure 3). Binding of catalytic metals was apparently the primary effect of superoxide

dismutase in this situation.

We then examined ascorbate autoxidation at increased pH, to increase the rate of
autoxidation such that any synergistic inhibition by metal chelators and superoxide
dismutase (but not denatured superoxide dismutase) might be observed. At pH 8.8, addition
of 200 uM EDTA still inhibited autoxidation too strongly to observe any synergistic effect
on inhibition by superoxide dismutase (Figure 4). Desferrioxamine, histidine, or albumin

similarly inhibited 98-99.9 %. The rate in the presence of desferrioxamine (0.10 ptM/min),

) Since EDTA abolishes catalytic effects of Cu’* on ascorbate autoxidation, but increases catalysis by Fe™ '

any exchange of EDTA-bound Fe** with adventitious Cu®* presumably decreased catalysis by Cu®* and
increased the proportion of catalysis by Fe’* and Fe(Il1):EDTA.
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was still just 24% of that where further inhibition by superoxide dismutase was observed (in
Tris buffer, pH 7.4, 37°C)."" Phytate produced little if any inhibition, but had no effect (or
even decreased) inhibition by superoxide dismutase. At this pH, addition of Fe(III):EDTA
inhibited ascorbate autoxidation, perhaps due to exchange coordination of catalytic Cu**.

Addition of superoxide dismutase provided some further inhibition, but so did denatured

superoxide dismutase.

At pH 10.2, addition of EDTA produced a slower, but readily observable rate of
autoxidation (Figure 5).* Desferrioxamine, histidine, or albumin similarly produced slower

but observable rates of autoxidation. In each case however, addition of superoxide

dismutase provided no further inhibition.

Unlike in 6-hydroxydopamine autoxidation, these studies revealed no evidence for
participation of O, in the trace metal catalysed autoxidation of ascorbate using the ligands
studied. These results agree with the reported lack of inhibitory effects of superoxide
dismutase in trace metal-catalysed or Cu®*-catalysed autoxidation of ascorbate.”'* With
EDTA, our results tend to support evidence against7 and contrast evidence for’ involvement
of O, in Fe(I11):EDTA catalysed ascorbate autoxidation. With desferrioxamine, we were

not able to confirm evidence for an involvement of O,”,'" under the conditions studied.

Scarpa et al’ suggest that the lack of inhibition observed by Halliwell and Foyer’ was due to
insufficient superoxide dismutase. However, ascorbate reacts with O," at a rate of 2.7 x 10°
-9.3x 10° M sec”' in the pH range 7.4 - 10.2,** while superoxide dismutase reacts with
0, at 1.9 x 10° M™" sec” .2 Scarpa et al’ required 0.1 uM superoxide dismutase to inhibit
(50%) the rate of Fe(II[):EDTA catalysed autoxidation of 120 uM ascorbate. Halliwell and

Foyer’ used 0.17 pM superoxide dismutase (assuming 2500 U/mg for Sigma superoxide

) The rate observed here in the presence of EDTA was comparable to that observed previously’. The greater
rate in the absence of ligands was thus presumably due to a slightly greater level of trace copper in the buffer

solutions used here.
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dismutase, and a molecular weight of 32,000), which should compete effectively with the 50

UM ascorbate used.

The much higher concentration of Fe(III):EDTA relative to ascorbate in the studies of
Halliwell and Foyer’ (33 uM Fe(111):EDTA/50 uM ascorbate) compared to Scarpa et al’
(4.7 uM Fe(II1):EDTA/120 uM ascorbate) may obscure any role of O," by the limited
redox cycling required of the catalyst. However, we observed no effect of superoxide

dismutase in the presence of EDTA and ambient (trace) levels of Fe(III).

Differences in previous observations of inhibition by superoxide dismutase in the presence of
Fe(1II):EDTA"’, might be explicable by differences in pH. At pH 10.2, where inhibition by
superoxide dismutase was not evident,’ the ascorbate dianion (pKa 11.3; present at 7.36%)
contributes more substantially to the autoxidation, and may react differently than ascorbate
monoanion. For example, while the ascorbate monoanion apparently forms mixed-ligand
chelates (AH:M"™:EDTA) which exclude molecular oxygen,12 the dianion might displace the
competing ligand further to form di-ascorbate complexes accessible to oxygen (allowing
concerted two-electron reduction of oxygen). Also, the rate of reaction of ascorbate with
HO,/0," decreases with an increase in pH from 7 to 1 1.* However, the lack of specific

inhibition by superoxide dismutase at pH 7.0 in the presence of Fe(III):EDTA in the current

study argues against this explanation.
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CONCLUSIONS

Rates of "spontaneous” (trace metal catalysed) and Fe' or Cu®* catalysed autoxidation are

reportedly dependent on oxygen concentration. 1219 Together with first order dependencies

on metal and ascorbate anion concentrations, this dependence on oxygen concentration

12,19

suggests involvement of a ternary ascorbate:metal:oxygen complex. The reaction

mechanism proposed is a rate-determining inner-sphere transfer of electrons (hydride shift,

or successive transfer of two electrons), preceded by equilibria of complex formation.

M™ + HA" & M"™HA"
M"™:HA™ + O, OzIMIH:HA_
Ox:M™HA + H =M™ + A + H,0,
The stronger inhibition by denatured superoxide dismutase than superoxide dismutase tends

to support such an O, -dependent mechanism for trace metal catalysed autoxidation.

Rates of ascorbate autoxidation catalysed by metal chelates (eg. Fe(III):EDTA or
Cu(I):EDTA) are slower than with metals alone (aquo complexes), and independent of
oxygen concentration.'>*' These rates show a linear dependence on metal:chelate
concentration, and a decrease with increased stability of the chelate. Together with a lack of
dependence on oxygen, these observations suggest a slow rate-determining electron transfer

within a mixed ligand complex, followed by rapid reoxidation of the reduced chelate by

12.2]
molecular oxygen.

M™L + HA < HA-M™.L
HAM™L = M"""L+A +H"
ML +0, = M™":L+0;"

The reoxidized chelate can then participate in further oxidation of ascorbate. The O,”

produced might also participate in further oxidation of ascorbate, but we were unable to find

evidence for such a role under the conditions studied.
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Legends to Figures

Figure 1. Dose-response of superoxide dismutase and heat-inactivated superoxide
dismutase on the autoxidation of ascorbate. Autoxidation of ascorbate (100 uM) was
followed at 265 nm in air-saturated 50 mM phosphate buffer, pH 7.0, 25°C. Superoxide
dismutase (SOD) and heat-denatured superoxide dismutase (dSOD) were added at the

concentrations indicated, and the inhibition of ascorbate autoxidation compared.

Figure 2. Synergistic effects of heat-denatured superoxide dismutase and H,O;-inactivated
superoxide dismutase on inhibition of 6-hydroxydopamine autoxidation by superoxide
dismutase. Autoxidation of 6-hydroxydopamine (200 uM) was followed at 490 nm in air-
saturated 50 mM phosphate buffer, pH 7.4, 25°C. Active superoxide dismutase (SOD) was
included at 5 U/ml (1.25 pg/ml). Heat-denatured superoxide dismutase (dSOD) and H,O,-

inactivated superoxide dismutase (H.0,-SOD) were included at 5.6 ug/ml. Desferrioxamine

was at 0.5 mM.

Figure 3. Effects of superoxide dismutase and heat-denatured superoxide dismutase on
Fe(Ill): EDTA-catalysed autoxidation of ascorbate. Initial rates of autoxidation of ascorbate
(100 uM) in air-saturated 50 mM phosphate buffer (pH 7.0, 25°C) are plotted. Albumin was
at 25 ug/ml. Fe(II1):EDTA was at 5 pM. Native superoxide dismutase (SOD) and heat-
denatured superoxide dismutase (dSOD) were at 5 ug/ml or 12.5 pg/ml.

Figure 4. Effects of metal chelators and superoxide dismutase on autoxidation of
ascorbate at pH 8.8. Initial rates of autoxidation of ascorbate (100 uM) in air-saturated 50
mM phosphate buffer (pH 8.8, 25°C) are plotted. Ligands were included at 200 pM;
albumin at 25 ug/ml; and superoxide dismutase at 10 U/ml (2.5 pg/ml) or 100 U/ml (25

pg/ml).

Figure 5. Effects of metal chelators and superoxide dismutase on autoxidation of

ascorbate at pH 10.2. Initial rates of autoxidation of ascorbate (100 uM) in air-saturated 50

mM carbonate buffer (pH 10.2, 25°C) are plotted. Ligands were included at 200 uM;
albumin at 25 pg/ml; and superoxide dismutase at 5 U/ml (1.25 pg/ml), 100 U/ml (25

ug/ml), and 200 U/ml (50 pg/ml).
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Figure 1. Ascorbate Autoxidation: Inhibition
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Figure 2.
6-OHDA Autoxidation: Synergism Between SOD
and Heat-denatured or H,O,-inactivated SOD
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Figure 4. Ascorbate Autoxidation (pH 8.8)
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ABSTRACT

The plasma antioxidant, uric acid, is reportedly both a metal-binding and chain-breaking
antioxidant. We sought to determine the relative metal-binding and chain-breaking activities
of urate in the autoxidation of 6-hydroxydopamine. Urate alone (25-500 uM) inhibited
autoxidation of 250 UM 6-hydroxydopamine by 47%. Urate and desferrioxamine inhibited

autoxidation equally, and together provided no further inhibition. Together with 5 U/ml

superoxide dismutase (which alone inhibited 33%), urate acted synergistically to inhibit by
96%. This superoxide dismutase-sensitizing effect was analogous to actions of metal
chelators such as EDTA or desferrioxamine. Urate thus binds catalytic metals in a manner
which prevents formation of a ternary 6-hydroxydopamine:metal:oxygen complex and
forces outer sphere, superoxide-propagated, autoxidation. In assessing the metal-binding
and chain-breaking actions of urate, a comparison with other structurally related purinols

was of interest. Adenine, hypoxanthine, and xanthine had effects like those of urate,

inhibiting autoxidation synergistically with superoxide dismutase. In contrast, AMP,
adenosine, or inosine had no effect on autoxidation or on inhibition by superoxide
dismutase. The presence of a ribose moiety on the purine ring thus prevents the metal
sequestering action. The purine analogues, allopurinol and oxypurinol also inhibited
6-hydroxydopamine autoxidation and sensitized it to inhibition by superoxide dismutase.
Clearly, binding of catalytic metals must not be neglected when assessing protective actions
of these xanthine oxidase inhibitors.

Alone, ascorbate had no effect on 6-hydroxydopamine autoxidation, and it antagonized
inhibition by superoxide dismutase. However, ascorbate cooperated with desferrioxamine or
urate to inhibit autoxidation by 80%. Ascorbate evidently competes with
6-hydroxydopamine for superoxide, while urate competes with 6-hydroxydopamine for
catalytic metals. Thus, in addition to chain-breaking actions, urate utilizes metal-binding,
and cooperation with superoxide dismutase and ascorbate in providing antioxidant activity.
In vivo, urate, ascorbate, and extracellular superoxide dismutase may cooperate as

antioxidants in extracellular fluids.
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INTRODUCTION

Urate has both chain-breaking and metal-binding antioxidant activities

Uric acid, the end-product of purine metabolism in humans, is an important antioxidant in
biological fluids."” Urate inhibits lipid peroxidation,** protects erythrocytes from oxidant

damage,’ inhibits oxidative degradation of hyaluronic acid,® protects against DNA damage
and mutagenicity by prooxidants,” and protects sensitive enzymes such as ot

. - . . . 3 .
antiproteinase,’ cyclooxygenase '9-12 and angiotensin converting enzyme". Present in blood

plasma and knee joint synovial fluid at 200-500 UM, urate exceeds ascorbate (50-200 uM)
in these fluids. Urate is also present at substantial concentrations in other extracellular fluids

such as cerebrospinal fluid, lymph, and interstitial fluids.™'*"*

Reportedly, urate acts as an antioxidant in two ways. As a chain-breaking antioxidant, urate

reacts with oxidants such as hydroxyl radical, hypochlorous acid, singlet oxygen, peroxyl

1,3,15,16

radicals, ozone, and oxo-heme species. As a metal-binding antioxidant, urate binds

free iron and copper and is likely a major low molecular weight ligand for metals in

extracellular fluids.'”"

In scavenging oxidants, uric acid is oxidized to allantoin (and secondary products). The
‘ radical product of one-electron urate oxidation can itself produce biological damage (eg.
i . . .
1 enzyme inactivation), but is readily “"repaired” (ie. reduced) by ascorbate,’!%2° leaving the

more stable ascorbyl radical. In turn, urate protects ascorbate from autoxidation by binding

free iron and copper in coordination complexes which do not catalyse ascorbate

. . 18,21,22
oxidation.

Acting as a metal-binding antioxidant, urate is not itself significantly oxidized.**
A monoanion at neutral pH (pKa = 5.4)", urate binds Fe™ and Fe** with association
constants of 2.4 x 10° and 1.9 x 10*."® Binding of a second molecule of urate is cooperative,

forming a 2:1 complex with Fe™ with an overall stability constant of 1.1 x 10"". Uric acid

4 .
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strongly inhibits Fe™*-catalysed oxidation of ascorbate (72%, 82% and 97% at 1:1, 2:1, and
10:1 urate/ascorbate ratios),'® as well as copper-catalysed oxidations of ascorbate®' and
NAD(P)H*. The mild effect of urate on the reduction potential of iron (decreasing it from
0.77 V to 0.67 V) does not likely account for this strong inhibition,'*'® suggesting that urate
inhibits ascorbate autoxidation by hindering access of ascorbate to iron. The extent to which
urate hinders access of reductants with a higher affinity for metals, such as catecholamines,

and the extent to which urate-metal complexes participate in other autoxidations remains

largely unexplored.

Metal-binding mechanisms deserve closer attention in the antioxidant activities of

allopurinol and oxypurinol

Infusion of the purine analogues, allopurinol and oxypurinol, provides protection against
postischaemic reperfusion injury in several tissues, including intestine, kidney, and heart.****
These compounds thus provide therapeutic benefit in such situations as cardiac surgery and
organ transplantation. The protection is usually attributed to inhibition of xanthine oxidase

#2930 Bvidence that allopurinol and

and a resulting decrease in generation of active oxygen.
oxypurinol scavenge hydroxyl radicals and hypochlorous acid 133 raised the possibility of
other mechanisms for protection. Treatment with allopurinol does not influence the free
radical scavenging properties of plasma or lymph,34 but allopurinol prevents release of
creatine kinase from reperfused heart as effectively as desferrioxamine,** and allopurinol and

oxypurinol inhibit metal-catalysed oxidation of ascorbate.™ These reports suggest a need to

explore the extent to which protection by allopurinol or oxypurinol results from binding free

iron or copper.

Does urate prevent pro-oxidant actions of ascorbate?

13.37.38
d.

Roles of ascorbate as a chain-breaking antioxidant are well documente However,

39-43

pro-oxidant actions are also seen in the presence of transition metal catalysts. Pro-
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oxidant actions of ascorbate likely occur in vivo only under conditions which cause release

of heme or of metal ions from their binding proteins.'*

Under such conditions, metal
coordination by low molecular weight ligands such as urate may become particularly

important.

In previous studies of metal-catalysed "autoxidations", ascorbate generally acts as a
coreductant, accelerating consumption of oxygen and formation of H,0,.** For example,
ascorbate re-reduces quinone oxidation products of 6-hydroxydopamine or dialuric acid (i.e.

alloxan), and thus allows redox cycling.***® In this way, ascorbate may potentiate the

44,45,49-51 52,53

neurotoxicity or cardiotoxicity of 6-hydroxydopamine or other catecholamines
and the hemolytic or diabetes-causing actions of dialuric acid or alloxan***’. These actions
of ascorbate may help preserve reductants such as catecholamines, but perhaps at the price
of increased formation of active oxygen. However, relatively little is known of the influence

of ascorbate on autoxidations in the presence of metal chelators which inhibit reduction of

oxygen.

6-Hydroxydopamine autoxidation can provide an index of the relative contributions

of metal-binding and chain-breaking antioxidant activities.

Hydroxydopamine is a neurotoxin which at low concentrations selectively destroys

44,54 .
Intracranial

catecholamine-concentrating neurons through generation of active oxygen.
injection of 6-hydroxydopamine causes degeneration of dopaminergic and noradrenergic
neurons’ and may have implications for schizophrenia®® and age-related pathologies such as
Parkinsonism and neuromelanin deposition’™*. Intravenous injection induces cardiotoxicity
due to degeneration of sympathetic adrenergic nerve terminals.”””' 6-Hydroxydopamine (in

combination with ascorbate) is used clinically to purge bone marrow of neuroblastoma

cells.”’
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The sensitivity of 6-hydroxydopamine autoxidation to inhibition by superoxide dismutase
provides a means of assessing the relative importance of chain-breaking and metal-binding
antioxidant effects of uric acid. Unlike ascorbate autoxidation, which is inhibited 92% or
more by EDTA, DTPA, desferrioxamine or albumin,'*% 6-hydroxydopamine autoxidation is

%3 11 the absence of metal

inhibited less strongly (or even accelerated) by metal chelators.
chelators, 6-hydroxydopamine apparently autoxidizes by sequential transfer of two electrons
to oxygen within a ternary 6-hydroxydopamine:metal:oxygen complex.”"** Such
autoxidation is relatively insensitive to inhibition by superoxide dismutase. Metal chelators
which prevent reduction of oxygen within a ternary 6-hydroxydopamine:metal:oxygen
complex induce one-electron, superoxide-propagated autoxidation. From the sensitivity to

superoxide dismutase therefore, 6-hydroxydopamine autoxidation distinguishes ligands

which force outer sphere, one-electron transfers to oxygen.

In living systems, antioxidants of various kinds act in concert. Natural selection has
optimized synergistic interactions between metal-binding and chain-breaking antioxidants.

Unraveling the nature and mechanisms of these interactions is of continuing interest.

In the current study we explore the extent to which urate, and other purines, bind metals to
force outer sphere electron transfers from 6-hydroxydopamine to oxygen. Comparisons with
other purines (Figure 1) allow us to draw structure-activity relationships relevant to the
metal binding actions of urate. Because autoxidation of 6-hydroxydopamine in the presence
of metal chelators is superoxide-propagated, we could simultaneously assess the ability of

urate and ascorbate to scavenge superoxide in competition with 6-hydroxydopamine.




MATERIALS AND METHODS

Materials from Sigma were sodium urate, inosine, hypoxanthine, xanthine, allopurinol,
adenine, oxypurinol, adenosine, AMP, 6-hydroxydopamine, sodium ascorbate, superoxide
dismutase (bovine erythrocyte), and potassium phosphate buffer salts. Disodium EDTA was
from Fisher Scientific Company. Desferrioxamine (Desferal methanesulfonate) was a gift

from CIBA Pharmaceuticals.

All aqueous solutions were made using deionized (Corning demineralizer 3508-A), distilled

water. Buffer solutions were not purified further, so contained usual levels of trace metals

present in buffer salts.

6-Hydroxydopamine was dissolved fresh before use in argon-saturated water and sealed
under a slight positive pressure of argon. Aliquots were removed through a rubber septum
with a Hamilton gas-tight syringe (initially purged with argon to prevent introduction of air

to the vessel). Stock solutions of ascorbate were also made in argon-saturated water.

Experiments were conducted in air-saturated 50mM phosphate buffer, pH 7.4, 25°C. Urate

was added at physiological concentrations (250-500 uM). Other purines were tested at 500
UM. Ascorbate was at 200 uM or 500 uM. Superoxide dismutase was at 5 U/ml. Reactions
were initiated on addition of a 25 ul aliquot of 6-hydroxydopamine to 2.5 ml buffer to give

an initial concentration of 250 uM. After brief mixing with a cuvette plunger, formation of

quinone oxidation product was monitored spectrophotometrically at 490 nm.

Concentrations of quinone product were calculated using an absorptivity of 1952 M cm™.
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RESULTS AND DISCUSSION

Urate hinders electron transfer between catalytic metals and oxygen

The results confirm a metal-binding antioxidant ability of uric acid. Urate alone inhibited the
initial rate of 6-hydroxydopamine autoxidation by 47% (Figure 2). This inhibition was
independent of urate concentration from 25 uM to 500 pM. In the presence of 5 U/ml
superoxide dismutase, 500 UM urate enhanced inhibition from 33% to 96% (Figure 2).
Inhibition decreased to 80% with 25 uM urate plus 5 U/ml superoxide dismutase (not
shown). This synergistic inhibition of 6-hydroxydopamine autoxidation by urate and
superoxide dismutase shows that, like EDTA or desferrioxamine,®” urate coordinates trace

metals in a manner which forces outer sphere electron transfers from 6-hydroxydopaminc to

oxygen.

The failure of urate to inhibit further in the presence of chelators which force O,"-
propagated autoxidation, such as EDTA or desferrioxamine (Figure 2), indicates that urate
does not compete effectively with the 6-hydroxydopamine for O,”. This result supports
previous studies in other systems showing no significant scavenging of O, by urate.***’
Urate reportedly inhibits O, -dependent luminol chemiluminescence, but this was

interpreted as scavenging of "OH produced through Haber-Weiss reactions.”

Although it does not have a large influence on the reduction potential of iron, urate
presumably hinders access of 6-hydroxydopamine and/or oxygen to trace metals. By
decreasing the reduction potential of iron from 0.77 to 0.67 V, urate, like EDTA, might
expectedly accelerate 6-hydroxydopamine autoxidation, by accelerating reoxidation of
Fe(II). Although urate does mildly accelerate autoxidation of Fe**,'® it apparently hinders
access of 6-hydroxydopamine to Fe'* (and other trace metals) sufficiently to inhibit catalysis.
In this system then, urate renders trace metals less catalytically active than does EDTA. The

67,6

iron:EDTA complex reportedly has an open coordination site. ® The current results
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suggest that metal complexes with urate may be "closed shell”, providing no direct access of

6-hydroxydopamine or oxygen to the metal.

Other purines, but not purine nucleosides or nucleotides, share the antioxidant

mechanisms of urate

Other purines vary in their ability to sensitize the autoxidation of 6-hydroxydopamine to
inhibition by superoxide dismutase. Like urate, adenine, hypoxanthine, and xanthine
inhibited autoxidation 31-49%, and enhanced inhibition by 5 U/ml superoxide dismutase
from 33% to 93-97% (Figure 3). These purines also apparently bind catalytic metals to
force outer sphere electron transfers to oxygen. In contrast, the purine nucleosides,
adenosine and inosine, and the purine nucleotides, AMP and ADP, neither inhibited

6-hydroxydopamine autoxidation nor sensitized the autoxidation to inhibition by superoxide

dismutase.

A previous study comparing the avidity of natural substances, including purines, for bivalent
metals'’ provides some rationale for the current findings. Adenine, hypoxanthine, and urate
formed 1:1 complexes with bivalent metals (including Cu?* and Fe“) with Ka's from 10** to
10°2. In contrast, adenosine did not detectably bind metals. While indicative perhaps, the
key to an inhibitory role in the current study is likely the ability to form dimeric complexes

which hinder access of reductants or oxygen to the metal.

Differences in the structures of the purines tested in this system give insights into the
mechanisms of metal-binding. The presence of ribose or ribose phosphate abolished
kinetically effective metal complexing activity. Two possibilities for this effect are 1)
hindrance of metal coordination involving nitrogen atom 9 on the purine ring, and 2) steric
hindrance of dimeric complex formation. The common donor atoms among the compounds
which complexed metals are an acidic nitrogen at position 9, a hydroxyl or amino group at

position 6, and nitrogens at positions | and 3 on the purine ring. The lone pair electrons of
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the nitrogen atoms, along with a donor group at position 6, conceivably contribute to the

formation of a metal "sandwich" or "cage" within a dimeric complex (ie. resembling that of

ferrocene).

From the results with allopurinol and oxypurinol, a nitrogen at position 7 was not needed
for the superoxide dismutase sensitizing action. Thus, the known binding of metals by a
hydroxyl group peri to a tertiary heterocyclic nitrogen atom, as seen in riboflavin or 8-
hydroxyquinoline,'” was not needed for the metal complexing actions of the 6-hydroxy
purines. The lack of effect of inosine, which like hypoxanthine has a 6-hydroxy group and a

peri nitrogen atom, but also a ribose on the nitrogen at position 9, supports this conclusion.

Xanthine, urate and oxypurinol inhibited slightly more strongly with superoxide dismutase
than the other purines (Figure 3). This stronger synergism may reflect additional hydroxyl
substituents on xanthine, urate and oxypurinol which increase the resonance stabilization of
positive charge relative to adenine, hypoxanthine and allopurinol. The resulting increase in
electron donor strength increases the affinity for cations, and thus may contribute to
stronger metal complex formation. In addition, these hydroxyl groups offer intermolecular

hydrogen bonding to increase the stability of dimeric complexes.

Metal binding affinity of allopurinol and oxypurinol may augment their abilities to

inhibit superoxide generation.

Allopurinol and oxypurinol inhibit superoxide generation by blocking the xanthine/xanthine
oxidase reaction. However, in the current studies they also displayed metal binding
antioxidant activity (Figure 3). Allopurinol and oxypurinol inhibited 6-hydroxydopamine
autoxidation 47-50%, and together with 5 U/ml superoxide dismutase inhibited by 94-97%.
Thus, like uric acid, these purine analogues bind catalytic metals sufficiently to force an

almost exclusive outer sphere, superoxide-propagated, autoxidation mechanism.
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Binding of metals by allopurinol and oxypurinol is also evident in the metal catalysed
oxidations of ascorbate and of erythrocyte membrane lipids.™ Allopurinol and oxypurinol
inhibited basal and copper-catalysed autoxidation of ascorbate.™® In slowing ascorbate
autoxidation, allopurinol and oxypurinol compete effectively with EDTA for cupric ions, but
not for ferric ions. In ferric ion-induced oxidation of erythrocyte membrane lipids,
allopurinol and oxypurinol inhibited, but not as strongly as uric acid.™ The current study on
6-hydroxydopamine autoxidation extends such findings with the inference that metal-binding
antioxidant activity of allopurinol and oxypurinol may be particularly protective in concert

with superoxide dismutase activity.

While allopurinol and oxypurinol do inhibit superoxide generation from endothelial cells for
example,” care must be taken in interpreting protective effects on reperfusion injury. An
appropriate control for metal binding activity would be administration of desferrioxamine,

with and without allopurinol or oxypurinol.

Urate and ascorbate cooperate to inhibit 6-hydroxydopamine autoxidation

Unlike urate, ascorbate had no effect on the autoxidation of 6-hydroxydopamine, and did
not cooperate with superoxide dismutase (Figure 4). Thus ascorbate does not compete with
6-hydroxydopamine for catalytic metals, consistent with its low affinity for iron or copper
(Ka's 10" - 10*%)’°. Moreover, ascorbate antagonized inhibition by superoxide dismutase,
with 500 UM ascorbate decreasing inhibition by 5 U/ml superoxide dismutase from 33% to
11%. As discussed further below, a probable explanation for this antagonism is that

ascorbate intercepts some O,", and the resulting ascorbyl radical propagates the chain by

oxidising 6-hydroxydopamine.

Previous studies show increased oxygen consumption and H,O, generation from

44-46

6-hydroxydopamine in the presence of ascorbate,”™™ with diminished formation of p-

quinone45 . However, the concentration of ascorbate in the previous studies (5-10 mM) was
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100 fold that of 6-hydroxydopamine (48-100 uM), so p-quinone and/or semiquinone were
likely reduced more rapidly than in the current studies. As in the current study, inhibition by

superoxide dismutase was decreased by ascorbate.*’

In the presence of desferrioxamine, ascorbate inhibited 6-hydroxydopamine autoxidation. At
500 uM, ascorbate enhanced inhibition with desferrioxamine from 51% to 82% (Figure 4).
Evident from synergistic inhibition by superoxide dismutase plus desferrioxamine,
autoxidation in the presence of desferrioxamine is superoxide-propagated. The relatively
facile reaction of superoxide with ascorbate (k=105 M's! compared to k=10"M"' 5! for

717 allows ascorbate to compete with 6-hydroxydopamine

reaction with desferrioxamine)
for superoxide. In addition, ascorbate can reduce 6-hydroxydopamine semiquinone.*® In
either case, the resulting ascorbyl radical is obviously more stable, reacting to a greater
extent by disproportionation73 . In contrast to ascorbate, urate does not react significantly

with superoxide,”>* and did not inhibit in the presence of desferrioxamine (Figure 2).

Previous studies on effects of ascorbate on autoxidations in the presence of chelators have
produced mixed results. In the presence of EDTA, ascorbate (10mM) induced a slight lag in
6-hydroxydopamine autoxidation, but then accelerated p-quinone formation and oxygen
consumption.*”* In the presence of DTPA, ascorbate amplified dopamine-induced oxygen
consumption when added after the autoxidation had started, but inhibited when present
before addition of dopamine.’ Thus, in the presence of significant quinone, ascorbate may
increase redox cycling and oxygen consumption. However, in the presence of chelators such

as DTPA or desferrioxamine, ascorbate can slow autoxidations by scavenging superoxide

and semiquinone.

Consistent with metal-binding by urate and superoxide-scavenging by ascorbate, urate and
ascorbate inhibited autoxidation cooperatively (Figure 5). Together, 500 uM urate and 500
UM ascorbate provided 78% inhibition, close to the inhibition provided by desferrioxamine
plus ascorbate. This cooperation produced a corresponding decrease in oxygen consumption

(not shown). Addition of 5 U/ml superoxide dismutase provided 12% further inhibition.
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However, ascorbate detracted somewhat from inhibition by urate plus superoxide dismutase
alone, accelerating the slow autoxidation 2.7 fold. This interference by ascorbate was
lessened by decreasing the concentration of ascorbate t0 200 UM or increasing superoxide
dismutase to 20 U/ml (not shown). Interference by ascorbate is thus explicable in terms of
competition of ascorbate with superoxide dismutase for superoxide. Although superoxide
dismutase reacts much more rapidly with superoxide (k=1.9 x 10° M sy"*  its
concentration in this study (48 nM) was 10" less than ascorbate. The ascorbyl radical
resulting from reaction of ascorbate with superoxide may then provide a means of
propagating limited 6-hydroxydopamine autoxidation, either by oxidizing
6-hydroxydopamine itself, or by reducing HO5 to “OH. Catalase (20 U/ml) inhibited the
interference by ascorbate by only 31%, so the majority of the interference in these

conditions was likely due to oxidation of 6-hydroxydopamine by the ascorbyl radical.

In summary, the synergistic inhibition of 6-hydroxydopamine autoxidation by urate and
superoxide dismutase or ascorbate suggest that urate inhibits metal catalysed autoxidations
by steric hindrance, forcing outer sphere electron transfers. This chelation, presumably

within a 2:1 urate:metal complex,'® renders autoxidation dependent on propagation by

superoxide.

Urate, ascorbate, and superoxide dismutase may cooperate as antioxidants in vivo.

The current findings suggest that the presence of uric acid in human biological fluids
preserves not only ascorbate, but, in concert with superoxide dismutase and/or ascorbate,
may help preserve other reductants from metal catalysed oxidation. Autoxidation of

epinephrine, for example, is inhibited synergistically by superoxide dismutase and metal

7

chelators.”® Oxidation of catecholamines in plasma requires catalytic metals,’*’® which are

sometimes released from storage sites under pathological conditions.””%? Urate, which is

65,83

released by endothelial cells, is then available to bind any free iron or copper. In concert

with extracellular-superoxide dismutase, urate would thus prevent autoxidation of
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catecholamines, ascorbate, and other reductants near the vascular endothelium. In other
microenvironments (eg. bulk phase plasma) or compartments inaccessible to enzymic

superoxide dismutase, urate may cooperate with ascorbate to inhibit metal-catalysed

oxidations.

Other examples of metal catalysed "autoxidations" inhibited cooperatively by superoxide
dismutase and metal chelators include those of 1,2,4-benzenetriol® and of cytotoxic
pyrimidines®’. Together, urate, ascorbate, and superoxide dismutase may help limit

generation of active oxygen by both endogenous and xenobiotic prooxidants.

Extracellular-superoxide dismutase and urate may be well situated to protect cell surfaces
from prooxidant damage. Extracellular-superoxide dismutase, a secretory glycoprotein
produced by fibroblasts and glial cells, occurs in extracellular fluids such as plasma, lymph,
synovial fluid, and in interstitial fluids.®® For example, the activity of superoxide dismutase in
human plasma is approximately 0.8 U/ml, which increases to about 1.4 U/ml on heparin-
induced release of extracellular-superoxide dismutase from endothelial cell surfaces.®”>*®
Uric acid, unlike high molecular weight metal-binding proteins such as albumin, transferrin,
or ceruloplasmin,13 % has ready access to extracellular fluids, including lymphatic,
cerebrospinal, interstitial, synovial, intraocular, respiratory tract, and amniotic fluids.” Urate
may be well suited therefore to cooperate with extracellular-superoxide dismutase in

extracellular fluid-plasma membrane boundary layers.

The current data provide a rationale for the cooperation between urate and superoxide
dismutase dramatically evident in Drosophila melunogaster. Mutation to genes for either
xanthine dehydrogenase (preventing urate production) or CuZn superoxide dismutase

produce mutants hypersensitive to oxidative stress.”® Mutation to both genes is lethal.

This study adds another aspect to the antioxidant actions of uric acid. In addition to directly
scavenging oxidants such as hydroxyl radical and to binding catalytic metals, urate

cooperates with ascorbate and with superoxide dismutase to inhibit metal-catalysed
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oxidations. Urate, ascorbate, and extracellular-superoxide dismutase may thus cooperate in

extracellular fluids to provide synergistic antioxidant activity.
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LEGENDS TO FIGURES

Figure 1. Structures of purines and purine analogs studied. Arrows show the metabolic

pathway of urate formation from AMP.

Figure 2. Effects of uric acid on the autoxidation of 6-hydroxydopamine. Autoxidation of
250 uM 6-hydroxydopamine was followed at 490 nm in air-saturated 50 mM phosphate
buffer, pH 7.4, 25°C. Superoxide dismutase was included at 5 U/ml; urate at 500 uM; ard

EDTA or desferrioxamine (DEF) at 500 pM.

Figure 3. Synergistic actions of purines and superoxide dismutase in inhibiting the
autoxidation of 6-hydroxydopamine. Autoxidation of 6-hydroxydopamine (250 uM) was
followed at 490 nm in air-saturated 50 mM phosphate buffer, pH 7.4, 25°C. Purines were at

500 uM. Superoxide dismutase was at 5 U/ml. Rates represent initial rates within 3 minutes

of reaction time.

Figure 4. Effects of ascorbic acid on the autoxidation of 6-hydroxydopamine. Reaction

conditions were as in figure 2. Ascorbate was at 500 uUM.
Figure 5. Cooperative actions of urate, ascorbate, and superoxide dismutase. Reaction

conditions were as in figure 2. Urate and ascorbate were at 500 UM, superoxide dismutase

at 5 U/ml. Rates represent the initial rate within the first 30 seconds of the reaction.
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MULTIPLE ACTIONS OF SUPEROXIDE DISMUTASE: WHY CAN IT
BOTH INHIBIT AND STIMULATE REDUCTION OF OXYGEN
BY HYDROQUINONES?
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Abstract—Superoxide dismutase can either inhibit or stimulate autoxidation of different hydroquinones, suggesting
multiple roles for O, ~. Inhibitory actions of superoxide dismutase include termination of O,* ~-propagated reaction
chains and metal chelation by the apoprotein. Together, chelation of metals and termination of O,-~-propagated
chains can effectively prevent reduction of oxygen. Chain termination by superoxide dismutase can thus account
for negligible accumulation of H,0, without invoking a superoxide:semiquinone oxidoreductase activity for this
enzyme. One stimulatory action of superoxide dismutase is to decrcase thermodynamic limitations to reduction
of oxygen. Whether superoxide dismutase inhibits or accelerates an autoxidation depends on the reduction potentials
of the quinone and the availability of metal coordination for inner sphere electron transfers.

Keywords—Hydroquinone autoxidation, Superoxide dismutase. Oxygen reduction, Metal coordination. Inner
sphere electron transfers, Chain propagation, Semiquinone. Free radicals

INTRODUCTION

Cadenas and coworkers have recently compiled a
wealth of data on multiple effects of superoxide dis-
mutase in hydroquinone autoxidations.'* These data
complement data of Winterbourn on autoxidation of
pyrimidines.* The diverse, paradoxical, and sometimes
contradictory actions of superoxide dismutase have
prompted an equally wide range of explanations, in-
cluding the novel suggestion that superoxide dismutase
has superoxide:semiquinone oxidoreductase activity.'
This suggestion rests on the observation that super-
oxide dismutase inhibits autoxidation of the hydro-
quinone derivatives of 2-hydroxy-p-benzoquinone and
l.4-naphthoquinones but prevents accumulation of
H,0,, the product of superoxide dismutation. Arguing
against this suggestion however, superoxide dismutase
only inhibits autoxidation of 1,4-naphthohydroquinone
in the early phase.* Superoxide dismutase stimulates
the autoxidation when comproportionation of hydro-
quinone with quinone product becomes available to
propagate the autoxidation.* Superoxide dismutase also

*Author to whom correspondence should be addressed.
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does not inhibit, but accelerates oxidation of 1,2-naph-
thohydroquinoneand5-hydroxy-1,4-naphthohydroqui-
nones. !

This wealth of recent data brings a need for some
generalizations as to mechanisms by which superoxide
dismutase can slow or accelerate autoxidations. Inhib-
itory actions of superoxide dismutase include termi-
nation of free radical chains and metal chelation by the
apoprotein. Superoxide dismutase can also accelerate
oxidations by at least three different mechanisms. We
outline here some of the situations where superoxide
dismutase might accelerate or slow hydroguinone ox-
idation, and offer possible explanations for some of
the contrasting effects on different naphthohydro-
quinones.

METAL CHELATION CAN ACT SYNERGISTICALLY
WITH SUPEROXIDE DISMUTASE ACTIVITY TO
INHIBIT AUTOXIDATIONS

Most metal-chelating agents sensitize autoxidation
of hydroquinone compounds to further inhibition by
superoxide dismutase.>® Metal chelators often inhibit
autoxidations by decreasing the ability of the metal to
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gain or lose electrons. With a strong reductant such as
6-hydroxydopamine however, EDTA stimulates the
trace metal catalyzed autoxidation® presumably by ac-
celerating the (rate limiting) autoxidation of reduced
iron. Desferrioxamine, a stronger chelator of ferric
ions (thus decreasing the reduction potential further).
slows autoxidation of 6-hydroxydopamine. Either che-
lator sensitizes 6-hydroxydopamine autoxidation to in-
hibition by superoxide dismutase.® By preventing
formation of a ternary reductant-metal-oxygen com-
plex, these chelators prevent sequential ‘‘inner
sphere”” transfer of 2 electrons and force release of
0O, and Q-7 .>*The 0.+~ and Q- ~ released then serve
as reaction propagators:

QH, + O,," —> Q-7 + H,0;
and
Q" + O:—") Q + O:".

Since EDTA accelerates autoxidation of ferrous ions
(and thus O,'~ release) but slows reduction of ferric
tons (and thus Q-~ formation), O, ~ is the major prop-

agator which accelerates the overall autoxidation in the
presence of EDTA.

With 1,2.4-benzenetriol, both EDTA and desfer-
rioxamine stimulated the autoxidation (although des-
ferrioxamine caused a slight lag) (Fig. 1). Despite
stimulating autoxidation of 1,2,4-benzenetriol when
present alone. EDTA or desferrioxamine sensitized the
autoxidation to inhibition by small, catalytic quantities
of superoxide dismutase. Together, metal chelation and
superoxide dismutase activity can prevent consumption
of oxygen (Fig. 2). Mctal binding by proteins, includ-
ing superoxide dismutase apoprotein, can also play this
sensitizing role®” (Figs. 2 and 3). Such inhibition fa-
vors the hydroquinone form and also prevents accu-
mulation of products. including H.O,, as found by
Cadenas et al.' The concentrations of superoxide dis-
mutase and total protein in the experiments of Cadenas
et al.' on autoxidation of 1,2,4,-benzenetriol (present
at 20 M) were 3 pg/mbL (9 U/mL) and 6.5 ug/mL
(3.5 ug/mL NAD(P)H:quinone oxidoreductase stabi-
lized with albumin). Trace metals were thus compet-
itively bound by proteins in these experiments, and the
autoxidation was sensitive to inhibition by superoxide
dismutase. A superoxide:semiquinone oxidoreductase
activity could prevent the autoxidation. but so could

0.35 —+
EDTA
0.3 -J—
DEF
0.25 + Control
0.2 +
Absorbance
(490nm)
0.15 SOD
0.1 +
EDTA + SOD
0.05 T
) DEF + SOD
0 T + T T T
0 40 80 120 160 200

Fig. 1.

Time (seconds)

1.2.4-Benzenetriol autoxidation: Interactions between superoxide dismutase and metal chelators. Reactions were con-

ducted in air-saturated, 50 mM phosphate buffer: pH 7.5: 25°C. Where indicated, EDTA or desferrioxamine (DEF) were present

at 0.5 mM; superoxide dismutase (SOD) at 0.5 pg/mL (2 U/mb). Reactions were initiated by addition of an aliquot from an

anaerobically prepared stock solution of 1,2.4-benzenetriol to give an initial concentration of 250 M. Formation of the p-
quinone product of oxidation was followed spectrophotometrically at 490 nm.
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Fig. 2. 1.2.4-Benzenetriol autoxidation: Oxygen consumption in the presence of superoxide dismutase and metal chelators.

Reaction conditions were as in Figure 1. Where indicated, albumin was present at 26 g/ mb.. Other reagents were at the same
concentrations as in Figure 1. Oxygen consumption was monitored polarographically upon addition of 1,2.4-benzenetriol.
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Fig. 3. 1.2.4-Benzenetriol autoxidation: Interactions between superoxide dismutase and proteins. Reactions were conducted in
air-saturated, SO mM phosphate buffer; pH 7.5 25°C. Where indicated, superoxide dismutase (SOD) was present at 0.5 geg/mL
(2 U/mb), heat-denatured (989 inactivated) superoxide dismutase (dSOD) at 2.5 pg'ml., and albumin at 26 gg/mb. Reactions
were initiated by addition of an aliquot from an anaerobically prepared stock solution of 1.2.4-benzenetriol to give an initial
concentration of 250 gM. Formation of the p-quinone product of oxidation was followed spectrophotometrically at 490 nm.
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dismutation of Q,-~, by preventing propagation of the
radical chain.

SUPEROXIDE DISMUTASE CAN INHIBIT
AUTOXIDATIONS AND H.0; FORMATION BY
CHAIN TERMINATION

Inhibitory actions of superoxide dismutase can re-
sult from accelerated termination of free radical chains.
Most if not all autoxidations are chain reactions. The
main chain propagating action of superoxide in hydro-
quinone oxidation is:

QH; + Oy~ — Q-7 + H.0..

Inhibition by superoxide dismutase in autoxidations is
usually considered evidence that superoxide is an in-
termediate in the free radical chain.®® To the extent
that oxidation of adrenaline is typical. superoxide has
an amplification factor of up to 10.° In other words,
one motlecule of superoxide cuan stimulate oxidation of
10 molecules of adrenaline betfore its participation is
ended through sowme chain termination reaction. On this
basis. superoxide dismutase prevents the formation of
10 molecules for every halt-molecule of H,O, it man-
ufactures. Thus. one explanation for the phenomena
described' is that superoxide dismutase diminishes
formation of H,O, by facilitating chain termination.
The combined effects of metal binding and chain ter-
mination can prevent oxygen consumption’ and thus
decrease H,O, production to negligible levels.

METAL CHELATION BY PROXIMAL HYDROXYL
GROUPS ALLOWS INNER SPHERE AUTOXIDATION

Why does superoxide dismutase not inhibit 1.2-
naphthohydroquinone' or  5-hydroxy-1,4-naphtho-
hydroquinone® oxidation? That the semiquinone is not
a substrate for superoxide:semiquinone oxidoreductase
was offered as one explanation for the lack of inhibition
of the 1.,2-naphthohydroquinone autoxidation by su-
peroxide dismutase.' An alternative explanation is the
difference in metal-binding capabilities of the difterent
hydroquinones. The o-quinol with its adjacent phenolic
hydroxyls binds metals more avidly than the (para)
{.4-napthohydroquinone. Thus the o-quinol can au-
toxidize by an inner sphere mechanism and is less in-
fluenced by relatively weuk chelators such as proteins.
The much higher concentrations of superoxide dis-
mutase needed to inhibit autoxidation of the 2-hydroxy-
1,4-napthohydroquinone (12 pug/mbL. K, = 540.8
nM)"? than the 1,4-napthohydroquinone (0.3 gg/ml.,
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K; = 2.1 nM)"* suggest more effective competition
for binding of metals by the adjacent phenolic hy-
droxyls of 2-hydroxy-1,4-napthohydroquinone. Thus,
as with autoxidation of 1,2.4-benzenetriol, sufficient
protein to compete for trace metals can limit inner-
sphere electron transfers aud sensitize the autoxidation
to inhibition by superoxide dismutase. The 5-hydroxy-
1.4-naphthohydroquinone derivatives form a six-mem-
bered ring with cations (thus showing strong intra-
molecular hydrogen bonding)."” These derivatives
would bind metal cations avidly, and thus react pri-
marily by concerted inner sphere transfer of electrons
to oxygen.

SUPEROXIDE DISMUTASE CAN ACCELERATE
AUTOXIDATIONS BY SEVERAL MECHANISMS

Why might superoxide dismutase stimulate autox-
idation of 1.2-naphthohydroquinone' and 5-hydroxy-
I.4-naphthohydroquinones?” Stimulatory effects of
superoxide dismutase on autoxidations are some-
times reported.' ="' In general, they occur in
reactions:

a) in which superoxide is a net terminator of free radical
chains

Q'“ + 03'7 + 2!’{L e Q + H:O:.

b) in which hydrogen peroxide is a better oxidant than
oxygen

eg. QH, + H.O,—— Q-~ + ‘OH + OH~ + 2H*
Q~ - H.0,—> Q + ‘OH + OH",

or ¢} in which semiquinone or quinone formation is
limited by accumulation of superoxide

QH, + O, = Q- + 0O,

or
Q"+ 0, =—=20Q + 0,".

These stimulatory effects require that they are not over-
powered by metal chelation and chain termination by
superoxide dismutase. Stimulatory effects of super-
oxide dismutase are most apparent when O,-~-depen-
dent propagation becomes less significant, such as
when accumulation of quinone allows comproportion-
ation with the hydroquinone.” By inhibiting chain prop-
agation by O, and stimulating semiquinone
autoxidation.*" one biologically important effect of
superoxide dismutase is to limit formation of
semiquinones.



Superoxide dismutase in hydroquinone autoxidations

SUPEROXIDE DISMUTASE CAN ACCELERATE
OXIDATIONS IN WHICH EQUILIBRIA FORMING
SEMIQUINONES OR QUINONES ARE LIMITED BY
THERMODYNAMIC CONSIDERATIONS

Superoxide dismutase can accelerate an autoxida-
tion by displacing the equilibria: Q-7 + 0, & Q +
O, in the direction of quinone?'*!"* or QH, + O, «
Q-~ + O, " in the direction of semiquinone."* This
effect is not seen for strong reductants with reduction
potentials low enough to minimize product inhibition
by O,'~ (such as 6-hydroxydopamine, 1,2.4-benze-
netriol or 2-hydroxy-1,4-naphthohydroquinone). 1,2-
Naphthohydroquinone is a weaker reductant than 1,4-
naphthohydroquinone or 2-hydroxy-1,4-naphthohy-
droquinone (E°'(Q/QH,) = +143 mV vs. +36 mV
and — 139 mV)'* and thus is more unfavorable for one-
electron reduction of oxygen, increasing product
inhibition and favoring acceleration by superoxide
dismutase. Similarly, 5-hydroxy-1.4-naphthohydro-
quinone is a weaker reductant than 1.4-naphtho-
hydroquinone (E, » = — 140 mV vs. — 180 mV)'® and
additionally binds metals strongly to favor inner-sphere
electron transfers. 1,4-Benzohydroquinone would not
bind metals as strongly as 1,2,4-benzenetriol, but is a
much weaker reductant (E*'(Q/QH,) = + 280 mV ver-
sus + 106 mV)." and autoxidation was stimulated by
superoxide dismutase.'!

The contrast between 1,2-naphthoquinone and 2-
hydroxy-1,4-naphthoquinone resembles the contrast
between the stimulation by superoxide dismutase of
autoxidation of gallic acid'? and inhibition of autoxi-
dation of pyrogallol.'” These compounds have identical
o-hydroxy substitutes capable of binding metal ions.
However, an electron withdrawing p-carboxyl substi-
tucnt on gallic acid raises the reduction potential com-
pared to pyrogallol, making it a weaker reductant. This
effect slows autoxidation, and increases product
inhibition.

Thus on the one hand, superoxide dismutase can
stimulate 1,2-naphthohydroquinone autoxidation by
decreasing product inhibition (i.e., the 2-hydroxy-1,4-
napthohydroquinone is less atfected by product inhi-
bition because of the additional electron-donating hy-
droxy group). On the other hand, superoxide dismutase
can inhibit autoxidation of 1,4-napthohydroquinone
and 2-hydroxy-1,4-napthohydroquinone by metal che-
lation and chain termination.

REDUCTION POTENTIALS FAVOR OXIDATION
(RATHER THAN REDUCTION) OF SEMIQUINONE
BY SUPEROXIDE

Finally, the proposed novel enzyme activity might
be questioned on thermodynamic grounds. Semiqui-
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none:superoxide oxidoreductase activity may be more
feasible than the proposed superoxide:semiquinone ox-
idoreductase activity. This is because enzymes have
no effect on the overall free energies of the reactions
they catalyze and the most stable products are the qui-
none and H,O,. On the Principle of Microscopic Re-
versibility,' to the extent that superoxide dismutase
accelerates the transfer of an electron from O, "~ to
Q- 7, it will also facilitate transfer of an electron from
Q-7 to O,'~. In a reaction mixture in which both O, ~
and Q- ~ are present, the direction of the reaction, and
thus the product distribution, depend on thermody-
namic considerations. Such considerations more
strongly favor the formation of Q and H,O, than the
reverse reaction. Although reduction of the semiqui-
none by superoxide may be thermodynamically fea-
sible, other things being equal, oxidation of the
semiquinone by superoxide is more favorable.? Unless
the enzyme were to act by a mechanism which favored
one half-reaction over another (e.g., by specifically
providing protons to one product), the thermodynamics
favor formation of quinone and H,O,.

CONCLUSION

The diversity of actions of superoxide dismutase
reflects the diversity of roles played by O, ~. Super-
oxide propagates or terminates free radical chains, ac-
celerates or retards oxidation of hydroquinones or
semiquinones. The availability and coordination state
of metals and the reduction potentials of the quinone
and semiquinone all influence the roles which O,
plays. Such diversity offers a range of explanations for
paradoxical effects of superoxide dismutase which de-
serve exploration. In general, we conclude:

I. To the extent that reduction of oxygen occurs by
sequential inner sphere electron transfers, superoxide
dismutase will be without effect.

2. To the extent that reduction of oxygen by
semiquinone is thermodynamically unfavorable, su-
peroxide dismutase will accelerate hydroquinone
autoxidation.

3. To the extent that reduction of oxygen by
semiquinone is thermodynamically favorable, and

*An example is 1,4-naphthohydroquinone. the weakest reductant
tested inhibitable by superoxide dismutase (therefore most thermo-
dynamically favored for a semiquinone reductase activity), The two-
electron reduction potential at pH 7 is + 36 mV.'"""" The one-electron
reduction potentials for 1.4-naphthoquinone are also known (E’
(Q-7/Q°7)y = +212 mV and E*(Q/Q-") = —140 mV).? Thus.
reduction of the semiquinone by superoxide (E°'(0,/0,-7) = —~ 155
mV at unit concentration) has a deltaE® of + 367 mV. However,
oxidation of the semiquinone by superoxide (E*'(O,--/H.0,) =
+865 mV) has a deltaE® of + 1005 mV.
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- is the major propagating species, superoxide dis-

mutase will inhibit hydroquinone autoxidation.

4. To the extent that comproportionation of hydro-

quinone and quinone is the major propagating pathway,
superoxide dismutase will accelerate autoxidation.
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ABSTRACT

The autoxidations of selected benzenediols, benzenetriols, and naphthalenediols in
phosphate buffer (pH 7.4) differ in their responses to superoxide dismutase. Autoxidation of
the weakest reductants, catechol and 1,4-hydroquinone, accelerated 70% and 3-fold on
addition of 10 U/ml superoxide dismutase. This effect is consistent with rate-limiting
reduction of oxygen by hydroquinone and semiquinone; both reactions being
thermodynamically unfavourable for these benzenediols. Conversely, superoxide dismutase
(5 U/ml) inhibited autoxidation of 1,2,4-benzenetriol, pyrogallol, 2,3,4-trihydroxybenzoic
acid, and gallic acid (70%, 62%, 16%, and 21%). The more favourable reduction of oxygen
by benzenetriol semiquinones presumably provides enough steady state O, to propagate the
autoxidation. When added at later stages of the autoxidation superoxide dismutase no
longer inhibited but accelerated (6%) autoxidation of the weaker benzenetriol reductants
gallic acid and 2,3,4-trthydroxybenzoic acid. Comproportionation of hydroquinone with
accumulated quinone (producing semiquinone) thus apparently becomes the major
propagating reaction in later stages. Superoxide remains the major propagating species for
the stronger benzenetriol reductants. With 1,4-naphthalenediol and 1,2-naphthalenediol,

5 U/ml superoxide dismutase briefly inhibited initial rates of autoxidation 26% and 15%, but
then accelerated autoxidation. Comproportionation apparently quickly predominates as a
propagation pathway in these naphthalenediol autoxidations, consistent with more
favourable quinhydrone formation.

Whether inhibiting or accelerating autoxidation alone, EDTA or desferrioxamine acted
synergistically with superoxide dismutase to strongly inhibit autoxidation of the
benzenetriols. Chelation of trace metals thus forced outer sphere O, -propagated
autoxidation. In benzenediol and naphthalénediol autoxidations, EDTA or desferrioxamine
did not sensitize to inhibition by superoxide dismutase, apart from producing a slight lag in
1,2-naphthalenediol autoxidation, and had little influence on accelerating actions of
superoxide dismutase. Also, EDTA or desferrioxamine alone had little influence on
naphthalenediol autoxidations, together suggesting that comproportionation provides a

relatively metal-independent propagation pathway.
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In general, superoxide dismutase accelerates hydroquinone autoxidations when

thermodynamic limitations to reduction of oxygen outweigh propagating actions of O,”, or
when comproportionation provides a major propagating pathway. Whether superoxide
dismutase inhibits or accelerates, one biologically important effect of superoxide dismutase
is to limit steady state levels of semiquinone. In addition, superoxide dismutase may

facilitate redox pathways in the excretion of cytotoxic quinones.
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INTRODUCTION

We previously advanced a theoretical basis for explaining paradoxical actions of superoxide
dismutase on hydroquinone autoxidations.' We now provide an experimental foundation,
exploring the relative contributions of active species in the reduction of oxygen by
hydroquinones. Our observations extend to selected benzenediols, benzenetriols, and
naphthalenediols differing in reduction potentials and affinity for metals. The data allow us
to discuss structure-activity relationships relevant to mechanisms of hydroquinone

autoxidation, and to possible roles of superoxide dismutase in modulating quinone

cytotoxicity.

Pathways of hydroquinone autoxidation influence the production of cytotoxic
intermediates.
Quinones and polyphenolics are widely prevalent in foods, the environment, and in

pharmacology,”® and have long been a subject of study.” Phenolics sometimes act as

5,10-14 5,10,12,15,16

antioxidants or anticarcinogens, but they are often cytotoxic or mutagenic.

17,1 .
8 while

Catechol for example, contributes to the carcinogenicity of tobacco smoke,
chemotherapy with antitumour quinones is dose-limited by cardiotoxicity."’ Other cytotoxic
quinones arise through endogenous metabolism of xenobiotics. For examples, phenolic
metabolites of benzene (catechol, 1,4-hydroquinone, 1,2,4-benzenetriol) participate in its
myelotoxicity and carcinogenicity,”®** while endogenous catecholamines contribute to

. . . 25
neuromuscular pathologies such as Parkinsonism.

Due to their redox characteristics, cytotoxic quinones exert toxic and mutagenic effects
through cyclic reduction (by enzymic reductases) and reoxidation (by molecular oxygen),
with concomitant generation of active oxygen (O,”, H,0,, “OH).'**¢? Cytotoxicity depends
on a balance between reduction, oxidation, and conjugation. Enzymic reduction proceeds by
the action of one- or two-electron transfer flavoproteins; the two-electron pathway avoiding

29-32

release of semiquinone radical intermediate.” ™~ Conjugation of hydroquinones with

glucuronate or sulphate, and of quinones with glutathione increases hydrophilicity and
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e . 28 H . . . . .
facilitates excretion.” Autoxidation counters reduction and conjugation however, producing

reactive oxygen and electrophilic products. The rate of reaction with oxygen depends on the
properties of the hydroquinone or semiquinone, the participation of metals, and the influence

2333 While many details of hydroquinone autoxidations

of superoxide dismutase activity.
have been uncovered, systematic studies of different hydroquinones are needed to reveal
generalizations for mechanisms of autoxidation. In particular, few studies have examined the

relative roles of catalytic metals and O, in different hydroquinone autoxidations.

The influence of superoxide dismutase activity on hydroquinone autoxidation and
cytotoxicity is enigmatic.

On the one hand, superoxide dismutase slows autoxidation of some quinoid compounds,
including catecholamines™*~*, pyrogallol®’, 1,2,4-benzenetriol™®, 2-hydroxy-
1,4-naphthohydroquinone™, and certain flavonols*’. In these autoxidations, superoxide
dismutase removes O," and prevents it from acting as a chain propagator. Catalytic metals
such as iron and copper, if available, accelerate these autoxidations and diminish inhibition
by superoxide dismutase.***' However, metals are generally bound or sequestered in cells,
so superoxide dismutase should help protect against cytotoxicity of these compounds.

On the other hand, superoxide dismutase accelerates autoxidation of semiquinones™****,
and of some hydroquinones, including 1,4-benzohydroquinone®”,
1,2-naphthohydroquinone*’, and 3-hydroxyanthranilic acid*®. Superoxide dismutase
accelerates these autoxidations by preventing back reactions of O,". In this way, superoxide
dismutase kinetically offsets thermodynamic adversity to the reduction of oxygen. In the

42-44
I

case of semiquinones, enhanced reaction with oxygen may help diminish cytotoxicity. n

other cases, accelerated autoxidation by superoxide dismutase can enhance cytotoxicity.*’

In some cases, such as with 1,4-naphthohydroquinone™ or cytotoxic pyrimidines®',
superoxide dismutase initially suppresses, and later accelerates autoxidation. Superoxide
dismutase inhibits initially by removing O," as a propagator, and then accelerates when

comproportionation of the hydroquinone with accumulated quinone oxidation product

190




serves to propagate the autoxidation. In this situation, glutathione as a reducing agent may

prolong protection by preventing accumulation of oxidized product.”' ™ However, roles of

superoxide dismutase need further characterization.
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MATERIALS AND METHODS

Hydroquinones were obtained from Sigma (catechol, 1,4-benzohydroquinone, resorcinol,
pyrogallol, gallic acid, phlorglucinol, 6-hydroxydopamine), Fluka (2,3,4-trihydroxybenzoate,
1,4-naphthohydroquinone) and Aldrich (1,2,4-benzenetriol, 1,2-naphthohydroquinone).
Potassium phosphate buffer salts, Tris buffer, and albumin (bovine serum) were from Sigma.
Disodium EDTA and FeCl; were from Fisher Scientific (Ottawa). FeSO; was from BDH
Pharmaceuticals (Toronto). Catalase, from Boehringer Mannheim Canada Ltd. (Laval), was
confirmed to be free of any contaminating superoxide dismutase activity. Desferrioxamine
was a gift from CIBA. Superoxide dismutase (bovine erythrocyte) was from Sigma and

from DDI Pharmaceuticals (Mountainview, CA).

All aqueous solutions were made using deionized (Corning demineralizer 3508-A), distilled
water. Buffer solutions were not purified further, so contained usual levels of trace metals

present in buffer salts.

Hydroquinone solutions were prepared fresh before use in argon-saturated water
(benzohydroquinones) or ethanol (naphthohydroquinones) and sealed under a slight positive
pressure of argon. Aliquots were removed through a rubber septum with a Hamilton gas-

tight syringe (initially purged with argon to prevent introduction of air to the hydroquinone

vessel).

Absorption spectra of hydroquinones and partially oxidized samples revealed appropriate
wavelengths for monitoring autoxidation. Autoxidation of catechol, which was previously
undetected””, was observable at 320 nm on a high sensitivity setting. Autoxidations of

resorcinol (1,3-benzenediol) and phlorglucinol (1,3,5-benzenetriol) were not readily

observable at neutral pH.

Experiments were conducted in air-saturated 50 mM phosphate buffer, pH 7.4, 25°C.

Reactions were initiated on addition by gas-tight syringe of a 20-50 ul aliquot from an
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argon-saturated preparation of hydroquinone. Formation of quinone products was

monitored spectrophotometrically. Oxygen consumption was followed polarographically
with a YSI Model 53 oxygen monitor and stirrer bath assembly (Yellow Springs
Instruments, Ohio). An initial concentration of approximately 246 uM oxygen was assumed
for air-saturated 50 mM phosphate buffer at the altitude of our laboratory. Superoxide
dismutase and metal chelators (EDTA or desferrioxamine) were added either initially, or

during the course of a reaction. Albumin was used as a superoxide dismutase-inactive

protein control.

Concentrations of quinone oxidation product were calculated using molar absorptivities
estimated from the difference in absorbance of 100 uM hydroquinone before (in argon-
saturated buffer) and after oxidation to completion. For the benzohydroquinones (except
catechol), the end point oxidation was conducted at pH 9.0 in Tris buffer to accelerate
reaction with oxygen and minimize bleaching reactions observed on accumulation of
quinone products at neutral pH. For the slower autoxidations, CuSOy (10 uM) was added
to further accelerate reaction with oxygen. End point oxidation of catechol was determined

in 0.01 M NaOH. Absorptivities obtained are shown in Table I.
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RESULTS

Kinetics of autoxidation

The rates of oxygen consumption during hydroquinone autoxidation correlated
approximately with the strength of the reductant (Figure 1, Table I). Gallic acid was unlike
the other benzohydroquinones in displaying a slight lag period before the maximal rate of
autoxidation. The naphthohydroquinones also differed in their kinetics of autoxidation, with
1,4-naphthohydroquinone displaying a significant lag period (Figure 2a). Maximal rates of
autoxidation were all first order with respect to hydroquinone concentration, except that

1,4-naphthohydroquinone deviated at concentrations less than 120 uM (Figure 2b).

Addition of catalase, regenerating one-half mole of oxygen per H,O, generated,
approximately halved the maximal rates of oxygen consumption (Table II), revealing H,O;
as a major product of autoxidation. At the completion of oxygen consumption following
autoxidation of 1,2,4-benzenetriol or 6-hydroxydopamine, addition of catalase regenerated
slightly less than half of the oxygen consumed (Figure 3). Also, consumption of oxygen was
slightly (10-15%) less than stoichiometric, revealing some reduction of H,O,. Nevertheless,

H,0,; was clearly the major oxygen reduction product.

Effects of superoxide dismutase and metal chelators

Benzenediols

Superoxide dismutase accelerated autoxidation of the weakest reductants catechol (76%)

and 1,4-hydroquinone (3.7 fold) (Figure 4). Reduction of O, to O, (E”=-0.155 Vat 1 M
0O;) is thermodynamically unfavourable for both the hydroquinone or semiquinone of these
benzenediols (Table I). Superoxide dismutase thus lessens thermodynamic limitations to

reduction of oxygen by removing product, and shifts the equilibria toward reduction of

oxygen.

194




) w = i, i . v e s e

QHZ + 02 = Q'- + 02.-
Q'- +0, & Q + O,

Metal chelators had mild but contrasting effects on benzenediol autoxidations. Both EDTA
and desferrioxamine inhibited autoxidation of 1,4-benzohydroquinone by 25%. Catechol,
unlike 1,4-benzohydroquinone, binds trace metals avidly.”® EDTA had little effect on
autoxidation of catechol, while desferrioxamine stimulated 3-fold. Superoxide dismutase
also accelerated autoxidation in the presence of chelators, except in the desferrioxamine-

stimulated autoxidation of catechol.

Benzenetriols

Superoxide dismutase decreased the initial rate of autoxidation of each of the benzenetriols
(Figures 5 and 6). The degree of inhibition by superoxide dismutase depended on the
strength of the reductant. 5 Units/ml superoxide dismutase inhibited the initial rate of
autoxidation of 1,2,4-benzenetriol 70%, pyrogallol 62%, and 2,3,4-trihydroxybenzoate

16%, and the maximal rate of autoxidation of gallate 21%.

When added at later stages, superoxide dismutase had contrasting effects on autoxidation of
the different benzenetriols (Figures 5 and 6 insets). Superoxide dismutase continued to
inhibit autoxidation of the stronger reductants, 1,2,4-benzenetriol and pyrogallol, but mildly
accelerated the later autoxidation of gallate and 2,3 ,4-trihydroxybenzoate. With the weaker
reductants, the main pathway of autoxidation thus apparently changed from one propagated

by O, to one propagated by O, -independent mechanisms.

The effects of metal chelators on benzenetriol autoxidations differed notably (Figures 5 and
6). EDTA or desferrioxamine both inhibited autoxidations of pyrogallol (27% and 30%) and
2,3 4-trihydroxybenzoate (32% and 41%). Chelation of trace metals thus slowed these
autoxidations. With 1,2,4-benzenetriol, EDTA and desferrioxamine accelerated autoxidation

(4.5 fold and 1.9 fold). Desferrioxamine differed from EDTA in producing a slight lag
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before accelerating autoxidation. With gallic acid, EDTA had relatively little effect,
producing a slight (but consistent) inhibition (8%). In contrast, desferrioxamine accelerated

gallic acid autoxidation 45%.

Accelerating effects of desferrioxamine on gallate and 1,2,4-benzenetriol were also evident
with FeCl; added as catalyst (Figure 7). With gallate, addition of FeCl; removed much of
the lag period in the presence (or absence) of desferrioxamine. With 1,2,4-benzenetriol, the

lag period in the presence of desferrioxamine was still evident with added FeCls.

Regardless of whether EDTA or desferrioxamine accelerated or inhibited autoxidation, they
enhanced inhibition by superoxide dismutase in autoxidation of each of the benzenetriols
(Figures 5 and 6). Chelation of trace metals thus forces outer sphere O, -propagated

pathways to predominate these autoxidations.

When 1,2,4-benzenetriol was allowed to autoxidize to completion, absorbance at 490 nm
due to accumulation of quinone products reached a plateau and then began to decline
(Figure 8). Concomitantly, new peaks appeared at 266 nm and 350 nm. As with the initial
autoxidation, desferrioxamine accelerated the loss of absorbance at 490 nm. Catalase did not
prevent the bleaching, discounting H,O, as the responsible species. Addition of superoxide
dismutase however, mildly accelerated the loss of absorbance. This accelerated bleaching
was also unaffected by catalase, so was not due to increased production of H,O,. The
accelerating effect of superoxide dismutase thus suggests involvement of residual oxygen.
This bleaching response needs further characterization, but might represent oxidative

polymerization’ 7 of 2-hydroxy-p-quinone product.

Naphthalenediols
Superoxide dismutase briefly slowed, and then accelerated autoxidation of both
1,4-naphthohydroquinone and 1,2-naphthohydroquinone (Figure 9). As observed previously

for 1,4—naphthohydroquinone,so acceleration by superoxide dismutase was enhanced by the
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presence of oxidized hydroquinone (Figure 10). The increased concentration of quinone
accelerated autoxidation, and eliminated any latent period or initial inhibition by superoxide
dismutase. Thus, comproportionation of hydroquinone with accumulated quinone becomes
increasingly available as a propagation pathway as the autoxidations progress. In contrast to
the benzohydroquinones, EDTA had no effect on autoxidation of the
naphthohydroquinones, or on the influences of superoxide dismutase (not shown).
Desferrioxamine also had no effects on 1,4-naphthohydroquinone autoxidation, but inhibited
1,2-naphthohydroquinone autoxidation mildly (28%) and enhanced the initial inhibition by
superoxide dismutase from 19% to 57% (Figure 11). Desferrioxamine did not prevent the
accelerating action of superoxide dismutase on 1,2-naphthohydroquinone autoxidation, but

decreased the maximal rate 39% (Figure 11, Table II).
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DISCUSSION

Effects of superoxide dismutase on benzohydroquinone autoxidations depend largely on

thermodynamic properties

The influence of superoxide dismutase on autoxidation of the benzohydroquinones
depended on the thermodynamic properties of the quinone. Superoxide dismutase
accelerated autoxidation of the weak reductants; catechol and 1,4-benzohydroquinone. With
these benzenediols, reduction of oxygen to O," is unfavourable for both hydroquinone
(+15.8 and +14.2 kcal mole™) and semiquinone (+8.4 and +5.4 kcal mole™) (Table I). By
removing product (O,"), superoxide dismutase shifts the equilibria for reduction of oxygen,
avoiding the thermodynamic limitations to reduction of oxygen and accelerating
autoxidation.

QH,+ 0, & Q™+ 0, +2H"

Q +0,Q+0,

In contrast, with the stronger reductants, 1,2,4-benzenetriol and pyrogallol, superoxide
dismutase inhibited autoxidation. With these benzenetriols, reduction of oxygen by
semiquinone is more favourable. After initial (metal catalyzed) formation of semiquinone,
reduction of oxygen provides sufficient steady state O, to propagate the autoxidation. The
presence of superoxide dismutase accelerates semiquinone autoxidation, but prevents O,
from oxidizing hydroquinone to propagate the chain.

Q +0,Q+0,7

QH; + O, = Q" + H.0;

Superoxide dismutase first inhibited and later accelerated autoxidation of the moderately
strong reductants 2,3,4-trihydroxybenzoic acid and gallic acid. An electron withdrawing
carboxyl group on these benzenetriols increases the reduction potentials compared to
pyrogallol. Superoxide thus propagates the autoxidation initially, until O, -independent

propagation mechanisms become available at later stages. Accumulated H,O, does not
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contribute significantly to propagation as catalase failed to inhibit autoxidation (not shown)
or eliminate the later acceleration by superoxide dismutase (Figure 5 inset).
Comproportionation of hydroquinone with accumulated quinone, preducing semiquinone,
thus becomes increasingly available as a propagation mechanism. Superoxide dismutase then

accelerates net autoxidation by accelerating thermodynamically unfavourable autoxidation of

semiquinone.
QH; +Q & 2Q"
Q._ + Oz = Q + 02'-

Effects of superoxide dismutase on naphthohydroquinone autoxidations do not follow

the thermodynamic dependence observed for benzohydroquinones

As reductants, the naphthalenediols are equal to or stronger than 1,2,4-benzenetriol or
pyrogallol (Table I), and autoxidize more rapidly (Figure 1). In contrast to its effects on
autoxidations of 1,2,4-benzenetriol or pyrogallol however, superoxide dismutase induces a
brief latent period but then accelerates autoxidation of these naphthohydroquinones. Thus
O, propagates initially, but comproportionation quickly takes over. Stronger van der Waals
interactions between naphthalene derivatives (compared with benzene derivatives) favour
dimer ("quinhydrone") formation and presumably increase the rate of comproportionation as
a propagating pathway. The large planar 7 electron orbitals facilitate formation of a charge
transfer complex® and thus accelerate semiquinone formation. On this basis, superoxide
dismutase accelerates net hydroquinone autoxidation by accelerating autoxidation of
naphthosemiquinone” 843 formed through comproportionation.

QH: + Q < [HQ:QH]

[HQ:QH] < 2Q" +2H"

Q +0,2Q+07
Quinhydrones equilibrate with free semiquinone’ leaving open the question whether

quinhydrone, semiquinone, or both act as reductant of oxygen.
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Other naphthohydroquinone autoxidations reportedly accelerated by superoxide dismutase
include those of 5-hydroxy derivatives and glutathione conjugates of 1,2- or
l,4—naphthohydroquinones.3 845 Superoxide dismutase inhibits initial autoxidation of 2-
hydroxy—l,4-naphthohydr0quinone,‘w'45 but because of the coupled enzymic reduction
system that was used it is unknown whether superoxide dismutase might accelerate the

subsequent autoxidation when quinone can accumulate.

Effects of metal coordination on kinetics of autoxidation

The hydroquinones studied differ in their affinity for trace metals, and thus in their capacity
to reduce oxygen within a ternary reductant:metal:oxygen complex. Catechol, having vicinal
hydroxyl groups, binds Fe™ and Cu®* avidly (Table III). The stabilities of dimeric or trimeric
complexes of catechol with Fe™ or Cu** exceed the stability of coordination complexes of
EDTA or desferrioxamine. Other hydroquinones with vicinal hydroxyl groups presumably
also coordinate metals with affinities dependent on their pKa's, and compete with EDTA
and desferrioxamine for trace metals. Conversely, 1,4-benzohydroquinone and

1,4-naphthohydroquinone have little ability to coordinate trace metals.

The effects of EDTA or desferrioxamine on autoxidation of the different hydroquinones did
not reveal anticipated systematic patterns, but instead produced intriguing anomalies.
Inhibition of autoxidations of 1,4-benzohydroquinone, 2,3,4-trihydroxybenzoate, and
pyrogallol by EDTA and desferrioxamine likely reflects impaired reduction of trace metals.
With the stronger reductant 1,2,4-benzenetriol, the accelerated autoxidation induced by
EDTA or desferrioxamine may reflect acceleration of otherwise rate-limiting reoxidation of
catalytic metals. However, desferrioxamine (but not EDTA) accelerates autoxidation of the
weak reductants catechol and gallic acid. Explanations are not readily apparent. Moreover,
EDTA and desferrioxamine inhibit autoxidation of 1,4-benzohydroquinone and
2,3,4-trihydroxybenzoate but not of catechol or gallate. Catechol may be able to compete

better for metals with EDTA and desferrioxamine than 1,4-benzohydroquinone. The

200




differences between responses of 2,3,4-trihydroxybenzoate and gallate may in some way be

related to a salicylate-like group on 2,3,4-trihydroxybenzoate, which binds metals with

affinities close to those of catecholate groups.”

The effects of EDTA and desferrioxamine on the naphthalenediol autoxidations were
somewhat more explicable. The mild (28%) inhibition of 1,2-naphthohydroquinone, but not
1,4-naphthohydroquinone autoxidation by desferrioxamine is consistent with a greater
affinity of 1,2-naphthohydroquinone for catalytic metals. This difference in affinity for
metals may also explain the differences in kinetics of autoxidation (Figures 9 and 11) and the
more rapid autoxidation and oxygen consumption of the weaker reductant
1,2-naphthohydroquinone (Table I, Table II). More efficient catalysis by trace metals in
1,2-naphthohydroquinone autoxidation avoids any lag for accumulation of propagating
intermediates. Thus, at 40 uM, where low availability of quinone limits comproportionation,
autoxidation and oxygen consumption were faster for 1,2-naphthohydroquinone than for
1,4-naphthohydroquinone. At higher initial concentrations (250 uM), more quinone was
generated to propagate autoxidation, and the rates of oxygen consumption correlated with

reduction potentials.

Influence of metal chelators on effects of superoxide dismutase

The influence of EDTA and desferrioxamine on the effects of superoxide dismutase
provided useful mechanistic information. In previous studies on autoxidations of
6-hydroxydopamine®', epinephrine™, or sulphite®, EDTA or desferrioxamine sensitized the
autoxidation to inhibition by superoxide dismutase. By preventing inner sphere (two-
electron) transfers to oxygen, these chelators apparently force outer sphere O, -propagated
autoxidation. In the current studies, EDTA or desferrioxamine sensitized the autoxidations
of the benzenetriols (1,2,4-benzenetriol, pyrogallol, 2,3,4-trihydroxybenzoate, and to a
lesser extent gallic acid) to inhibition by superoxide dismutase. This synergistic inhibition

occurred whether the metal chelator alone inhibited (2,3,4-trihydroxybenzoate, pyrogallol)
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or accelerated (1,2,4-benzenetriol) autoxidation, showing the variable effectiveness of O,
-propagation. The enhanced inhibition was most dramatic with the strongest benzenetriol
reductant (1,2,4-benzenetriol), and decreasingly evident with weaker reductants. With a
strong reductant such as 1,2,4-benzenetriol, slowed reduction of trace metals in the
presence of EDTA or desferrioxamine apparently does not limit autoxidation. Accelerated
autoxidation of reduced metals in the presence of EDTA and desferrioxamine®'
accelerates O, release, propagating 1,2,4-benzenetriol autoxidation, and sensitizing it to
inhibition by superoxide dismutase. With weaker reductants such as pyrogallol or 2,3 ,4-

trihydroxybenzoate, the presence of EDTA or desferrioxamine also increases propagation

by O,", but to a lesser extent.

Removal of one pathway for propagating an autoxidation increases the contribution of
alternate pathways, as observed in autoxidation of 6-hydroxydopamine.®* Thus, chelation of
trace metals, preventing inner sphere electron transfers, augments propagation by O,”. In
the presence of a chelator plus superoxide dismutase, remaining autoxidation proceeds
largely by metal-independent, O," -independent pathways. H,O, or comproportionation

remain as possible propagators.

In those autoxidations accelerated by superoxide dismutase (catechol, 1,4-
benzohydroquinone, 1,2-naphthohydroquinone, 1,4-naphthohydroquinone), metal chelators
did not induce inhibition by superoxide dismutase (apart from producing a lag in
1,2-naphthohydroquinone autoxidation), and had little or no effect on the acceleration by
superoxide dismutase. The lag in autoxidation of 1,2-naphthohydroquinone produced by
desferrioxamine plus superoxide dismutase was soon overcome as quinone accumulated.
These results suggest that comproportionation, and perhaps autoxidation of semiquinone,

are largely metal-independent (or at least that comproportionation is metal-independent and

rate limiting).

The different benzohydroquinones display similar rates of autoxidation in the presence of

superoxide dismutase plus a chelator (Table II), suggesting similar rates of
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comproportionation. Autoxidation of the naphthalenediols in the presence of superoxide
dismutase plus a chelator is two orders of magnitude faster, presumably reflecting more

facile quinhydrone formation.

Latent periods reflect time for accumulation of propagating species

In some cases the latent period reflected time for accumulation of sufficient quinone product
for comproportionation to serve as a propagating pathway. For example, a latent period in
the autoxidation of a first aliquot of 1,4-naphthohydroquinone was absent on addition of a
second aliquot to the cuvette, where accumulated quinone product was available. H,O, was
not the accumulated propagator, as catalase had no effect on rates of autoxidation, and as

superoxide dismutase accelerated autoxidation in the presence of already accumulated H,O,.

The lack of a latent period in autoxidation of I,2-naphthohydroquinone presumably reflects
coordination of trace metals by the hydroquinone, allowing formation of a ternary
reductant:metal:oxygen complex. The inhibition by desferrioxamine, and more pronounced
latent period in the presence of superoxide dismutase plus desferrioxamine is consistent with
this suggestion. That superoxide dismutase, or superoxide dismutase plus desferrioxamine
induced a latent period in autoxidations of 1,4- and 1,2-naphthohydroquinone, suggests that
O, serves as an initial propagator until sufficient quinone accumulates for

comproportionation to overtake the contribution of O,".

In previous studies where superoxide dismutase plus a chelator induce a latent period before
accelerating to maximal rates of autoxidation, such as with dialuric acid and other
pyrimidines’' or with 6-hydroxydopamine*’, addition of oxidation product eliminates the
latent period. In the autoxidation of pyrimidines, decreasing the initial concentration of
pyrimidine increased the lag period, as more time was required for accumulation of

oxidation products. In the present studies, the deviation of 1,4-naphthohydroquinone
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autoxidation from first order kinetics at low concentrations may reflect limiting quinone

accumulation for maximal comproportionation.

Some latent periods are removed by addition of metal, or induced by addition of a chelator.
For example, addition of Fe™* removed the latent period in the slow autoxidation of gallic
acid. Superoxide dismutase still produced mild inhibition in the presence of Fe** (not
shown), so greater steady state levels of O,” (and Q") rather than accumulation of quinone
were likely responsible for the absence of a latent period. Desferrioxamine accelerated
catalysis by Fe™, and superoxide dismutase again produced mild inhibition. At later stages
of autoxidation, comproportionation gained in importance, as superoxide dismutase mildly
accelerated autoxidation. Together, these results suggest a balance between O, and
comproportionation as propagators in the autoxidation of gallic acid, with inner-sphere two-

electron transfer to oxygen contributing relatively little.

Desferrioxamine produced a brief latent period before accelerating autoxidation of
1,2,4-benzenetriol. Further addition of superoxide dismutase produced strong inhibition, so

the latent period was for maximal steady state generation of superoxide.
When does superoxide dismutase inhibit or accelerate autoxidations?

These and previous studies provide a foundation for revealing when superoxide dismutase
inhibits or accelerates autoxidations. We previously offered a theoretical framework to
explain contrasting effects of superoxide dismutase in hydroquinone autoxidations.' The

current results give experimental support to each of the proposals.

1. Theorem: "To the extent that reduction of oxygen occurs by sequential inner sphere
electron transfers, superoxide dismutase will be without effect.” Experimental support:
Autoxidations involving sequential inner sphere electron transfers are most evident with the

3541

benzenetriols (herein) and catecholamines™ "', where metal chelators sensitize the
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autoxidation to inhibition by superoxide dismutase.” In general, compounds where metal
chelators sensitize autoxidation to inhibition by superoxide dismutase are hydrophilic, and

contain vicinal hydroxyl or other groups capable of coordinating trace metals. Examples

1.20,37 35,41

, catecholamines™*', and hydroxylated pyrimidines®**®. An

include benzenetriols
extreme example is the autoxidation of ascorbic acid, which is highly dependent on trace

metals®’®®, and sensitive to inhibition by superoxide dismutase activity only in the presence
y only P

of added Fe:EDTA®’.

2. Theorem: "To the extent that reduction of oxygen by semiquinone is thermodynamically
unfavourable, superoxide dismutase will accelerate hydroquinone autoxidation.”
Experimental support: Autoxidations of 1,4-benzohydroquinone and catechol provide
examples where autoxidation of the semiquinone, as well as of the hydroquinone, is strongly
unfavourable. Net autoxidation is thus driven by O,/H,0;, (E*=+0.281 V). The equilibria for
reduction of oxygen by hydroquinone and semiquinone both lie far to the left, and will be
displaced forward by superoxide dismutase. Superoxide dismutase thus accelerates
autoxidation of any semiquinone which forms either through oxidation of hydroquinone by
trace metals or through comproportionation. In these cases, sequential inner sphere electron
transfers to oxygen do not seem to be a major pathway for oxidation, since superoxide
dismutase accelerated autoxidation and since metal chelators had only mild effects.
Comproportionation of hydroquinone with accumulating quinone is thus likely the main
propagating pathway. Another example where single electron transfers to oxygen are both
strongly unfavourable may be autoxidation of the amino phenol, 3-hydroxyanthranilic acid,

4648 Other examples of weak

which is very slow, and is accelerated by superoxide dismutase.
reductants whose autoxidations accelerate with superoxide dismutase include glutathione

conjugates of 2-methyl- and 2,5-dimethyl-1,4-benzohydroquinone.”

>kCaution is needed interpreting the effects of superoxide dismutase on such autoxidations, since at greater
than catalytic concentrations, coordination of trace metals by superoxide dismutase apoprotein can sensitize
the autoxidation to inhibition by superoxide dismutase activity.41 Conversely, studies done only in the
presence of a metal chelator may preclude an inner sphere pathway.
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3. Theorem: "To the extent that reduction of oxygen by semiquinone is thermodynamically
favourable, and O;" is the major propagating species, superoxide dismutase will inhibit
hydroquinone autoxidation.” Experimental support: Autoxidations of 1,2,4-benzenetriol
and 6-hydroxydopamine represent examples where reduction of oxygen by semiquinone is
relatively favourable. Reduction of oxygen by semiquinone thus provides steady-state O, to
help propagate the autoxidation. While superoxide dismutase accelerates autoxidation of
semiquinone, removal of O," slows rate limiting oxidation of hydroquinone to semiquinone.
In these cases, propagation by O, only becomes fully prevalent when sequential inner

sphere electron transfers are prevented by metal chelators.

4. Theorem: "To the extent that comproportionation of hydroquinone and quinone is the
major propagating pathway, superoxide dismutase will accelerate autoxidation.”
Experimental support: Autoxidations of 1,2- and 1,4-naphthohydroquinone serve as
examples where comproportionation is the major propagating pathway. While the relatively
favourable reduction of oxygen by semiquinone provides O, to propagate the autoxidation
initially, comproportionation of hydroquinone with accumulating quinone quickly
predominates. Superoxide dismutase may thus inhibit briefly, but then accelerates
autoxidation when autoxidation of semiquinone becomes rate limiting. With reductants such
as gallic acid or 2,3,4-trihydroxybenzoate, comproportionation is slower, and other
autoxidation pathways dominate until sufficient quinone accumulates to provide competitive

steady state levels of semiquinone.

Whether superoxide dismutase inhibits, accelerates, or has no effect on autoxidation
depends on an interplay between available propagating pathways. This interplay obviously
depends on the physico-chemical characteristics of the quinone, and the composition of the
reaction medium (eg. presence of metals, ionic strength). At any one time, more than one
reaction pathway may be operating. Also, a pathway may become more or less pronounced

as a reaction proceeds or as conditions change.
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One action of superoxide dismutase in vivo may be to limit steady state levels of

semiquinone

Observations that superoxide dismutase accelerates autoxidation of semiquinones™ and
suppresses reactions of semiquinones with biological constituents such as hemoproteins****
led to the important suggestion that one protective action of superoxide dismutase may be
to help remove semiquinones.**** In addition, by preventing O,” from propagating
autoxidation of hydroquinones, superoxide dismutase can inhibit formation of semiquinones.
Together these actions of superoxide dismutase may help suppress biologically damaging

. . . . .. 7173 . . .
reactions of semiquinones such as release of iron from ferritin or site specific reduction

of H,0, to *"OH™"®.

In biological systems, sequestration and coordination of metals minimize metal-catalyzed
inner-sphere autoxidation and thus force O, -propagated or comproportionation-propagated
autoxidation pathways. In cases where O, acts as propagator of hydroquinone
autoxidation, superoxide dismutase acts in concert with glutathione®*** and DT-diaphorase’’
to keep the quinone in a fully reduced state, and facilitate excretion. In cases where
comproportionation is the major propagating pathway, superoxide dismutase acts counter to
DT-diaphorase and glutathione, accelerating autoxidation. With weak reductants such as
1,4-benzohydroquinone, autoxidation is slow, so even with superoxide dismutase present,
reductases likely maintain the quinone in a sufficiently reduced steady state to allow
sulphation or glucuronidation.”® With stronger reductants such as 1,2-naphthohydroquinone,
superoxide dismutase may increase redox cycling more dangerously. However, since less
hydrophilic quinones such as 1,2- and 1,4-naphthohydroquinone are apparently more
susceptible to comproportionation, increased quinone formation by superoxide dismutase
may facilitate nucleophilic addition of glutathione and help trap the quinone in the aqueous

70,79-81 .
, but it

phase. Conjugation with glutathione reportedly does not decrease redox cycling
facilitates excretion. Superoxide dismutase may thus help poise quinone reduction/oxidation

for efficient excretion, while minimizing levels of semiquinone (and O,").
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CONCLUSIONS

Hydroquinone autoxidation may proceed by one or more pathways depending on the
properties of the hydroquinone and the reaction conditions. The predominant pathway may
change as a reaction proceeds or as conditions change, and removal of one pathway may
increase the contribution of competing pathways. Once initiated, presumably through
oxidation of hydroquinone by trace metal, metal:oxygen complex, or very slowly by oxygen
alone, the autoxidation can be maintained by any of several chain propagators. In
autoxidation of hydroquinones in air-saturated aqueous solution, the major propagators
include superoxide, and comproportionation of hydroquinone with quinone. In addition, if
trace metals can be coordinated by hydroquinone, autoxidation may proceed by sequential
inner-sphere electron transfers to oxygen. H,O, is the major reduction product under the
conditions studied, and peroxidatic oxidation does not contribute significantly to the
oxidation rate. Only at low oxygen, or in the presence of superoxide dismutase plus a metal
chelator, might H,O, contribute significantly. The extent to which any pathway
predominates depends on the properties of the hydroquinone, and the presence of

chain-breaking and/or metal-binding antioxidants.

The influence of superoxide dismutase on hydroquinone autoxidation depends on the
quinone reduction potentials, coordination of metals, and the contribution of
comproportionation. Superoxide dismutase accelerates autoxidation of weak benzenediol
reductants by helping overcome thermodynamic limitations to reduction of oxygen by both
hydroquinone and semiquinone. Superoxide dismutase inhibits autoxidation of stronger
benzenetriol reductants (pyrogallol, 1,2,4-benzenetriol) where more favourable reduction of
oxygen by semiquinone provides O," to propagate the autoxidation. With moderately strong
benzenetriol reductants (gallic acid, 2,3,4-trihydroxybenzoic acid), superoxide dismutase
inhibits initially, but accelerates when accumulation of oxidized quinone becomes available
to propagate the autoxidation. The hydrophilic, strongly metal binding character of
benzenetriols allows sequential inner sphere reductions of oxygen, and metal chelators

sensitize these autoxidations to inhibition by superoxide dismutase. With naphthalenediols,
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greater ease of quinhydrone formation favours comproportionation, accelerating
autoxidation and inducing an accelerating action of superoxide dismutase. While these
studies yielded some useful insights into mechanisms of hydroquinone autoxidations, they

need to be extended to other quinones to reveal further generalities.
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Table L. Structures and physical data for the hydroquinones studied. Wavelengths at which
autoxidations were monitored (A), and molar absorptivities (€) are shown. Midpoint reduction
potentials (En7) for one- and two-electron couples are from references 54 and 55.

A € En
(mm) | M'em™) (mV)
Q/QH; Q/Q" Q7/QH;
catechol oH 320 7680 370 210 530
y OH
AN
1,4- oH 248 15,410 280 99 459
benzohydroquinone ©
OH
gallic acid GooH 450 3100 - - N
OH
2,3,4- oon 405 2760 - - ;
trihydroxybenzoate OH
OH
OH
pyrogallol oH 420 3610 - - .
OH
g
1,2,4-benzenetriol H 490 2494 106 - -
N OH
AN
OH
1,2- o 259 21,294 156 -89 401
naphthohydroquinone ou
1,4- ™ 256 22,411 36 -140 212
naphthohydroquinone
266 12,646
OH
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Table III. Stability constants (log Ka) reflecting affinity of the
ligand (L) for metal (M) (data from reference 56).

EDTA DEF catechol
Fe** (ML/M,L) 14.3 7.2 7.9
(ML,/M,L?) 13.5
Fe™* (ML/M,L) 25.3 30.6 20.0
(ML,/M,L? 34.7
(ML+/M,L") 43.8
Cu** (ML/M,L) 18.7 14.2 13.6
(ML,/M,L?) 24.9
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LEGENDS TO FIGURES

Fig. 1. Relative rates of oxygen consumption in hydroquinone autoxidations. Samples were
injected by gas-tight syringe into 3 ml air-saturated 50 mM phosphate buffer (pH 7.4, 25°C)

and oxygen tension monitored polarographically. Initial concentrations of hydroquinone were

250 uM except for catechol (666 uUM).

Fig. 2. a) Kinetics of 1,2- and 1,4-naphthohydroquinone autoxidation. Oxygen consumption
was followed polarographically on addition of naphthohydroquinone (125 uM) to air-saturated
50 mM phosphate buffer, pH 7.4, 25°C.

b) Rates of naphthalenediol autoxidation as a function of initial hydroquinone concentration.
Rates of oxygen consumption were determined at different initial hydroquinone concentrations.
Conditions were as in figure 2a. Rates represent initial rate for 1,2-naphthohydroquinone and

maximal rate after the lag for 1,4-naphthohydroquinone.

Fig. 3. Effects of catalase on consumption of oxygen by autoxidizing 1,2,4-benzenetriol and
6-hydroxydopamine. Oxygen consumption was monitored polarographically on addition of
100 uM hydroquinone. Reaction conditions were as in previous figures. Catalase (20 U/ml)

was present either before addition of hydroquinone, or added on cessation of oxygen

consumption.

Fig. 4. Autoxidation of benzenediols. Autoxidations of catechol (500 uM) or
1,4-benzohydroquinone (250 uM) in air-saturated phosphate buffer (pH 7.4, 25°C) were
followed spectrophotometrically. Desferrioxamine (500 uM), EDTA (500 uM), albumin

(5.6 mg/ml), or superoxide dismutase (10 U/ml) were added as the reaction progressed.

Fig. 5. Autoxidation of trihydroxybenzoates. Reaction conditions were as in figure 4.
Autoxidations of hydroquinones (250 uM) in air-saturated buffer were followed
spectrophotometrically. Desferrioxamine (500 uM), EDTA (500 uM), and superoxide

dismutase (5 U/ml) were present either before addition of hydroquinone, or added as the
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reaction progressed. Insets show autoxidations over a longer time course with additions of

superoxide dismutase (5 U/ml) at later times.

Fig. 6. Autoxidation of benzenetriols. Reaction conditions were as in figure 4. Autoxidations of
hydroquinones (250 uM) in air-saturated buffer were followed spectrophotometrically.
Desferrioxamine and EDTA were at 500 uM. Superoxide dismutase was at 5U/ml for
pyrogallol and 2 U/ml for 1,2,4-benzenetriol. Insets show autoxidations over a longer time

course with additions of superoxide dismutase (5 U/ml) at later times.

Fig. 7. Accelerating influence of desferrioxamine on iron-stimulated autoxidations of gallic
acid and 1,2,4-benzenetriol. Autoxidations were initiated as in previous figures and followed

spectrophotometrically. FeCl; was present at 10 uM; desferrioxamine at 500 pM.

Fig. 8. 1,2,4-Benzenetriol autoxidation: loss of 490 nm absorbance of quinone oxidation
product. Autoxidation of 1,2,4-benzenetriol was followed spectrophotometrically over an
extended time in the presence or absence of desferrioxamine (500 uM). Catalase (20 U/ml)

and superoxide dismutase (10 U/ml) were added as the absorbance declined.

Fig. 9. Naphthalenediol autoxidations. Autoxidations were initiated by addition of
naphthohydroquinone (20 uM) to air-saturated 50 mM phosphate buffer (pH 7.4, 25°C), and
formation of quinone product was followed spectrophotometrically. Where indicated,

superoxide dismutase was at 5 U/ml.

Fig. 10. Autoxidation of a second aliquot of 1,4-naphthohydroquinone. A second aliquot of
1,4-naphthohydroquinone (40 uM) was added to the cuvette after autoxidation of a first
aliquot (40 pM) had reached completion. Autoxidation was followed in the presence and

absence of superoxide dismutase (5 U/ml).

Fig. 11. Effects of desferrioxamine plus superoxide dismutase on naphthalenediol

autoxidations. Initial naphthohydroquinone concentrations were 40 uM. Autoxidations were
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monitored at wavelengths different from those in figure 9 to minimize contribution of
hydroquinone to the initial absorbance. EDTA (100 uM) had no influence on these
autoxidations or on the effects of superoxide dismutase (not shown). Desferrioxamine
(100 uM) however acted synergistically with superoxide dismutase to inhibit

1,2-naphthohydroquinone autoxidation but not 1,4-naphthohydroquinone autoxidation.
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Figure 3

Oxygen Consumption by 1,2,4-Benzenetriol and
6-Hydroxydopamine: Effects of Catalase
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Figure 4
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Figure 5
Gallate
0.025 T
-—e— control
—o— +S0D
0.02 | —eo— EDTA
E —— +SOD /
c —a— DEF
o
w 0.015 + —a— +S0D
< J
< _
8 0.16 catalase
SOD T <
£ 012 —
8 0.0 2
o =(0.08
ﬂ <
0.04
<
0 } } i |
0.005 0 60 120 180 240
Minutes
0 ; , T % % ? * ’ 5
0 5 10 15 20 25 30 35 40 45
Minutes
2,3,4-Trihydroxybenzoate 0.08 sop_ /
n 004 ’
0.025 =
< 002
0+ + t {
0.02 + 0 20 40 60
E Minutes
c
3
= 0.015 +
~ A_/—'A'/’A—”_A
o
":’ W —e— control
g oor- o 50D
8 —eo— EDTA
o
< —o— +S0D
0.005 + —a— DEF
—a— +S0D

N |
t T

10 15

Minutes

20

228




Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Chapter 11.
General Conclusions and Perspectives

This thesis explored the mechanisms of oxygen reduction by hydroquinones from three main
perspectives: a) the influence of mitochondrial respiratory impairments on the autoxidation
of reduced quinone intermediates, b) the participation of metals, ligands, and active oxygen
intermediates in the autoxidations of 6-hydroxydopamine and ascorbate, and c) the
influences of thermodynamic, kinetic, and steric factors on the mechanisms of reaction of
different hydroquinones with oxygen. These studies revealed some of the complexities and
diversity of mechanisms of reaction with oxygen, revealed interactions between different

antioxidants, and produced some potentially useful generalizations.

From the studies on submitochondrial particles, we conclude that hypoxia itself does not
increase the autoxidative redox cycling of mitochondrial quinones, at least under the
conditions studied. Conditions which loosen cytochrome ¢ however, such as occur in
hypoxia/reperfusion, can decrease functional respiration without decreasing autoxidative
redox cycling of respiratory intermediates. On a theoretical basis, we surmise that certain
mutations to mitochondrial electron transfer components which impair functional respiration
may increase the steady-state level of autoxidizable intermediates, and/or destabilize reduced

intermediates toward oxygen, and escalate oxidative stress to the cell.

In the autoxidation of 6-hydroxydopamine, we conclude that observations of strong
inhibition by superoxide dismutase alone are complicated by metal-binding by the
apoprotein, and that superoxide dismutase and certain metal chelators inhibit autoxidation
synergistically. In the absence of metal chelators, reduction of oxygen occurs largely by
sequential transfer of electrons within a ternary 6-OHDA:metal:oxygen complex. Ligands
which prevent formation of a ternary complex force an outer-sphere O, "-propagated
pathway for reduction of oxygen, and render oxidation inhibitable by superoxide dismutase.
With different metal-ligand complexes, steric factors contribute to the effectiveness and
mechanism of catalysis, but an optimal reduction potential for reduction and reoxidation is a

primary determinant for redox cycling catalysis. We also conclude that cooperation between
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metal-binding antioxidants, such as urate, and chain-breaking antioxidants such as ascorbate
and superoxide dismutase, provides synergistic antioxidant activity to inhibit metal-catalysed

oxidations. Natural selection may have optimized such synergisms to help protect against

pro-oxidant cytotoxins.

From the autoxidations of selected benzenediols, benzenetriols, and naphthalenediols we
conclude that the reduction of oxygen proceeds by an interplay of three main pathways:
a) metal-catalysed inner sphere transfer of electrons, b) outer sphere, O, -propagated
oxidation, and c¢) comproportionation-propagated oxidation. The extent to which any
pathway predominates depends on the properties of the hydroquinone (eg. reduction
potentials, metal affinity, aromaticity) and the reaction conditions (eg. presence of metal
ions, pH, presence of metal-binding or chain-breaking antioxidants). As a result, the
influence of superoxide dismutase on hydroquinone autoxidation depends on the quinone

reduction potentials, the affinity for and availability of metals, and the contribution of

comproportionation.

Questions Arising

Predictably, the universe responded to our perturbations in ways that were not always easy

to explain. The studies presented in this thesis answered several questions, but raised others

which will require further experimentation to resolve.

A notable curiosity is the accelerating action of desferrioxamine on autoxidations of
1,2,4-benzenetriol, catechol, and gallate, compared to an inhibitory action on autoxidations
of 6-hydroxydopamine, 2,3,4-trihydroxybenzoate, and pyrogallol. 1,2,4-Benzenetriol, for
example, has a similar structure to 6-hydroxydopamine, and being a weaker reductant,
would expectedly be less able to reduce ferrioxamine. Possible factors contributing to this
anomaly include differences in pKa and/or affinity of the hydroquinone for metals,
differences in metal-ion contamination of the reagent, or differential participation of

desferrioxamine (or a nitroxide radical thereof) in the reaction.
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Another question of interest is the difference observed between superoxide dismutase and
heat-denatured superoxide dismutase in their maximal inhibition of ascorbate autoxidation.
One might expect the inhibition to plateau at the same level, once all catalytic metals are
bound to protein. A possible explanation is that denaturation exposes a higher affinity site
which inhibits a metal from participating as a redox catalyst more strongly than those sites

available on the native enzyme. Further experiments are needed to test this and other

possible explanations.

A paradox of potential importance raised in these studies is that, despite being a stronger
reductant, ascorbate reduces oxygen much more slowly than does 6-hydroxydopamine or
1,2,4-benzenetriol (see Table). One possible explanation is the much lower affinity of

ascorbate for metals. Whatever the reason, this difference presumably has important

physiological implications.

E.»Q/QH; Oxygen Consumption

(mV) (uM/min)
ascorbate +54 3.5
6-hydroxydopamine +92 99.4
1,2.,4-benzenetriol +106 40.9

Table: Reduction potentials and rates of oxygen reduction for ascorbate,
6-hydroxydopamine, and 1,2,4-benzenetriol. Rates of oxygen consumption were
measured polarographically in air-saturated phosphate buffer, pH 7.4, 25°C, on
addition of 0.25 mM reductant. Reduction potentials are midpoint potentials at pH
7.0 versus the normal hydrogen electrode as reported in the literature. The reduction
potential for ascorbate can be found in Koppenol and Butler 1985 or Clark 1960.
The reduction potential for 6-hydroxydopamine is interpolated from pH 6.87-8.3
values reported by Adams et al 1972, Blank et al 1976, Borchardt et al 1976, Borg
et al 1978, Graham et al 1978, and Senoh and Witkop 1959. The reduction potential
for 1,2,4-benzenetriol is from Clark 1960.
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Implications and Future Directions

The evaluations of mitochondrial respiratory impairments on oxygen activation described in
this thesis raise some important implications and directions for future research. In particular,
it will be important to determine the extent to which either mitochondrial mutations, or
loosening of cytochrome ¢, produce oxidative stress in vivo. This includes both experimental
confirmation of increased oxygen activation with mitochondrial mutations, and analyses of
the extent to which this increase is expressed in pathology. With aging for example, we see
an increase in mitochondrial mutations and an increase in mitochondrial release of active
oxygen, but no causal relationship has been established. Similarly, with myopathies due to
mitochondrial mutations, we see evidence of oxidative stress in some cases, but no causal
relationship has been apparent, or as yet explored. In reperfusion injury, there is evidence
that mitochondria are one source of oxidative damage, but the mechanisms behind, and

extent of this contribution provide avenues for further investigation.

The synergisms between metal-binding and chain-breaking antioxidants revealed in this
thesis also bear some potentially meaningful implications. First, they imply that observations
of a response, or lack of response, from one antioxidant alone may give an incomplete
picture. In situations showing a benefit from superoxide dismutase, such as in reperfusion
injury or organ transplantations, care must be taken to control for synergistic binding of
metals by the protein. Researchers or clinicians finding a lack of benefit from
desferrioxamine need to be aware of potential pro-oxidant actions of desferrioxamine, and
of the need for cooperation with a chain-breaking antioxidant to fully realize its antioxidant
potential. An appropriate combination of metal-binding and chain-breaking antioxidants may
give the most benefit. The current studies reveal that urate may be a “natural” alternative to

other metal-binding antioxidants, although with other potential drawbacks (eg. gout).
Interactions between different antioxidants are becoming increasingly recognized (eg. the

vitamin E / vitamin C cycle). From a biological perspective, it is apparent that antioxidants

have been selected to act in concert, with each one supporting and sparing the other. The
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current studies add interactions between urate, ascorbate, and superoxide dismutase to the

web of synergistic interactions.

The current studies helped clarify contrasting actions of superoxide dismutase. Experiments
on different hydroquinone autoxidations revealed an interplay between thermodynamic and
kinetic explanations for stimulatory and inhibitory actions of superoxide dismutase. A set of
generalized theorems are offered which may help explain and predict responses to
superoxide dismutase in different situations. Experiments on other autoxidations (eg.
anthraquinones, other naphtho- or benzo- quinones), and in more biological systems are
needed to determine the extent to which these principles apply generally, and to unveil other

factors which may influence the actions of superoxide dismutase.

Researchers have previously concluded that one protective action of superoxide dismutase is
to remove semiquinones, by accelerating their reaction with oxygen. The current results
imply that, although superoxide dismutase accelerates reduction of oxygen by some
hydroquinones, and thus may temporarily increase oxidative stress, the disposition of these
quinones is such that superoxide dismutase may assist redox pathways for conjugation and
excretion. The influences of superoxide dismutase on detoxification and excretion of

cytotoxic quinones could be an interesting direction for future studies.

The studies on autoxidation of different hydroquinones revealed structure-activity
relationships and reaction conditions which influence the mechanisms of reaction with
oxygen. These studies represent an initial systematic exploration of some of the factors
involved, and need to be expanded to additional quinones and other reaction conditions (eg.
lipid environment). Such information is potentially useful in both biomedical and industrial
applications. Retrospectively, this knowledge may help us better understand the mechanisms
of action, or side effects, of quinone drugs or environmental toxins. Prospectively, it is
hoped that these, and future studies, provide fundamental knowledge useful in predicting the
antioxidant or pro-oxidant activity of a particular quinone, in designing new quinone drugs,
and in optimizing therapeutic treatments for exposure to cytotoxic quinone or aromatic

hydrocarbon xenobiotics.
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