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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 (02.-, H202,  'OH). Mitochondria1 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 0 2 ' -  generation as 

reduced intermediates accumulate with a decline in oxygen tension to anoxia. Partial 

removal of cytochrome c however, as occurs in ischaen~ia-reperfusion injury, increased 

normoxic 02'- 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 0 2 ' -  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 6-0HDA:metal:oxygen complex, and 

forces the autoxidation to occur by an outer sphere, 02'--propagated pathway. The 



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 meta1: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 Ulml 

superoxide dismutase inhibited 17-60%, and metal chelators sensitized to further ~nhibition. 

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 02.-. With the naphthalenediols (12-  and 1,4- 

naphthalenediol), superoxide dismutase inhibited briefly but then accelerated autoxidation. 

More facile quinhydrone formation with naphthoquinones allows comproportionation to 

quickly supercede 02.- as a propagator . Whether an autoxidation proceeds by 

comproportionation or 02'--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 

~phthalmotoxici t~,  and cellular respiration-induced aging. Cytotoxicity of quinones arises 

mostly from two mechanisms: redox-cycling, with production of reactive oxygen species 

(02'-, H202,  *OH, lo?), 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 mechanisn~ 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 arc arnong 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 (figurc 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 figurc 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 polynlers (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 (eg. streptonigrin, n~itomycin 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. lawsonc i n  henna and "natural" hair dyes). 



quinic acid quinone 
(chinon / kinone) 

Figure 1. Oxidation of quinic acid to quinone. 

p-benzoquinone o-benzoquinone 

p-naphthoquinone o-naphthoquinone 

anthraquinone phenanthrenequinone 

Figure 2. Major classes of quinones 
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Figure 3. Structures of some quinoid compounds and their semiquinones 

Figure 4. Reversible reductionloxidation of p-benzoquinone 
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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 ( b e n ~ o [ a ] ~ ~ r e n e  quinones), and atmospheric pollution (anthraquinone, phenanthrene 

quinone, benzo[aIpyrenc quinones). Other toxic quinones arise through metabolism of 

aromatic compounds in pesticides (eg. chlorinated phenolics (Juhl et a1 199 1 ) )  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 ( 0 2  -, H202, 'OH, lo2) (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 con~prehensive 

reaction schema by Borg and Schaich 1984). Such redox cycling-induced oxidative stress 

contributes to the toxicities and mutagenicity of industrial chemicals, environmentA 

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 (Thonxon 197 1 ,  1987; Patai 1974, 1988) and 

many excellent reviews (Brown 1980, Smith ct al 1985, Nohl et al 1986, Powis 1987, 1989, 

Brunmark and Cadenas 1989, Willson 1990, Wardman 1990, Monks et a1 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 c) since antioxidants act together 111 vi\w, interactions 

between different antioxidants (metal-binding andor chain-breaking) in modulating quinone 

cytotoxicity. 



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



Catecholamines are catabolizcd in viva by ~nonoamine oxidase and catechol-0-methyl 

transferase, but are also susceptible to non-enzymatic oxidation. The formation of pink 

oxidation products (o-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 ill 

vivo (Jewett et al 1989). However, metals such as copper, iron, and manganese greatly 

accelerate oxidation (Chaix et a1 1950, Trautner and Bradley I95 1 ,  Gillette et a1 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 b r m  (cg. 

S~hstctntia nigra) concentrate transition metals (Poirier et a1 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 

ferro-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 

ischaemidreperfusion 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, manganese poisoning in miners of 

manganese ore produces a neurological disorder (loc~4rcl inmgaillrrli) resembling 

Parkinsonism and an associated decrease in brain dopamine (Graham 1984, Segura-Aguilar 

and Lind 1989). 



Do~amine .  Loss of dopaminergic neurons originating in the Suhsturztiu rligrrr 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 a1 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 a1 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 a1 1982, Bindoli et a1 1992). Moreover, ischae~nia induces myocardial catecholai~iine 

release, with associated cardiac arrhythmia's (Reimmersma et a1 1982). Also, P-adrenergic 

antagonists help protect against damage due to ischaemia-reperfusion (refs in Jewett et a1 

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 a1 1989, Bindoli et a1 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.") 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 ischaernia- 

'1 enzymes or reperfusion (Jewett et a1 1989). Instead, oxidation of epinephrine by microsom, 1 

peroxidatic oxidation in the presence of ferritin or hemoproteins are suggested as possible 

sources of active oxygen (Jewett et a1 1989). Alternatively, 02.- frorn xanthine oxidase may 

release catalytic iron from fcrritin in ischaemia-reperfusion conditions. 



6-Hydroxydoparnine. The cytotoxic and neurotoxic properties of 6-hydroxydoparnir~e 

(6-OHDA) have been documented extensively (Uretsky and Iversen 1969, 1970, Malmfors 

and Thoenen 197 1 ,  Heikkila et a1 1973, Jonsson et al 1974, Heikkila and Cohen 1975, 

Jonsson and Sachs 1975, Davison et a1 1984, Gee et a1 l992), and 6-OHDA is often utilized 

as a model prooxidant in cell toxicity studies (eg. Giunta et a1 1991). 6-Hydroxydopamine is 

selectively accumulated by the uptake systems of catecholaminergic neurons, where it 

generates reactive oxygen and destroys the neuron or nerve termi~al.  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 Suhstmtin nignl,  and produces experimental Parkinsonism. 

Intraventricular 6-OHDA depletes brain norepinephrine (Uretsky and Iversen 1969, 1970; 

Stein and Wise 197 I), and produces behavioral deficits similar to schizophrenia (Stein and 

Wise 197 1, Adams 1974). With neuroblastoma, a tumour of the sympathetic nervous system 

in children, 6-OHDA is used clinically to purge neuroblastorna cells (which take up 

catecholamines) from bone marrow prior to marrow transplantation (Angletti and 

Levi-Montalcini 1970, Graham et a1 1978, Tiffany-Castiglioni et a1 1982, Reynold., et a1 

1982, Bruchelt et a1 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 a1 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-11-quinone rather than the tautomeric 

O-quinone, and this quinone only slowly cyclizes to aminochrome. Previous studies on 

6-OHDA autoxidation have shown that O2 ' serves as a propagating intermediate, that Hz02 

is the major oxygen-derived product (but can be reduced further to produce *OH), and that 



metal catalysts are important to the reaction with oxygen (Heikkila and Cohen 197 1,  1973, 

Cohen and Heikkila 1974, Liang et a1 1976, Heikkila and Cabbat 1978, 1981, Borg et a1 

1978, Floyd and Wiseman 1979, Sullivan and Stern 198 1 ,  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 ligand; 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 effects 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 a1 198 1, Becker 1993), ascorbate, and superoxide dismutase are 

explored. 

Internzediary metubolisnz activates aromcltic xenobiotics such ns benzene cznd nczphthalene 

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 P450 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 

o v e ~ h e l m e d .  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 mechanism 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 electrophilicity 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 a1 1981), is redox cycled by DT- 

diaphorase (Ollinger et a1 1990), and produces cytotoxic and genotoxic effects through 

generation of active oxygen (Lewis et a1 1988, Kawanishi et a1 1989, Zhang et a1 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 198 1 ). 

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 198 1, 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 a1 1992). 

Naphthalene. Exposure to naphthalene, the major component of coal tar distillate, produces 

toxicity in the eye, resulting in lens opacification (eg. Russell et a1 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 



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 a1 1992). Evaluating the relative contribution of these pathways is a challenge that 

has received substantial attention (Monks et a1 1992). In general, tlowever, the 

naphthoquinones redox cycle more actively than benzoquinones (Oliinger et a1 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). 

Re~pirntor~fluvo~roteins produce redox-cycling serniquinone intermediutes 

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 a1 

1989, Ollinger et a1 1990). In contrast to DT-diaphorase, mitochondria1 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. 

Menndione. Menadione (2-methyl-l,4-naphthoquinone) is a synthetic naphthoquinone with 

vitamin K activity, which induces substantial oxidative stress in hepatocytes (Smith et a1 

1985), and has been studied extensively as a model redox-cycling prooxidant. Redox cycling 

of menadione by microsomal and mitochondria1 flavoproteins produces large quantities of 

0 2 . -  and H202. This oxidative stress causes rapid depletion of NAD(P)H and glutathione, 



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. 

Anthrucyclines. 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 

fla~oserni~uinone 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 02.- and H202 (Turrens and Boveris 1980, Cadenas and Boveris 1980, Ksenzenko 

et a1 1983, Turrens et a1 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 c from the surface of the 

mitochondria1 inner membrane, or mutations to the terminal components of the respiratory 

chain. Mitochondria1 generation of 02.- and H202 has been suggested to contribute to 

ischaemia-reperfusion injury (Fridovich 1979, Sjostrom and Crapo 198 1, 1983, Flaherty and 

Weisfeldt 1988). Loss of cytochrome c (through ischaemia-induced mitochondrial swelling), 

or hypoxic accumulation of reduced intermediates, provide possible mechanisms. 

Mitochondria1 mutations increase with age (Linnane et a1 1989, Arnheim and Cortopassi 

1992, Ozawa 1993), and mitochondria from older individuals release more 0 2 ' -  and H2O2 

(Noh1 et a1 1978, Sawada and Carlson 1987, Sohal 1993, Yen et a1 1994). We have 



suggested that n~itochondrial 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 mitochondria1 impairments on the generation of active oxygen by 

respiratory quinones will be addressed in Part I1 of this thesis. 

This 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, Shoffner and Wallace 1990, Kiester 
1991, Wallace 1992a, 1992b, 1993, Byrne 1992, Bakker et al 1993, Schapira 1993, Schapira et a1 1993, 
Schon 1993, Taylor et al 1993). 



Hydroquinones can react with oxygen by a limited range of pathways 

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

thermodynamically unjkvourahle. 

Consistent with molecular orbital theory (and Hund's rule of maximum multiplicity), oxygen 

behaves as a diradical. The molecular orbital diagram for grocnd state dioxygen is shown in 

figure 7. Oxygen has two unpaired electrons of the same spin in n2 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 (Eo'0,M20, = 0.33 V) (Table I) ,  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 1. Oxygen is a weak one-electron 

oxidant (E0'0210,~- = -0.16 V), since formation of 02.- just fills one n* 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 0 2  to O?.-. Neither ascorbate (E"A.-/AH- = 0.28 

V) nor ubihydroquinone (E"'Q.-,QH~ = 0.35 V) for example have favourable reduction 

potentials for reducing 0 2  to O?.-. In contrast, the semidehydroascorbate radical (E("A/A.- = - 

0.17 V) and ubisemiquinone radical ( E o r Q l ~ .  = -0.23 V), once formed, may favourably 

reduce 0 2  to 02'-. Free energies, entropies, and enthalpies of activation have been calculated 

for at least one single-electron reduction of oxygen (Davison and Kaminsky 197 l ) ,  with the 

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

superoxide. 



ENERGY 

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

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

Reaction EO' (V) 

0 2  + e- -+ 02.- 

0 2  + 2e- -+ H202 

02.- + e- -+ H202 

H202 + e- + H+ -+ H 2 0  + 'OH 

'OH + e- + H+ -+ H 2 0  

sernidehydroascorbate + e- + H' -+ ascorbate +0.28 

dehydroascorbate + e- -+ semidehydroascorbate -0.17 

ubisemiquinone + e- + H' -+ ubiquinol +0.35 

ubiquinone + e- + 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 0 2  to H202 (Miller 

et a1 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 ~ e ' +  can, for example, form a bidentate perferryl complex with 0 2  (ie. [F~(IV):O~I'+) 

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 0 2  to H202 is 

diminished. For example, the thermodynamically favourable oxidation of ascorbate to 

dehydroascorbate (Eo'A/AH- = 0.054 V) by oxygen ( E o ' 0 2 ~ 2 ~ 2  = 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 (02'- 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). 

QH2 + O2 w Q.- + 0 2 . -  +2Hf 

202'- + 2H' 3 H202 + 0 2  

2Q'- + 2H' 3 QH2 + Q 

Metal catalyzed oxidation can also proceed by an outer-sphere 0 2  --propagated pathway. 

initiation: 

QH2 + MI1+ @ Q'- + M("-')+ +2H+ 

propagation : 

Q'- + 0 2  3 Q + 0 2 . -  

~ ( n -  I )+ + 0 2 . -  3 Mn' + H202 

QH2 + 0 2 . -  Q.- + H202 

H202 produced in inner sphere or outer sphere pathways may also propagate autoxidation. 

QH2 + H202 3 Q.- + 'OH + OH- 



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

comproportionation. 

QH2 + Q 3 2Q.- + 2H' 

Q" + 0 2  =3 Q + 02.- 

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 puthways 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 1,2- and 1,4-hydroquinones are available. The 

results of such comparisons are presented in Part IV 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 ~ e ~ '  more strongly than 

~ e ~ ' ,  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:~u":histidine) or mixed-ligand complexes (eg. catecho1:~u~':histidine). I n  

viva, 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 I11 of this thesis. 

Scavengers of reactive intermediates can also influence the pathways of hydroquinone 

oxidation in several ways. Scavenging of 02'- by superoxide dismutase for example can 
* 

prevent propagation of radical chains by 02.- ,  and thus inhibit net reduction of oxygen. 

Conversely, superoxide dismutase can accelerate reduction of oxygen by removing a 

product from equilibria which form 02.- .  Ascorbate can also scavenge O2'-, 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 

111 and IV of this thesis. 

* 
BY this means, superoxide dismutase can paradoxically diminish the yield of its product Hz02. 
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General Aims 

To what extent does tnitochondrial respimtory impairment influence the steady state level 

of autoxidizuble (quinone) intern~ediutes? 

The influences of hypoxia and removal of cytochrome c on the generation of 0 2 ' -  by 

submitochondria1 particles are assessed. In addition, the possible influences of mitochondria1 

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 crnd 

propagators of hydroquinone uutoxidution.7 

Conversely, in what ways do metal-binding ligands clnd rrrdical scavengers interact to 

injluence 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 thertnodynnmic (reduction potentials) and kinetic or steric (metcrl 

coordination) fclctors influence the rates and mechntzisms of trutoxidchon? 

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 c, impair mitochondria1 respiration in ischaemic tissues, 

and result in the accumulation of autoxidizable respiratory intermediates. We therefore 

assessed the effects of oxygen depletion and of cytochrome c removal on the release of 0 2 '  

by beef heart submitochondria1 particles. Rapidly respiring submitochondrial particles 

(SMPs) consuming NADH in air-saturated buffer produced 0.40 nmol 02'-/min/mg protein 

(or 0.82 nmol 02'-Ipmol O2 consumed), as detected by superoxide dismutase-sensitive 

reduction of acetylated cytochrome c. Respiration on succinate produced only 0.1-0.2 nmol 

02'-Imin/mg protein (0.66 nmol 02'-/pmol O2 consumed). Increasing the level of reduced 

intermediates by adding the respiratory inhibitor antimycin A increased 0 2 ' -  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 02.- 

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 0 2 ' -  generation, but increased the generation of 02.- per pmole 0- consu~ned 

by 80-90%. Thus, while hypoxia may not increase 02.- release by mitochondria, loss of 

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

capacity for oxidative phosphorylation. 



INTRODUCTION 

Mitochondria1 flavoproteins and quinone oxidoreductases produce significant 0 2 '  

and H 2 0 2  in state IV, or inhibited respiration. 

Mitochondria from mammalian sources generate 0.2- 1.0 nmol H202/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 Hz02 generation 

accounts for 1-2% of state IV oxygen consumption (Boveris et a1 1972, Loschen et a1 

1974). Under more physiological conditions (state 111: presence of ADP and rapid 

respiration) H202 generation decreases to less than 25% that of state IV (Boveris et a1 1972, 

Boveris and Chance 1973, Forman and Boveris 1982). Submitochondrial particies (free of 

endogenous superoxide dismutase) produce 0.8-5.2 nmol 0 2 ' -  /min/mg protein in the 

presence of respiratory inhibitors antimycin or cyanide (Forman and Boveris 1982). The rate 

of 0 2 ' -  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 mitochondria1 respiratory chain responsible for the 

"leak" of 02'- and H202 during respiration include reduced ubiquinone and flavoquinone 

intermediates (Forman and Boveris 1982). Ubiquinol reacts only slowly with oxygen (k = 

1.5 M-' sec-I) (Sugioka et a1 1988, Cadenas et a1 1977), and is likely not a major source of 

0 2 "  and H202. The effects of specific respiratory inhibitors and of ubiquinone extraction on 

0 2 ' '  or H202 generation, and the effects of superoxide dismutase and oxygen on ESR 

signals, suggest enzymically produced ubisemiquinone as the component of complex I11 

(ubiquino1:cytochrome c oxidoreductase) which reacts with O2 (Boveris et a1 1976, Cadenas 

et a1 1977, Trumpower and Simmons 1979, Sugioka et a1 1980, Ksenzenko et a1 1983, 

Turrens et a1 1985, Sugioka et a1 1988). While the bulk of evidence supports autoxidation of 

ubiserniquinone as the major source of 02'- and H202 from this complex, other evidence 

suggests the Rieske iron-sulphur protein (DegliEsposti et a1 1990) or cytochrome h m  (Noh1 

and Jordan 1986, Noh1 et a1 1990) as autoxidizable components. In NADH dehydrogenase 

32 



(complex I), flavosemiquinone or iron-sulphur clusters are the likely sources of 0 2 ' -  

(Cadenas et a1 1977, Turrens and Boveris 1980, Kang et a1 1983). Succinate dehydrogenase 

(complex 11) reportedly does not produce 02.- and H202 (Boveris et a1 1976, Forman and 

Boveris 1982), except by supplying substrate (ubiquinol) for complex 111. 

In vivo, hypoxia or ischaemiaJreperfusion injury may increase mitochondrial 

generation of 02" and H202 

Hypoxia, and damage to or dissociation of respiratory chain components, produce situations 

where reduced intermediates may accumulate to react with 0 2 .  The state 111 Km of 

cytochrome oxidasc for oxygen is 0.5 - 1 .O pM (Chance 1957, Wilson et a1 1979, Ludwig ct 

a1 1983). At oxygen concentrations below about 3 pM (in isolated cells or mitochondria) 

mitochondria1 respiration drops off and the cytochrome components become more reduced 

(Longmuir 1957; Sugano et a1 1974; Wilson et a1 1977, 1979; Ludwig et a1 1983). Above 3 

respiration is almost independent of oxygen tension (Longmuir 1957, Wilson et a1 1979) 

and the cytochromes are largely oxidized (Chance 1957, Sugano et a1 1974, Wilson et a1 

1979, Ludwig et a1 1983). In hyperoxia, 0 2 ' -  and H202 generation during state IV or 

antimycin inhibited respiration increases directly with oxygen tension (Boveris and Chance 

1974; Freeman and Crapo 198 1 ; Turrens et a1 1982a, l982b). 

Conversely, it has been suggested (Fridovich 1979, 1980; Sjostrom and Crapo 198 1, 1983) 

that hypoxia in actively respiring (ie. state 111) mitochondria may provide an increased 

opportunity for spontaneous oxidation which at some p02 may increase generation of 02.- 

and H202. The generation of 02'- 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 a1 1986, Baker et a1 1988, Baker and Kalyanaraman 

1989). Because of this evidence, and the possibility that mitochondria1 generation of 02.- 



and H202, either during ischaemia, or on reoxygenation may contribute to cellular injury, we 

chose to measure the effect of p 0 2  on mitochondria1 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 02.- and H202. Mitochondria are among the first sites of injury in 

ischaemia or on reoxygenation (reviewed in Steen et a1 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 111 respiration) and increased 

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

Measurements of 02.- and H202 generation by mitochondria from ischaemic tissues has 

yielded mixed results. Succinate-supported H202 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 a1 1992). With NADH as substrate however, 

mitochondria from ischaemic or reperfused myocardium generate more 0 2 ' -  and Hz02 than 

control mitochondria, either in the presence of respiratory inhibitors (Guarnieri et a1 1985, 

Ledenev and Ruuge 1991) or in their absence (Turrens et a1 1991). This increased 

generation of 02'- and H202 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 a1 

199 1). The findings could be mimicked by exposure of control mitochondria to high ca2' or 

unsaturated fatty acids. These results suggested a mechanism whereby ca2' activates 

phopholipase A2 to release free fatty acids, causing uncoupling, swelling, and impaired 

interaction between complexes I and I11 (Turrens et a1 1991). The observation that 

ubisemiquinone only autoxidizes on exposure to protic media (Noh1 1990), gives a rationale 

for increased release of 02.- and H202 on disruption of the aprotic membrane environment. 



Ischaemia also results in losses of cytochrome c (loosened by mitochondrial swelling) and an 

associated decrease in state 111 respiration in isolated mitochondria (Toleikis 1983, Stem et 

a1 1983). Loss of cytochrome c may result in prolonged accumulation of reduced 

intermediates on reintroduction of 0 2 ,  leaving them susceptible to autoxidation. In vitro 

removal of cytochrome c from isolated mitochondria increased the proportion of Hz02 

formed per oxygen consumed about 3-fold (comparison of figures 2,4 and 5 in Turrens et a1 

7 per mg 1985), but it slightly inhibited succinate-supported state IV generation of H20, 

mitochondria1 protein (and inhibited antimycin-stimulated H202 formation 50-60%, as might 

be expected) (Loschen et a1 1974, Turrens et a1 1985). However, the influence of 

cytochrome c removal on 02'- Or H202 generation in active state I11 (or uncoupled) 

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

The goals of the studies reported here were to measure low level 0 2 ' -  generation by SMPs in 

the absence of respiratory inhibitors, and to assess 02.- 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 H20 at 

pH 2.0 to prevent autoxidation (Misra and Fridovich 1972b). Acetylated cytochrome c was 

prepared as previously described (Azzi et a1 1975, Boveris 1984) by reacting cytochrome c 

(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 c solutions were determined from the dithionite- 

reduced minus ferricyanide-oxidized absorbance spectra (ES50 = 2 1 100 M - I  cm-'). 

Preparation of mitochondria and suhmitochondrial p~rrticles 

Mitochondria were prepared in a cold-room from a fresh beef heart transported on ice in 

sucroseiTris/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 c 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 c - 

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 a1 (195 1). 

0 2 ' -  generation and oxygen consumption measurements 

Cytochrome c, acetylated cytochrome c, and epinephrine worked equally well as superoxide 

dismutase-sensitive measures of 02'- generated by xanthine oxidase. Reduction of 

cytochrome c 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 c 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 

mitochondria1 respiratory chain, making it more suitable than native cytochrome c as a 

probe for 02'- generated by SMP's (Azzi et a1 1975, Boveris 1984). 

Assays for 0 2 ' -  generation by SMP's were conducted initially in a split beam Beckman DB- 

GT at 550 nm for reduction of acetylated cytochrome c (Esso = 0.02 11 CIM-' cm-') or 480 

nm for formation of adrenochrome (E480 = 0.00402 CIM-' cm-I). 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, KC1-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 rnM 

Potassium phosphatelo. 1 rnM 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 02'- 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 2 5 T  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 c and 490 nm minus 550 nm for 

adrenochrome formation. 
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Normoxia and Hyperoxia: 02'- generation by SMP's and cytochrome c - extracted SMP's 

(-cSMP's) was monitored by superoxide dismutase-sensitive reduction of acetylated 

cytochrome c 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/O. 1 mh4 EDTA buffer (pH 7.4) at 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 pM for air-saturated buffer at the altitude of our laboratory. Rates of 02'- generation 

were calculated from the rates of acetylated cytochrome c reduction in the presence and 

absence of excess superoxide dismutase. 



RESULTS 

SMP's respiring on succinate produced 0.1-0.2 nmol 0 2 ' -  Iminlmg protein, depending on the 

succinate oxidase activity of the SMP preparation (figure 2). Antimycin increased 02'- 

generation 2-fold, and blocked significant consunlption of oxygen (figure 3). Respiration on 

NADH produced 0.40 nmol 0 2 ' -  Iminlmg 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 a1 1982). 

0 2 ' -  generation by SMPS during oxygen consumption to hypoxiu 

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 c 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 c (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 02'-, but was hampered somewhat by spontaneous 

oxidation and by light scattering effects on addition of substrate or exhaustion of 0 2  (figure 

6). Although the measurements were influenced by a change in light scattering, oxidation of 

epinephrine also did not reveal any change in 0 2 ' -  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 0 2 ' -  generation at low oxygen tensions. 



0 2 ' -  generation by cytochrome c deficient SMP's 

Extraction of cytochrome c by the procedures used does not give complete removal from 

heart mitochondria (Jacobs and Sanadi 1960, Lenaz and Maclennan 1967, Turrens et a1 

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 acetylateu cytochrome c, 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 c 

during preparation. 

A first preparation of -cSMPts respiring on succinate seemed to generate slightly more 0 2 ' -  

Iminlmg 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 c 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 c from mitochondria (to assist mitochondria1 swelling 

and loosening of cytochrome c).  

With fresh preparations of cytochrome c - extracted mitochondria, -cSMP's, and SMP's, we 

used oxygen-saturated buffer and NADH to maximize 0 2 ' -  generation from both complex I 

and complex 111. Succinate-supported reduction of acetylated cytochrome c 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 c (figure 1 I), which was partially 

insensitive to superoxide dismutase. The rate of acetylated cytochrome c reduction and its 

sensitivity to superoxide dismutase depended on the concentration of acetylated cytochrome 

c (as found previously for native cytochrome c (Boveris and Cadenas 1975)), 5 pM proving 

suitable for distinguishing 02'- under the conditions used here (figure 12). The superoxide 
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dismutase-sensitive reduction of acetylated cytochrome c was distinguishable in air- 

saturated buffer, but was more evident in oxygen-saturated buffer (figure 13). The 

cytochrome c deficient SMP's produced 0 2 ' -  at approximately the sane rate per milligram 

protein as the control SMP's (table 11). The amount of 02'- produced per oxygen consumed 

however was 80-90% higher in -cSMP1s. 



DISCUSSION 

* 
Optinzal conditions for measuring 02'- generation by SMP's. 

Generation of 0 2 ' -  was measurable using either epinephrine oxidation or acetylated 

cytochrome c 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 c complicated the acetylated cytochrome c 

assay with NADH as the respiratory substrate. Acetylation of cytochrome c apparently does 

not inhibit enzymic reduction by NADH:cytochrome c reductase, as it does for 

succinate:cytochrome c reductase (Minakami et a1 1958, Azzi et a1 1975, Boveris 1983). 

Optimal detection of 02'- by this assay required a suitable balance between the 

concentrations of acetylated cytochrome c, SMP's, and superoxide dismutase. For the range 

0.05 - 0.1 mg SMP proteinlml used in these studies, an acetylated cytochrome c 

concentration of 5 pM proved suitable for maximal inhibition by 40 Ulml 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 c from SMP preparations. 

* 
Measuring low level 02.- generation by SMP's proved feasable, but measures of H202 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 0 2 ' '  generation 

Within the limitations of the preparations and assays used here, no increase in 0 2 '- was 

detectable at oxygen tensions where the respiratory intermediates become more reduced. 

Presumably the very low Krn 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 0 2 ' - ,  likely because oxygen tension was 

kept very low by respiratory activity. Generation of 0 2 "  would not expectedly increase on 

introduction of oxygen unless damage to the respiratory chain prevented enzymic 

reoxidation of accumu!ated reduced intermediates. 

Respiratory deficiency due to loss of cytochrome c increased 0 2 ' -  generation relative to 

oxygen consumption. 

Removal of sufficient cytochrome c to decrease respiratory activity by 50-60% did not 

increase 02'- 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 a1 1988) and stimulates 02'- formation (Cadenas 

and Boveris 1980, Turrens and Boveris 1980, Sugioka et a1 1988). The remaining 

respiratory activity in cytochrome c - extracted SMP's was apparently sufficient to prevent 
* 

significant accumulation of autoxidizable intermediates. However, the 0 2 ' -  generated by 

these preparations was 3-fold higher than controls when expressed as a function of oxygen 

consumed. In ischaemia-reperfusion, where cytochrome c may be partially lost due to 

mitochondrial swelling, the capacity of the mitochondria to produce 02" would remain, 

Extraction of cytochrome c from heart mitochondria is inevitably incomplete. Thus, cytochrome c removal 
does not allow us to assess the influence of abolition of cytochrome oxidase activity, as might occur with a 
mitochondria1 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). 



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 0 2 ' -  by submitochondria1 

particles. In the absence of respiratory impairment, the low Krn of cytochrome oxidase for 

oxygen apparently limits autoxidation of reduced intermediates. Respiratory impairment 

through loss of cytochrome c increases the rate of 02'- release by SMP's relative to oxygen 

consumption. Thus, in ischaernia-reperfusion, loss of cytochrome c from mitochondria may 

increase 0 2 ' -  and H202 production relative to ATP production. Reperfusion hyperoxia 

would amplify such oxidative stress. 
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Table I. Comparison of succinate-supported respiration and 02'- generation in SMP's 
and -cSMP1s (preparation 1). 

SMP 0.152 f 0.02 0.10 0.66 
(n=4) (n= 1 )  



Table 11. Comparison of NADH-supported respiration and 0 2 ' -  generation in SMP's 
and -cSMP's (preparation 2). 

air-saturated 

SMP 0.584 f 0 086 
(n=6) 

-cSMP 0.282 f 0.028 
(n=5) 

02-saturated 

SMP 



Legends to Figures 

Figure 1. Appat-citus jor simultaneous nzecisurement of oxygen consunzption cznd Oz" 

genercition. 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. Measurernent c!f'succincite-.su~~ported genercition of'O2'- hy SMP's. The reaction 

medium consisted of 50 mM phosphate buffer (pH 7.4), 0.1 mM EDTA, 3 pM acetylated- 

cytochrome c, and 0.042 mglml SMP's. Respiration was initiated by addition of 5 mM 

succinate and reduction of acetylated-cytochrome c 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 eintirnycin on ,suc~ci~zate-s~~l~ported generntion of Oz'-. Reaction 

conditions as in figure 2, but acetylated-cytochrome c reduction was followed in a standard 

open cuvette without stirring. b) Effect of(rntinzycin on succirirrte-su[)~)ortrd respiration. 

Antimycin (2 pM) was added to 0.042 mglml SMP's respiring on succinate and oxygen 

cor~sumption monitored polarographically. 

Figure 4. Mecisurcwwnt of NADH-supported generntion of'02'-. Reaction conditions as 

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

Figure 5. Acetylcited-cytoc/zrome c reduc.tion during oxvgen consumption to anoxicr. 

Reactions were conducted using the closed-system cuvette described in figure 1. a) 

Sirnultcrneous oxygen con,su~~zption L I I ~  cicetyllited-cytocIzro~~ze c reduction hy SMP1,s 

respiring on succinlrte. Reaction conditions consisted of 7.4 ml 50 mM phosphate1EDTA 
54 



(pH 7.4), 3 pM acetylated-cytochrome c, 0.06 mglml SMP's. Respiration was initiated by 

addition of 3 mM succinate. b) Absorbance clt 550-530 nnz in the absence of acetylcrted- 

cytoclzrome c during consumption of oxygen by SMP's. 

Figure 6. 02'- generution by SMPf.s u s  detected by epinephrine oxidcltion. 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 hy SMP's mzd cytochronze c-extrclcted SMP's (-cSMP1s) 

respiring on NADH. Oxygen consumption by 0.05 mglml SMP's or -cSMP1s was followed 

on addition of 0.5 mM NADH. Cytochrome c or acetylated-cytochrome c (10 pM) were 

added as indicated. 

Figure 8. Initicrl compnrisor~ of 0 2 ' -  gerzcr~ltion by SMP's ~ r l d  -cSMPS. SMP's and -cSMPVs 

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 c. 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) Oxygen consu~nptioil by SMP1.s trnd -cSMP1s respiring on mcchrrte. Oxygen 

consumption by 0.05 mglml SMP's or -cSMP1s was followed on addition of 1 mM 

succinate. Cytochrome c (10 pM) was added as indicated. Oxygen consunlption on the day 

of the assays shown in figure 8 is compared with oxygen consumption by SMP's and - 

cSMP1s afier 3 days further storage. b) Succiizutc.-sllpported genercltion o f  0 2 ' -  by SMP's 

cznd -cSMP1,s r~fier storage. Assays of acetylated-cytochrome c reduction on subsequent 

days from those shown in figure 8. 



Figure 10. Succiri~te-sul~l~orted gerwrcitiorl o f  (I2'- by prel~crcrtioil-2 SMP1.s (rnd -cSMPrs. 

SMP's and -cSMP1s were prepared from mitochondria and a fresh preparation of 

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

Figure 1 I .  NAVH-supported ~enercction of Oz'- /,y prepireition-2 SMP1.s und -cSMP1s. 

Acetylated-cytochrome c reduction was followed at 550-530 nm during respiration on 0.5 

mM NADH in stirred, air-saturated suspensions. 

Figure 12. Dependence of superoxide dismt4tuse-sensitive r c d ~ t i o n  of acetylated- 

cytochrome c on concentrcrtion ofclcetylated cytochrome c.. Reduction of dif'fering 

concentrations of acetylated-cytochrome c was followed during respiration on NADH in air- 

saturated suspensions. 

Figure 13. NADH-supported gerzerciriorl of'O2'- irz oxyg~iz-serturtrted .sr4.spenLsio~zs of SMPS 

cind -cSMP1.s. Reduction of acetylated-cytochrome c 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 7. 
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Figure 9a. 
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Figure 9b. 
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Figure 10. 

t 5 pM ac-cyt c 
0.1 mg/ml SMP 

* 

M i n u t e s  

0 
9 
0 

- 

m 
0 
9 
0 

- 

N 
o 
0 
0 

- 

- 
0 
9 -- 
0 

- 
60 U/ml SOD 

- + 
-- 

4 mM succinate 

- 
60 U/ml SOD 

5 pM ac-cyt c 
-- 0.1 mg/ml -cSMP 

- 

4 mM succinate 



Figure 11. 
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Figure 12. 
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Figure 13. I 
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Chapter 3. 

* Hypothesis Paper 

MITOCHONDRIAL MUTATIONS MAY INCREASE OXIDATIVE STRESS: 
IMPLICATIONS FOR CARCINOGENESIS AND AGING'? 

BRIAN B.-\NDY'+ and AILAN J .  D . ~ \ , I s o N  
Bioenergetics Keac:~rch L.aboratorq. School of Klnr'siology. Sinion Fraher L ' n i v r ' r h i t .  Burnab?, B.C.. Canad:i V5 . i  IS6: 

E n v i r o n n ~ e n t a l  Carcinogenei,  U n ~ t .  B.C. Cancer Rcwctrch Cr'ntr'r. 601 b' 10th A\.e..  Vancouver.  B.C. .  can ad^ V5Z IL? 

Abstract-'The sensitivity of  rnitochondrial D N A  to d,~mvse by mutagens predisposes rnitochondria to injury on 
exposure of cells to genotoxins or oxidative stress. Damage to the rnitochondrial genome causing mutations or 
loss of rnitochondrial gene products, or to sonic nuclear genes encodins mitochondrial mcmbrane proteins. may 
accelerate release of  reactive specics of oxygen. Such abcrr.~nt mitochondria may contribute to cellular aging and 
promotion of cancer. 

Keywords-hl~tuchon~lrial  mutationh. O\id,~tive \ t rcn.  Carclnogcncsi\. Cellul,~r aging. h1itochonJri;il rcjpiration. 
Supcroxitle. Lipid pcro\idation. Intraccllular calcium, Frw radical\ 

INI'HODUC'I'ION 

Mitochondrial abnornialities in cancer cells are 
rnany. These abnormalities include' ': 

1 .  changes i n  ultr;istucture; 
2 .  deficiencies in energy-linked functions (such as 

AUP-stimulated state 111 respiration); 
3.  increased state IV (ADP-l imited)  respiration; 
4. loss of ability to undergo swelling and ATP-in- 

duced contraction cycles;  
5 .  disturbed Ca2+ o r  K '  transport;  
6. inipairetl protein synthesis.  anti 
7.  loss of  electron transport components .  

LVarhurg wrote': "Cancer arises because lack of O K -  

ygen. o r  respiratory enzymes,  produces fernicntation 
in the body cells ;ind leads to a destruction of the 
differentiation o f  these cells." For many years canccr 
rcwarch focused on  the loss o f  rc\piriitory mct:ibolism 
coninion to turnor cells.  Tunlor ceIIs are not a l lv i i~5  
groshly inipairetl in respiration however. and the con-  
nections between nlitochontlrial function or  dysfunc-  
tion and neoplasia ( c . g . ,  activation of nuclear 
oncogerlcs) are not obvious.  Mitochonclri:il aberrations 

IIIV be attributed to the poor pcrfusion and anosic  state 
of many tumors. hlitochondrial aberrations in cancer 
cells which are not ischemic however. such as the leu- 
k e m i a ~ . ~  or ascites, o r  cultured tumor cells," ' require 
other euplanations. Recent reports that mitochondrial 
D N A  i h  highl!. sensitive to mutagens and that cyto- 
plasm transfer suprebhes turnorigenicity, has prompted 
buggestions of n more direct role of mitochondria in 
transt'orrnation.' ' " Impaired calcium rzpulation.'.%r 
incorporation of rnitochondrial D N A  fragments into the 
nuclear genome' " are t w o  suggested ~nechanisms  by 
which mitochondria might contribute to neoplastic 
t ransfornut ion.  

Thz possibility that mitochondria contribute to tu- 
nlorigenesis 3s an intr ;~cet l t~lar  source of escited o s -  
ygen deserve5 consideration, Keactive species of 
osygen can participate in the initiation or  promotion 
of cancer through their ability to cause point nlutations. 
113.4 cross-link\.  and DNA strantl b re ;~kb  in nuclear 
chroniosornes. Such injuries niay activate an oncogene 
or inactivate ii turnor-suppressor gene .  Rlitochondria 
cxmsume over 90% of the ouypen used by most cells 
m c l  are it significant sourcc o f  activc o u j g e n  under 
normal condit ion\ .  Any conclitio~i which increases this 
generation, or decreases protective hysterns. will Iikelj 



have pathological consequences; both to the niito- 
chondria and the cell. The toxicity and carcinogenicity 
of the dioxin 2.3,7.8-tctrachIorodibe11~0-1~-dio.~in, for 
example, may be related to generation of 0,. and 
H20,  in mitochondria." 

Oxidative stress and intracellular redox balance can 
also influence cellular differentiation and proliferation 
through effects on intracellular n i e s~enger s . " - '~  The 
ability of respiratory stress to influence expression of 
the nuclear genonie is evident in the appearance of 
chromosome "puffs" in certain regions ( e .g . ,  heat 
shock genes) on exposure to respiratory poisons ( e .g . ,  
antirnycin. rotenone, menadione. dintrophenol). hy- 
peroxia, or intermittent anoxia.' '-" 

The free radical theory of aging receives wide sup- 
port. and thc contributions of niitochondria to this pro- 
cess are widely accepted."-?' hlaxiniuni life span 
potential relates inversely to the rate of oxygen me- 
tabolism and positively to antioxidant capacity in dif- 
ferent nlamnlalian species or insects.""' Oxidized 
lipid pigments ( e . g . ,  lipofuscin) accumulate in aged 
cells and at least partly reprewnt peroxidized mito- 
c h ~ n d r i a . " . ' ~  Other cornnwn ohservations i n  aged cells 
include fewer mitochondria, increased mitochondrial 
structural abnormalities. losses i n  mitochondrial en- 
zyme activities. and decreased respiratory control." ''' 
Moreover. mitochondria from older ruts show higher 
levels of lipid peroxides, losses of polyunsaturated 
fatty acids. and correspondingly increased oxygen rnd- 
ical generation." ' - . '? I n  houseflies. rates of rnitochon- 
dri;~l generation of superoxide are inversely associated 
with life expectancy, and increase with age."' 

Aged cells also show losses or injury of niitochon- 
driiil DNA."."' For example, deletions and insertions 
in mitochondrial D N A  of nlousc liver accumulate \r.ith 
age." 'l'hus. in addition to sustaining damage to pro- 
tcins and lipids from oxygen radicals generated during 
respiration. mitochondria lose ability to rcgcncratc 
functional mitochondria. 1)ecreased ability of mito- 
chondria to replicate i n  terminally differer?tiatecl cells 
leads to ye-re la ted  declines i n  functionally intact rni- 
tochontlria and AT!' production. Cellular aging is con- 
ceivably caused by intrinsic in,jury to the rnitochondrial 
genome fronl oxygen radicals generatecl tluring normal 
mitochondria1 respiration. with consequent loss of r ~ s -  
piratory capa~ity. '""~" ~ ' h i h  loss ckpentls on imbal- 
ance between niitochondriiil turnover and oxysen 
radical generation in terrllinally difiercntiaterl cells 
(which have the highest respiratory rates and slobvest 
rnitoclionclri~il turnover). LC'c clahoratc that injury to 

the mitochondrial genonie may inc-rrrrsr generation of 
oxqgen radicals, I{ hich then rnore readily overcome 
protective s > ~ t e r n ~  than the 0, radicals generated in 
normal respiration. 

We sugge.st that some mutations to the rnitochon- 
drial genomi. (or to certain nuclear genes) produce 
aberrant mitochondria uhich reduce oxygen to reactive 
intermediates. Such ruta t ions  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- 
ygen, and 2 )  evidence that mitochondrial generation 
of active OK\.-pen can contribute to neoplastic transfor- 
mation and aging. In this manuscript we: ( i )  review 
evidence implicating mitochondrial mutations in car- 
cinogenesi\. ( i i )  outline mechanisms by which mito- 
chondrial mutations predispose to release of active 
oxygen. and ( i i i )  review evidence implicating niito- 
chondrial release of active oxygen i n  cmcer  and aging. 

hlitochondria are vulnerable to mutagens 

hlitochondrial DNA is susceptible to damage by 
genotosins for a variety of reasons.' '"Reasons Tc)r this 
vulnerahilit! include the lack of protective histones or 
nonhistone proteins ("naked" DNA). limited DNA re- 
pair mechanisms, low replication fidelity, the presence 
of rehpiratory enzymes uhich can activate chemical 
carcinogen>. and the sensitibe supercoiled structure of 
the DIU.4. Thc high lipid content and lipid-to-DNA 
ratio mnhe mitochondria particularly susceptible to l i -  
pophilic cht.mical.\. Attachment of rnitochondrial DNA 
to the inner membrane makes i t  sensitive to membrane 
clisturbaricc~ and a prime tilrget fur clectrophiles gen- 
erated i ~ i t h i n  the membrane ( e . g . ,  peroxides, epox- 
ides. nitroxides, ienlicluinones). 

Several studies on csposirre o f  cells or animals to 
carcinogen3 report accumulation of  the cltrcinogen i n  
mitochondria and selective rrlodrficution of niitochon- 
drial DNA. For example. carcinogenic polycyclic ar- 
onlatic hqdrocarhons,': " azo dyes.'i and nitrosa- 
niines"' accumulate preferentially in the mitochondria 
of  animal ct.ll\. In aclilition. polycyclic aromatic com- 
pounclh o f  diit'ering carcinogenicity bind to the mito- 
chonclrial DS.4 of cultured rnou4e ernbryo cells SO to 
more than 501) time> more rcaclily than to nuclear 
DNA.'- Thc lipophilic inner and outer niitochondrial 
n~enlbranth contain the c n c n l e s  to rnctaholizc thew 
~ornpour i i l~  their active forms. Similarly a carcin- 
ogenic clih!clro~iiol-cpo\idt. derivative of benzo(u)py- 
rent. covalently niodifics nlitochnntlrial DNA 40 



to  9 0  times more extensively than nuclear DNA in 
rnanimalian cell cultures.'' Also. treatment of rats 
and hamsters with N-("C)methyl-N-nitrusourea" or  
('"C)dimethylnitrosarnine"x methylntes mitochondrial 
DNA up to five times more heavily than nuclear D N A .  
Cyclophosphurnide alkylatcs rnitochondrial DNA 
in rat liver over  100 times more readily than nu- 
clear DNA."  ' Moreover ,  din~ethylni t rosani ine de-  
creases mitochondria1 DNA which can be isolated in 
the closed circular form and correspondingly increases 
open circular o r  linear forms which result from sinsle-  
strand breaks in the normully supercoiled circular 
DNA."" N'-nitro-N-nitrosogi~anidine and 4n i t roquin-  
oline I-oxide also cause strand scission of  mitochon- 
drial DN.4 in animal cel ls ,  lvith formation of open 
circular forms."' This  damage was not repaired during 
70 h of posttreatment incubation. Aflotoxiri B ,  adniin- 
istercd to experimental animals binds covalently to 
liver n~i tochondrial  IINA at concentrations three to four 
tirncs higher than to nuclcar DNA." T h e  adducts re- 
mained unrcpaired even after 34 h ,  inhibiting niito- 
chontlrial transcription and translation. Chrorniuni is 
reducct! hy the niitochontlrial respiratory chain anc! 
preferentially forms aciducts in n~i tochondrial  
DNA." i' Carbon tetrachloride is activated b) rat liver 
mitochondria,' and binds covalently to nlitochondri;rl 
DNA 20-50 times more extensively than to nuclear 
DNA in livers of poisoned rats." In addition, lipid 
peroxitlation of mitochondria1 membranes or  increased 
oxidative stress d; tn~ages mitochonclrial " 

The  mitochondrial genonle is thus p;trticularly s i ~ s -  
ceptible to  mutation,. The  spontaneous frequency of 
n~itochontlrial petite mutations in yeasts is more than 
one thousand tirncs the nuclear mutation rate." In 
nlrtnimalian cells.  n~itochonclrial DNA fives rnutationi 
5 to I0  t i r ~ e s  faster than nuclear DNA.  consistent with 
the f i ~ h t ~ r  evolution of niitochondrial C o m -  
paring mutations to specific genes.  rnitochondrial 
genes sustained mutations at 17 times the rate of a 
~1uclcar encoded subunit of ATP synthasc.'" Sirnilarl>, 
oxidative t la~i iage to n~itochontlrial DNA occurs at I 6  
tinic.5 the level in nuclear !)NA.i' 

Consixtent u i t h  thcir supposed procaryotic origins. 
mitochondria arc also scnsitivc to viral infection. Viral 
replicates arc often founci in the r~~itochonclr i :~ af ter  
infectior~ o f  cell\  ~ v i t h  oncogcnic viruses (set. ref I for 
a surilmary o f  different  s tudies) .  For evarnple, repli- 
cates of Kous sarcoriia v i r i ~ s  b e r e  found to ;I high titrc 
within nlitochonclria o f  infectccl cells." '  Viral transfor- 
mation can also elevate ~ y n t h c s i s  of niitochondrial 
D N A ,  KNt\.  o r  protcin. For c x a n ~ p l e .  levels o f  mi- 
tochonclrial niKN.4 incrca\ccl in rat fibroblasts trans- 
fornlccl with polyorna virus D N A  or  i ~ ~ ~ n w r t : ~ l i z c d  \\ iith 
the cellular ur\.c., atlcnovirua 1; I A .  o r  polyonlit p11 on- 

cogenes." Thus.  oncogenic viruses could conceivably 
use mitochondria as carriers.' In doing so .  the virus 
can di5rupt niitochondrial gene expression. 

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

Althou_rh the mechanisms remain speculative. there 
is growing evidence of a relationship between mito- 
chondrial mutations and cancer  (reviewed in refs2."'). 
We summarize here some of the supporting evidence 
and proposed modcls. 

1 . b1i to~~l io i r~ l r i~r /  D,YA i t ~ i i ~ ~ i ~ i o i t s  o r  ~ ~ l ~ ~ ~ o r ~ ~ ~ ~ l i r i ~ , ~  
p~O/WRilf~' iii triti~~f;~t.rrrc~tl cc~1l.s 

For esamplc .  circular dimer and catenated forms of 
mitochonJrial DN,-\ occur i n  leukocytes from all pa- 
tients tested with granuloc>tic  leukemia but not in mi- 
tochondria from riorrnal leukocytes." Restriction 
pattern5 \ \ e re  ;1bnorn1;11 in ~iiitochondri;tl D S A  frori~ 
Ieuhenlic I e u k o q  tcs in I:! of I 4  c a s ~ s . ~ '  Anut1li.r study 
on mitochondrial DNA h-urn colon and hrain tumors. 
however. did not revcal any abnormal restriction put- 

Circular clinwrs of mitochondrial DNA appear 
in various other transfornied cells and human solid 
tunlors' " (revie\vctl i n ' ) .  DK.4 wquences  also differ 
in reginn\ o f  t h t  rnitochontlrial genome in some tumor 
cells compared u ith nornlal cells. '  Lhh h' 



(clumping) cultures, increased cell agglutination by 
concanavalin A, decreased permeability to chlorirni- 
primine and cycloheuimide, decreased uptake of some 
fermentable sugars such as galactose and maltose. and 
niodifications in the pattern of plasma membrane pro- 
teins.# Mitochondrial mutations also modify expression 
of cell surface antigens in mouse  cell^.'^.^' hlitochon- 
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 carcinogenesis i n  which niito- 
chondrial DNA mutations alter exprehsion 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 
calciunl regulation).'.' Cell division and segregation of 
rnitochondrial genotypes would eventually lead to neo- 
plastic transfor~iiat ion. '~~ Along with changes leading 
to unrestricted cell growth. rnitochondrial mutation- 
induced changes to the cell surface may allow descen- 
dent cells to collaborate to enhance survival and to 
compete with normal cell5 for resources.'" 

sion of activated  oncogene^.'^-^^ Moreover. cybrid fu- 
sion of tumor cells ~vith cytoplasts from normal cells 
can suppress the tumor p h e n ~ t y p e . ~ " ~  For example. 
cybrid tramfer of mitochondrial DNA (nitDNA) from 
relatively normal HTIOYO cells to HeLa cells retards 
cell growth (the converse was not true)." The HT1080 
rntDNA codes for a chloraniphenicol-sensitive, 
growth-retardins phenotype that HeLa nitDNA lacks. 
An abnormal rnitochondrial protein from HeLa was 
identified and localized to a specific rnitochondrial 
gene (ND3).  Conversely. cytoplasts froni transformed 
cells reportedly immortalized B and T Iyniphocyte~. '~ 
Cybrid transfer experiments thus suggest that in some 
cancer cells mutations to rnitochondrial DNA change 
cell physiolos>. to induce g r o ~ t h . " ' . ' ~  One model sug- 
gests that mitochondria produce a factor important for 
suppression of tumorisenicity which is lost when del- 
eterious mitochondrial mutations cause a decline in 
mitochondria."' 

4 .  i2.lathenlaticcll rnotlcls of cc~rc i t lo~r t~c~s i s  
support e.rtrachrott~c~sotlrtrl i r~herirmce of somr hlitochondrial DNA sequences can apparently enter 

cotltribrrtit~g c'rtcJtlt.s nuclear DNA during mitochondria1 breakdown or dur- 
ing normal cycles of organelle fus ion l~egrega t i cn .~  In- 

I n  one mathematical model. alteration of  the mi- corporated mitochondrial plasmids might then provoke 
tochondrial genome leads to accumulation of the lesion activation of oncogenes.' For example, such plasmids 
i n  selected daughter cells through a stochastic distri- could lead to control of an oncogene by a new promoter 
bution of pathological mitochondria during cellular and by encouraging "breakpoints" and somatic rearrange- 
mitochondrial divisions.' Replacement of  normal mi- ments or by inserting a nitDNA replication or tran- 
tochondria by pathological mitochondria eventually scription origin.' The observation of 16 times more 
leads in some way to neoplastic transformation.' oxidized bases (8-hydroxydeoxyynosine)  i n  rnito- 

chondrial D N A  than in nuclear DNA" suggests that 
oxidative stress may cause appreciable strand scission 

5 .  Mitocl~otltlricrl cwtltrih~ltiotls c ~ r t l  e.tpltritr tlrc Ic~tc~tlt 
and fragmentation of rnitochondrial DNA." Oxida- 

period of' c~ltlc.c~r 
tively yencrated fragments of niitochondrial DNA re- . - 

A nlechanism involving oncogenes alone does not leased from mitochondria might then incorporate into 
explain well thc "lag time," or promotional phase of nuclear DNA to activate oncogenes or inactivate 
cancer.lUThe time for mitochondrial mutations to prop- gro~vth control genes." 
agate better explains this phase."' i'i model i n  ~vhich 
some mitochondrial mutations provide a growth ad- 
vantage to the cell when accutnulated under selective hllTOCHOSL)RI..\I. %I lTATIONS hlAY ISCREASE 
environmental conditions (analogous to the increase in GENEK,\I'ION OF ACTIVE OS1'GEN 
chloranlphenicol-resistant mitochondria that occurs i n  
chlornmphenicol selection after mutation) is consistent The potential for involven~ent of mitochondria in 
with the need for a Intent period."' carcinogenesk is apparent. but what mechanism might 

link mitochondrial eenonie damage to neoplastic trans- 
L 

formation is less clear. Disrupted culciuni regulation 
or transfer of mitochondrial DNA fragments to the nu- 
~ 1 ~ ~ 1 s  provide potential mechanis~ns. We now outline 
a nlechnnistn by which minor damage to mitochondrial 

tlybrid fusion of  norlnal fibroblasts with tllnl(>r cell5 genes niifht amplify damage to the nuclear genome 
oftcn supprcsscs tunwrigenicity, despite full expres- and producc changes in celluli~r pherlotypc. 

74 
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Most injuries to the mitochondrial genome can pre- 
dispose to  increased generation of reactive species o f  
oxygen.  This  predisposition occurs because the cnni- 
ponents of the respiratory chain coded for by rnito- 
chondrial genes remove reduced intermediates. The  
mitochondrial genome codes for cytochrome h.  three 
large hydrophobic subunits of cytochrome oxidase. 
two subunits of  the F,F,-ATPnse, two rRNA conipo- 
nents o f  the mitochondrial ribosomes, a11 rnitochon- 
drial t ~ ~ ~ s  (seef" .~o! -~ ' ' h  for reviews). and.  in 

mammals but not yeasts.  seven hydrophobic subunits 
of NADH d e h y d r o g c n a ~ e . ' " ' ~ I " ~  Damage to the niito- 
chondrial genome thus rcsults in impaired function of 
cytochrome ouidase.  i i b i q u i n o l : c y t o c h r m  c ovido- 
reductase (contains  cytochrome 1 1 ) .  the F,,Fl-ATPase 
complex,  o r  Ic"4DH clehydrogenase. 'I'he loss of ab-  
sorption bands for  cytochrome h and cytochrntne 0s- 

idasc in yeast cclls exposed to chemical carcinogensY 
is consistent u,ith this preclictinn. The  mitochondrial 
respiratory chain normally releases small amounts of 
0,. and H,O, through autosidation of one or  morc 
reduced species of flavin. iron-sulphur coniples ,  and 
ubiquinone" gcneruted by succinate, NADH. and other 
tlhiquinone reducing tlchq'drogen;~ses (see"'" for a 
review).  

c7enase Except for sonic subunits of NADf1 dehydro, 
(in mammalian ce l l s ) ,  flavoprotein dehydrogenases are 
synthesized extramitochondrially and thus not neccs- 
sarily lost with rnitochonclrial r i i u t a t i o n s . " ~ o r  e s -  
Lirnple, r h o  o r  rll,," mutants of yeasts. \+hich lack 
segments o r  all of the mitochondrial genome.  contain 
reasonably normal levels of flavoprotein dch!.drogcn- 
aaeh and other nuclcar coded enj.yrnes."" I "  Ubiqui- 
none is also available in normal amounts in pc'tite 
l l i ~ ~ t a n t ~ ,  1 3 - l L 7  Components  of  the respiratory chain 
which contain rnitochondrially synthesized suhunits 
bear responsibility for oxidizing the reduced flavins 
(indirectly).  i~bisemiquinonc and i~b iqu ino l ,  and for 
reducing oxygen safely to water.  Damage to the 
nlitochondrirtl genonie which mutates o r  deletes any 
of the cytochromc components  should increase the 
steady-state concentration of  these rcclucetl interme- 

diates and so  increase free radical products of their 
autoxidation. In evidence of this supposition, inhibi- 
tion of cytochrome oxidase ( C N - )  or  of cytochronie b 
oxidation (mt i rnyc in)  stimulates generation of  H I 0 2  
and 0,.- by niitochondria o r  suhmitochondrial parti- 
c l e s , ~ ~ : . ~ ~ : . ~ ~ i . ~ ~ u ~ ~  hlutant mitochondria deficient in 

normal respiration may thua release abnormally high 
levels of reactive oxyeen species and lipid pemxidation 
by-products to the cytosol and expose the nucleus and 
other c c l l u l x  components to cytotovic species. T h i s  
situation gives a niccharism for mitochondrial niuta- 
tions to promote cellular aging and cancer. 

S\ l  4 l . l .  CH - \SGES 1% THE h l l I ' O C H O S I ~ R l A 1 ,  
C E S O S I E  hl.4Y H.4VE SEVEKF. COSSEQLIENCES 

The niummalian mitochontlrial eenome is highly or- 
yanized. This genome has one origin of replication. 
one promoter far t rans r ip t ion .  and heavy strand se- 
quences coding for r n R N . 4 ~ .  rKKAs. and tRNAs im- 
mediately contiguous to each other (see1"'-"" for 
r e v i e ~ ~ h ) .  The single large transcript is processed by 
precise endonucleolytic cleavages before and after the 
tRNA regions ~ ~ h i c h  separate each of the rRNA and 
mRNA regions. Point mutations in any of the mRNA 
gene$ lead to abnormal subunits of  the cytochronie 
oxitlase. cytochrorne h-c,  . NADH dehydrogenase. o r  
ATPase cornpleses. Point mutations in the rKNA o r  
tKN.4 sequences affects synthesis of all these proteins. 
Single-stri~nd breaks d ~ s r u p t  the integrity of the ge- 
nome.  as evidenced by the formation of circular dimer 
or catenated forrns.'f ' V v e n  w ~ t h  intervening se-  
quences and rnultiple promotor regions in their niito- 
chondrial DNA.  yeasts lose rnitochondrial proteins 
(cytochrornes h and a )  and form petite mutants when 
exposed to r n u t a ~ e n s . ~  

PHOLIFEK.4TlOS ASI )  ASSEhIB1.Y O F  

h l lTOCHOSL~HI .4  DO S O T  REQI'IKE AN ISTACI' 

hl lTOCtIOSDHI.4L G E S O \ I E  

hlitochondria containing a mutated genome con-  
tinue to replicate, because the enzymes for D N A  rep- 
lication are coded by the nucleus and imported from 
the cytoplasm (see""-'""" for reviews of mitochon- 
drial bingenesis) .  Membrane lipids, structural proteins 
and other enzymes needed for proliferation of  niito- 
chondria are also produced in the cytoplasm. Cells of 
rho mutants o f  yeast lacking mitochondrial protein 
synthesis o r  even rho" mutants lacking mitochondrial 
D N A  still produce mitochondria. Although these mi- 
tochondria cannot respire normally and are fewer,  they 
still contain flavoprotein dehydrogenascs.""~" '  Be- 
cause mitochondria grow and divide independent of 
cell division and even of mitochondrial genome 



l 1 X . l  " 1 - 1  3: h mutated mitochondria accuniu- 
late in cells and may eventually predominate over nor- 
mal mitochondria in certain daughter cells of a di- 
viding tissue (as described muthematically in'). As 
demonstrated in yeasts, r h o -  mitochondri:~ contain- 
ing a truncated niitochondrial genome or tandem 
repeats of niitochondrial genes ( a  frequent occurrence) 
often gain a selective advantage over normal mitochon- 
drial genomes due to faster replication and tran- 
sc r ip t i~n . . ' ~ . ' "  hlitochondrial DNA polymorphisms be- 
tween ind i~ idua l s ,~ '  niitochondrial rnyopathies 
i n  humans,c 5 . l ? h . ~ l  115.1 37  and mitochondrial inhibitor- 
resistant mutants in yeast or mammalian cell cul- 
t u r e s ~  : .74 show the somatic heritability of niitochon- 

drial mutations. It' these mutated mitochondria release 
pathological levels of reactive oxygen species. the 
probability of nuclear genztic daniage and damage to 
other cellular constituents increases. 

h l l ~ 1 ' 0 1 0 . 4  1'HOI)I'C'E Kk:;\CI'IVE SPECIES O F  

OSY(;E:V 1)I'KI\(; NOH.\I;\I. OH CYTOCl{KO\IE-  

IN?IIIIII'EI) H E ~ S P I K . A T I O  

Production of 0 , .  and H,0: by niitocondria ac- 
counts for about I-7% of oxygeti uptake itncicr phys- 
iological condition,."'."" In intact mitochondria. the 
rate of H,O, generation is higher i n  state 1V (up to 4% 
of oxygen uptake). ~vhere the absence of ADP gives 
slow oxygen consumption and mostly reduced respi- 
ratory chain componcnts. The rate is lo\ver in state I11 
or i n  the prewnce of an uncoupler, ~vhere osygen up- 
t:~ke is fast and thc respiratory components are mostly 
oxidized. Antimycin (which  block^ oxidation of 
cytochromc 1 7 )  or C N  (which blocks cytochrome ox- 
iclase) sti~riulate release of H,O: or 0:. i n  mito- 
chondria or submitochondrial particles cluc to 
uccitnlulation and uutoxiciation of rcclucccl component5 
(flavins and cluinones) prior to the hloch.' Rlutation5 
to. or loss of any of the cytochromcs should have sim- 
ilar effects. 

h L l ~ t \ i c h o n d r i : ~  g r o a  111 I I I : I \ \  by ~ n i o r p o r : i t i o ~ ~  of ncn  l i p ~ d \  and 
protein5 ~ n t o  e ~ i \ t ~ n g  or;:~~wlIc\  (ri1111cr t h ~ n  b! (It2 t t o ~ , o  forri1:1[1o11) 
and  i n  n u ~ n h c r  h! ;I d y ~ l a n i l c  t ' r ; ~ ~ n l e n r a ~ ~ o n  and  furl{>n p ~ o c c \ \ .  
hl~t\)chontlriaI  I)N:\ replliatc\ t h r o ~ ~ ; h o ~ ~ t  the C S I I  i!cIc. The  f o r -  
~ I ~ I I I I I  of IIN n ~ ~ t o c h t ~ n d r ~ ~ ~  I>! g rowth  ~ l d  I ' I \ \ I I ) I I  (11' C \ I \ ~ I I I ;  m -  
tt)chondria. p lu \  rmtlotii p.lrtltlor1 oi n l ~ t ~ ~ c h ~ ~ n d r i l r  a t  cell d ~ ~ l \ i o n .  
:illow r.indolll c.h;~rlgi.\ I n  gcnc trcqucnclc\ ; ~ n d  \c;cr.itlvC hcgreg.1- 
11011 o f  allr.lc\."' 
\ I I I O I  t C 111 ~ I ~ ~ I I I I ~ ~ I ~ - \ L I O ~ ~ I ~ ' I I I ~ I I ~ C J  \ u h ~ ~ l ~ t ~ c l l o ~ ~ ~ l r i : ~ l  par-  
t ~ c l c \  h o u c \ e r  dl,c.rc,,i~,.., I C ~ C . I \ ~  of  0:. . prc\ulil;lhly d~ [ \ )  d ~ -  
crca\sJ forln; i t ion oi u b ~ \ c ~ ~ l ~ c l ~ ~ ~ n o n c  i n  ths prc\Cnic of  both 
~ r r h ~ h ~ t o r \  ( \ c e  Q cycle ( [ . I ;  1 ) )  1 1 ' ' ' ' '  A ~ ~ I I I O I I  ot :III ~111c t )~ lpIc r  to 
~ r l t i r ~ ~ ) c i n - \ u p ~ ~ I ~ t ~ t c ~ ~ t c ~ l  \ u h ~ r ~ i t o c t ~ o r l ~ l r i . ~ l  p a r t~c l c \  f u r t h e r  h t l l n ~ 1 -  

I;itc\ relc.~\c 01 0:. ( p t ~ ) h ; t h l )  tr0111 :III e i l ~ ~ t  of I I I ~ I I I ~ ~ : I I I ~  potc~~ti:iI 
or1 the r ~ t c  of electron tr:in\ler ~ ~ I L L ~ ~ I I  L I ~ I ~ I U I I I O ~  :11111 cytoihr0111e 
c , , )  "" 

DEFECTIVE FCSCTION O F  hIITOCHOSDRI41 ,  G E N E  

PKODYCTS INCREASE3 GENERATION O r  
ACTIVE OXYGEN 

At least some herit:ible niutations to niitochondrial 
gene products are likely to increase generation of O,.- 
and tI,O,. The effects 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. 

Cytochrome osidase allows the electron transport 
chain to reduce osygen safely to water. The cytochrorne 
clcytochrome oxidase complex also confers superos- 
idt: osidase activity to mitochondria. (This activity re- 
sults from the ability of ferricytochronit: (. to react with 
O, . -  . kvhile cytochrorne oxidase regenerates ferricy- 
tochrome c from the resulting ferrocytochrome c . )  Al- 
teration or deletion of cytochrome oxidase increases 
the steady state concentration of osygen i n  the mem- 
brane and simultaneously accelerates autoxidation of 
the reduced electron transport components which 
;1ccu111u1ate. 

Siniilarl>.. alteration or dzletion of cytochrome b 
impairs oxidation of the reduced species of tlavin and 
ubiquinone by the cytochrome b complex and leaves 
them susceptible to attack by oxygen (or other cyto- 
toxic electrophiles). Apparent from the ubiquinone 
( " Q " )  c y c l e l  3 ' J l i '  (Fig.  I ) ,  loss of function of cyto- 
chrome h could be a dangerous alteration. Other (nu- 
clear encocitd) subunits can still oxieiizt: itbquinol to 
the more autosidizable ubisemiquinone species. Such 
an alteration is equivalent to adding antiniycin. Ab- 
sence of cytochro~lie 17 docs not affect incorporation of 
cytochrorni. c l  (;I  nucle:ir gene productil" or formation 
of "centre ( 1 . "  the niyxothiazol binding site.Ii' H w -  
ever, absence ofcytuchro~ne h impairs assembly of the 
iron-sulphur protein into complex l l l ' "J . lh l~  and thus 
might a w i d  ~ ~ b i s e t i i i u i n n e  forrnation at this site. A 
mutation to the cytochrome 0 gene ( i . e . ,  rtrir i which 
impairs the ability of the product to transfer electrons. 
but does not affect asscnibly of complex I l l  however. 
~ o u l d  not avoid uhiserniquinone formation. Mito- 
chontlrial arltibiotic-resixt;111ce ( t r r r tK)  niututions which 
lower aff~nity t'or an antibiotic such as antimycin or 
oligoriiycin but clo not othcrwi\e alter function of the 
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Loss o r  alteration of n nlitschondrially coded sub- 
unit of the N.41)H tlchytlrogenase cornplex presumably 
renioves this xite of ubitluinone reduction and 0:. 
generation ( the tlvn main sites of  0 : .  generation are 
complex 1 ,  NADt1 tlehytlrogcnnse: and complex 111, 
ubic1~1inul-cytoclirome c oxidoreductase). Other  J c -  
hydrogenascs capable of reducing ubiquinonc remain 
however ( e . 9 . .  succinatc dehydrogcnase,  dihydrooro- 
talc dch>,clrogcnase. electron transferring flavoprotcin. 



glycerol-3-phosphate dehydrogenase. acyl CoA de- 
hydrogenase, NADPHINADH transhydrogenase). For 
example, glycerol-3-phosphate dehydrogenase or iso- 
lated dihydroorotate dehydrogenase thernselves pro- 
duce 0,. - and ki202,  1 1  1 . 1 6 3 . 1 6 ~ - 1 b :  Also. loss or mutation 

of a subunit of NADH dehydrogenase does not nec- 
essarily abolish 0 2 . -  generation from this site. One 
function of these subunits is to presumably help create 
an environment appropriate for the catalytic moi- 
t i e s ,  lO%lhX Thus. loss of a subunit. or particularly a 
mutation which does not otherwise affect assembly of 
the complex, might conceivably destabilize the fla- 
voserniquinone or ubiserniquinone intermediates and 
increase 0 2 . -  release. For example. a srnall isoform 
of NADH dehydrogenase without mitchondrial en- 
coded subunits assembles in Ncitrosporcl treated with 
chlorarnphenicol. ~vhich has the same electron transfer 
activity, but a lower affinity for ~rbiquinone. '~ '  (Sim- 
ilarly, a mutation to one of the subunits of cytochromc 
oxidase niight conceivably destabilize the O1.-. or H1O, 
enzyme intermediates and lead to release of reactive 
species.) Such specific mutations may occur with less 
probability, but would be dangerous nonetheless. 

If cytochrome h plus one or more subunits of cy- 
tochronic oxiduse were mutated, 0 , .  generation at 
site I would increase. For example. blocking cyto- 
chrome h and cytochrome oxidase with antimycin pluj 
C N  increases NADH-supported generation of 0 , .  
over that in absence of inhibitors."' O1.- generation 
at site Ill would depend on the rate of autoxidation of 
reduced species of i~biquinonc. Thii; rate may be sub- 
stantial at the increased oxygen tension uhich devel- 
ops. Loss of cytochrome 17 plus subunit 8 of the 
F,A?'Pase complex (which may control coupling of 
ATP synthesis) is equivalent to adding antirnycin plus 
uncoupler; a situation which produces the highest rates 
of H 2 0 ,  generation in mitochondria (10-30-fold 
greater than that released in normal respiration). I f  the 
whole niitochondrial genome is lost, the rate of 0:. 
generation depends partly on the degree of assembly 
of complex I l l  in the absence of cytochrome h. but 
ubiquinol is generated by succinate dehydrogenase and 
dehydrogenases other than NADH dehydrogenase. I n  
addition to increasing univalent reduction of oxygen. 
mutations to nlitochondriul genes can increase rcduc- 
tion of cytotoxic quinones or xcnobiotics. 

CYTOCHROSIE DEPLETED hllTOCHONDRI.4 SUPPORT 

CESEK.4TIO.U OF ACTIVE OXYGEN 

A cytochrome c-deficient yeast mutant had in- 
creased levels of both cytosolic and mitochondria1 
forms of superoxide disniutase (both are induced by 
oxidative stress in yeasts) and had increased CN--re- 
sistant respiration."" These changes occurred with 
or ivithout oxidative stress induced by paraquat, sug- 
gesting increased generation of O Z . -  and increased 
ability to reduce cytotoxic agents. Also, a cytochrome 
6-deficient yeast mutant contained at least normal 
amount5 of mitochondria1 superoxide dismutase. de- 
spite being deficient in normal respiration.I7' In this 
study. n~itochandrial superoxide disrnutase was highest 
i n  the log phase of yeast growth on glucose. before 
appearance of cytochromes (subject to glucose repres- 
sion) and rehpiratinn. Flavoprotein dehydrogenases are 
less subject to glucose repression and were derepressed 
cr~rlier than cytochrome osidase. Petite (rho-! yeast 
mutants also express irnrnunoprecipitable mitochon- 
tlrii~l superouide d isr i~utase '~ '  plus catalase"' and per- 
oxidase."' though lacking cytochromes and normal 
respiration. 

Extraction of cytochrome c from rat heart mito- 
chondria did not substantially alter the rate of succinate 
supported H,0, generation per mg protein (in ahsence 
of a n t i q c i n ) . " '  The H,O, yield per oxygen consulned 
(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 dehydrogenase from cytochrorne 6 
and other cytochromes as in the presence of cyto- 
chronles plus antirnycin."' I h "  

Increased CN--resistant respiration, presumably 
representing some autoxidizable cornponent."('also 
develops in respiratory deficient cells of several eu- 
karyotic microorganisms. These cells include respi- 
ration deficient mutants of S. p o t n D r " h n d  N .  
ere l,v,v  el.>^.^-- r h o  or rho" mutants of S. ~crr \ . i s ic le ,"~  

anti yeast cells grown anaerobically (and thus lacking 
mitochoncirial cytochromes but not tlavoprotein de- 
hyd rogenase s ) . "~on i ca t ed  cells from anaerobically. 
but not aerobically grown S. c-crc,tri.sitre spontaneousl\, 
(endogenous substrate) generated 0 2 . -  .I-' 

hllTOCHONL)RI:~I, hIL~T.4TIONS PROVILIE AU 

ASII'LIFIED ROUTE TO I'.VI'HOL.OGY 

The above analysis shows the nuniber of possibil- 
ities for increasing generation of reactive oxygen spe- 
cies with injury to the mitochondrial genome. it seerns 
almost certain that nlutations causing increased free 



radical generation occur at least occasionally. Whether 
such niutations manifest as overt pathology depends. 
of course, on a variety of other factors (e.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 rnito- 
chondrial subunits occur with less frequency.'" niu- 
tation to a nuclear-encoded subunit of cytochrome 
oxidase. ubiquinol:cytochrome c oxidoreductase. or 
F,F,ATPase, (or an enzyme needed for niitochondrial 
protein synthesis) could similarly increase oxidative 
stress. I n  this case. the mutation would affect the whole 
rnitochondrial population of the cell. Mitochondria 
would thus act as an adjuvant to nuclear niutations. 
lncrcasing the steady state concentration of oxiclative 
species. 

h1lTOCHONl)RI,\L hlLTA'l'IOSS CAUSING ACT1\'.1TIOS 

OF OXYGEN CAN AhlI'LIFY C'AHCISOGESESIS 

Multiple pathways lead to neoplastic transforma- 
tion. These pathways include responses to chronic in- 
flammation, or direct actions of carcinogens or their 
biotransforniation products on the nuclear genome. 
Mutations to rnitochontlria lcadlnc 0 to release of reac- 
tive oxygen provide one additional pathway. I n  this 
pathway. the initial event is the interaction of a mu- 
tegen ~vi th  the niitochondrial genome, alone, or si- 
multaneously with the nuclear genome. 1-ipophilic 
mutagens which can be activated by enzymes i n  the 
mitochontlrial membranes, or which cooperate with ac- 
tivated oxygen preferentially darnase rnitochondrial 
DNA. Injury to the rnitochondrial (or nuclear) genome 
impairs synthesis of one or more inner membrane prod- 
~ t s .  klutant mitochondria tnay then develop ~ h i c h  
release reactive species of oxygen 2nd products of mi- 
tochonclrial membrane degeneration ( e .g . ,  lipid per- 
oxides, reactive ;~ldehydes). and have increased ability 
to reduce reactive quinones. Such mitochondria con- 
tinuously expose the nucleus (and other mitochondria) 
to genotoxic agents. Exposure might occur in an acutc 
burst, as n mitochondria clegenerates, or more insidi- 
ously, where n~itochondria rclease rnoderatcly elevated 
levels of oxygen radicals for a substantial time before 
they inactivate. Within this time, the mutant niito- 
chondrial genome may have replicated. The mutagenic 

process may be intracellularly amplified as genotoxic 
damage spreads from mutant mitochondria to ad jxen t  
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 genotouins. This 
intracellularly amplified damage increases the likeli- 
hood of oncogene activation or growth-suppressor gene 
inactivation. 

hlitochondrial mutations which increase oxidative 
stress can also influence transformation and cellular 
proliferation through effects on calciun~ storage or 
other intracellular signals. The enhanced proliferation 
of fibroblasts observed on exposure to low concentra- 
tions of H,O:" might reflect such effects of oxidative 
stress on intracellular signa1.s. Hydroperoxides, or 
agents which induce oxidative stress. impair calcium 
sequestration and cause release of calcium from mi- 
tochondria and other intracellular stores (e.g,""-'" 

1 for a review). Moreover, peroxide or prooxidant- 

induced release of calcium from niitochondria and 
other stores causes cytoskeletal changes evident in 
blebbing of the cell surface of hepatocytes.l"'-l"h In- 
creases i n  cytosolic calcium stimulntc DNA synthesis 
and cell proliferation.' 9 ,is',ixs and intracellular stores 
contribute to these processes.C & I h q - l ' j : . ~ I  Iqi . I '?J  Im- 
paired calcium storage can activate calcium-sensitive 
proteases. phospholipases, and protein kinases, and the 
arachidonic acid cascade. Thus. mutant niitochondria 
might act intracellularly i n  a manner analosous to on- 
cogenic growth factors which cause influx of calcium 
across the cell membrane (EGF) or release calcium 
from endnplabmic reticulum through turnover of phos- 
phatidyl inositol (PLIGF). 

I n  contrast to most other models. a niitochondrial 
rnutationioxygen activation pathway theoretically al- 
lows just one, or a feiv. mutant mitochondria to insti- 
gate oncogenesis. Consistent with other models 
however. a latent period (promotional phase'?) niuy en- 
sue ~ rh i l e  cell division and rnitochondrial proliferation 
allow for the segregation and accurl~ulation of mutant 
niitochondria i n  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- 
fected, the nature of the mutation. the lability of the 
mutated mitochondria, and the rate of cell division of 
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the tissue. In addition, time is needed for the multistep 
activation of oncogenes and inactivation of growth sup- 
pressor genes usually required for t ran~for rna t ion ." '~ . "~  

S O M E  TUJIOR CELL. CH.-lRAC'I'ERISTICS ARE 
CONSISTENT WITH ILII'I'OCHONl)KI;\L RELEASE O F  

ACTIVE OXYGEN 

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

Kespirution of tunior 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 (la? and b (antl less so.  c , )  were decreased in 
hepatoma o r  virus-transformed  cell^.""^"" Levels of 
cytochrorne 1. ( a  nuclear gene product) were increased 
however. increasing the cytochrorne cicytochrome ox-  
itlase ratio. Thcse observations, plus abnormal DN.4 
seen in tumor niitvchondriu." ' suggest impairment of 
rnitochondrial gene products is more prev~tlent  than 
impairment of mitochondria1 proteins derived from nu- 
clear gciics. 

hlitochontlria o r  submitochondria1 particles from 
some tumor cells show normal or increased antimycin- 
induced generation of 0,. u hen coinparecl lvith nor- 
mal tissues. [''' ?"[ In one casc.  heputornu mitochondria 
rcportcclly generated more 0 , .  \\ ithout antiniycin than 
normal livcr mitochondria.'"" 

Despite ability of the mitochondria for normal o r  
increased generation o f  0,. , tunlor cells generally 
contain less rnitochunclrial s u p e r o ~ i d e  disrni~tase 
( MnSOL)) antl sornctirncs less cytosolic superoxide dis- 
mLltasc (C~%,,SOL)) ,  1'1" 'OO..'~' 2 0 ~  Some contradictory 

reports ;tppear, ho~vcvt.r..'"' '"' The location and loci11 
environment ( c . g . .  oxygenation) of the tunior cells can 

influence the expression of superoxide disrnutase and 
other oxidative e n ~ y n i e s . ' " ~  

Tumor cells and mitochondria produce less lipid 
peroxide in v i t r~ . " ' "~"  Tumor mitochondria1 meni- 
branes generally have decreased polyunsaturated phos- 
p h o l i p i d s  a n d  i n c r e a s e d  n ~ o n o u n s a t u r a t e d  
phospholipids' *."> (see refs',2" for reviews). These 
chanpes in membrane c o r n p s i t i o n  suggest previously 
peroxidized  lipid^."'."^ 

Aldehydic products of lipid peroxidation ( e . g . ,  al- 
kenals) are cytostatic. inhibiting chromosomal repli- 
cation and transcription." ?1'37-"i as  &ell as 
cytotoxic. inducing mutations2'? and triggering heat 
shock genes."' Addition of polyunsaturated fatty acids 
at sufficient concentration inhibits proliferation of tu- 
mor cells ( o r  regenerating normal cells)."'~"'-2'h 
Chain-breaking antioxidants such as alpha-tocopherol 
or butylated-hydro~ytolut .ne promote cell prolifera- 
t i ~ n . " " ~ ?  Ixve ls  o f  lipid peroxidation thus relate in- 
versel) with rates o f  cell proliferation."' '"~"' Loss of 
the moderating influence of peroxidation on cell di- 
vision may stirnulate the proliieration of tumor 
c e l l s , l O 1 . ? U ~  2111 .31(  ? 2 Y  

Thus ,  relzase of reactive oxygen species (oxygen 
radical\,  p t x o ~ i d e s .  aldehydes. e tc . )  by mitochondria 
[nay contribute to initiation and promotion before cell 
transformation, while subsequent exhaustion of per- 
oxidative ability n i q  contribute to proliferittion of 
trunsfornied cells.  In the broadest interpretation these 
vie\\ s accomodate both the respiratory deficiency the- 
ories of Otto W a r h ~ r g ' ~ "  and the bioelectronic (keto-  
aldehyde) theories of Albert Szent-Gyorgyi.'"':; ' 

A link between rnitochondrial mutations and oxygen 
activation adds to the current niitochondrial model of 
senesence by more accurately preclicting accelerated 
aping on expcbure to  environmental mutagens o r  tox- 
ins. Thub. darnage to the genome either from exposure 
to a rnitochondrial gcnotsxin o r  from endogenous gen- 
eration of o x > g c n  radicals during respiration can lead 
to loss of normal rehpiratinn nnd further releahe of toxic 
~ x y g e r ~ ~ s p c i e b .  In evidence mitochondria and sub- 
mitochontlrial particles isolated from the hearts of old 
rat> release about 34% more H1O, antl 0:. than those 
from young rats."' This  incrcuse v.ith a s e  is relatively 
iniignificant in liver. but i b  nlore suh\tantial in rat brain 
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than i n  heart." In houseflies, antinlycin-resistant res- 
piration increased 50% and rnitochonclrial generation 
of 02. increased morc than t~vo-fold Lvith aging.": 
Increased rclcase of r c a c t i ~ c  oxygen hpecics allon?; 
further clamage to the rnitochonclrial genonw and other 
nlitochondrial structures, eventually causing loss of 
regencr;~tive ubil ity and a decline i n  nornlally tunc- 
tioning mitochondria. This amplification further e s -  
plains the tlccreasecl rebpiratory rates, respirator), 
control ratios. and P / O  ratios observccl i n  nlitochonclria 

7 .  

isolated from olclcr animals.' "-- Such mitochondrial 
tlcsfunction causes darnage to the mitochondria, and 
a l w  to other ccllular constituents through release o f  

Thow cells most susceptible to cellular ?sing ( e . g . .  
n i i ~ s ~ l e  and nerve)"' ''I are precisely those fixed. post- 
mitotic cclls least susceptible to cancer.?" So.  a corn- 
mon riiechanism of mituchondrial rnutagenesis could 
contribute to cancer in dividing cells (e .g . .  fibroblasts. 
1eukoc)~tes. bone nlarrow). to aging i n  terminally dif- 
fercnti:tted cells. and to both aging and cancer intcr- 
mitotic cells ( e .g . .  liver. kidney. aclrenal gland). Fig. 
2 provides a surliniary of the potential involvenient of  
niitochondrial riiutntions i n  carcinogenesis and aging. 

oxygen rnetaholites to the cytasol. Accumulation of C O S C I . I ' S I O ~ S  
~nitochondriul genetic danlage with a g e '  '" t11u.s not 
only contributes to aging. but may also increase risk The tight conservation of mitochondria1 encoded 
of  cancer. protcinh, but Inbile mitochondrinl DNA must reflect 



the strong evolutionary pressures on this organelle. The 
high mutation rate of  mitochondrial D N A  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 
N A D H  dehydrogenase or a mutated cytochrorne 6 - 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 widc 
acceptance of the respiratory deficiency model. I f  mi- 
tochondrial mutations which increase release of active 
oxygen prove to contribute to carcinogenesis and ag- 
ing. this criticism falls aside, since the respiratory clam- 
age is both a result of carcinogen expo.;ure and a cause 
of transforrnation. This intracellularly amplified path- 
way accommodates both mitochondrinl and nuclcar 
events, such as activation of oncogene5 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 a t  p H  7.0 
or 8.0, addition of 5 to 300 U/ml superoxide dismutase inhibited autoxidation by up  to 
96% a t  the highest concentrations. Superoxide dismutase a t  concentrations of 5-20 
U/ml 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 86%, even though EDTA accelerated the autoxidation of 
6-OHDA when present alone or with desferrioxamine. In contrast, other ligands, such 
a s  ADP or  phytic acid, had little or no effect on inhibition by superoxide dismutase. 
Proteins such a s  albumin, cytochrome oxidase, or denatured superoxide dismutase also 
enhanced inhibition by active superoxide dismutase from less than 40% to over 90%. 
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 0; 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 l igands render autoxidat ion dependent  on propagation by 0; 
and therefore inhibitable by superoxide dismutase. Previously conflicting reports t ha t  
superoxide dismutase alone inhibits 6-OHDA autoxidation a r e  thus explicable on the 
basis t h a t  a t  suficient concentration the apoprotein coordinates trace metals in such a 
way to  preclude inner sphere metal catalysis. o l9S7AcademicPress.Inc. 

Interactions between metals,  their li- 
gands,  and  oxygen must  be considered 
when investigating biological autosida- 
tions. The autoxidation of catecholamines 
such as 6-hydroxydopamine (6-OHD.4),3 
or other  autoxidizable compounds is stim- 
ulated by added metal ions such as  Cu2+ or 
Fe" (1-4). In addition, since the direct re- 
action of oxygen with organic reductants 

is spin restricted, many "autoxidations" 
requi re  t rans i t ion  meta l  ca ta lys i s  (5). 
Even so reactive a compound a s  6-OHDA 
does not reduce molecular oxygen directly 
(6), since the reaction reportedly requires 
a te rnary  6-OHD.4. metal  oxygen com- 
plex (6, 7). 

Superoxide acts  a s  an autocatalytic in- 
termediate in the  aerobic oxidation of 6- 
OHDA, and hence. su~e rox ide  dismutase 

' Supported by a grant irom the Natural Sciences inh ib i t s  t h i s  au tbxida t ion  by 93-96% 
and Engineerina Research Council of Canada .47568. (6-9)- H0 lve~e r ,  Sullivan and s t e rn  report  

To whom correspondence should be addressed. tha t  superoxide dismutase failed to inhibit 
'Abbreviations used: 6-OHDA, 6-hydrosydopa- 6-OHDA autoxidation except in the pres- 

mine; SOD. superoside dismutase. ence of the  metal chelators EDTA or  DE- 
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TAPAC (4) .  Moreover, addi t ion of iron 
(EDTA chelate) accelerated autoxidation 
and rendered it insensitive to  superoxide 
dismutase.  Thus  Oi; does no t  appear  t o  
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 a s  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 t he  Fez+-EDTA 
complex reveals a hesadentate  complex 
which displays an  unusual seventh coordi- 
nation s i te  occupied by water (15). This 
coordinated H20 can be readily displaced 
by ligands such a s  azide, H202 o r  oxygen, 
allowing t he  chelated iron to  participate in 
redox reactions (16). While EDTA stabi- 
lizes Fe3+ and  thus slows i ts  reduction, i t  
does not  prevent the reduction of iron (as  
evidenced by reduction of Fe3+. EDTA, but 
not Fe3+. DETAPAC or Fe3+. desferriox- 
amine, by 0;) (17, 18). In addition to  the 
interaction between reductant and  metal, 
the stability of reduced metal, metal - oxy- 
gen, o r  metal  - superoxide complexes de- 
pends in tu rn  on the nature of other li- 
gands present (19-21). With t he  hope of 
providing a more systematic and complete 
understanding of the roles of ligznds in 
t h e  in te rac t ions  between reduc tan ts ,  
metals,  a n d  oxygen we investigated t he  
effects of various added l igands on t he  
ra te  of autoxidation and on t he  ability of 
superoxide dismutase to inhibit autoxida- 
tion of 6-OHDA. 

MATERIALS ASD METHODS 

Reagents 6-0HD.4 hydrobromide (Sigma Chemi- 
cal Co.) was prepared anaerobically in H 2 0  immedi- 
ately before use. Substantial  exclusion of oxygen 
from stock solutions was confirmed by the  absence of 
significant concentrations of the pquinone oxidation 

product a t  the s t a r t  of each assay. Superoxide dis- 
mutase (bovine blood). EDTA, phytic acid. ADP, cy- 
tochrome c (type 111). bovine serum albumin, and po- 
tass ium phospha te  buffer s a l t s  were  a l so  f rom 
Sigma. Desferrioxamine (Desferal Mesylate) was a 
gift from CIBA. Histidine was  from Coleman, Math- 
eson, and Bell. Cytochrome oxidase was prepared in 
this laboratory by the method of Wainio et a1 (22) 
and was assayed to have a n  activity of 0.231 s-' mg-' 
ml a t  an initial ferrocytochrome c concentration of 20 
PM. 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 a t  12.500 U/ml 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. 

H'ater. bufrs, and ndaI ion m&mination 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. I n  view of the  ineffective- 
ness of t he  customary precautions t o  remove all 
traces of transition metal  ions and because trace 
metals were desired in these experiments, no further 
attempts were made to lower t he  level of trace metals 
in the  buffer solutions. These experiments should 
thus represent standard laboratory conditions. 

..issay yrocedures and reactia cunditionr Experi- 
ments were conducted a t  both pH 7.0 and pH 8.0 in 
2.5 ml final volume air-saturated,  50 mM, potassium 
phosphate buffer; 25•‹C. Ligands  were added t o  a 
concentration of 1 mM. This concentration was pre- 
sumed to be sufficiently above the initial 6-OHDA 
concentration tha t  the added ligand could compete 
effectively with the  catechol hydroxyls of COHDA 
for coordination of metals. The concentrations of any 
added proteins or enzymes a r e  indicated in the leg- 
ends to figures. Reactions were initiated upon addi- 
tion by gas-t ight syringe of a 25-,.11 aliquot of 6- 
OHDA stock solution to give an  initial 6-OHDA con- 
centration of 200 p ~ ,  just  below that  of dissolved 
oxygen. Formation of t he  pquinone product of au- 
toxidation was monitored spectrophotometrically a t  
490 nm. Data  were collected on both a linear str ip 
char t  recorder and a microcomputer equipped with 
a n  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 pquinone formation was used to measure 
t he  ra te  constant a t  maximum velocity. 

The activity of stock superoxide dismutase solu- 
tions was assayed by the  method of McCord and Fri- 
dovich (23). Based on t h e  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 d i smutase  which inhibited by close to 40% was 
chosen f o r  comparison of the effects of different li- 
gands on  t h e  inhibition of 6-OHDX autoxidztion by 
superoxide dismutase. 

Since t h e  contribution of cytochrome c to absor- 
bance a t  490 nm decreases a s  i t  becomes reduced, 
d a t a  were  collected in corncomitant reactions moni- 
tored a t  490  and 550 nm for those reactions involving 
c y t o c h r o m e  c. S imul taneous  so lu t ions  for  t h r e e  
equations (Aaw.  Am. total cytochrome c concentra- 
tion) in th ree  unknowns fpquinone  concentration. 
ferrocyrochrome c concentration, ferricytochrome c 
concentrat ion) were then solved using molar absorb- 
tivities determined specifically for  these reaction 
conditions. This  allowed calculation of the  true ra te  
of 6 -OHDA autoxidation.  The correct ion was n o t  
l a r ~ e  for  t h e  reactions reported here (e.g.. 1 0 5  of t h e  
A,w r a t e  c o n s t a n t )  s ince  a t  10 P M  cytochrorne c 
(added to  both sample and reference cuvettes) t h e  
change in i t s  contribution to absorbance a t  490 nm 
Ivas relatively small. . 

Dtrftr rr)tulyses All reactions were performed a t  
least in duplicate. Since the variability between du- 
plicates w a s  roughly proportional to  the  ra te  of t h e  
reaction. t h e  relative standard e r ror  for the  control 
reaction of a part icular  experiment (performed a 
number of t imes)  was used to est imate the  standard 
e r ror  for  t h e  other  conditions. These estimates a r e  
represented by the e r ror  bars in the  figures. 

RESULTS 

The addition of ligands to the reaction 
mixture markedly influenced the rate of 
6-OHDA autoxidation (Fig. l a ) .  A t  pH 7.0 
desferrioxamine or histidine inhibited the 
reaction by over 50%. Addition of EDTA 
accelerated the  r a t e  of autosidat ion to  
over twice tha t  of 6-OHDA alone, while 
phytic acid or ADP had little or no effect. 
The results were similar a t  pH 8.0 (not 
shown) except t ha t  desferriosamine was 
less inhibitory, EDTX less stimulatorg, 
and phytic acid was somewhat stimula- 
tory (40%). While the autoxidation of 6- 
OHDA is more rapid a t  pH 8.0 (with a rate 
constant of 8.7 X for 6-OHD.4 alone 
\versus 3.1 x a t  pH 7.0) the effects of 
added ligands on the reaction rate were 
proportionately diminished. Thus the ac- 
celerat ion a t  increased p H  is large]?. 
attributable to an increased contribution 
of wetul imiepmrle~f pathways. 

FIG. 1. ( a )  Effect of added ligands on the  autoxida- 
tion of 6-OHDA. Reactions were carr ied ou t  in air-  
sa tura ted  50 mM phosphate buffer ( p H  7.0) a t  25OC. 
6-OHDX (200 r ~ )  was  used to ini t iate  t h e  reaction 
and p q u i n o n e  formation was followed spectrophoto- 
metrically a t  490 nm. Ligands present in the  reaction 
mixture ( a t  1 mM) a r e  indicated on t h e  r axis. Abbre- 
viations used: KONE. no  ligand added; DEF,  desfer- 
rioxamine; PA, phgtic acid; HIS,  histidine. E r r o r  
bars  represent  est imates of s tandard deviation f rom 
t h e  mean. ( b )  Effect of added proteins on t h e  autoxi- 
dat ion of 6-OHDA. Reaction conditions a s  in (a) .  
Proteins present  a r e  indicated on t h e  r axis: albumin. 
bovine s e r u m  a l b u m i n  (130 gg/ml);  ca ta lase  (100 
U/ml):  boiled superoxide  d i s m u t a s e  (100 r g / m l ) ;  
cytox. cy tochrome oxidase  (100 rg / rn l ) ;  cytc. cy- 
tochrome c (10 r M ) .  

With a few exceptions, proteins (enzy- 
mic o r  nonenzymic) substantially inhib- 
ited 6-OHD-4 autoxidation (Fig. lb) .  Thus. 
albumin (0.13 mg p ro t e idml ) ,  boiled su- 
peroxide dismutase (0.10 mg pro te idml) ,  
and cytochrome osidase (0.1 mg/ml), all 
inhibited by 30-45% a t  either pH 7.0 or  p H  
8.0. Inhibition then, appears to  be a gen- 
eral effect. of added proteins, presumably 
mediated by chelat ion of t race  metals.  
Moreover, albumin and to some extent cy- 
t o c h r ~ m e  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,On. 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 pg protein/ml), were 
ineffective. Also, a t  pH 8.0 cytochrome c 
did not display the general inhibitory ef- 
fect of added protein and, in the presence 
of cytochrome oxidase, actualiy acceler- 
a ted  t h e  r a t e  of 6-OHDA autoxidation 
over t h a t  of control (not  shown). Cy- 
tochrome c is rapidly reduced by 6-OHDA 
under aerobic or anaerobic conditions (24) 
and  cytochrome oxidase increases t h e  
contribution of this process by recycling 
ferricytochrome c. 

Competing Eflects of Ligands and 
Proteins on Inhibition by 
Desfmbxamine  
A t  p H  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  ra te  of autoxidation in the presence of 
desferrioxarnine to 27% greater than tha t  
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. A t  p H  8.0 (not 
shown), desferrioxamine was less inhibi- 
tory and  e i ther  histidine o r  ADP aug- 
mented t h e  inhibition. EDTA again re- 
versed t h e  inhibition. Phyt ic  acid was  
timulatory a t  this pH and, like EDTA, re- 
versed inhibition by desferrioxarnine. 

Among the  proteins tested, ablumin, 
catalase, boiled superoxide dismutase (a t  
p H  7.0) or cytochrome oxidase had little or 
no effect on the  inhibition afforded by 
desferrioxarnine (Fig. 2b), although albu- 
min did produce an induction period. A t  
p H  8.0, boiled superoxide dismutase en- 
hanced the  inhibition by desferrioxamine 
(from 24 to  87%). I t  should be noted how- 
ever, t h a t  we were not able to completely 
inactivate the superoxide dismutase prep- 
arat ion by boiling. Even with extensive 

FIG. 2. (a) Inhibition by desferrioxamine: Effect of 
additional ligand. Reaction conditions and abbrevia- 
tions as in Fig. l a .  The data  a r e  expressed as percent- 
ages  of cont ro l  (6-OHDA alone) r a t e  cons t an t  
(0.00306 s-'). (b) Inhibition by desferrioxarnine: Ef- 
fect of added protein. Reaction conditions and abbre- 
viations as in Fig. lb. The da t a  are  expressed as per- 
centages of control (COHDA alone) ra te  constant 
(0.00306 s-'). 

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 u p  t o  5 U/ml of super- 
oxide dismutase activity. Cytochrome c, ei- 
ther in the presence o r  the absence of cy- 
tochrome oxidase, removed approximately 
50% of the inhibition provided by desfer- 
rioxamine alone a t  p H  7.0 and, a t  pH 8.0, 
accelerated the  reaction over t h a t  of 6- 
OHDA alone. Cytochrome c thus  provides 
a redox-active metal center which is inac- 
cessable t o  coordination by desferriox- 
amine. 

Inhibition by Superoxide Dismutase: 
Eflects 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 autosidation 
caused by a concentration of superoxide 
dismutase which alone inhibited by 40%. 
As has  been found for other autosidations 
(e.g., epinephrine, (25)) superoxide dismu- 
tase was  much more inhibitory 2t higher 
pH. Thus 20 U/ml superoxide dismutase 
was used a t  pH 7.0 while only 5 U/ml was 
required a t  ph 8.0. Of the ligands tested, 
phytic acid or ADP h2d little or no effect 
on the  inhibition by superoxide dismutase 
(Fig. 3a). At  the other extreme, the pres- 
ence of desferriosamine plus superoxide 
dismutase inhibited 6-OHDA autoxida- 
tion almost completely (99.7%). As little 
a s  5 U/ml superoside dismutase was suf- 
ficient even a t  ph 7.0 to provide 99.5% in- 
hibition in the presence of desferriosam- 
ine (not shown). Histidine plus superoxide 
dismutase also afforded very substantial 
(e.g., 95% a t  pH 7.0) inhibition. 

FIG. 3. (a) Inhibition by superoxide dismutase: Ef- 
fect of added ligznds. Reaction conditions and abbre- 
viations a s  in Fig. la. 'The data are expressed as  per- 
centages of inhibition from the 6-OHDX alone con- 
dition. (b) Inhibition by superoxide dismutase: Effect 
of added proteins. Reacton conditions and abbrevia- 
tions as in Fig. lb. The data are expressed as percent- 
ages of inhibition from the 6-OHD.4 alone condition. 

0 20 40 80 80 100 120 140 
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FIG. 4. Inhibition by EDTA + superoxide dismu- 
tzse: Effect of catalase on the latent period. Reaction 
conditions as  in Fig. l a  a t  pH 8.0 with superoxide 
dismutase present a t  5 U/ml and catalase ( C r l T )  
present a t  100 U/ml. 

One of t he  more remarkable observa- 
tions is t h a t  while EDTA accelerates 6- 
OHDA autoxidation when present alone 
or even with desferrioxamine (Figs. l a  and 
2a), i t  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 i- 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 H202 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  t h a n  H202 
(such a s  t he  semiquinone or paraquinone) 
is accumulating a s  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 t h a t  
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/ml superoxide dismu- 
tase activity which i t  provides (compare 
Fig. 3b with Fig. 5). -4lbumin 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 c (or cytochrome c plus 
cytochrome oxidase) was less than with 
the  other  proteins tested (particularly a t  
p H  8.0). This lessened effect is presumably 
due to  stimulatory effects of the redox-ac- 
tive iron of cytochrome c Catalytic quan- 
ti t ies 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  a lmost  100% inhibition, a n d  
since even inactivated superoxide dismu- 
tase enhanced the  inhibition by active su- 

o +  1 

0 SO 100 160 ZOO 280 300 360 

puperox ldr  dlrmutats] (Ulml) 

FIG. 5. Inhibition by superoxide dismutase: Dose- 
response curve. Reaction conditions as in Fig. l a  with 
no ligands added. Superoxide dismutase was present 
a t  the indicated concentration before initiating the  
reaction with 6-OHDA. 

peroxide dismutase (Fig. 3b), much of the 
effect of increased superoxide dismutase 
concentration can be at t r ibuted to metal 
chelating effects of the  apoprotein (0.33 pg 
protein/U superoxide dismutase activity). 
In the  absence of a metal  chelator i t  is 
difficult to  s ay  how much inhibition by 
superoxide d i smutase  is  caused by re -  
moval of 0; and how much is caused by 
chelation of metals  by t h e  protein. One 
must  be cautious therefore in interpreting 
results from experiments with superoxide 
dismutase added alone. In the  presence of 
metal chelators on the  o ther  hand, t h e  in- 
hibitory effect of catalytic amounts  of su- 
peroxide dismutase is consistent and  dra-  
matic (e.g., Fig. 3a). 

Inhibition by Superoxide dismutase Plus 
Desfem'oxamine: Effect of Competing 
Ligands or Proteins 

EDT.4 was  unique among  the  l igands 
tested in t ha t  i t  relieved (by 25%) t h e  inhi- 
bition provided by superoxide dismutase 
plus desfer r ioxamine  (Fig.  6a). T h u s  
EDTA must  compete effectively with des- 
ferrioxamine for one o r  more redox-active 
metals  and allows some autoxidation to 
occur even in the  presence of superoxide 
dismutase. Fu r the r  addition of catalase 
lessened this effect of EDTA (not shown). 

None of the  proteins except cytochrome 
c removed any of the inhibition by super- 
oxide d i smutase  p lus  des fe r r ioxamine  
(Fig. 6b). Cytochrome c removes 8% of the  
inhibition a t  p H  7.0 and  26% a t  p H  8.0. As 
before (Fig. 2b) cytochrome c ac ts  a s  a 
metal center which is  capable of directly 
oxidizing 6-OHDA but  remains inaccess- 
able to chelation by desferrioxamine. Pre- 
dictably, in t he  presence of cytochrome 
oxidase t h i s  s t i m u l a t o r y  ac t ion  of cy- 
tochrome c is  enhanced (Fig. 6b). 

DISCUSSION 

Metal Chelation Is Required f w  Inhibition 
of 6-OHDA Autmidation by S u p e r d e  
Dismutase 

The current  results resolve a conflict be- 
tween studies which showed subs tan t ia l  
(93-96%) inhibition by superoxide dismu- 
tase alone (2, 6, 7) and those which found 
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FIG. 6. ( a )  Inhibition by desferrioxamine + super- 
oxide disrnutase: Effect of additional ligands. Reac- 
tion conditions and abbreviations as in Fig. la.  Des- 
ferriosarnine (1 mM) and superoxide dismutase (20 
U/ml) were present in all cases. The additional li- 
gands present a r e  listed on the r axis. The data are 
expressed a s  percentages of control (6-OHDA alone) 
rate. ( b )  Inhibition by desferrioxamine + superoxide 
disrnutase: Effect of additional proteins. Reaction 
conditions and abbreviations as  in F i g  Ib. Desfer- 
rioxamine ( I  m ~ )  and superoxide dismutase (20 
U/ml) lvere present in all cases. The additional l i -  
gands present a r e  listed on the x axis. 

no inhibition by sbperoxide dismutase ex- 
cept in the presence of'EDTA or DETA- 
PAC (4). High concentrations of supe'rox- 
ide d ismutase  (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/ml (1.67 pg/ml) had little effect 
alone ( a t  p H  7.0) but inhibited by over 
99'2 in the presence of desferrioxamine or 
histidine. Proteins such a s  albumin, cy- 
tochrome oxidase, o r  denatured SOD (a t  
100-130 pg protein/ml) also render the 
autoxidation inhibitable by 5-20 U/ml su- 
peroxide dismutase.  Thus, t he  a lmost  

complete inhibition by 200 U/ml superox- 
ide dismutase alone involves not only re- 
moval of 0; but  also metal chelation. The 
differences between t h e  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/ml (S2 pg/ml) (6) to 
300 U/ml (100 pg/ml) (8) a t  pH 7.0. Those 
studies which reported little or no inhibi- 
tion by catalytic quantities of superoxide 
dismutase except in t he  presence of addi- 
tional metal chelation had used 2.1 U/ml 
(0.7 pg/ml) (4) to 5 U/ml (1.7 pg/ml) (cur- 
rent  study). 

Roles of .'lfetals in the Autoxidation of 6- 
OHDA 

Trace metals serve a s  the primary ini- 
tiating species in the autoxidation of 6- 
OHDA. This  follows f rom t h e  findings 
t h a t  removal of metal  catalysis a n d  0; 
with desferrioxamine plus 5 U/ml super- 
oxide dismutase inhibit by almost 100% 
(therefore e i ther  metals  or  OH ini t ia te)  
and tha t  desferrioxamine alone (but  not 5 
U/ml superoxide d i smutase  a lone)  in- 
hibits by over 50%. In  the  presence of a 
metal chelator such a s  desferrioxamine, 
then, 0; serves a s  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 t he  ab- 
sence of desferrioxamine. Thus while Hz02 
is capable of oxidizing 6-OHDA (26, 27) it 
does not contr ibute significantly t o  the 
process of autosidation (unless OH is re- 
moved by superoxide dismutase). A reac- 
tion scheme consistent with t he  resul ts  
might be a s  follows: 

Initiation: 

Propagation: 
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(Further  elaborations of this scheme could 
show participation of metals in Step [3], 
and dismutation of the semiquinone.) 

Effects of Desfenioxasnisze 

Desferrioxamine, which binds strongly 
to  ferric ions (Ka = lo3' for Fe3+ versus Ka 
= 10'' for Fez+, (10)) and prevents their 
reduction (11, 12, IT), slows the net autos- 
idation (Fig. l a ) ,  as  well as  the iron-cata- 
lyzed oxidation, of 6-OHD.4 (2, 28) due to 
inhibition of initiation. Thus desferriox- 
amine decreased (by 42%) the amount of 
6-OHDA semiquinone detectable wi th  
ESR under anaerobic conditions (29), pre- 
sumably  by inhibiting participation of 
iron (16,29). While desferrioxamine binds 
mos t  s t rongly 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  a t  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 initizting reactions 
occurs only very slowly, because when 
propagation by 0; is also removed (with 
superoxide dismutase) the autoxidztion is 
inhibited 99.7%. 

Effects of Histidine 

Histidine also inhibited 6-OHDA au- 
toxidation (in fact slightly more strongly 
than desferrioxamine a t  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 
Fe3' t han  Fe", ligands (like his t idine)  
which contain nitrogen donor atoms pref- 
erentially bind Fe2+ over Fe3' and thus  
s tabi l ize Fez+, slowing i ts  autoxidation 
(Reaction [2]) (5, 30, 31). Thus we would 
not expect tha t  histidine should sensitize 
the  reaction to superoxide dismutase by 
effects exerted on iron. On the other hand, 
such nitrogen-donating ligands bind more 
s t rongly  to  CuZ+ than  to  Cu' (e.g., Ka  

= 10'' for [Cu(Hist2)F+ versus Ka = lo7 for 
[Cu(Hi s tH~)~]+)  (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-OHD.4 
autoxidation by added iron, but i t  inhib- 
ited catalysis by added copper or  manga- 
nese (in preparation). Also consistent with 
cooper and iron selectivities, his t idine 
augmented inhibition of 6-OHDA autoxi- 
dation by desferrioxamine (particularly a t  
pH 8.0). 

Effects of EDTA 

The observations t h a t  EDTA acceler- 
a t e s  6-OHDA autoxidat ion,  b u t  also 
greatly potentiates inhibition by superox- 
ide dismutase (4) (Figs. l a  and 3a) suggest, 
of course, t ha t  EDTA changes the  mecha- 
nism of autoxidation in such a way tha t  
chain propagation is more dependent on 
0;. EDTA h a s  s imilar ly been found to 
sensitize t h e  autoxidat ions of su lphi te  
(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. l a ) ,  but inhibits 
stimulation of 6-OHD-4 autoxidation by 
added copper (1) or manganese (in prepa- 
ration), we presume t h a t  the  stimulatory 
effect of EDTA in the present system re- 
su l t s  predominately from i ts  binding to 
traces of iron. EDTA is an  oxygen donor 
ligand with a higher affinity for Fe3+ than 
Fez' (Ka = 10% for Fe3+ versus 10" for 
Fez+) (34) and therefore EDTA lowers the 
reduction potential of iron from 0.77 to 
0.12 V (34, 35). accelerating the autoxida- 
tion of Fez+ (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 s t rong 
electron donors (such a s  in the  cu r r en t  
system) and to slow autoxidation of less 
s t rong reductants (such a s  diphenols). The 
accelerated autoxidation of 6-OHDA in 
t h e  presence of EDTA is  evidence t h z t  
(due to  the s trong reducing capacity of 6- 
OHDA) reduction of i ron EDTA by 6- 
OHDA is not r a t e  limiting. Thus, slowing 
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of this s tep is more than compensated for 
by accelerat ion of t he  ( ra te - l imi t ing)  
reoxidation of Fez+ (recycling Fe" and  
s t imulat ing 0; production). In contrast,  
the  autoxidations of those weaker reduc- 
tan ts  which a re  inhibited by EDTA (dopa- 
mine, norepinephrine, epinephrine, or 6- 
aminodopamine) (2, 4, 25) a r e  slowed be- 
cause reduct ion of t h e  metal  is t h e  
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 t ha t  
of 6-OHDA alone. This was unexpected 
since desferrioxamine has a much greater 
affinity for  Fe3+ than EDTA (Ka = lo3' 
versus and since both desferrioxa- 
mine a n d  EDTA iwhibit catalysis of 6- 
OHDA oxidation by copper or manganese 
(1, in preparation). Since EDTA inhibits 
catalysis  by redox-zctive metals  o ther  
than iron, the 1:106 of the iron bound by 
EDTA must  be sufficient to stimulate au-  
toxidation. 

inhibition by desferr iosamine a n d  even 
accelerated autoxidation over t h a t  of 6- 
OHDA a t  pH 8.0. Thus a t  pH  8.0, but not a t  
pH  7.0, phytate  s h a r e s  th i s  property of 
EDTA. Fe r rous  che l a t e s  of polyphos- 
phates appear to autoxidize similarly to 
Fe2+.EDTA (38, 39), which may explain 
the stirnulatory effects of phytate a t  pH 
8.0. However, in con t r a s t  t o  EDTA the  
iron-phytate chelate lacks a free HzO co- 
ordination site ( a t  p H  7.4 a: least) and was 
unreactive in t he  Haber-Weiss reaction 
(16). -41~0, unlike EDTA, phytate did not 
enhance inhibition by superoxide dismu- 
tase in the present study. 

I t% y Does Superoxide Dismutase at 
Catalytic Concentrations Not Inhibit the 
A uf oxidation of 6-OHDA ? 

The reaction between freely hydrated 
metals and 6-OHDA must  occur a t  a sub- 
stantial rate when the  metal is allowed to 
undergo redox cycling (Reactions [I] and 
[2]). This  follows f r o m  t h e  observat ion 
t h a t  catalyt ic  quan t i t i e s  of superoxide 
dismutase (e.g., 5 U/ml or  less) only in- 
hibit to a limited extent  (if a t  all)  in the 
absence of effective metal  chelation. In  the 

ADP had little o r  no effect on the rate of presence of a chelator which stabilizes the 

6 - O H D - ~  autosidation ,vhen added alone oxidized form of t he  metal  ( thus slowing 

or with SOD and therefore does not affect initiation of 6-OHDA oxidation but  accel- 

redos cycling of the  active metals. Simi- erat ing autoxidation of the  metal) propa- 

lar ly ,  ADP-iron par t ic ipa tes  in t h e  gation by 0; should be relatively more sig- 

Haber-Weiss reaction (e.g., Ref. (19)) or jn nificant and net  inhibition by superoxide 
dismutase u-ould be enhanced. iron-catalyzed lipid peroxidation (20. 21). mus t  also inc lude  the  possibility 

On the  other hand  augmented the t h a t  in the  absence of me ta l  chelat ion 
inhibi t ion of 6-OHD.4 autoxidation by (other than by 6-OHDA itself), autoxida- 
desferrioxamine (on]?. at pH 7.O9 tion occurs through inner sphere 
but twofold a t  pH  8.0). As in the care of transfer a t e rnary  6-OHDA. 
histidine, perhaps the nitrogenous donor m e t a l .  oxygen complex ( i n  agreement 

of t he  adenosine fu r the r  with (6)). In this case, the  present da ta  
o the r  t race  not we11 imply t ha t  6-OHDA passes 

bound by desferrioxamine. two electrons to  oxygen (reaction [5 ] ) ,  re- 

Eflects of Ph yf ic A cirl sulting in direct formation of H202; thus 
precluding ne t  inhibition by superoxide 

Phyt ic  acid (inositol hexaphosphate),  dismutase. 
which offers binding through phosphate 
but lacks the  abovementioned nitrogenous 6-OHDA + hln+ + O2 

donor groups, had no effect on 6-OHDA + [6-OHDA. XIn+ - 02] 
autosidation a t  pH 7.0 but stimulated au- 
toxidation a t  pH 8.0. In the presence of 

+ pQ + Mn+ + H202 [ 5 ]  

desferrioxamine, phytic acid had little ef- Such a mechanism would involve forma- 
fect a t  pH 7.0 but dramatically removed tion of a complex, t ransfer  of one electron 
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from 6-OHDA to the metal and oxygen, 
e lec t ronic  rear rangement  of the  semi-  
quinone, and transfer of the second elec- 
tron. 

While catecholamines such a s  6-OHDA 
readily complex metals (40-42), the nature 
and quanti ty of competing Iigands deter- 
mines t h e  extent to which metal coordina- 
tion by 6-OHDA occurs. Strongly binding 
l igands  which contain multiple donor 
g roups  (such a s  desferr ioxamine o r  
EDTA) form complexes stable enough to 
prevent metal coordination by catechol- 
amines (42). Other ligands can form mixed 
catecholamine - metal - ligand complexes 
(42), and  mag 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 
t ransfer  to  outer sphere electron transfer 
(25, 32). However, the presence of a freely 
displacable seventh coordination s i te  on 
EDTA iron complexes (15, 16) allows for 
a n  i n n e r  sphere  mechanism. In e i t he r  
case, t he  implication in the current system 
is t h a t  EDTA prevents the formation of a 
t e rna ry  reductan t .  metal  - oxygen com- 
plex, and  thus forces reduction of oxygen 
to proceed by single electron steps with 
release of 0;. 

Ligands not only determine the ability 
of oxidized meta ls  to  form t e rna ry  
6-OHDA meta l .  oxygen complexes o r  
mixed 6-OHD.4 - metal ligand complexes, 
bu t  a l so  affect t he  stability of reduced 
metal - oxygen complexes (5). For esample, 
some l igands stabilize an F e 2 + . 0 2  com- 
plex, permitting its reaction with another 
Fe2+, and  resulting in H202 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 2  complex, 
thus resulting in the formation of 0;. Li- 
gands such a s  desferrioxamine and EDTA 

which enhance the  inhibition of 6-OHD-4 
autoxidation by superoxide dismutase pre- 
sumably ac t  in  t h i s  manner. Histidine, 
which stabilizes Cu2+ and would destabi- 
lize a Cu' - O2 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 me ta l .  oxygen complexes ( a s  
in (44)): 

In summary, we have the alternative pos- 
sibilit ies of format ion  of t e r n a r y  6- 
OHDA - meta l .  oxygen complexes, mixed 
6-OHDA - meta l  - l igand . oxygen com- 
plexes, and reduced meta l .  oxygen com- 
plexes which allow electron transfer with- 
out release of free (kinetically accessable) 
Oh. Any of these mechanisms precludes 
inhibition by superoxide d ismutase .  
Whether such complexes form depends on 
t h e  binding proper t ies  of t h e  l igands 
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 m e t a l  chelators ,  electron 
t ransfer  t o  oxygen likely occurs by se- 
quential two-electron t ransfer  within a 
ternary 6-OHDA . metal oxygen complex, 
and results in formation of H202 without 
release of free 0;. Ligands such a s  ADP or  
phytic acid then allow the formation of 
mixed 6-OHD.4. m e t a l .  l igand - oxygen 
complexes o r  reduced metal - ligand - oxy- 
gen complexes since they do not sensitize 
the autosidation to  superoxide dismutase. 
Other l igands such a s  desferriosamine, 
EDTA, and histidine sensitize the  autoxi- 
dation to inhibition by superoxide dismu- 
tase by changing the  mechanism of autox- 
idation in such a way tha t  it is dependent 
on propagation by 0;. These ligands thus 
prevent  t h e  fo rma t ion  of t e r n a r y  6- 
OHDA . m e t a l .  oxygen complexes a n d  
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destabi l ize reduced m e t a l .  oxyen com- 21. BUCHER, J. R., TIEK, M., AND AUST, S. D. (1983) 

p l e x e s ,  so t ha t  electron transfers occur in Biochem. Biophys. Res. Communo. 111, 
single.steps which release 0;. Proteins 
such as albumin, cytochrome oxidase, or 
e v e n  boiled superoxide dismutase also 
destabilize such complexes and thus  they 
sensitize the autosidation of 6-OHDA to 
inhibit ion by catalytic quantit ies of a c t i v e  
s u p e r o x i d e  dismutzse. 
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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 6 1 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(III)/Fe(II), 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 (loo%), 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. 



INTRODUCTION 

Traces of adventitious metals catalyse most "auto~idations", '~ and several researchers have 

described effects of metal chelators on the reactions of oxygen with 6-hydroxydopamine and 

other cat echo la mines.'^" Added iron or copper are often reported to stimulate the~e'-'.~."." 

and other',' autoxidations. However, few systematic and detailed comparisons of catalysis 

by added metals and meta1:ligand complexes are available.'' " , I '  One report1" describes the 

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.'"l7 In this study therefore, we extend our observations on 

effects of ligands on 6-hydroxydopamine autoxidation (trace metal ~ a t a l ~ s e d ) ~ ~ ' . ' '  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 
5.7.17 catecholamines and other reductants, such as ascorbate: Similarly, desferrioxarnine and 

DTPA inhibit copper-catalysed oxidation of 6-hydroxydopamine.5 EDTA inhibits iron- 

catalysed oxidations of dopamine and norepinephrine,5 and copper-catalysed oxidations of 

6-hydroxydopamine, 6-aminodopamine, norepinephrine, and ascorbate,"17 but stimulates 

iron-catalysed oxidations of 6-hydroxydopamine and a ~ c o r b a t e . ~ , ' ~  With strong reductants, 

EDTA accelerates the otherwise rate-limiting reoxidation of ~ e ~ ' .  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 d i ~ c u s s e d , ' ~ ~  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 
1 0 1  



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. 



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 rnM 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 pM. Ligands were added to I mM. Reactions 

were started by adding a 25 p1 aliquot of 6-hydroxydopamine (to an initial concentration of 

200 pM) 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/t1/,)". Means and standard deviations were calculated from reactions run at least in 

triplicate. 



RESULTS 

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

phosphate buffer in previous studies."'.' Desferrioxamine and histidine were inhibitory 

(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 I), 

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 3 1% of the control in 

absence of metal, perhaps in part due to superoxide dismutase activity of 

~n:desferrioxarnine.~ 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 ~ e ~ '  and ~ e ~ '  (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 
1 04 



however (Table I), and could inhibit formation of a ternary 6-hydroxydopamine:Fe:02 

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 

with 



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-hydroxydnpamine autoxidation. Iron, manganese, and 

vanadium were decreasingly effective, despite being much stronger oxidants (E•‹Fe(lll)/Fe(ll) = 

0.77 V, EOMn(lll)lMn(ll) = 1.5 1 V, EOV(V)N(IV) = 0.99 1 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;- - - = -0.16 V) by 

the reduced metal. Thus, at catalytic concentrations, copper is more active than iron, which 

is more active than manganese or vanadium. Predictably, this order reverses if the metals are 

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 "'3" and accelerates autoxidation of ferrous 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 ~ e "  (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(I1) more strongly than Cu(I), lowers the 

* Since desferrioxamine inhibits, the 0 2  produced during the accelerated preliminary autoxidation of 50 
pM Fe(1I) 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(1I) (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 meta1: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:O2 complex formation. The EDTA-induced sensitization of 

6-hydroxydopamine autoxidation to inhibition by superoxide d i ~ m u t a s e ' ~  likely reflects 

steric considerations in the stereochemistry of the Fe:EDTA complex. Although the 

septacoordinate structure of Fe:EDTA " 'hay  allow inner sphere transfer of an electron to 

oxygen, it hinders access enough to force discrete one-electron 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,i2 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(I1) generally adopts an octahedral geometry (or, less frequently, square 

pyramidal or square planar), while Cu(1) adopts a tetrahedral geometry."944 Phytate and 

ADP, which did not hinder the catalytic activity of copper in 6-hydroxydoparnine 

autoxidation, presumably allow this change. The ligands which inhibited catalysis by copper 

(desferrioxamine, histidine, and EDTA), have a stronger affinity for Cu(I1) 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(1). 



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 andor 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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I 20-24). 

EDTA DEF HIS (HIS)? ADP PA Catechol (Catechol)? 

Cu" 

cu2+ 

~e 2' 

~ e ? +  

Mn2+ 

Mn3+ 

v2+ 
"3+ 

vo; 
V5+ 



LEGENDS TO FIGURES 

Figure 1. E ' c t s  cfligands on the truce metal-catulysed uutoxidution of 

6-llydroxydol~amine. ADP, phytic acid (FA), EDTA, histidine (His), and desferrioxamine 

(DEF) were at 1 mM. 6-Hydroxydopamine autoxidation was monitored in air-saturated 

HEPES buffer, PI-1 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. Relcztive catulytic efsectiveness of metals and metul complexes in the 

autoxidution of 6-hydroxydopamine. Metals included were at 50 pM; ligands were at 1 

rnM. 6-Hydroxydopamine autoxidation was monitored as in figure 1, and the first order rate 

constants are plotted. 

Figure 3. Dependence of cntcdytic activity on the reduction potential ofthe metal conlplex. 

Standard reduction potentials for Fe, Cu, Mn, and V, were from Milazzo and caroli". 

Standard reduction potentials have also been reported for Fe(I1I):EDTA (0.12 v)", 

Cu(II):histidine2 (-0.17 v)", and Fe(r1r):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 c 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 pM, MnDF mildly (14- 

2 1 %) accelerated autoxidation of 200 pM 6-hydroxydopamine, and removed sigmoidal 

kinetics produced by desferrioxamine. Higher concentrations of MnDF (200 pM) 

accelerated oxidation further (146%), showing the ability of MnDF to oxidize 

6-hydroxydopamine. Strong inhibition (98%) by superoxide dismutase (5 Ulml) in the 

presence of 80 pM MnDF showed that the MnDF-accelerated autoxidation was Oz'-- 

propagated. Clearly MnDF, unlike superoxide dismutase, does not compete effectively with 

6-hydroxydopamine for superoxide. 



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 

superoxide dismutase a c t i ~ i t ~ . l - ' ~  In most cases however, these complexes are not stable in 

the presence of physiological metal chelators such as albumin103", or are  t to toxic^^^'^. 

Most recently, a mimic of superoxide dismutase activity based on Mn(IV) and 

desferrioxamine was developed which is non-toxic, and stable toward a l b u r n i r ~ . ' ~ . ~ ~  The 

green complex which results from reacting Mn02 with desferrioxamine exerted activity 

equivalent to 1 U superoxide dismutase at 1 pM 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 s u ~ ~ h i t e . ~ ~ . ' ~  Formation of the green complex results from oxidation 

of one of the hydroxamate moieties on desferrioxamine by Mn(IV) to give a Mn(I1I)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 

ascorbate in the reaction mixture with desferrioxamine and Mn02. 
I6 

Except for a few stopped-flow or pulse radiolysis studies of 0 2 ' -  disappearance, "superoxide 

dismutase activity" of metal complexes has been determined using probes for reductive 

actions of 02'- (cytochrome c or nitroblue tetrazolium). To be truly effective, a superoxide 
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dismutase mimic should also prevent oxidizing actions of 0 2 ' - ,  and thus inhibit autoxidations 

in which 02'- serves as initiator or propagator. The sensitivity of 6-hydroxydopamine 

autoxidation in the presence of desferrioxarnine to inhibition by superoxide dismutase 

activityI7 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. 



MATERIALS AND METHODS 

Mn02 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 con~plex was prepared essentially as de~cr ibed"~ '~ .  Desferrioxamine 

methansulphonate (50 rnM) was dissolved in water, and a 25% molar excess of powdered 

MnO? added and stirred for 4 hours at 25T .  The resulting green solution was allowed to 

settle, decanted, and passed through a 0.22 pm Millex-GV syringe filter to remove 

unreacted Mn02. The concentration of the green MnDF complex was determined from its 

absorbance at 640 nm (EMO = 1.09 X lo2 M - I  cm-')I6. 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 all I). 

6-Hydroxydopamine was prepared fresh before use in argon-s; ~ted 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 50 mM phosphate buffer, pH 7.4, 25•‹C and monitored at 490 nm for formation of 

p-quinone oxidation product. 



RESULTS AND DISCUSSION 

Figure 1 confirms inhibitory activity of the MnDF preparation in the xanthine 

oxidase/cytochrome c reduction assay for 02'-. 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(I1) in the presence of excess 

desferrioxamine,16 so is at least a weak oxidant (E"'F~III):DFIF~(II):DF = -0.45 v)I83". 

However, the ability of the MnDF complex to act as a redox catalyst (other than in 02.- 

dismutation) has not been reported. The strong (98%) inhibition by 5 Ulml superoxide 

dismutase in the presence of MnDF (Figure 2) shows that MnDF-catalysed 

6-hydroxydopamine autoxidation is largely 02'--propagated. Superoxide could propagate 

the reaction by oxidizing a new molecule of 6-hydroxydopamine, or by reoxidizing Mn(I1) 

to Mn(1II). The ~ n ~ + - c a t a l ~ s e d  oxidations of dihydroxyfumarate and NADH are similarly 

sensitive to inhibition by superoxide dismutase, and it was suggested that ~ n ~ '  interacts 
+ 20 

with 02'- to produce an oxidizing species ( ~ n "  or MnO2 ). In the current system 

however, desferrioxamine stabilizes Mn(II1) over Mn(I1) (as evidenced by rapid 

autoxidation of ~ n "  on addition of desferri~xamine)'~ and thus likely stimulates (outer 

sphere) oxidation of Mn(I1) by O2 to produce 02'-. A possible reaction scheme may be as 

follows. 

'IoW > Q'- + Mn(1I):DF QH2 + Mn(II1):DF - 
fast > Mn(II1):DF + 0 2 . -  Mn(I1):DF + O2 - 

fast Q'- + 0, - > Q + 0 2 . -  
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QH2 + 02'- x> Q'- + Hi02 (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 0 2 ' -  (eg. cytochrome c reduction) by 

acting as an oxidant for the probe. The rapid oxidation of ~ e "  (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 02'-, at least toward 6-hydroxydopamine. 

6-Hydroxydopamine (or its serniquinone) can apparently reduce the Mn(II1)DF complex, 

since MnDF accelerates autoxidation. Moreover, since enzymic superoxide dismutase 

inhibits the autoxidation in the presence of MnDF, the Mn(I1)DF complex does not compete 

effectively with 6-hydroxydopamine for 02". 

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 0 2 ' - .  
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LEGENDS TO FIGURES 

Figure 1. Effect ($the green Mn-desferrioxamine complex (MnDF) on cytochrome c 

reduction by  xunthine/xanthine oxidase. The xanthine oxidase/cytochrome c reduction assay 

for superoxide dismutase activity was conducted under usual conditions except for omission 

of EDTA (as described previously' I ) .  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 pM 

xanthine and 10 pM cytochrome c. Reduction of cytochrome c was monitored at 550 nm. 

The MnDF preparation or desferrioxamine were added at 100 pM. 

Figure 2. EfSects of the green Mn-desferrioxamine complex (MnDF) on autoxidation of 

6-hydroxydopamine. Autoxidation of 6-hydroxydopamine (200 pM) was followed at 490 

nm in air-saturated 50 mM phosphate buffer, pH 7.4,25"C. MnDF was added at 80 pM or 

200 pM. Desferrioxamine was at 80 pM or 0.5 rnM. 
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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. H202-inactivated superoxide dismutase however did not inhibit 

synergistically with active superoxide dismutase, indicating H202-induced loss of metal 

binding sites. In summary, we found no evidence for participation of 0 2 ' -  in ascorbate 

autoxidation, and observed differing metal-binding affinities of different inactivated 

preparations of superoxide dismutase. 



INTRODUCTION 

Does 02'- participate in ascorbate autoxidation? 

Contradictory reports on the participation of 0 2 ' -  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 02'- (k=2.7 x 10' M - I  sec-' at pH 7.4),2-4 and the resulting ascorbyl radical 

decays mostly by disproportionations. However, the extent to which autoxidation of 

ascorbate produces 02'-, and proceeds as an 02'--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 8.8.6 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 0 2 "  generation during 

ascorbate autoxidation was evident using epinephrine or nitro blue tetrazolium as probes.7 

At pH 10.2 (Na2C01 buffer), where addition of 33 yM Fe(II1):EDTA or Fe(I1):EDTA 

stimulated autoxidation of 50 yM ascorbate (-3 fold), superoxide dismutase had little or no 

inhibitory effect.* Superoxide dismutase (but not albumin) did abolish ~e~+~,~,,,-stirnulated 

oxidation of ascorbate, but this effect was attributed to removal of 0 2 ' '  produced from the 

rapid autoxidation of Fe2* (33 pM) at alkaline p ~ . '  With ~u~+~,~,~-st imulated 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 a19 observed 50% 

* The lack of a similar effect of SOD with Fe(I1):EDTA was considered due to the ability of Fe(1I):EDTA to 
catalytically remove 02.-.' ie. Any 02'- produced from autoxidation of Fe(1I):EDTA is reduced efficiently to 
H202 by remaining Fe(II):EDTA, while Fe(II1):EDTA oxidizes ascorbate to regenerate F~(II):EDTA. 
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inhibition by I .O pM (- 100 Ulml) active superoxide dismutase of the slow autoxidation in 

chelex treated buffer. In the presence of 0.8-5.0 pM metal-complex catalysts 

(Fe(III):EDTA, Fe(II):EDTA, Fe(III):ADP, Cu(II):histidine2), 0. I pM or more superoxide 

dismutase inhibited 50%, while albumin or superoxide dismutase apoenzyme were without 

effect. Generation of 02'- 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 02". 

Studying ~u'+(,,,,,-catalysed autoxidation of ascorbate in phosphate buffer (pH 7.4), 

~ovs tad"  found equal or greater inhibitory effects of albumin or azide-inhibited superoxide 

dismutase compared to active superoxide dismutase (15~2 .2  @I). The presence of nitroblue 

tetrazolium to scavenge 02'- also had no effect on the rate of ~ u ~ ' - c a t a l ~ s e d  ascorbate 

autoxidation. The ability of various proteins, amino acids, or chelators to inhibit cu2+- 

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'l 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 02'- is produced and participates in ascorbate autoxidation may depend on 

any of several factors: 

i) pH, influencing the level of ascorbate dianion (pK 11.3) 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 0 2 '  . 
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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. cu2' versus ~ e ~ ' ) .  

From previous studies we might summarize that participation of 0 2 ' -  was detected at 

extremely low levels of catalytic metals (chelex treated buffer), and in the presence of low 

(relative to ascorbate) levels of complexed ~ n e t a l s . ~ ' ~ '  Participation of 0 2 . -  was not evident in 

the presence of significant trace metals andlor added metals ( a q ~ o ) , ~ , ' '  or in the presence of 

a substantial (relative to ascorbate) level of complexed metal (Fe(III):EDTA, 

F~(II):EDTA)~. Accordingly, ascorbate autoxidation, like autoxidation of 

6-hydroxydopamine, may proceed by concerted inner sphere electron transfers (without 

release of (I2'-) when it can form a ternary ascorbate:metal:oxygen complex (as described by 

 arte ell)'^, but may proceed by a single electron, 02'--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 los- lo1')." 

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, HzOz-inactivated superoxide 

dismutase, and heat-denatured superoxide dismutase in ascorbate autoxidation. 



MATERIALS AND METHODS 

Ascorbic acid and Na2C03 were from Sigma. FeC13 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(II1):EDTA was 

prepared as a stock solution of equimolar EDTA plus FeC13. 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 c reduction 
13 assay . H202-inactivated superoxide d i ~ m u t a s e ' ~ ~ ~ ~  was prepared by exposing 1.4 mg/ml 

superoxide dismutase to 10 rnM H202 for 90 minutes in 0.1 M NaHC03 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 all7. 

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 25OC. Ligands (0.2 mM), proteins (as 

indicated), or Fe(III):EDTA (5 pM) were included as indicated, and the reaction initiated by 

addition of ascorbate to give an initial concentration of 100 pM. Initial rates of ascorbate 

oxidation were determined from loss of absorbance at 265 nm (E265=15000 M" cm-I). 

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 pM. 

Formation of p-quinone oxidation product was followed spectrophotometrical~~ at 490 nm, 
137 



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 80-8596. 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),'7 inhibited autoxidation synergistically with active 

superoxide dismutase (Figure 2). Unlike heat-denatured superoxide dismutase however, 

H202-inactivated superoxide dismutase provided little synergism with active superoxide 

dismutase in inhibiting autoxidation of 6-hydroxydopamine (Figure 2). This lessened 

inhibitory effect of H202-inactivated superoxide dismutase suggests a decreased affinity for 

trace metals. H20z  presumably destroys sites on the protein which bind metals through site 

specific Fcnton reactions. These results with different preparations of inactivated superoxide 

dismutase show the nced for caution in choosing and interpreting controls for effects of 

superoxide disrnutase activity. The slight residual activity of heat-denatured superoxide 

dismutasc (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 OZ'- in determining rates of ascorbate autoxidation 



ascorbate autoxidation at pH 7.0 (calculated from data of ~ u e t t n e r ' ~ )  and 5.87 x sec-l 

for ascorbate monoanion (which predominates 99.9% at pH 7.0)". These rates are much 

- 1  9.13 . faster than those in chelex-treated buffers (2 x lo-' - 6 x lo-' sec ) , indicating greater 

presence of metal ions. Concentrations of trace ~ e "  and cu2+ in 50 rnM phosphate buffer 

have been estimated at 0.3 - 0.7 pM and -0.13 C I ~ . 1 3  Calculation of k,,'s in ascorbate 

autoxidation at pH 7.0 for Fe(I1I) (10 M - I  sec-l) and Cu(I1) (880 M - I  sec-I) (including 

hydrolysis species present)13 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 7.0, 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 PM 

Fe(III):EDTA, a catalyst with which participation of 0 2 ' -  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(1II):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 

disnlutase (but not denatured superoxide dismutase) might be observed. At pH 8.8, addition 

of 200 pM 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 pM/min), 

* Since EDTA abolishes effects of CU" on ascorbate autoxidation, but increases catalysis by ~e" , "  

any exchange of EDTA-bound Fe" with adventitious cu2+ presumably decreased catalysis by cu2+  and 
increased the proportion of catalysis by Fe2+ and Fe(II1):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"~) . "  Phytate produced little if any inhibition. but had no effect (or 

even decreased) inhibition by superoxide dismutase. At this pH, addition of Fe(II1):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 3 . '  Desferrioxmine, 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 02.- in the trace metal catalysed autoxidation of ascorbate using the ligands 

studied. These results agree with the reported lack of inhibitory effects of superoxide 

disrnutase in trace metal-catalysed or cu2'-catalysed autoxidation of a s ~ o r b a t e . ~ . ' ~  With 

EDTA, our results tend to support evidence against7 and contrast evidence fory involvement 

of 02.- in Fe(III):EDTA catalysed ascorbate autoxidation. With desferrioxamine, we were 

not able to confirm evidence for an involvement of 02"," under the conditions studied. 

Scarpa et aly suggest that the lack of inhibition observed by Halliwell and ~ o ~ e r '  was due to 

insufficient superoxide dismutase. However, ascorbate reacts with 0 2 ' -  at a rate of 2.7 x loS 

- 9.3 x 1 o4 M-' sec-' in the pH range 7.4 - 10.2, '~~ while superoxide dismutase reacts with 

02.- at 1.9 x 10' M-' sec-'.20 Scarpa et al\equired 0.1 pM superoxide dismutase to inhibit 

(50%) the rate of Fe(III):EDTA catalysed autoxidation of 120 pM ascorbate. Halliwell and 

~o~~~~ used 0.17 VM superoxide dismutase (assuming 2500 U/mg for Sigma superoxide 

* The rate observed here in the presence of EDTA was comparable to that observed previously7. 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 

pM ascorbate used. 

The much higher concentration of Fe(I1I):EDTA relative to ascorbate in the studies of 

Halliwell and ~ o ~ e r ~  (33 yM Fe(1II):EDTAlSO pM ascorbate) compared to Scarpa et al' 

(4.7 pM Fe(III):EDTA/120 yM ascorbate) may obscure any role of 0 2 ' -  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(II1). 

Differences in previous observations of inhibition by superoxide dismutase in the presence of 

F~(III):EDTA'~', might be explicable by differences in pH. At pH 10.2, where inhibition by 

superoxide dismutase was not e ~ i d e n t , ~  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,I2 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 

H02.102.- decreases with an increase in pH from 7 to 11 .4 However, the lack of specific 

inhibition by superoxide dismutase at pH 7.0 in the presence of Fe(I1I):EDTA in the current 

study argues against this explanation. 



CONCLUSIONS 

Rates of "spontaneous" (trace metal catalysed) and ~ e ~ '  or cu2' catalysed autoxidation are 

reportedly dependent on oxygen concentration. 12'lY Together with first order dependencies 

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

suggests involvement of a ternary ascorbate:metal:oxygen complex.",'9 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. 

The stronger inhibition by denatured superoxide dismutase than superoxide dismutase tends 

to support such an 02'--dependent mechanism for trace metal catalysed autoxidation. 

Rates of ascorbate autoxidation catalysed by metal chelates (eg. Fe(I1I):EDTA or 

Cu(1I):EDTA) are slower than with metals alone (aquo complexes), and independent of 

oxygen concentration. "-" These rates show a linear dependence on meta1: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 

molecular oxygen. "J' 

The reoxidized chelate can then participate in further oxidation of ascorbate. The 02'- 

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 ($superoxide dismutase and heat-inactivated superoxide 

disrnutase on the au~oxidation of ascorbate. Autoxidation of ascorbate (100 pM) 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 eflects of heat-denatured superoxide disrnutase and H20z-inactivated 

superoxide disinutaw on inhibition qf 6-hydroxydopamine autoxidation by superoxide 

dismutc~se. Autoxidation of 6-hydroxydopamine (200 @'I) 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 Ulml ( 1  2 5  pglml). Heat-denatured superoxide dismutase (dSOD) and H,&- 

inactivated superoxide dismutase (H202-SOD) were included at 5.6 pglml. Desferrioxamine 

was at 0.5 mM. 

Figure 3. Effects . . (fsuperoxide dismutase rrnd heat-denatured superoxide dismutase on 

Fe(1ll):EDTA-c~lt~~lysed (zutoxidation of nscorbate. Initial rates of autoxidation of ascorbate 

(100 pM) in air-saturated 50 mM phosphate buffer (pH 7.0,25"C) are plotted. Albumin was 

at 25 pg/ml. Fe(II1):EDTA was at 5 pM. Native superoxide dismutase (SOD) and heat- 

denatured superoxide dismutase (dSOD) were at 5 pglml or 12.5 pglml. 

Figure 4. Efects . . of ,netd chelators and superoxide disinutuse on uutoxidation of 

oscorhote at pH 8.8. Initial rates of autoxidation of ascorbate (100 w) in air-saturated 50 

mM phosphate buffer (pH 8.8, 25')C) are plotted. Ligands were included at 200 @4; 

albumin at 25 pglml; and superoxide dismutase at 10 Ulrnl(2.5 pglml) or 100 Ulml (25 

P ~ W .  

Figure 5. Effhcts d.nletal chelators and superoxide rlrsmutase on autoxidation of 

rrscorhote (rt pH 10.2. Initial rates of autoxidation of ascorbate (100 pM) in air-saturated 50 

mM carbonate buffer (pH 10.2, 25()C) are plotted. Ligands were included at 200 pM; 

albumin at 25 pglml; and superoxide dismutase at 5 Ulm1(1.25 pglml), 100 Ulml (25 

pglml), and 200 Ulml (50 pglml). 
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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 pM) inhibited 

autoxidation of 250 pM 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-hydroxyd~~amine 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 viva, urate, ascorbate, and extracellular superoxide dismutase may cooperate as 

antioxidants in extracellular fluids. 



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,4~.5 protects erythrocytes from oxidant 

damage,' inhibits oxidative degradation of hyaluronic acid,6 protects against DNA damage 

and mutagenicity by prooxidants,7,8 and protects sensitive enzymes such as a,- 

antiproteinase,9 cyclooxygenase ''-" and angiotensin converting enzyme3. Present in blood 

plasma and knee joint synovial fluid at 200-500 pM, urate exceeds ascorbate (50-200 pM) 

in these fluids. Urate is also present at substantial concentrations in other extracellular fluids 
1.13.13 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 0x0-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. I 7 - l 9  

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. 

enzyme inactivation), but is readily "repaired" (ie. reduced) by a s c ~ r b a t e ~ ~ ' ~ ~ ~ ~  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 

oxidation. 18.21.22 

Acting as a metal-binding antioxidant, urate is not itself significantly oxidized.22 

A monoanion at neutral pH (pKa = 5.4)'" urate binds ~ e ~ '  and Fez' with association 

constants of 2.4 x 1 0 1  and 1.9 x 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 



strongly inhibits ~e"-catalysed oxidation of ascorbate (72%, 82% and 97% at 1 : 1, 2: 1 ,  and 

10: 1 uratelascorbate ratios),'' as well as copper-catalysed oxidations of ascorbate21 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 inhibiti~n,". '~ 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 

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 

and a resulting decrease in generation of active oxygen. 2 3 . 2 9 ~ 0  Evidence that allopurinol and 

oxypurinol scavenge hydroxyl radicals and hypochlorous acid "" raised the possibility of 

other mechanisms for protection. Treatment with allopurinol does not influence the free 

radical scavenging properties of plasma or lymph,3%ut allopurinol prevents release of 

creatine kinase from reperfused heart as effectively as desferrioxan~ine,~~ and allopurinol and 

oxypurinol inhibit metal-catalysed oxidation of a~corbate.'~ 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? 

Roles of ascorbate as a chain-breaking antioxidant are well doc~mented. '". '~~'~ However, 

pro-oxidant actions are also seen in the presence of transition metal ~ a t a l ~ s t s . ' ~ ' ~ ~  Pro- 



oxidant actions of ascorbate likely occur in vivo only under conditions which cause release 

of heme or of metal ions from their binding proteins.'3*4' 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 ~ ~ 0 2 . ~ ~ - ~ ~  For example, 

ascorbate re-reduces quinone oxidation products of 6-hydroxydopamine or dialuric acid (i.e. 

alloxan), and thus allows redox 1n this way, ascorbate may potentiate the 

neurotoxicity or cardiotoxicity of 6-hydroxydopamine 44.45.49-5 1 or other ca techo~arnines '~~~~ 

and the hemolytic or diabetes-causing actions of dialuric acid or all ox an"^.^^. 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 

catecholamine-concentrating neurons through generation of active oxygen.449" Intracranial 

injection of 6-hydroxydopamine causes degeneration of doparninergic and noradrenergic 

neurons5' and may have implications for schizophreniaM and age-related pathologies such as 

Parkinsonism and neuromelanin deposition57~'n. 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 

ce11.s.~~ 



The sensitivity of 6-hydroxydoparnine 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,1x360 6-hydroxydopamine autoxidation is 

inhibited less strongly (or even accelerated) by metal  hel la tors.^'-^^ In the absence of metal 

chelators, 6-hydroxydopamine apparently autoxidizes by sequential transfer of two electrons 

to oxygen within a ternary 6-hydroxydoparnine:metal:oxygen c ~ m ~ l e x . ~ l " ~  Such 

autoxidation is relatively insensitive to inhibition by superoxide dismutase. Metal chelators 

which prevent reduction of oxygen within a ternary 6-hydroxydoparnine:metal:oxygen 

complex induce one-electron, superoxide-propagated autoxidation. From the sensitivity to 

superoxide dismutase therefore, 6-hydroxydoparnine 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 pM). Other purines were tested at 500 

FM. Ascorbate was at 200 pM or 500 pM. Superoxide dismutase was at 5 Ulml. Reactions 

were initiated on addition of a 25 p1 aliquot of 6-hydroxydopamine to 2.5 ml buffer to give 

an initial concentration of 250 pM. 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 - I  cm-l. 



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 pM to 500 pM. In the presence of 5 U/ml 

superoxide dismutase, 500 pM urate enhanced inhibition from 33% to 96% (Figure 2). 

Inhibition decreased to 80% with 25 pM urate plus 5 Ulml superoxide dismutase (not 

shown). This synergistic inhibition of 6-hydroxydopamine autoxidation by urate and 

superoxide dismutase shows that, like EDTA or desferrioxarnine," urate coordinates trace 

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

oxygen. 

The failure of urate to inhibit further in the presence of chelators which force 02'-- 

propagated autoxidation, such as EDTA or desferrioxamine (Figure 2), indicates that urate 

does not compete effectively with the 6-hydroxydopamine for 02'-. This result supports 

previous studies in other systems showing no significant scavenging of 02'- by  rate.^^," 

Urate reportedly inhibits 0 2 ' -  -dependent luminol chemiluminescence, but this was 

interpreted as scavenging of 'OH produced through Haber-Weiss reactions.66 

Although it does not have a large influence on the reduction potential of iron, urate 

presumably hinders access of 6-hydroxydopamine andlor 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(I1). Although urate does mildly accelerate autoxidation of ~ e ~ ' , ' ~  it apparently hinders 

access of 6-hydroxydopamine to ~ e "  (and other trace metals) sufficiently to inhibit catalysis. 

In this system then, urate renders trace metals less catalytically active than does EDTA. The 

iron:EDTA complex reportedly has an open coordination site.67768 The current results 



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 3 1 -49%, and enhanced inhibition by 5 Ulml 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 ~ e " )  with Ka's from 10" to 

10"~. 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 I )  

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 1 and 3 on the purine ring. The lone pair electrons of 



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 dismutast: 

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 xanthinelxanthine 

oxidase reaction. However, in the current studies they also displayed metal binding 

antioxidant activity (Figure 3). Allopurinol and oxypurinol inhibited 6-hydr~xydopamin~ 

autoxidation 47-50%, and together with 5 Ulml 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. 



Binding of metals by allopurinol and oxypurinol is also evident in the metal catalysed 

oxidations of ascorbate and of erythrocyte membrane lipids.16 ~ l l o ~ u r i n ~ l  and oxypurinol 

inhibited basal and copper-catalysed autoxidation of a ~ c o r b a t e . ~ ~  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,6' 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-hydroxydoparnine, 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 - ~o ' .~ )~O.  Moreover, ascorbate antagonized inhibition by superoxide dismutase, 

with 500 PM ascorbate decreasing inhibition by 5 Ufml superoxide dismutase from 33% to 

1 1%. As discussed further below, a probable explanation for this antagonism is that 

ascorbate intercepts some 0 2 ' - ,  and the resulting ascorbyl radical propagates the chain by 

oxidising 6-hydroxydopamine. 

Previous studies show increased oxygen consumption and H202 generation from 

6-hydroxydopamine in the presence of a~corba te .~~-~%ith  diminished formation of p- 

quinone". However, the concentration of ascorbate in the previous studies (5-10 mM) was 



100 fold that of 6-hydroxydopamine (48-100 pM), so p-quinone andlor semiquinone were 

likely reduced more rapidly than in the current studies. As in the current study, inhibition by 

superoxide dismutase was decreased by a~corbate.~' 

In the presence of desferrioxamine, ascorbate inhibited 6-hydroxydopamine autoxidation. At 

500 pM, ascorbate enhanced inhibition with desferrioxamine from 5 1 % 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=102 M-' S-'  for 

reaction with desferr i~xamine)"~~~ allows ascorbate to compete with 6-hydroxydoPamine 

for superoxide. In addition, ascorbate can reduce 6-hydroxydoparnine ~ e m i ~ u i n o n e . ~ ~  In 

either case, the resulting ascorbyl radical is obviously more stable, reacting to a greater 

extent by disproportionation7i. In contrast to ascorbate, urate does not react significantly 

with ~ u ~ e r o x i d e , ~ " ~ '  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-hy&oxydopamine autoxidation, but then accelerated p-quinone formation and oxygen 

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 desferrioxarnine, 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 pM urate and 500 

pM 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 Ulml superoxide dismutase provided 12% further inhibition. 



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 to 200 pM 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-' s - ' ) ~ ~ ,  its 

concentration in this study (48 nM) was 10"ess 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 Hz02 to 'OH. Catalase (20 U/ml) inhibited the 

interference by ascorbate by only 3 1 %, 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 autoxidation~ 

by steric hindrance, forcing outer sphere electron transfers. This chelation, presumably 

within a 2: 1 urate:metal complex,'%enders autoxidation dependent on propagation by 

superoxide. 

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

The current findings suggest that the presence of uric acid in human biological fluids 

preserves not only ascorbate, but, in concert with superoxide dismutase andlor ascorbate, 

may help preserve other reductants from metal catalysed oxidation. Autoxidation of 

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

chelators.75 Oxidation of catecholamines in plasma requires catalytic which are 

sometimes released from storage sites under pathological  condition^.^^-'^ Urate, which is 

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

with extracellular-superoxide dismutase, urate would thus prevent autoxidation of 



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-benzenetriolx4 and of cytotoxic 

pyrimidines85. 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 For example, the activity of superoxide dismutase in 

human plasma is approximately 0.8 Ulml, which increases to about 1.4 Ulml on heparin- 

induced release of extracellular-superoxide dismutase from endothelial cell s u r f a ~ e s . ~ ~ ~ ~ ~  

Uric acid, unlike high molecular weight metal-binding proteins such as albumin, transferrin, 

or c e r u l ~ ~ l a s m i n , ' ~ ~ ~ ~  has ready access to extracellular fluids, including lymphatic, 

cerebrospinal, interstitial, synovial, intraocular, respiratory tract, and amniotic  fluid^.^ 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 Drosophilu melunoguster. Mutation to genes for either 

xanthine dehydrogenase (preventing urate production) or CuZn superoxide dismutase 

produce mutants hypersensitive to oxidative stress.90 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 



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 andpurine analogs studied. Arrows show the metabolic 

pathway of urate formation from AMP. 

Figure 2. EfSects of uric acid on the autoxidation of 6-hydroxydopamine. Autoxidation of 

250 p M  6-hydroxydopamine was followed at 490 nm in air-saturated 50 rnM phosphate 

buffer, pH 7.4, 25•‹C. Superoxide dismutase was included at 5 Ulml; urate at 500 pM; acd 

EDTA or desferrioxamine (DEF) at 500 pM. 

Figure 3. Synergistic actions of purines and superoxide dismutase in inhibiting the 

nutoxidation of 6-hydroxydopamine. Autoxidation of 6-hydroxydopamine (250 pM) wr;; 

followed at 490 nm in air-saturated 50 mM phosphate buffer, pH 7.4, 25•‹C. Purines were at 

500 pM. Superoxide dismutase was at 5 Ulml. Rates represent initial rates within 3 minutes 

of reaction time. 

Figure 4. Effects of ascorbic acid on the autoxidation of 6-l~ydroxydopumine. Reaction 

conditions were as in figure 2. Ascorbate was at 500 pM. 

Figure 5. Cooperative actions of urate, ascorbate, and superoxide dismutuse. Reaction 

conditions were as in figure 2. Urate and ascorbate were at 500 pM, superoxide &smutase 

at 5 U/ml. Rates represent the initial rate within the first 30 seconds of the reaction. 
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* Hypothesis Paper 

MULTIPLE ACTIONS OF SUPEROXIDE DISMUTASE: WHY CAN IT 
BOTH INHIBIT AND STIMULATE REDUCTION OF OXYGEN 

BY HYDROQUINONES? 

BRIAN BANDY, JIM  ICON, and ALLAN J .  DAVISON* 
Bioenergetics Research Laboratory. Faculty of Applied Sciences. School of Kinssiology, Simon Fraser University, 

Burnaby. B.C.  VSA IS6 

(Recrivrd 5 Apr i l  1990. .Accrpred ? j  Apr i l  1990) 

Abstract-Superoxide dismutase can either inhibit or stimulate autoxidation of different hydroquinones, suggesting 
multiple roles for O,.. . Inhibitory actions of superoxide disrnutase include termination of O,.--propagated reaction 
chains and metal chelation by the apoprotein. Together. chelation of metals and termination of O,.--propagated 
chains cdn effectively prevent reduction of o.xygen. Chain termination by superoxide dismutase can thus account 
for negligible accumulation of HIOl without i n ~ o l i n g  ~1 superoxide:semiquinone oxidoreductase activity for this 
enzyme. One stitmtlaror~ action of superoxide dismutase i b  to decrease thermodynamic limitations to reduction 
of oxygen. Whether supcroxide disrnutasc inhibits or accelerates an autoxidation depend5 on the reduction potentials 
of the quinone and the availability of metal coordination for inner sphere electron transfers. 

keywords-Hydroquinone autoxidation. Superoxidc disrnutase. Oxygen reduction, hletal coordination. Inner 
sphere electron transfers. Chain propagation. Scmiquinone, 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 o f  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:semicluinone oxidoreductase activity.l 
This  suggestion rests on the observation that super- 
oxide dismutase inhibits autoxidation of the hydro- 
quinone derivatives of 2-hydroxy-p-benzoquinone and 
1.4-naphthoquinone but prevents accumulation of 
H:O,, 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 stitttulatcs 
the autoxidation when cornproportionation of hydro- 
quinone with quinone product becomes available to 
propagate the autoxidation." Superoxide dismutase alho 

does not inhibit. but accelerates oxidation of  1,2-naph- 
thohydroquinoneand5-hydroxy-1,4-naphthohydroqui- 
nones.l. ' 

This  wealth of recent data  brings a need for  some 
generalizations as to mechanisms by which superoxide 
dismutase can slow o r  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 o r  s low hydroquinone ox-  
idation, and offer possible explanations for  some of 
the contrasting effects on  different naphthohydro- 
quinoneb. 

hIETAL CHEL.4TION CAN ACT SYSERGISTIC.4LLY 

LVITH SUPEROXI1)E DISSILTASE ACTIVITY TO 

IhHIBIT AUTOXID.1TIONS 

Most metal-chelating agents sensitize autoxidation 
of  hydroquinone conlpounds to  further inhibition by 
superoxide d i s r n ~ t a s e . ~ . '  hletal chelators often inhibit 
autoxidations by decreasing the ability of  the metal to 



pain or lose electrons. With a strong reductant such as 
6-hydroxydopamine however, EDTA stimulates the 
trace metal catalyzed autoxidationb 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 d i ~ m u t a s e . ~  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 
0 , . -  and Q . - . 5 . T h e  O,.- and Q . -  released then serve 
as reaction propagators: 

and 

Since EDTA accelerates autoxidation of ferrous ions 
(and thus 0 2 . -  release) but slows reduction of ferric 
ions (and thus Q . -  formation), 0 2 -  is the major prop- 

Absorbance 
(490nm) 

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 (Fi:. 2 ) .  iMetal binding by proteins, includ- 
ing superoxide dismutase apoprotein, can also play this 
sensitizing roleh.' (Figs. 2 and 3).  Such inhibition fa- 
vors the hydroquinone form and also prevents accu- 
mulation of products. including H20,, as found by 
Cadenas et a l . '  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 p>I)  Lvere 3 pg1mL (9 UlmL) and 6.5 pg1mL 
(3.5 p,ulmL PiAD(P)H:quinone oxidoreductnse 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 
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Fip. I .  1.2.4-Benzenetriol autoxidation: Interactions between superoxide d ~ m u t a t e  and metal chelators. Reactions were con- 
ducted in  air-saturated. 50 m M  phosphate buffer; pH 7.5:  25•‹C. Where ind~cated. EDTA or desferrioxamine (DEF)  uere prebcnt 
at 0.5 mhl; superoxide d~srnutase (SOD) at 0.5 .ug:mL ( 2  L'irnL.). Reactions uere initiated by addition o f  an aliquot from an 
anaerobically prepared stock solution o f  1.2.4-benzenetrio1 to give an in~ t ia l  concentration of 250 p A l .  Formation o f  the p -  

quinone product o f  midat ion was followed ~~)cctrophotome~ricaIIy at 490 nm. 
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Fip. 2 .  1.2.4-Benzenetriol autoxidat~on: Oxysen conzunlption In the p rexnce  of wperoxide disrnutase and metal chelator\.  
Reaction conditions were as in Figure I .  \\'here ~ndicat rd .  albumln ha.\ pre\ent at I 6  jig. nil.. Other reagent\ ue re  at the same 

concentration5 as  in Fipure 1. Oxygen con\umption mas monitored polaro;raphicall> upon addition of I -2.4-hen?enetriol. 
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Fig. 3 .  1 -2.4-Bcnzenetriol autoxidation: Interactions betbeen supcroxide d i~~nu t ; i s e  and protein\. Reaction, were conducted in 
air-saturated, 50 rnM phosphate buffer; pH 7 .5 .  25•‹C. K'hrre ~ n d ~ c a t e d .  superoxide d~\rnutase  (SOD)  was prcsent at 0.5 pp ' rnL  
(1 ( j /mL) .  heat-denatured (98% inactivated) supernxidc d i smul~ \ i .  ( dSOD)  at 2 .5  pg rnL, and albumin at 26 pg'rriL. Reactions 
Here initiated by addition o f  an aliquot from an anaerobicall! prepared stock solution o i  1 .2 .4 -ben~ene t r id  to give an initial 
concentration o f  250 p h l .  Fornution of  [hi. p - q u i n o n ~  product of oxidation mas fullo\vcd spectrophotolnctrically ;it 490 nnl 



146 B .  B-\>DY et al. 

dismutation of 0 2 . - ,  by preventing propagation of the 
radical chain. 

SUPEROXIDE DISAIUT.4SE CAN IYHIBIT 

AUTOSID.\TIOYS AND H:O: FOR,\IATION BY 
CHAIN TERiLI1NATIO.U 

Inhibitory actions of superoxide d~smutase 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: 

Inhibition by superoxide disrnutase in autoxidations is 
usually considered evidence that superoxide is an in- 
termediate i n  the free radical  chain.'."^ the extent 
that oxidation of  adrenaline is typical. superoxide has 
an amplification factor of LIP to 10.' I n  other words. 
one niolecule of superoxide can stimulate oxidation of 
10 n~olecules of adrenaline before its participation is 
ended through some chain termination reaction. On this 
basis. superoxide dismutase prevents the formation of 
10 molecules for every half-n~olecule of H,O, i t  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 consumption4 and thus 
decrease H,O, production to negligible levels. 

h1ETAL CHELATION B\ '  PROSlh1.4L HYDKOSYL 
GHOL'PS ALLON'S ISSEK SPHERE AL:'I'OSII)r\l'ION 

Why does superoxide dismutase not inhibit l -2-  
naphthohydroquinone' or 5-hydroxy-1.4-naphtho- 
hydroquinone' oxidation? That the semiquinone is not 
a substrate for superoxide:setniquinonl oxidoreductase 
was offered as one explanation for the lack of inhibition 
of the 1 -2-naphthohydroquinone autoxidution by SLI- 
peroxide disniutasc.' An alternative explanation is the 
difference i n  metal-binding capabilities of the different 
hydroquinones. The o-quinol with its adjacent phenolic 
hydroxyls binds metals more avidly than the (pclrcl) 
I .4-napthohydroquinone. Thus the o-quinol can au- 
toxidize by an inner sphere nlechanisn~ and is less in- 
fluenced by relatively weak chelutors such as proteins. 
The much higher concentrations of superoxide dis- 
mutase needed to inhibit autoxidation of the 2-hydrouy- 
1.4-napthohydroquinonl ( 12 , ~ g I n l L ,  K,  = 540.8 
nbl) ' . ?  than the 1.4-napthohydroquinone ( 0 . 3  p g / m L ,  

K, = 2.1 nM)' ' suggest more effective competition 
for binding of metals by the adjacent phenolic hy- 
droxyls of 2-hydroxy-l,4-napthohydroquinone. Thus, 
as with autoxidation of 1.2.4-benzenetriol, sufficient 
protein to compete tor trace metals can limit inner- 
sphere electron transfers arid 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 b o n d i n g ) . ' T h e s e  derivatives 
would bind metal cations avidly, and thus react pri- 
marily by concerted inner sphere transfer of electrons 
to oxygen. 

SCPEROSIDE DISXIUTASE C.4.U ACCELEK.4TE 
AL'TOSID.4TIONS BY SEVERAL hIECH.-\SIS,\IS 

Why might superoxide distnutase srimulnrr autox- 
idation of 1 .?-naphthohydroquinone' and 5-hydroxy- 
1.4-naphthohyclroquinones?' Stimulatory effects of  
superoxide dismutase on autoxidations are sorne- 
t i m e S  ~ 2 . 1  1 . 1 2 . 1  1 In general, they occur i n  

reactions: 
a)  i n  which superoxide is a net terminator of free radical 
chains 

b) in which h~drogen  peroxide is a better oxidant than 
oxygen 

e p  QH, + H 2 0 2  --+ Q .  + .OH + O H  + 2H'  

Q. - - t120, - Q + .OH + O H -  , 

or c )  i n  Lvhich serniquinone or quinone formation is 
11mitt.d by uscurnulation of superouide 

These stinlulatory effects require that they are not over- 
powered by metal chelation ancl chain termination by 
superoxide dismutase. Stimulatory effects of super- 
oxide dismutase are most apparent ~vhen 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 0,. and stiniulating semiquinone 
autoxidution.' " one biologically important effect of 
superouiclc dismutase is to limit formation of 
serniquinone.;. 



Superox~de d i~mutase  in hydroquinonr au tox id~ t io r~s  147 

SCPEROXlDE DIShIUTASE CAN ACCELERATE 
OXIDATIONS IN W'HICH EQUILIBKI.-\ FOR.\.IING 

SE5IIQUINONES OR QUINONES ARE LIIIITED BY 
THERMODYNAXIIC CONSIDER.4TIONS 

Superoxide dismutase can accelerate an autoxida- 
tion by displacing the equilibria: Q . -  + 0, ++ Q + 
0,.- in the direction of quinone'.'"'' or QH, + 0: +-+ 

Q. -  + 0 2 . -  in the direction of semiquinone." This 
effect is not seen for strong reductants with reduction 
potentials low enough to minimize product inhibition 
by 0 , .  - (such as 6-hydroxydopamine, 1 -2.4-benze- 
netriol or 2-hydroxy- l,4-naphthohydroquinone). 1,2- 
Naphthohydroquinone is a weaker reductant than 1,4- 
naphthohydroquinone or 2-hydroxy- 1.4-naphthohy- 
droquinone (EO'(Q/QH,) = + 143 mV vs. + 36 mV 
and - 139 mV)IL 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 (El  = - 110 rnV vs. - 180 rnV)Ib and 
additionally binds metals strongly to favor inner-sphere 
electron transfers. I ,4-Benzohydroquinone would not 
bind metals as strongly as 1,2,4-benzenetriol, but is a 
much weaker reductant (Eo'(Q/QH,) = + 280 mV ver- 
sus + 106 mV).I5 and autoxidation was stimulated by 
superoxide disrnutase." 

The contrast between I ,2-naphthoquinone and 2- 
hydroxy- I ,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- 
tuent 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 affected by product inhi- 
bition because of the additional electron-donating hy- 
droxy group). On the other hand, superoxide dismutase 
can inhibit autoxidation of I ,4-napthohydroquinone 
and 2-hydroxy-l,4-napthohydroquinone by metal che- 
lation and chain tern~ination. 

REDUCTION POTENTIALS FAVOR 0.YIDATIO.V 

(K.-\THEH THAS HEUL'CTIO,V) OF SEXIIQLIINONE 
BY SUPEKOXI1)E 

Finally. the proposed novel enzyme activity might 
be questioned on thermodynamic grounds. Semiqui- 

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 H20,. On the Principle of Microscopic Re- 
~*ersibiliry," to the extent that superoxide dismutase 
accelerates the transfer of an electron from 0,-- to 
Q . - ,  it will also facilitate transfer of an electron from 
Q. -  to 0 2 . - .  In a reaction mixture in which both 02.- 
and Q . -  are present, the direction of the reaction, and 
thus the product distribution, depend on therrnody- 
namic considerations. Such considerations more 
strongly favor the formation of Q and HzOz than the 
reverse reaction. Although reduction of the serniqui- 
none by superoxide may be thermodynamically fea- 
sible, other things being equal, oxidation of the 
semiquinone by superoxide is more f a ~ o r a b l e . ~  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 0 2 . -  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: 

1. 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 
ssrniquinone is thermodynamically unfavorable, su- 
peroxide disniutase will accelerate hydroquinone 
autoxidation. 

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

"An example is 1.3-naphthohydroquinonr. the weakest reductant 
tebted inhibitable by superoxide dismutase (therefore most thermo- 
dynamically favorrd for a serniquinonr reductase activity). The two- 
electron rrduction potential at pH 7 is + 36 n1V.I' " The one-electron 
reduction potential, for I -4-nsphthoquinone are also knoun  (E"'  
(Q . - IQ: - )  = + ? I 2  m V  and Ea ' (Q!Q.-)  = - 140 mV). '  Thus .  
rrtlucrion of the seniiquinone by superoxide (Eo ' (O:!02.- )  = - 155 
rnV at u n ~ t  concentration) has a dr l taEa '  o f  + 367 niV. Houever .  
o.tidutiot! of thc serniquinonc by superoxide (E"(O:.-/H:O:) = 
+865 mV) h ~ s  a delraE0' of + 1005 mV. 



02.- 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 2 1%). The more favourable reduction of oxygen 

by benzenetriol semiquinones presumably provides enough steady state 02" 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-trihydroxybenzoic 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 02'--propagated 

autoxidation. In benzenediol and naphthalenediol 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. 



In general, superoxide dismutase accelerates hydroquinone autoxidations when 

thermodynamic limitations to reduction of oxygen outweigh propagating actions of 02.-, 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. 



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,2-8 and have long been a subject of study.9 phenolics sometimes act as 
5.10-14 5.10,12.15.16 antioxidants or anti carcinogen^,^ but they are often cytotoxic or mutagenic: 

Catechol for example, contributes to the carcinogenicity of tobacco smoke,1731s while 

chemotherapy with antitumour quinones is dose-limited by cardiotoxi~ity.~~ 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 c a r c i n ~ ~ e n i c i t ~ , ~ ~ - ' ~  while endogenous catecholamines contribute to 

neuromuscular pathologies such as  arki ins on ism.^" 

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 (Ole-, H202, *OH).19326-28 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 

release of semiquinone radical inte~-mediate.'~-" Conjugation of hy droquinones with 

glucuronate or sulphate, and of quinones with glutathione increases hydrophilicity and 



facilitates excreti~n. '~ 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 serniquinone, the participation of metals, and the influence 

of superoxide dismutase activity. 28.33.34 While many details of hydroquinone autoxidations 

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 0 2 ' -  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, 
.35.36 including catecholamines , pyrogallo137, 1,2,4-benzenetrio13', 2-hydroxy- 

1 ,4-naphthohydroquinone?9, and certain flavonol~'~. In these autoxidations, superoxide 

dismutase removes 0 2 ' -  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 d i s m ~ t a s e . ~ ~ . ~ '  However, metals are generally bound or sequestered in cells, 

so superoxide dismutase should help protect against cytotoxicity of these compounds. 

18,42-44 On the other hand, superoxide dismutase accelerates autoxidation of serniquinones- , 

and of some hydroquinones, including 1,4-ben~oh~dro~uinone~~, 

1 ,2-naphthohydroquinone4s, and 3-hydroxyanthranilic acid4'. Superoxide dismutase 

accelerates these autoxidations by preventing back reactions of 02'-. In this way, superoxide 

dismutase kinetically offsets thermodynamic adversity to the reduction of oxygen. In the 

case of serniquinones, enhanced reaction with oxygen may help diminish ~ ~ t o t o x i c i t ~ . ~ ~ ~ ~ ~ n  

other cases, accelerated autoxidation by superoxide dismutase can enhance cytotoxicity.4y 

In some cases, such as with 1,4-naphthohydroquinoneso or cytotoxic pyrimidines'', 

superoxide dismutase initially suppresses, and later accelerates autoxidation. Superoxide 

dismutase inhibits initially by removing 0 2 ' -  as a propagator, and then accelerates when 

comproportionation of the hydroquinone with accumulated quinone oxidation product 



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. 



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 ( l,2,4-benzenetriol, 1,2-naphthohydroquinone). 

Potassium phosphate buffer salts, Tris buffer, and albumin (bovine serum) were from Sigma. 

Disodium EDTA and FeC13 were from Fisher Scientific (Ottawa). FeS04 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 

undetected2', 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 pl aliquot from an 



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 pM 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 pM 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, CuS04 (10 pM) 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. 



RESULTS 

Kinetics of autoxidation 

The rates of oxygen consumption during hydroquinone autoxidation correlated 

approximately with the strength of the reductant (Figure I, 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 pM (Figure 2b). 

Addition of catalase, regenerating one-half mole of oxygen per H202 generated, 

approximately halved the maximal rates of oxygen consumption (Table 11), revealing H202 

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 H202. Nevertheless, 

H202 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 0 2  to 0 2 ' -  (EO'=-0. 155 V at 1 M 

0 2 )  is thermodynamically unfavourable for both the hydroquinone or serniquinone 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. 



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 Unitslml superoxide dismutase inhibited the initial rate of 

autoxidation of 1,2,4-benzenetriol70%, pyrogallol62%, 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 02'- to one propagated by 02'--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 



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 FeC13 added as catalyst (Figure 7). With gallate, addition of FeC13 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 desferrioxarnine was still evident with added FeC13. 

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 02'--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, desferrioxarnine accelerated the loss of absorbance at 490 nm. Catalase did not 

prevent the bleaching, discounting H202 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 H202. The 

accelerating effect of superoxide dismutase thus suggests involvement of residual oxygen. 

This bleaching response needs further characterization, but might represent oxidative 

polymerizations7 of 2-hydroxy-p-quinone product. 

Naphthalenediols 

Superoxide dismutase briefly slowed, and then accelerated autoxidation of both 

1,4-naphthohydroquinone and 12-naphthohydroquinone (Figure 9). As observed previously 

for 1 ,4-naphthohydroquinone,5D acceleration by superoxide dismutase was enhanced by the 



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 1 1, Table 11). 



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 0 2 ' -  is unfavourable for both hydroquinone 

(+15.8 and c14.2 kcal mole-') and semiquinone (+8.4 and +5.4 kcal mole-') (Table I). By 

removing product (02'-), superoxide dismutase shifts the equilibria for reduction of oxygen, 

avoiding the thermodynamic limitations to reduction of oxygen and accelerating 

autoxidation. 

QH2 + 0 2  Q'- + 0 2 ' '  + 2H' 

Q'- + 0 2  '3 Q + 02.- 

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 0 2 ' -  to propagate the autoxidation. The 

presence of superoxide dismutase accelerates semiquinone autoxidation, but prevents 02.' 

from oxidizing hydroquinone to propagate the chain. 

Q'- + 0 2  m Q + 0 2 "  

QH2 + 0 2 "  a Q'- + Hz02 

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 02'--independent 

propagation mechanisms become available at later stages. Accumulated H202 does not 



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, prcducing semiquinone, 

thus becomes increasingly available as a propagation mechanism. Superoxide dismutase then 

accelerates net autoxidation by accelerating thermodynamically unfavourable autoxidation of 

semiquinone. 

QH2 + Q a 2Q'- 

Q'- + o2 a Q + 0 2 . -  

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 

02'- 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 n: electron orbitals facilitate formation of a charge 

transfer complexs8 and thus accelerate semiquinone formation. On this basis, superoxide 

dismutase accelerates net hydroquinone autoxidation by accelerating autoxidation of 

naphthosemiquinone38."' formed through comproportionation. 

QH2 + Q [HQ:QHI 

[HQ:QH] M 2Q'- + 2H' 

Q'- + o2 w Q + 0 2 "  

Quinhydrones equilibrate with free serniquinones9 leaving open the question whether 

quinhydrone, serniquinone, or both act as reductant of oxygen. 



Other naphthohydroquinone autoxidations reportedly accelerated by superoxide dismutase 

include those of 5-hydroxy derivatives and glutathione conjugates of 1,2- or 

1 ,4-naphthohydroquinones.lx45 Superoxide dismutase inhibits initial sutoxidation of 2- 

hydroxy- 1 ,4-naphthohydroquinone,i'"l 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 ~ e "  and cu2' avidly (Table 111). The stabilities of dimeric or trimeric 

complexes of catechol with ~ e "  or CU" exceed the stability of coordination complexes of 

EDTA or desferrioxarnine. Other hydroquinones with vicinal hydroxyl groups presumably 

also coordinate metals with affinities dependent on their pKa's, and compete with EDTA 

and desferrioxarnine for trace metals. Conversely, 1,4-benzohydroquinone and 

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

The effects of EDTA or desferrioxarnine 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 



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.sb 

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 11). More efficient catalysis by trace metals in 

1,2-naphthohydroquinone autoxidation avoids any lag for accumulation of propagating 

intermediates. Thus, at 40 FM, 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 pM), 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-hydroxydopamine4', epinephrine35, or sulphite6', 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 02'--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) 



or accelerated (1,2,4-benzenetriol) autoxidation, showing the variable effectiveness of 02.' 

-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 d e s f e r r i ~ x a m i n e ~ " ~ ~  

accelerates 02'- 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 02'-, 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.64 Thus, chelation of 

trace metals, preventing inner sphere electron transfers, augments propagation by 02'-. In 

the presence of a chelator plus superoxide dismutase, remaining autoxidation proceeds 

largely by metal-independent, 02"-independent pathways. H202 or c ~ m p r ~ p ~ r t i o n a t i o n  

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 11), suggesting similar rates of 



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. H202 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 H202. 

The lack of a latent period in autoxidation of 1,2-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 

02'- serves as an initial propagator until sufficient quinone accumulates for 

comproportionation to overtake the contribution of 02". 

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 

pyrimidines5' or with 6-hydroxydopamine40, 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-naphthohydr~quinon~ 



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 adaition of a chelator. 

For example, addition of ~ e ? '  removed the latent period in the slow autoxidation of gallic 

acid. Superoxide dismutase still produced mild inhibition in the presence of ~ e ~ '  (not 

shown), so greater steady state levels of 0 2 ' '  (and Q'-) rather than accumulation of quinone 

were likely responsible for the absence of a latent period. Desferrioxamine accelerated 

catalysis by ~ e " ,  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 02'- 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 

benzenetriols (herein) and catecholamines"".', where metal chelators sensitize the 



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 

include b e n z e n e t r i ~ l s " ~ ~ ' ~ ~ ,  cat echo la mine^^^^^', and hydroxylated pyrimidmes65966. An 

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

metals6'"', and sensitive to inhibition by superoxide dismutase activity only in the presence 

of added F ~ : E D T A ~ ~ .  

2. Theorem: "To the extent that reduction of oxygen by serniquinone is thermodynamically 

unfavouruble, superoxide dismutase will uccelerate hydroquinone uutoxidution. " 

Experimental support: Autoxidations of 1,4-benzohydroquinone and catechol provide 

examples where autoxidation of the serniquinone, as well as of the hydroquinone, is strongly 

unfavourable. Net autoxidation is thus driven by 02IH202 (E0'=+0.28 1 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 serniquinone 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. 

Cornproportionation 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, 

which is very slow, and is accelerated by superoxide d i ~ m u t a s e . ~ ~ - ~ '  Other examples of weak 

reductants whose autoxidations accelerate with superoxide dismutase include glutathione 

conjugates of 2methyl- and 2,Sdimethyl- l,4-ben~oh~dro~uinone.~~ 

* 
Caution 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." Conversely, studies done only in the 
presence of a metal chelator may preclude an inner sphere pathway. 



3. Theorem: "To the extent that reduction of oxygen by semiquinone is thermodynamically 

favourable, und 02'- 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 serniquinone is 

relatively favourable. Reduction of oxygen by semiquinone thus provides steady-state 02.- to 

help propagate the autoxidation. While superoxide dismutase accelerates autoxidation of 

semiquinone, removal of 0 2 "  slows rate limiting oxidation of hydroquinone to semiquinone. 

In these cases, propagation by 0 2 ' -  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 uutoxidation. " 

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 0 2 ' -  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. 



One action of superoxide dismutase in vivo may be to limit steady state bvels of 

semiquinone 

Observations that superoxide dismutase accelerates autoxidation of semiquinones38 and 

suppresses reactions of semiquinones with biological constituents such as h e m ~ ~ r o t e i n s ~ ' ~ ~ "  

led to the important suggestion that one protective action of superoxide dismutase may be 

to help remove ~ e r n i ~ u i n o n e s . ~ ' ~ ~ ~  In addition, by preventing 0 2 ' -  from propagating 

autoxidation of hydroquinones, superoxide dismutase can inhibit formation of semiquinones. 

Together these actions of superoxide dismutase may help suppress biologically damaging 

reactions of semiquinones such as release of iron from fe~-ri t in~'-~ '  or site specific reduction 

of Hz02 to  OH^^-^^. 

In biological systems, sequestration and coordination of metals minimize metal-catalyzed 

inner-sphere autoxidation and thus force 02'--propagated or comproportionation-propagated 

autoxidation pathways. In cases where 02" acts as propagator of hydroquinone 

autoxidation, superoxide disrnutase acts in concert with glutathione"2.5' and DT-diaphorase77 

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.78 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 

phase. Conjugation with glutathione reportedly does not decrease redox ~ ~ ~ l i n ~ ~ " ~ ~ - ~ ' ,  but it 

facilitates excretion. Superoxide dismutase may thus help poise quinone reduction/oxidation 

for efficient excretion, while minimizing levels of semiquinone (and 02'-). 



CONCLUSIONS 

Hydroquinone autoxidation may proceed by one or more pathways depending on the 

properties of the hydroquinone and the reaction conditions. The predomiriant 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, meta1: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. H202 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 H202 contribute significantly. The extent to which any pathway 

predominates depends on the properties of the hydroquinone, and the presence of 

chain-breaking andlor 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 serniquinone. Superoxide dismutase inhibits autoxidation of stronger 

benzenetriol reductants (pyrogallol, 1,2,4-benzenetriol) where more favourable reduction of 

oxygen by semiquinone provides 0 2 ' -  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, 



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 I. Structures and physical data for the hydroquinones studied. Wavelengths at which 
autoxidations were monitored (h), and molar absorptivities (E) are shown. Midpoint reduction 
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Table 111. Stability constants (log Ka) reflecting affinity of the 
ligand (L) for metal (M) (data from reference 56). 
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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 rnM phosphate buffer (pH 7.4, 25•‹C) 

and oxygen tension monitored polarographically. Initial concentrations of hydroquinone were 

250 pM except for catechol(666 pM). 

Fig. 2. a) Kinetics of 1,2- and 1,4-naphthohydroquinone autoxidation. Oxygen consumption 

was followed polarographically on addition of naphthohydroquinone (125 pM) to air-saturated 

50 mM phosphate buffer, pH 7.4, 25•‹C. 

b) Rates ofnnphthalenediol 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 nutoxidizing I,2,4-benzenetriol and 

6-hydroxydopamine. Oxygen consumption was monitored polarographically on addition of 

100 pM hydroquinone. Reaction conditions were as in previous figures. Catalase (20 Ulml) 

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

consumption. 

Fig. 4. Autoxidation of benzenediols. Autoxidations of catechol (500 pM) or 

1,4-benzohydroquinone (250 pM) in air-saturated phosphate buffer (pH 7.4, 25•‹C) were 

followed spectrophotometrically. Desferrioxamine (500 pM), EDTA (500 pM), albumin 

(5.6 mglml), or superoxide dismutase (10 Ulml) were added as the reaction progressed. 

Fig. 5. Autoxidation of trihydroxybenzoates. Reaction conditions were as in figure 4. 

Autoxidations of hydroquinones (250 pM) in air-saturated buffer were followed 

spectrophotometrically. Desferrioxamine (500 pM), EDTA (500 pM), and superoxide 

dismutase (5 Ulml) were present either before addition of hydroquinone, or added as the 



reaction progressed. Insets show autoxidations over a longer time course with additions of 

superoxide dismutase (5 Ulrnl) at later times. 

Fig. 6. Autoxidation of benzenetriols. Reaction conditions were as in figure 4, Autoxidations of 

hydroquinones (250 pM) in air-saturated buffer were followed spectrophotometrically. 

Desferrioxamine and EDTA were at 500 pM. Superoxide dismutase was at 5UIml for 

pyrogallol and 2 Ulml for 1,2,4-benzenetriol. Insets show autoxidations over a longer time 

course with additions of superoxide dismutase (5 Ulml) 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. FeC13 was present at 10 pM; desferrioxamine at 500 pM. 

Fig. 8. I ,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 desferrioxarnine (500 pM). Catalase (20 Ulml) 

and superoxide dismutase (10 Ulml) were added as the absorbance declined. 

Fig. 9. Naphthalenediol autoxzdations. Autoxidations were initiated by addition of 

naphthohydroquinone (20 pM) 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 Ulrnl. 

Fig. 10. Autoxidution of a second aliquot of 1,4-naphthohydroquinone. A second aliquot of 

1,4-naphthohydroquinone (40 pM) 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 Ulml). 

Fig. 11. EfSects of desferrioxamine plus superoxide dismutase on nuphthalenediol 

autoxidations. Initial naphthohydroquinone concentrations were 40 pM. Autoxidations were 



monitored at wavelengths different from those in figure 9 to minimize contribution of 

hydroquinone to the initial absorbance. EDTA (100 1M) had no influence on these 

autoxidations or on the effects of superoxide dismutase (not shown). Desferrioxamine 

(100 pM) however acted synergistically with superoxide dismutase to inhibit 

1,2-naphthohydroquinone autoxidation but not 1,4-naphthohydroquinone autoxidation. 
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Figure 3 
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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 mitochondria1 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 c however, such as occur in 

hypoxialreperfusion, can decrease functional respiration without decreasing autoxidative 

redox cycling of respiratory intermediates. On a theoretical basis, we surmise that certain 

mutations to mitochondria1 electron transfer components which impair functional respiration 

may increase the steady-state level of autoxidizable intermediates, andlor 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 6-0HDA:metal:oxygen complex. Ligands 

which prevent formation of a ternary complex force an outer-sphere 02.--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 



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, 02.--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 andlor 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. 



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/QHz Oxygen Consumption 

(mV) (pM/min) 

ascorbate +54 3.5 

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 a1 1972, Blank et a1 1976, Borchardt et a1 1976, Borg 
et a1 1978, Graham et a1 1978, and Senoh and Witkop 1959. The reduction potential 
for 1,2,4-benzenetriol is from Clark 1960. 



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 c, produce oxidative stress in vivo. This includes both experimental 

confirmation of increased oxygen activation with mitochondria1 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 1 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 



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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