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SUMMARY 

(1) Aerobic incubation of heart muscle submitochondrial particles in phos- 
phate buffer after treatment with NADH causes a progressive and substantial 
inhibition of the NADH oxidation system. Suceinate oxidation remains almost 
unaffected by NADH treatment. 

(2) The loss of NADH oxidase activity is due to an inhibition of the respiratory 
chain-linked NADH dehydrogenase. This inhibition of the enzyme is very similar to 
that caused by combination of the organic mercurial mersalyl with NADH dehy- 
drogenase. 

(3) The inhibition of NADH oxidation is largely prevented by compounds that 
are known to react with superoxide ions (O2-'), including superoxide dismutase, 
cytochrome c, tiron and Mn 2+. EDTA also has a protective effect, but a number of 
other metal chelating agents, and several proteins, including catalase, are without effect. 

(4) It is concluded that the inhibition of NADH oxidation is due to the action 
of superoxide ions formed during respiratory chain activity. 

(5) The inhibition of NADH oxidation by superoxide ions or by mersalyl is 
reversible and is therefore not due to the loss of oxidoreduction components from the 
respiratory chain or to art irreversible change in protein conformation. 

(6) The function of mitochondrial superoxide dismutase is discussed in rela- 
tion to the key role of NADH dehydrogenase in energy-conserving reactions and the 
formation of hydrogen peroxide during mitochondrial oxidations. 

INTRODUCTION 

McCord et al. [1 ] suggested that the general physiological function of super- 
oxide dismutase is to protect aerobic cells against the potentially harmful effects of the 
superoxide free radical anion, (02- ') ,  by catalysing the reaction 

2 0 2 - ' + 2 H  + --~ O2-~-H202 

Superoxide ions are generated during oxidoreduction reactions catalysed by certain 
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enzyme preparations including xanthine oxidase [2], the NADPH oxidation system of 
liver microsomes [3, 4] and ferredoxins [5]. Superoxide ion formation has also been 
detected in heart submitochondrial particles treated with antimycin and succinate 
[6]. Although both non-haem iron and flavin groups have been proposed as sites of 
oxygen reduction to O2-' ,  non-haem iron sites appear to be far more effective 
reductants than are sites containing flavin [7]. 

Part of the superoxide dismutase of isolated mitochondria is located in the 
matrix space [8, 9]. In the present paper it is shown that treatment of submitochon- 
drial particles with NADH causes a strong inhibition of the NADH oxidation system 
and that this inhibition is prevented by compounds known to react with superoxide 
ions, including superoxide dismutase. The inhibition of NADH oxidation is similar to 
that occurring when the organic mercurial mersalyl combines with type III thiol groups 
of the respiratory chain-linked NADH dehydrogenase [10-12]. The results suggest 
that one important function of the superoxide dismutase present in the matrix space is 
to protect NADH dehydrogenase against the harmful effect of superoxide ions 
formed during respiratory chain activity. 

METHODS 

Enzyme preparations 
Ox heart mitochondria were obtained by the method of Crane et al. [13]. 

Submitochondrial particles (electron transfer particle preparation) were prepared by 
the fragmentation of frozen and thawed mitochondria in alkaline sucrose (Prepara- 
tion I of Crane et al. [13]) using mitochondria that had been stored at -- 20°C. A 
stock suspension of submitochondrial particles containing about 30 mg of protein/ml 
was stored in 2-ml aliquots in glass-stoppered tubes at -- 20 °C for periods of up to 3 
months. The contents of a tube were thawed as required and kept at 1 °C until use. 
Samples of particles were taken from the tube for enzyme assays within a period of 2 
days after thawing. 

Bovine erythrocyte superoxide dismutase was purified by the method of 
McCord and Fridovich [2]. The material obtained after the acetone precipitation step 
was dissolved in water and dialysed overnight against water. The solution obtained 
was centrifuged at 5000 x O for 5 min and the supernatant containing the dismutase 
was further purified by fractional adsorption on alumina C 7 gel, fractional precipita- 
tion by acetone and crystallization by the method of Mann and Keilin [14]. The final 
product contained 0.34/~g of copper/mg of protein and 3000 dismutase units/mg of 
protein when assayed by the method of McCord and Fridovich [2], in which one unit 
of dismutase activity is defined as the amount required to inhibit by 50 ~ the rate of 
aerobic reduction of added cytochrome c during xanthine oxidase activity. 

The protein content of the enzyme preparations was determined by the biuret 
method [15] using samples treated with 0.2 ~ (w/v) sodium cholate. 

Assays 
Respiration rates were recorded at 25 °C by the polarographic technique with a 

Clark oxygen electrode. The reaction mixture (3.2 ml) contained 0.1 M potassium 
phosphate buffer, pH 7.4, submitochondrial particles (0.4-0.6 mg of protein) and 
other compounds specified in the figure legends. Oxidase activities were assayed with 
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either 0.25 mM NADH or 15 mM potassium succinate. NADH-ferricyanide reduc- 
tase activity, measured in 40 mM triethanolamine-HC1 buffer, pH 7.8, artd NADH- 
acetylpyridine adenine dinucleotide transhydrogenase activity were assayed at 20 °C 
by the methods of Minakami et al [16]. Stock solutions of acetylpyridine adenine 
dinucleotide, cysteine-HCl, ferricyanide, ferrocyanide, NAD +, NADH (in 1 ~o w/v 
NaHCO3), mersalyl and metal-chelating agents except EDTA were prepared on the 
day of use. After incubation of the electron transfer particles in phosphate buffer, the 
oxidase activities of untreated (control) samples were 0.92-1.24 and 0.5-0.84/~mol of 
substrate oxidized/min per mg protein for NADH oxidation and succinate oxidation 
respectively. Values presented in the Table and Figures are the mean values of 
triplicate samples and are similar to values obtained with electron transfer particle 
preparations from at least three different hearts. 

Nomenclature 
The different types of thiol groups that can be distinguished in the respiratory 

chain-linked NADH dehydrogenase have been numbered by Estabrook et al. [17] and 
by Singer [18]. Unfortunately, the numbers used in these two papers do not corre- 
spond. The numbering system of Singer is used in the present paper, because the 
system has been discussed fully in a review article [18] that is generally available. 

Chemicals 
The following compounds were obtained from the Sigma Chemical Co. (St. 

Louis, Mo., USA): antimycin, catalase (purified powder from bovine liver), cyto- 
chrome c (type III from horse heart), gramicidin, oligomycin, 1, 10-phenanthroline 
hydrate, sodium bathocuproine sulphonate, sodium bathophenanthroline sulphonate 
and sodium mersalyl (sodium O-(3-hydroxymercuri-2-methoxypropyl) carbamoyl- 
phenoxyacetate). Acetylpyridine adenine dinucleotide, NAD +, NADH and tri- 
ethanolamine-HC1 were from the Bochringer Corp. (London) Ltd. (London, W5). 
Crystallized bovine plasma albumin, rotenone and 2-thenoyltrifluoroacetone were 
from Armour Pharmaceutical Co. Ltd (Eastbourne, Sussex), S. B. Penick and Co. 
(New York, N.Y., U.S.A.) and Eastman Kodak Co. (Rochester, N.Y., U.S.A.) 
respectively. Diphenyl-p-phenylene diamine and a-tocopheryl acetate were obtained 
from Koch-Light Laboratories Ltd (Colnbrook, Bucks). Other reagents including 
EDTA, potassium ferricyanide, potassium ferrocyanide and tiron (1,2-dihydroxy- 
benzene-3,5-disulphonic acid, sodium salt) were from British Drug Houses Ltd. 
(Poole, Dorset). Analytical reagent grade chemicals were used whenever possible. 

The enzyme used was NADH: (acceptor) oxidoreductase (EC 1.6.99.3; 
trivial name, NADH dehydrogenase). 

RESULTS 

Inhibition of NADH oxidase activity 
When heart muscle submitochondrial particles were suspended in aerobic 

phosphate buffer and treated with NADH, a rapid oxidation of NADH occurred 
during the first minute of incubation. If the incubation was then continued before 
polarographic assay with a second addition of NADH, it was observed that a strong 
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Fig. 1. Effect o f  incuba t ion  wi th  N A D H  or N A D  + on the oxidase act ivi t ies  of  submi tochondr ia l  
particles. Samples of a suspension of submitochondrial particles were treated with the concentrations 
of NADH or NAD + indicated and incubated for 40 rain before the assay of oxidase activities. 0 ,  O, 
I ,  particles treated with NADH. • and O indicate the initial and maximal rates of NADH oxidase 
activity respectively; m, succinate oxidase activity; Z], NADH oxidase activity after treatment with 
NAD + . 

inhibition of N A D H  oxidase activity had developed during the incubation period 
(Fig. 1). The maximal rate of  N A D H  oxidation by inhibited particles was observed 
oply after a pronounced lag in oxygen uptake at the start of  the N A D H  oxidase 
assay. Treatment with N A D  + instead of N A D H  caused only a slight decrease (about 
10 ~ )  in N A D H  oxidase activity, indicating that the strong inhibition observed was 
not due to incubation of  the particles with N A D  + formed during the first period of 
N A D H  oxidation. No loss of  activity was observed when particles were incubated 
anaerobically with N A D H  before assay by dilution into aerobic buffer, showing that 
oxygen was required for inactivation to occur. The loss of  activity was considerably 
greater when particles were suspended in phosphate or arsenate buffer compared with 
Tris-HC1, triethanolamine-HCl, borate or bicarbonate buffers or solutions of  potas- 
sium chloride, citrate or sulphate. When samples of  particles suspended in 50 mM 
Tris-HC1 and containing various concentrations of  phosphate buffer were treated with 
N A D H ,  the presence of 20 mM potassium phosphate caused a near-maximal decrease 
in N A D H  oxidase activity. 

The results of  experiments similar to those presented in Fig. 1 were unaffected 
by the addition of the uncoupling agent carbonylcyanide m-chlorophenylhydrazone 
(1.6 pM)  and/or gramicidin (2/~g/ml) or by oligomycin (2 pg/ml), indicating that 
inhibition of N A D H  oxidase activity was not dependent on energy-conserving reac- 
tions. No  loss of  N A D H  or succinate oxidase activity was observed when particles 
were treated with 0.25 mM succinate. N A D H  treatment caused a marked change in 
the affinity of  N A D H  dehydrogenase for artificial electron acceptors. Using untreated 
particles, the ferricyanide reductase and transhydrogenase activities at V were 23.3 and 
1.1/tmol N A D H  oxidized/min per mg of protein. The corresponding values observed 
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Fig. 2. Effect of pH on NADH oxidase activity. Samples of submitochondrial particles, suspended 
in 0.1 M potassium phosphate buffer at the pH indicated, were treated with either 0 or 0.25 mM 
NADH and incubated for 40 min before the assay of NADH oxidase activity. Q), no NADH added; 
Q, incubated with NADH. 

with NADH-treated particles were 1.8 and 0.32. These results indicate that the loss of 
N ADH oxidase activity (Fig. 1) is due to an effect at, or close to the substrate-binding 
site of  the dehydrogenase. No loss of N A D H  oxidase activity occurred when sub- 
mitochondrial particles were treated with NADH  in phosphate buffer below pH 6.6. 
Above this pH, the inactivation became more pronounced as the alkalinity of  the 
buffer was increased (Fig. 2). 

Reagents preventing the loss of NADH oxidase activity 
Two metal-chelating agents, tiron and EDTA, were found to prevent most of  

the inactivation of NADH oxidation caused by NADH. Cysteine and other reagents 
containing a free thiol group, including dithiothreitol, had a similar effect (Fig. 3). 
However, a variety of  other metal-chelating agents including bathophenanthroline, 
bathocuproine, dithizone, 8-hydroxyquinoline, o-phenanthroline and 2-thenoyl- 
trifluoroacetone were without effect when each was tested in concentrations up to 
0.8 mM. 

The loss of NADH oxidase activity was also prevented by the addition of 
ferricyanide just  after the brief period of  rapid N A D H  oxidation during N A D H  
treatment, whereas ferrocyanide was without effect (Fig. 4). When a sample of 
submitochondrial particles was incubated with ferricyanide, sedimented by centrifuga- 
tion and resuspended in fresh phosphate buffer before treatment with NADH,  no 
protective effect of  ferricyanide was found. These results suggest that the protective 
action of  ferricyanide in the experiment of  Fig. 4 is due to the ability of ferricyanide to 
oxidize a component reduced or exposed by NAD H  during the brief initial period of 
N A D H  oxidation. Acetylpyridine adenine dinucleotide was without effect, suggesting 
that the component oxidized by ferricyanide contains non-haem iron or other 
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Fig. 3. Effect of  metal-chelating agents and cysteine on N A D H  oxidase activity. Samples of  a suspen- 
sion of submitochondrial particles containing the concentrations of reagents indicated were treated 
with 0.25 mM N A D H  and incubated for 40 min before the assay of maximal N A D H  oxidase activity. 
O,  EDTA present; O, tiron present; [3, cysteine present. The N A D H  oxidase activities of  control 
samples incubated with the reagents in the absence of N A D H  were 95-115 ~ of the activity of 
samples incubated only in phosphate buffer. 

oxidoreduction groups but not reduced FMN. Inactivation was also prevented by the 
following compounds: by 0.75 mM sodium sulphite (but not by sodium sulphate); by 
0.5 mM MnC12 (but not by MgCI2 or CaCI2); and by sodium ascorbate (2 ~tM). The 
antioxidant compounds, diphenyl-p-phenylenediamine and e-tocopheryl acetate had 
no protective effect. No evidence was obtained that the inhibition of NADI-I oxidation 
was due to lipid peroxidation reactions. In a typical experiment, in which lipid 
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Fig. 4. Effect of  oxidizing agents on N A D H  oxidase activity. Samples of a suspension of submito- 
chondrial particles in phosphate buffer were treated with 0.25 mM N A D H  at zero time, followed 
2 min later by the addit,~on of the concentrations of reagent indicated. The samples were then incu- 
bated for 40 min before the assay of maximal N A D H  oxidase activity. Reagents added were C), 
ferricyanide; O, ferrocyanide; IS], acetylpyridine adenine dinucleotide. 



341 

peroxide formation was measured by the TBA method [19] the absorbanee values ob- 
tained at 532 nm were: buffer only, zero reading; buffer+ETP, 0.046; buffer+NADH, 
0.062; buffer+ETP+NADH, 0.090. Thus, the protective effect of Mn 2+ on NADH 
oxidation appears not to be related to the potent inhibitory effect of Mn 2 + on lipid 
peroxidation reactions [20]. It is possible that free Mn 2 + catalyse superoxide dismuta- 
tion since the mitochondrial matrix superoxide dismutase is a mangano-protein [8 ]. 

Protein preparations preventin9 the loss of NADH oxidase activity 
Native erythrocyte superoxide dismutase was found to prevent the loss of 

NADH oxidase activity induced by NADH, and both the protective effect and the 
dismutase activity were abolished by boiling the dismutase. Superoxide dismutase had 
a similar protective action when liver submitochondrial particles were used instead of 
ox heart particles. The protective effect of superoxide dismutase suggests strongly 
that the loss of NADH oxidase activity was due to the action of superoxide ions 
generated in the incubation mixture. NADH treatment caused a similar inactivation 
of NADH oxidation when a suspension of particles was treated and assayed in a 
spectrophotometer cell, showing that O2-" generated at the surface of an oxygen 
electrode [21] were not responsible for the loss of activity. 

Oxidized cytochrome ¢ partly prevented the loss of NADH oxidase activity 
when added before NADH treatment, but was less effective compared to superoxide 
dismutase and the other protective reagents mentioned above. Cytochrome e had no 
effect when added to inactivated particles just before the assay of NADH oxidase 
activity. The amount of added cytochrome c required for maximal protection (60 
nmol/ml) was about 500 times the amount of endogenous cytochrome c present in the 
particles, showing that this effect was not related to the function of cytochrome c in 
the respiratory chain. The effect of added cytochrome c is probably due to its 0 2-'- 
trapping activity [2]. 

A number of other purified proteins were without effect, including catalase 
(15/tg/ml), myoglobin (0.2 mg/ml) and bovine plasma albumin (1 mg/ml). The 
failure of catalase to prevent the loss of activity suggested that the inhibition was due 
to superoxide ions and not to the formation of the hydroxyl radical ( .OH) formed 
[22] according to the following equation:- 

O 2 - ' - ~ H 2 0 2  --> O 2 + O H - - ~ -  • O H  

This conclusion is supported by the observation that several • OH radical trapping 
agents, including benzoate, formate and ethanol [23], had no protective effect. 

Although EDTA, tiron, cysteine and superoxide dismutase provided consid- 
erable protection against inactivation, the NADH oxidase activity obtained in the 
presence of these compounds was never fully equal to that observed with untreated 
control samples. This finding is only partly explained by the slight inhibition caused by 
NAD÷ formed during NADH treatment. 

Kinetics of inactivation 
The rate of inactivation of the NADH oxidase system is shown in Fig. 5. At 

25 °C, half-maximal inactivation occurred after about 7 min of incubation. The 
kinetics of inactivation were similar in air-saturated and oxygen-saturated buffer. 
Copper sulphate (0.2-1.0/~M) or ferrous sulphate (1-10/tM) had no significant 
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effect on the kinetics or extent of inactivation, suggesting that formation of O2-" by 
trace metal impurities [24] is not concerned in the mechanism of inactivation. The 
addition of protective agents such as EDTA, cysteine or superoxide dismutase during 
the incubation blocked any further loss of activity but was unable to reverse the 
inhibition (Fig. 5). When the experiment of Fig. 5 was repeated using ferricyanide, the 
inhibition was not only blocked but also reversed (Fig. 6A). Ferrocyanide reversed 
the inhibition only after a pronounced lag period, during which a slow oxidation of 
ferrocyanide to ferricyanide was observed, as shown by an increase in extinction of the 
suspension at 420-450 nm. Acetylpyridine adenine dinucleotide was again without 
effect. The NADH oxidation pathway restored by incubation with ferricyanide was 
fully blocked by rotenone, antimycin or cyanide and therefore appeared to be identi- 
cal to that present in untreated submitochondrial particles. 

Tyler et al. [11 ] found that the inhibition of NADH oxidation by mersalyl was 
reversed only slightly by cysteine or other thiol-group reagents. In the present study, 
it was observed that ferricyanide was able to reverse the irdaibition caused by mersalyl 
(Fig. 6B) and that the kinetics of reversal were similar to those found in the experiment 
of Fig. 6A. Cysteine was found to remove virtually all mersalyl-Hg 2°3 after the 
labelled compound had combined with type III thiol groups of NADH dehydrogenase 
in submitochondrial particles (Tyler, D. D. and Dumont, J. E., unpublished). Since 
ferricyanide reversed the inhibition by mersalyl only when cysteine was added after 
mersalyl treatment, the effect of ferricyanide is evidently dependent on the removal of 
mersalyl from the particles by cysteine. The results of Fig. 6 show that the inhibition 
of NADH oxidation caused by treatment with NADH, either in the presence or 
absence of mersalyl, is not due to a loss of respiratory chain components or an irre- 
versible change in protein conformation. 
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Fig. 5. Effect of  EDTA and superoxide dismutase on the kinetics of  inhibition of  N A D H  oxidase 
activity. A suspension of  submitochondrial  particles was treated with 0.25 mM N A D H  at zero time 
and incubated. EDTA (20/*M) or erythrocyte dismutase preparation (3/~g/ml) was added to por- 
tions of  the suspension at the times indicated by the arrows, before the assay of  maximal N A D H  
oxidase activity. ©,  no further addition: EDTA or dismutase were added either 7 rain ( 0 )  or 30 min 
(11) after N A D H .  
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Fig. 6. Effect of ferricyanide on the inhibited NADH oxidase activity ofsubmitochondrial particles. 
(A) A suspension of submitochondrial particles was treated with 0.25 mM NADH and incubated 
for 40 min. The suspension was then divided into portions and reagents were added as indicated 
below. The incubation was continued and samples withdrawn for the assay of maximal N A D H  
oxidase activity. O, with ferricyanide (30/~M); O, with ferrocyanide (30/*M); 71, with no further 
addition or with acetylpyridine adenine dinucleotide (0.2 mM). (B) A suspension ofsubmitochondrial 
particles was treated with 0.25 mM NADH at zero time and with 15/~M mersalyl after a 2 min 
incubation. The suspension was divided into 2 portions and 0.15 mM cysteine was added to one 
portion 1.5 min after the addition of mersalyl. The particles were sedimented by centrifugation at 
100 000 x g for 30 min and resuspended in fresh phosphate buffer. Samples of this suspension were 
then incubated in the absence or presence of 30 #M ferricyanide before the assay of maximal N A D H  
oxidase activity at the times indicated. O, particles treated with mersalyl, cysteine and ferricyanide; 
Q, particles treated with mersalyl and cysteine; [9, particles treated with mersalyl and ferricyanide. 
The oxidase activities are expressed relative to those of control samples treated in a similar manner 
but without the addition of NADH, mersalyl, cysteine or ferricyanide. 

DISCUSSION 

Origin of superoxide ions 
The ability of superoxide dismutase to protect NADH dehydrogenase against 

aerobic NADH-induced inactivation strongly suggests that the inactivation depends 
on the formation of superoxide free radical ions during respiratory chain activity. 
Although the capacity of NADH-treated particles to form 02-" is probably very 
limited after most, if not all, the NADH used to treat the particles has been oxidized, 
the NADH oxidase activity is dependent on extremely small amounts of NADH 
dehydrogenase. Heart muscle submitochondrial particles contain about 30 pmol of 
NADH dehydrogenase/mg of protein [25] and thus the amount of dehydrogenase in 
the samples used is about 15 pmol. Only very small amounts of O2-" are therefore 
required to cause a pronounced inhibition. NADH treatment of submitochondrial 
particles induces the formation of stable reduced components including a cytochrome 
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b-type pigment [26] and an iron-sulphur component of NADH dehydrogenase [27]. 
The latter component is the more likely site of oxygen reduction, because the effect of 
O2-" is largely confined to the NADH branch of the respiratory chain. The small 
amounts of H202 formed during NADH oxidation by submitochondrial particles 
[28] and during the oxidation of substrates by mitochondria [29] may originate from 
the dismutation of O2-" generated in the respiratory chain. The conclusion that the 
respiratory chain NADH dehydrogenase is capable of reducing oxygen to O2-" is 
consistent with recent work [30-32] suggesting that the E'o value of the 02/02-" 
couple is about -- 0.3 V. Since the matrix space of mitochondria contains superoxide 
dismutase but no catalase [9] the relatively stable H202 molecules presumably diffuse 
from mitochondria to the cytosol before destruction by catalase. In contrast, a simple 
diffusion mechanism would be inadequate for the disposal of highly reactive free 
radical O2 -° formed in mitochondria and the presence of superoxide dismutase is 
therefore essential. 

Mechanism of inhibition 
The inhibition by Oz-" shares several features in common with the inhibition 

by mersalyl [10] and it is therefore probable that inactivation is due to the oxidation 
or some other modification of the type III thiol groups of NADH dehydrogenase by 
O2-'. Both the kinetics of inactivation and the restoration of activity by ferricyanide 
are extremely slow compared with the rate of NADH oxidation by the respiratory 
chain. The slow kinetics of inactivation may be due to the slow rate of formation or 
release of Oz-" and it seems probable that slow conformation changes in the NADH 
dehydrogenase molecule are also concerned in the loss and restoration of activity. 
The importance of conformational changes in the inhibition of both the particulate 
and soluble forms of the enzyme have been emphasized by Singer [18]. Rossi et al. 
[33] found that the aerobic incubation of soluble purified NADH dehydrogenase 
with NADH caused fragmentation of the enzyme and an extensive loss of ferricyanide 
reductase activity. This phenomenon may also be due to the formation and action of 
Oz-'.  The chlorella enzyme NADH: nitrate oxidoreductase (EC 1.6.6.1) is inacti- 
vated by NADH treatment and can be re-activated by ferricyanide [34] but the 
possible role of Oz-" formation has not been investigated. 

The requirement for phosphate buffer during the inactivation of NADH 
dehydrogenase may be related to the fact that the univalent reduction of Oz by Fe z+ 
is specifically favoured in phosphate-buffered solutions [35] and the stronger inactiva- 
tion at high pH values can be attributed to the greater stability of O2-" in alkaline 
solution [36]. Of the two metal-chelating agents that protected the NADH oxidation 
system, the effect of tiron can be explained by its action as an 02-'-trapping agent 
[37]. It is possible that the effect of EDTA on free radical reactions is unrelated to 
metal chelation [4, 38]. 

Physiological sign~[icanee 
The presence of superoxide dismutase in the matrix space of mitochondria 

[8, 9], in close proximity to NADH dehydrogenase situated on the matrix face of the 
inner mitochondrial membrane [39], shows that mitochondrial superoxide dismutase 
is sited most efficiently to protect the dehydrogenase. Other sources of Oz-" may exist 
in mitochondria, particularly the metalloflavoproteins and quinones that they contain. 
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The failure of succinate oxidation to cause inactivation suggests that the formation of  
O2-" during cytochrome oxidase activity [3] is unlikely to produce harmful effects on 
the respiratory chain. Type III thiol groups are present in submitochondrial particles 
isolated from rat liver and kidney as well as ox heart [40]. It is therefore probable that 
the N A D H  dehydrogenase of many mammalian cells is sensitive to inhibition by 
0 2 - ' .  By protecting the relatively small quantities of this enzyme present in cells 
against the harmful effects of O2- ' ,  mitochondrial superoxide dismutase ensures that 
the key role of dehydrogenase in citric acid cycle activity and energy conservation reac- 
tions is maintained in the presence of  oxygen. Tosteson et al. [41 ] found that when an 
electric potential of 60 mV was applied across a thin lipid bilayer membrane separat- 
ing KC1 solution, 02 - "  was formed and acted as a charge carrier in the membrane. 
Experimental estimates of the electrical component of the protonmotive force 
generated across the inner mitochondrial membrane during respiratory chain activity 
indicate a value considerably greater than 60 mV [42]. It is therefore possible that the 
presence of superoxide dismutase would also be required for efficient energy conserva- 
tion to occur by the chemisomotic coupling mechanism. 

ACKNOWLEDGEMENTS 

The author is grateful to the Wellcome Trust for the support of a Senior 
Research Fellowship, to Mr John Newton and Mr Jonathan Wood for excellent 
assistance and to Dr F. A. Holton for his kind interest and encouragement. 

REFERENCES 

1 McCord, J. M., Keele, B. B. and Fridovich, I. (1971) Proc. Natl. Acad. Sci. U.S. 68, 1024-1027 
2 McCord, J. M. and Fridovich, I. (1969) J. Biol. Chem. 244, 6049-6055 
3 Fridovich, I. and Handler, P. (1961) J. Biol. Chem. 236, 1836-1840 
4 Sato, S. (1967) Biochim. Biophys. Acta 143, 554-561 
5 Misra, H. P. and Fridovich, I. (1971) J. Biol. Chem. 246, 6886-6890 
6 Loschen, G., Azzi, A., Richter, C. and Floh6, L. (1974) FEBS Lett. 42, 68-72 
7 Misra, H. P. and Fridovich, I. (1972) J. Biol. Chem. 247, 188-192 
8 Weisiger, R. A. and Fridovich, I. (1973) J. Biol. Chem. 248, 4793-4796 
9 Tyler, D. D. (1975) Biochem. J., 147, 493-504 

10 Tyler, D. D., Butow, R. A., Gonze, J., and Estabrook, R. W. (1965) Biochem. Biophys. Res. 
Commun. 19, 551-557 

11 Tyler, D. D., Gonze, J., Estabrook, R. W. and Butow, R. A. (1965) in Non-Heme Iron Proteins: 
Role in Energy Conversion (San Pietro, A., ed.), pp. 447-460, Antioch Press, Yellow Springs, Ohio 

12 Mersmann, H., Luthy, J. and Singer, T. P. (1966) Biochem. Biophys. Res. Commun. 25, 43-48 
13 Crane, F. L., Glenn, J. L. and Green, D. E. (1956) Biochim. Biophys. Acta 22, 475-487 
14 Mann, T. and Keilin, D. (1938) Proc. R. Soc. Ser. B. 126, 303-315 
15 Gornall, A. G., Bardawill, C. J. and David, M. M. (1949) J. Biol. Chem. 177, 751-766 
16 Minakami, S., Ringler, R. L. and Singer, T. P. (1962) J. Biol. Chem. 237, 569-576 
17 Estabrook, R. W., Tyler, D. D., Gonze, J. and Peterson, J. A. (1968) in Flavins and Flavoproteins 

(Yagi, K., ed.), pp. 268-278, University Park Press, Baltimore 
18 Singer, T. P. (1971) Adv. Enzymol. 34, 79-153 
19 Hunter, F. E., Gebicki, J. M., Hoffsten, P. E., Weinstein, J. and Scott, A. (1963) J. Biol. Chem. 

238, 828-835 
20 Thiele, E. H. and Huff, J. W. (1960) Arch. Biochem. Biophys. 88, 203-207 
21 Forman, H. J. and Fridovich, I. (1972) Science 175, 339 
22 Haber, F. and Weiss, J. (1934) Proc. R. Soc. Ser. A. 147, 332-351 
23 Neta, P. and Dorfman, L. N. (1968) Adv. Chem. Ser. 81,222-230 



346 

24 Nakamura, S. (1970) Biochem. Biophys. Res. Commun. 41, 177-183 
25 Cremona, T. and Kearney, E. B. (1964) J. Biol. Chem. 239, 2328-2334 
26 Minakami, S., Schindler, F. J. and Estabrook, R. W. (1964) J. Biol. Chem. 239, 2042-2054 
27 Gutman, M., Singer, T. P. and Beinert, H. (1972) Biochemistry 11, 556-562 
28 Hinkle, P. C., Butow, R. A., Racker, E. and Chance, B. (1967) J. Biol. Chem. 242, 5169-5173 
29 Boveris, A., Oshino, N. and Chance, B. (1972) Biochem. J. 128, 617-630 
30 Mason, H. S. (1965) Annu. Rev. Biochem. 34, 595-634 
31 Massey, V., Palmer, G. and Ballou, D. (1971) in Flavins and Flavoproteins (Kamin, H., ed.), 

pp. 349-361, University Park Press, Baltimore 
32 Wood, P. M. (1974) FEBS Lett. 44, 22-24 
33 Rossi, C., Cremona, T., Machinist, J. M. and Singer, T. P. (1965) J. Biol. Chem. 240, 2634-2643 
34 Maldonado, J. M., Herrera, J., Paneque, A. and Losada, M. (1973) Biochem. Biophys. Res. 

Commun. 51, 27-33 
35 Cher, M. and Davidson, N. (1955) J. Am. Chem. Soc. 77, 793-798 
36 Knowles, P. F., Gibson, J. F., Pick, F. M. and Bray, R. C. (1969) Biochem. J. 111, 53-58 
37 Fridovich, I. and Handler, P. (1962) J. Biol. Chem. 237, 916-921 
38 Misra, H. P. (1974) J. Biol. Chem. 249, 2151-2155 
39 Racker, E. (1970) in Membranes of Mitochondria and Chloroplasts (Racker, E., ed.), pp. 127-171, 

Reinhold Book Corp., New York 
40 Tyler, D. D. and Gonze, J. (1966) Biochem. J. 99, 10-11P 
41 Tosteson, D. C., Tosteson, M. T., Davis, D. G., Ginsburg, H., Gisin, B. F. and Cook, P. (1971) in 

Symposium on Molecular Mechanisms of Antibiotic Action on Protein Biosynthesis and Mem- 
branes (Abstracts) pp. 63-64, University of Granada, Spain. 

42 Mitchell, P. and Moyle, J. (1969) Eur. J. Biochem. 7, 471-484 


