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SUMMARY: The reduction of dichloropheuolindophtnol by both dihydroorotate de- 
hydrogenase and zucciuate dthydrogtnazt in the presence of cyanide is mediated 
in part by superoxide radical. Qualitative and quantitative diztinctionz in 
the mode of dichlorophtnolindophtnol reduction and in the inhibition by ftrri- 
superoxide dismttast of this reduction suggest differences in the manner in 
which the two dthydrogenazez are Coupled to the electron transport chain. 

INTRODUCTION 

Dihydroorotate dthydrogenast, the fourth enzyme in the pathway for zyn- 

thesis of pyrizidintz de ?WVO, catalyzes the oxidation of dihydroorotate to 

orotate. In Zpobacterim omticwn, the organism in which oxidation of dihy- 

droorotatt was first discovered (l), dihydroorotate dehydrogtnaze (EC 1.3.3.1) 

can function as a NhD-dependent dihydroorotate dthydrogenazt, a dihydroorotatt 

oxidaze or az a NADH oxidase (2). However, mazunalian dihydroorotate dthydro- 

genzzt, a mitochondrial enzyme (3), dots not use NAD but apparently is lis~ktd 

to the electron transport chain through ubiquinone (4,5,6). Miller and Curry 

(6). provided SptCtrophotOMtriC evidence which suggested that dihydroorotate 

dthydrogtnaze is as effective as succinate dehydrogtnase (EC 1.3.99.1) in re- 

ducing the oytochrozzz b content of whole and sonically disrupted mitochondria. 

In the presence of cyanide, dihydroorotate dehydrogenaze has been shown to re- 

duct DCIP2 (5). This reduction of an artificial electron acceptor and the pree- 

enct of both flavin and non-heme iron in the partially purified dihydroorotate 

dehydrogenaze complex (5) suggests certain similarities to xznthine oxidaze. 

lInquiries should be directed to Veterans Administration Hospital, 4801 Linwood 
Boulevard, Kansas City, Missouri 64128. 

2Abbreviations: DCIP, dichlorophenolindophtnol; PMS, phenazine methozulfatt. 
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A nmber of years ago Horecker and Deppel (7) showed that the xanthine-dependent 

cytochrome c reductase activity of xanthine oxidase is accelerated by oxygen. 

Subsequently Fridovich and Handler (8) showed that xanthine oxidase reduces oxy- 

gen both univalently to superoxide and divalently to peroxide. Both the non- 

heue iron (9,lO) and the flavin (11) prosthetic groups have been proposed as the 

site of this reduction. The use of superoxide dismutaee (12) has provided evi- 

dence for the involvement of superoxide in the mechanisms of several enzymes 

containing a variety of cofactors (11,13,14), in reductive activation of en- 

zymes (U), in non-enzymatic oxidations (16,17,18) and hydroxylation (19) and 

in the electrolytic reduction of oxygen (20). In studies of the electron trans- 

port chain where cyanide is present, the copper-zinc superoxide disxutase cannot 

be used because it is inhibited by cyanide; however, the more recently discov- 

ered manganese containing superoxide dismutases from Escherichia coi!i (21) and 

mitochondria (22) aud the iron containing superoxide dismutase frox E. coli (23) 

are not inhibited by cyanide (24). In the present investigation the production 

of superoxide radical by dihydroorotate dehydrogenase and by succinate dehydro- 

genase in the presence of cyauide is demonstrated through the use of ferri- 

superoxide dismtaee. Differences between the two dehydrogenases in their mode 

of electron transfer were observed. 

MATERIALS AND METHODS 

Antimycin A, cytochrome c type VI, DCIP, and PMS were obtained from Sigma 
Chemical Company. Dihydroorotate dehydrogenase was assayed using direct obser- 
vation of orotate formation at 280 nm (3) and/or DCIP reduction in the presence 
of cyanide according to Miller (5) except that extra ubiquinone was not added 
and 0.1 M Tris-HCl buffer, pE 8.5, was aubstituted for phosphate buffer. Succi- 
nate dehydrogenase was assayed by following DCIP reduction at 600 mu in the pres- 
ence of cyanide according to the method of Arrigoni and Singer (25) or by follow- 
ing f-rate production at 250 nm in the presence of cyanide as in the method of 
Chance (26). Mitochondria were prepared from rat liver homogenates as previously 
described (3). After freezing, thawing and washing, the mitochondrial fragments 
are essentially free of mitochondrial superoxide disnttase. Dihydroorotate de- 
hydrogenase activity was stable during storage at 4’ whereas succinate dehydro- 
genase activity diminished at a rate of approximately 5X per day. Protein was 
measured by the method of Lowry et at. (27). 

RESULTS AND DISCUSSION 

When dihydroorotate dehydrogenase is .assayed in the presence of cyanide 
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Fig. 1. Effect of superoxide dismutase on DCIP reduction (A) and dihydrooro- 
tate oxidation (B) by dihyciroorotate dehydrogenase in the presence of cyanide. 
All reaction mixtures contained: 
4.3x10-5 

0.1 M Tris-SK!1 buffer, pB 8.5; 1x10e3 M EDTA; 
M DCIP; lxlO-3 M ECN; 1xlO-4 M sodium dihydroorotate and the mitochon- 

drial preparation (0.54 mg of protein) in a final volume of 3 ml. The reaction 
was started by addition of dihydroorotate and follmed at 25O as described under 
MEmioDs. Curve 1, superoxide dismutase absent; Curve 2, addition of superoxide 
dismutase to a concentration of 1x10-' 
curve 3, 1x10-7 

M at the time indicated by the arrow: 
M superoxide dismutase present at the beginning of the reaction. 

and with DCXP as the terminal electron acceptor, the initial rate of DCIP re- 

duction ie equivalent to the rate of conversion of dihydroorotate to orotate 

(Pig. 1). Addition of ferri-superoxide diemutase from E. coli has no effect 

au the rate of couverriou of dihydroorotate to orotate but does affect the re- 

duction of DCIP. Reduction of DCIP ie decreased approximately 30%, indicating 

that superoxide ie one product of the reaction. Larger amounts of superoxide 

diamutaee did not enhance the decrease in DCIP reduction. The reeults with 

succiuate dehydrogenase are quita different. Aa previously reported by Arri- 

goui cud Sia8er (25), DCIP reduction in the presence of PES (Pig. 2A, curve 4) 

ia comparable to fuamrate production (Fig. 2B, curve 1). In the absence of PMS 

(Fig. 2A, curve 1) the maguitude of DCIP reduction is only about 3% of that of 

the conversion of eucciuate to fumarate. This small amount of DCIP reduction 

ie totally dependent on superoxide formation (Pig. 2A, curves 2 and 3) whereas 

in the presence of PMS no superoxide dependent reduction was detected (F&. 2A, 

curve 5). A recent report (28) has demonstrated the production of superoxide 
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Fig. 2. Effect of superoxide dismutase ana PI% on DCIP reduction (A) aa succi- 
nate oxidation (B) by succinate dehydrogenase in the presence of cyanide. All 
reaction mixtures contained: 0.1 M sodium phosphate buffer, pH 7.5; 1~10~~ M 
EDTA; 4.3~10" M DCIP: 1x10B3 M KCN; 5~10~~ M sodim succinate and the mitochon- 
drial preparation (0.27 mg of protein) in a final volume of 3 ml. After addi- 
tion of substrate, the reaction was followed at 25O as'described under METHODS. 
Where present, the concentrations of superoxide dismutase and PBS were 1x10-' M 
ana 3.2~10'~ M, respectively. Curve 1, superoxide dismutase and PM+3 absent; 
Curve 2, superoxide dismutase added at the times indicated by the arrcws; Curve 
3, supercxide dismutase present initially; Curve 4, PMS present; Curve 5, both 
superoxide dismutase ana Pns present. 

by euccinate dehydrogenase in the presence of antimycin A and the absence of 

FIB. These authors also observed inhibition of peroxide production by super- 

oxide dismutase above pH 7.2. In an attempt to explain what is an apparent 

contradiction (as the product of superoxide dismutation is peroxide), they sug- 

gested that singlet oxygen is an intermediate product which leads to peroxide 

formation and that superoxide dismutase would quench the singlet oxygen, thus 

preventing peroxide production. From the results shown in Figure 2, it would 

seem to be unnecessary to implicate singlet oxygen formation. Superoxide dis- 

mutase inhibits not only DCIP reduction in the absence of PMS but conversion of 

succinate to fumarate as well (Fig. 2B, curves 2 and 3). The mechanism whereby 

superoxide dismutase inhibits both DCIP reduction and fumarate production Is 

not clear. Inhibition by interaction of superoxide dismutase with superoxide 

in the active site of the dehydrogenase or removal of "activating" superoxide 

are two possibilities. Peroxide is a known inhibitor of succinate dehydrogen- 
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Fig. 3. Effect of superoxide dismutase on dihydroorotate oxidation in the ab- 
sence of DCIP. The reaction mixture contained 1.08 mg of mitochondrial protein. 
KCN (final concentration, 3x10W4 
tion, 1x10-y 

M) and superoxide dismutase (final concentra- 
M) were added at the times indicated. DCIP was not present. Other 

conditions were those described for Fig. 1. SOD = superoxide dismutase. 

ase (29) and apparently superoxide is the precursor for much of the peroxide 

production in this system (28). In the presence of PMS, no inhibition of DCIP 

reduction was seen. This suggests that PMS and molecular oxygen compete for 

the same site on succinate dehydrogenase. An additional problem with singlet 

oxygen as a product is that oxygen does not accept electrons in going from the 

ground state to singlet oxygen, and therefore the electrons from euccinate 

would have no acceptor. 

If DCIP Is omitted from the dihydroorotate dehydrogenase assay, orotate is 

fotned at a rapid rate until addition of KCN, at which point the reaction rate 

drops almost to zero (Fig. 3). When superoxide dismutase is then added, orotate 

production resumes, though at a much slower rate than initially. Thus it appears 

superoxide may cause product inhibition of dihydroorotate dehydrogenase and the 

inhibition is elim%nated by superoxide dismutase (Fig. 3) or by DCIP (Fig. lA). 

It is likely that DCIP competes with superoxide dismutase and can also accept 

electrons through some other channel not involving superoxide, e.g., ubiqulnone. 

When added cytochrome c is employed in the dihydroorotate dehydrogenase 

system as the terminal acceptor in the presence of cyanide, only slight (3%) 

inhibition by superoxide disruztase ie seen (Fig. 4, curve 6). Inclusion of an- 

timycin A results in slower reduction of added cytochrome c (Fig. 4, curve 1) 

and superodde dienrstase now Inhibits approximately 25% (Fig. 4, curre 3). This 

suggests that the site of superoxide formation is within the steps before elec- 

tron transfer from cytochrome b to cytochrome c. 
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Fig. 4. Effect of superoxide dimnutase and antimycin A on cytochrome c reduc- 
tion by dihydroorotate dehydrogenase in the presence of cyanide. The reaction 
mixtures (see Fig. 1) contained 0.36 mg of mitochondrial protein and 2~10’~ M 
cytoch,rt-me c in place of DCIP. Reduction of cytochrme c was followed at 550 nm. 
When present, the concentration of superoxide dismutase was 1x10” M. Curves 1, 
2,3: autimycin A, 0.05 mg per ml, present at the start of incubation. Curves 
1 and 4, superoxide dismutase absent: Curves 2 and 5, superoxide dismutase added 
(arrows) ; Curves 3 and 6, superoxide dismutase present initially. 

Dihydroorotate dehydrogenaae aud euccinete dehydrogeuase appear to differ 

in that the dihydroorotate dehydrogenaae complex inherently possesses a sub- 

stance which acts like PM!3 or ubiquinone, a eubetance seemingly lacking in the 

succinate dehydrogenase complex since DCIP reductiou equivalent to fumarate for- 

mation requires addition of PMS. It is important to note that the effects of 

euperodde dismutasc were the sama whether preeent initially or added during 

the course of the reactions. This distinction is necessary as can be seen with 

the different tryptophan dioxygeuasas. Superoxide dlsmutaee inhibits euper- 

oxide activation but not the on-going reaction of the Peeudomonad and rat liver 

tryptophau dioxygauames (15) while with the tryptophan dioxpgenaes of rabbit 

intestine, euperoxfde dimutase inhibits whether added before or during the re- 

action (13); in the former, euperoxide is one of several reductants which can 

activate the enzyme while in the latter, euperoxide is apparently au intermedi- 

ate in the reaction. These prellroiuary result8 form the basir for further ln- 

vestigatious into the couuection of dihydroorotate dehydrogeuase with the elec- 

tron transport chain. 
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