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1. Introduction 

It has been known for many years that the succi- 
nate dehydrogenase of the intestinal nematode 
Ascaris lumbricoides reacts with molecular oxygen 
without participation of the cytochrome system 
under formation of HaOa [l-3] . Besides, P.K. Jen- 
sen reported that at least part of the antimycin in- 
sensitive respiration of beef heart ETPs might be 
due to HaOa formation [4]. It was assumed that 
NADH was the autoxidable component of the res- 
plratory chain responsible for the H1Oa generation. 
P. Hinkle et al. [5] presented evidence for an ATP 
dependent HaOa formation on the substrate side of 
cytochrome b in submitochondrial particles of beef 
heart. But all these results require experimental cor- 

roboration because no method had been available 
for determining low concentrations of HzOZ in bio- 
logical material directly. Recently, Chance and Oshi- 
no [6] approached this problem in the following 
way: preparations of rat liver mitochondria were ob- 
served with a dual wavelength spectrophotometer. 
Formation of compound I of peroxisomal catalase 
present in these preparations was considered indicative 
of HzOz . 

In the present study HZOz was determined by the 
horse radish peroxidase dependent reaction of HzOZ 
with the fluorescent dye scopoletine [7]. A decrease 
‘of fluorescence intensity demonstrates directly the 
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rate of formation of HzOZ available in the extra- 
mitochondrial medium. By application of this method 
we have found that under aerobic conditions HaO? 
is generated in pigeon heart mitochondria only with 
succinate but not with NADH linked substrates. The 
site of HzOz generation in the respiratory chain could 
be localized between cytochrome b and succinate de- 
hydrogenase. Formation of H202 apparently depends 
on the degree of reduction of the respiratory chain, 
since it only occurs in state 4 or, in uncoupled mito- 
chondria, in the presence of antimycin. 

2. Materials and methods 

Scopoletine was purchased from Mann Research 
Company, New York, horse radish peroxidase (HPR), 
grade II, from Boehringer, Mannheim. All other re- 
agents were products of Sigma Chem. Co. 

About 0.2 ml freshly prepared pigeon heart mito- 
chondria [S] (30 mg protein/ml) were added to a 
quartz cuvette containing 2 ml of oxygen saturated 
MS-MOPS buffer (0.22 M mannitol/0.75 M sucrose/ 
0.0005 M EDTA/0.020 M morpholine propane sul- 
fonate, pH 7.0). All other reagents were added in 
small portions of concentrated solutions, as indi- 
cated in the figures (see below). The fluorescence 
measurements were carried out in a Hitachi Perkin 
Elmer Spectra-Fluorometer (excitation 350 nm, 
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I,@. 1. Formation of H202 in a suspension of pigeon heart mitochondria. The arrows show addition of reagents. The final concen- 
tration of reagent9 is given in the figure. Decrease of scopoletine fluorescence indicates formation of HzOz. 

emlldsion 460 mn). The scopoletine concentration 
was adjusted in such a way that its fluorescence ex- 
ceeded the substrate induced fluorescence at least 
tenfold (see fig. 1). Any marked decrease in fluor- 
escence intensity therefore demonstrates an oxida- 
tion of scopoletine by H202 via HPR. 

Protein was determined by the biuret method 

[‘)I. 

3. Results 

As shown in fig. 1, addition of malate and gluta- 
mate to the suspension of mitochondria causes a 
slight increase of fluorescence intensity primarily 
due to reduction of pyridine nucleotides. After ad- 
dition of HPR the fluorescence decreases to the 
initial level for unknown reasons. At a concentra- 
tion of 0.5 PM scopoletine a high fluorescence in- 
tensity is observed which remains constant even after 
addition of rotenone. Since the presence of H202 
would have resulted in a decline of the scopoletine 
fluorescence, we can conclude that neither in the 
presence nor in the absence of rotenone any marked 
net formation of H202 is induced by NADH linked 
substrates in intact pigeon heart mitochondria. 

The addition of succinate, however, entails a 
rapid decrease of fluorescence intensity which rc- 

fleets the rate of HzOz formation. A decrease of 
scopoletine fluorescence after addition of succinate 
does also occur in the absence of antimycin (see 
figs. 2 and 3), although apparently at a lower rate 
(compare fig. 1 with figs. 2 and 3). The lack of any 
significant HzOz formation by malate and glutamate 
even in the presence of antimycin shows that no con- 
siderable amount of succinate is built up through 
the Krebs cycle under our experimental conditions. 
The fluorescence decrease after addition of succinate 
in fig. 1 reveals that the detection of H202 by the 
scopoletine method is feasable even in the presence 
of a large excess of reducing equivalents. 

Summarising the results of the experiment shown 
in fig. 1, we can state that generation of HzOz in in- 
tact pigeon heart mitochondria is linked to a succi- 
nate dependent reaction. The site of H202 produc- 
tion can tentatively be localized between succinate 
dehydrogenase and the antimycin block. 

The following experiment (fig. 2) concerns the 
question whether the mitochondrial HzOz produc- 
tion depends on the metabolic state of the organelles. 
HzOz production is observed in state 4 in the pres- 
ence of succinate and phosphate. When 0.7 mM 
ADP is added, HzOz formation immediately stops 
(state 4 -+ state 3 transition [IO]). After consumption 
of ADP (state 3 + state 4 transition) HzOz produc- 
tion starts again at about the same rate as before. 
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Fig. 2. Influence of the metabolic state of pigeon heart mitochondria on succinate dependent Hz02 formation. For further ex- 
planations see text. 
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Fig. 3. Influence of uncoupler and inhibitor of the respiratory chain on Hz02 formation in pigeon heart mitochondria. For 
further explanations see text. 

A possible explanation for this phenomenon is 

suggested by the experiment shown in fig. 3: succi- 
nate dependent H202 formation of the respiratory 
chain is completely prevented by the uncoupling 
agent pentachlorophenol (PCP). In the uncoupled 
mitochondria, however, H202 formation is restored 

if respiration is inhibited by antimycin A. The 
common feature of the two metabolic states in 
which H202 formation is observed is the high de- 
gree of reduction on the substrate side of the anti- 
mycin block. 
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4. Discussion 

As pointed out by Perschke and Broda [l l] , the 
scopoletine method is a proper tool for detecting 
traces of HzOz in biological material. Some restric- 
tions, however, have to be considered if this method 
is employed in a complex system like a suspension 
of mitochondria: 1) The change of fluorescence in- 
tensity conditioned by the reaction of scopoletine 
with HzO, must largely exceed the variance of fluor- 
escence due to the metabolism of the mitochondria. 
This demand was adequately satisfied in our experi- 
ments. (It should be mentioned that scopoletine 
at the concentration of 0.5 PM does not exhibit any 
uncoupling or inhibitory effect on pigeon heart mito- 
chondria.) 2) Efficient donors of HPR should be ab- 
sent in the reaction medium. Otherwise, the de- 
crease of scopoletine fluorescence would not repre- 
sent the actual rate of HzOz formation. 3) The de- 
termination covers only HzOz present in the extra- 
mitochondrial medium. 4) HzO, destruction by 
alternative pathways must be negligible. 

Considering the last three points, the formation 
of HzOz observed in our experiments can only be 
regarded as the lowest limit of the actual reaction 
rate. Besides, it is probably the absence of catalase 
and GSH-peroxidase which enables a direct deter- 
mination of HzO, in pigeon heart mitochondria. 
(No activity of either enzyme could be determined 

at a protein concentration of 2.2 mg/ml). 
As mentioned earlier, the formation of H,Oz in 

pigeon heart mitochondria by succinate presupposes 
a high degree of reduction of the respiratory chain. 
Corresponding conclusions were drawn by Chance 

and Oshino from experiments with rat liver mito- 
chondria [6]. The mechanism of this process needs 
further investigation. It is not unlikely, however, 
that under special metabolic conditions the com- 
pletely reduced flavine component of succinate de- 
hydrogenase is oxidized by molecular oxygen. In 
agreement with this concept, Bueding and Charms 
[I] assume that HzOz formation in the abnormal 
respiratory chain of ascaris results from autoxida- 
tion of succinate dehydrogenase. In addition, Thur- 
man [ 121 recently showed that HzOz is produced 
by a flavoprotein of the microsomal fraction. 

The biological significance of our results repre- 
sents a serious problem. It was demonstrated that 
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in the perfused rat liver the mitochondria approach 
state 4 [ 131 . Therefore, the possibility of a respir- 
atory chain linked Hz02 production under physio- 

logical conditions must be considered. In rat liver, 
however, there are two enzymes which destroy 
H,O* at a sufficient rate: (1) GSH-peroxidase in 
the matrix space of mitochondria and in the soluble 
fraction [ 14, 151, and (2) catalase in the peroxi- 
somes [16] . But no significant activity of either en- 
zyme could be found in pigeon heart mitochondria. 
There might be a third unknown pathway of HZOz 
destruction in heart. This assumption, however, is 
quite unlikely because HzOZ definitively accumu- 
lated in our experiments when succinate was added 
prior to HRP. Alternatively, we have to assume that 
there is no need to eliminate H,Oz because state 4 
is never reached in the mitochondria of pigeon heart 
in vivo. 
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