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1. Inttoduetion 

The mech~sm of electron transfer through the 
cytochrome (cyt.) b-c1 segment of the mitochon- 
drial respiratory chain is not understood. An espe- 
cially en~atic aspect of this electron transfer pro- 
cess is the phenomenon known as the ‘oxidant-in- 
duced reduction of cyt. b’ whereby addition of an 
oxidant to mito~hon~ia in which cyt. cr is reduced 
and the b ~ytoc~omes are oxidized results in tran~~nt 
reduction of cyt. b co~cident with cyt. cl oxidation 
t I-31. The o~d~t-educed reduction of cyt. b re- 
quires a source of reducing equivalents (succinate , 
NADH, or ubiquinol), depends on the presence of ubiq- 
uinone [ 1 J, and involves both cyt. b-562 and b-566 
[2]. Although the reduction of cyt. b is most readily 
demonstrated in the presence of antimycin, a com- 
parable oxidant-induced reduction can be observed 
at low temperatures [4], which indicates this reac- 
tion is intrinsic to, the mechanism of ebctron trans- 
fer in the cyt. b-cl segment and not an aberrant 
response elicited by this ~bitor. 

The o~~nt-educed reduction of eyt. b is not 
readily explained by a classical linear mechanism of 
electron transfer through the cyt. b-e1 segment. 
W~str~m and Berden [2] suggested that reduction of 
the b cytochromes is obligatorily linked to reduc- 
tion of cyt. cl via a common ubisemiquinone 
~termediate. ditches ~~or~rated features of the 
Wikstriim-Berden mechanism into the protonmotive 
Q cycle f5] and thus provided the simplest explana- 
tion to date for the oxidant-induced reduction of 
cyt . b . According to the Q cycle hypothesis, ubiqui- 
no1 is oxidized at the c~op~as~c side of the inner 
mitochondrial membrane by transfer of an electron 
to cyt. cl, and the low potential ubisemiquinone 
which is formed then reduces cyt , b . Thus, a central 
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premise of the Q cycle hypothesis is that high poten- 
tial oxidants, such as ferricyanide, generate the 
prerequisite ubise~qu~one reductant for cyt. b by 
oxidizing ubiquinol via cyt. cl and the iron-sulfur 
protein of the cyt. b-q segment [6,7]. 

The proposed protonmoti~ Q cycle therefore 
assigns a uniquely important role to the oxidation- 
reduction reactions of ubiquinone in the oxidant- 
induced reduction of cyt. b. This paper reports 
that a synthetic analogue of ubiqu~one, S+r-undecyl. 
6-hydroxy~,7dio~obenzo~~ole ~~3T), 
inhibits the o~dant-educe reduction of cyt. b in 

isolated succinate-cyt. c reductase complex. 

2. Methods 

Succinate-cyt . c reductase complex was isolated 
from bovine heart mitochondria f8]. To demonstrate 
oxidant-induced reduction of cyt. b, reductase com- 
plex was suspended at 0.36 @, based on cyt, cl 
content, in 0.1 M sodium phosphate, Q-5 mM EDTA, 
0.5% choiate, 0.25 mM KC8J (PH 7.2) and placed in 
an open, stirred cuvette at 27OC. Cytochrome cl was 
first reduced by addition of 30-70 PM ascorbate. 
~t~ycin and suceinate were then added as indi- 
cated in the figure legends. Under these conditions 
the cyt. b remains fully oxidized, due to the inability 
of succinate to reduce cyt. b in the presence of 
antimycin when cyt , cl is reduced by ascorbate 
[9], and this was checked spectrally at the beginning 
of each experiment. 

Reduction of cyt. b was then initiated by addition 
of ferricyanide as indicated in the figure legends. 
Kinetics of eyt. b reduction were monitored with an 
Aminco DW 2a dual-wavelength spectrophotometer 
using the wavelength pairs 563 versus 575 nm and a 
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2 nm bandpass to include contributions from cyt . 
6-562 and b-566. Oxidation-reduction of cyt. ct 
was monitored at 553 versus 539 nm. To establish 
the oxidation-reduction status of the cytochromes 
before and after each kinetics experiment, spectra 
were scanned from 535-585 nm in the dual-beam 
mode. Absorption difference spectra as shown in fig.2 
were obtained on a Cary 118 recording spectro- 
photometer. UHDBT was synthesized as in [lo] 
with minor modifications [ 1 I]. 
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3. Results 

When succinate is added to isolated succinate- 
cyt. c reductase complex in the absence of inhibitors, 
-75% of the dit~onite-reducible cyt. b is reduced 

[8,9,12]. This cyt. b consists of cyt. b-562 and a 
portion of the low potential cyt . b-566 [ 131, while 
the residual dithionite-reducible cyt , b consists 
mainly of cyt. b-566 [ 131. If antimycin is added to 
isolated reductase complex and cyt. cr and the 
iron-sulfur protein of the cyt. b-cl segment 1141 
are reduced by addition of ascorbate, there is no sig- 
nificant reduction of cyt . b for several minutes after 
succinate addition, reflecting a 14 OOO-fold increase 
in the half-time for cyt. b reduction under these con& 
ditions [ 131. However, if ferricyanide is added during 
this time interval when there is otherwise no appre- 
ciable reduction of cyt. b, the oxidant induces a rapid 
reduction of cyt , b [9]. 
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The tracing in fig.la shows this oxidant-induced 
reduction of cyt . b in isolated reductase complex. 
The amount of cyt. b reduced is -60% of the dithion- 
ite reducible cyt. b monitored at 563-575 nm. Addi- 
tion of 1 w UHDBT almost completely abolishes 
the oxidant-induced reduction as shown in fig.lb. 
As shown in [ 151, a similar oxidant-induced reduc- 
tion of cyt. b, although smaller in magnitude, can be 
demonstrated with ubiqu~ol-2 as a source of reduc- 
ing equivalents instead of succinate, This oxidant- 
induced reduction is also inhibited by UHDBT 
(not shown). 

Fig.1. Inhibition of the oxidant-induced reduction of cyt. b 
in isolated succinate-cyt. c reductase complex by S-n- 
undecyld-hydroxy4,7dioxobenzothiazole. Reductase 
complex was suspended as in section 2. For the reaction 
shown by tracing (a) ascorbate was added to reduce cyt. e,, 
followed by 3 @l antimycin and 5 mM succinate. Reduction 
of cyt. b was then induced by addition of 4 I.~M ferricyanide 
2 min after addition of the succinate. The reaction shown in 
tracing (b) was performed under the same conditions, except 
that 1 PM UHDBT was added prior to addition of ferricya- 
nide. Tracing (c) shows the oxidation of cyt. cl during the 
o~dant~nduc~ reduction of cyt. 6 in the absence of 
UHDBT. The reaction was carried out under conditions iden- 
tical to those of f&la. 

presumably owing to a direct reaction between 
ferricyanide and ferrocytochrome b and/or its phys- 
iological reductant. UHDBT does not inhibit the ini- 
tid phase of cyt. ci oxidation by ferricyanide, but 
the subsequent rereduction is inhibited (not shown). 

The kinetics of the oxidant-induced cyt. b reduc- A spectrum of the cyt . b which is reduced by oxi- 
tion (fig.la) are very similar to the kinetics of cyt. dant-induced reduction is shown in fig.2a. The As6) 
cr oxidation which results from addition of ferri- max indicates that this cyt. b population consists 
cyanide (fig.1 c). Increasing the concentration oi ferri- primarily of cyt. b-562, the absorption maximum of 
cyanide accelerates the initial rates of both cyt. cl which is shifted slightly to the red by antimycin 
oxidation and cyt . b reduction, although the final [ 161, and probably a small contribution from cyt . 

extent of the latter is diminished (results not shown), b-566. 
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Fig.2. Absorption difference spectra of the b cytochromes 
reduced by oxidant-induced reduction. The spectrum in (a) 
is of cyt. b reduced by addition of ferricyanide to a sample 
in which cyt. c, Was reduced and the b cytochromes were 
completely oxidized prior to addition of oxidant. Reductase 
complex was suspended at 1.62 PM in the reference and 
sample cuvettes of a split beam spectrophotometer, and cyt. 
c, was reduced in both cuvettes by addition of ascorbate. To 
the sample cuvette, 1 I .2 NM antimycm was added followed 
by 15 mM succinate. A spectrum was then recorded to insure 
that the cyt. b was initially oxidized. Reduction of cyt. b 
was then induced by addition of 15 NM ferricyanide. The 
spectrum of reduced cyt. b was scanned after -2 min to 
allow re-reduction of cyt. c, (see fg.1). The spectrum in 
(b) shows the oxidant-induced reduction of the low potential 
cyt. b-566 which results when oxidant is added after reduc- 
tion of cyt. b-562 by succinate. The protocol was similar to 
that in (a), except that succinate was added prior to antimy- 
cm. A spectrum was then recorded to confum that succinate 
had reduced -70% of the total cyt. b. The reference cuvette 
was similarly treated, and a spectrum recorded to show 
that the redox states of the cytochromes in the two cuvettes 
were identical, after which 7.5 PM ferricyanide was added 
to the sample. After an interval to aBow re-reduction of cyt. 
cr, the difference spectrum of succinate-reduced plus oxi- 
dant-reduced cyt. b versus succinate-reduced cyt b was 
recorded. 

When succinate is added to isolated reductase 
complex in the presence or absence of antimycin, 
but without prior reduction of cyt. cl by ascorbate, 
the cyt. b which is reduced consists mostly of cyt. 
b-562 [8,9,12]. The low potential cyt. b-566 which 
remains oxidized can subsequently be reduced by an 
oxidant-induced reduction, The spectrum of this low 
potential reduced cyt. b, shown in fig.2b, has a 
maximum at 566 nm and a shoulder at 558 nm, 
characteristic of cyt. b-566. The tracing in fig.3a 
shows the selective oxidantjnduced reduction of the 
low potential cyt . b . Addition of UHDBT in the pres- 
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Fig.3. Inhibition of oxidant-induced reduction of low poten- 
tial cyt. b-566 by UHDBT. Succinate was added to reductase 
complex to reduce cyt. c, and -70% of the cyt. b. After 
reduction of cyt. b attained an almost constant level, as 
monitored at 566-575 run, 3 PM antimycin was added. 
Oxidant-induced reduction of the cyt. b not pre-reduced by 
succinate was then initiated by addition of 2 NM ferricya- 
nide. Where indicated, 1 pM UHDBT was added. 

ence of antimycin results in a slow reoxidation of a 
fraction of the reduced cyt. b (not shown). However, 
this oxidation rate is considerably slower than the 
rate of the ferricyanide-induced reduction of cyt. 
b-566, and UHDBT clearly inhibits the latter process 
(fig3b). These results show that UHDBT inhibits 
oxidant-induced reduction of both cyt. b-562 and 
b-566. 

4. Discussion 

There is now extensive evidence, from experiments 
with yeast mitochondria [ 171 and bovine heart mito- 
chondrial succmate-cyt. c reductase complex [ 111, 
that UHDBT is a highly potent and specific inhibitor 
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of electron transfer in the cyt. b-c1 segment of the 
respiratory chain. This compound also inhibits rere- 
duction of photosxidized cyt. c2 and photo-re- 
duction of cyt. b in purple non-sulfur photosynthetic 
bacteria [ 18,191, and recent results indicate that the 
inhibitor blocks electron transfer between the Rieske- 
type iron-sulfur cluster and cyt. c2 in these organ- 
isms, possibly by binding to the iron-sulfur protein 
(J. R. B., P. L. Dutton, R. C. Prince, A. R. Crofts,sub- 
mitted. 

The results presented here show for the first 
time that UHDBT ~bits the o~dant-educed 
reduction of cyt. b. Because UHDBT is structurally 
similar to ubiquinone, it seems likely that this inhib- 
itor interferes with normal ubiquinone function, 
If this rationale is correct, our findings provide evi- 
dence that o~dation-reduction of ubiquinone 
is involved in the o~d~t-educed reduction of cyt. b. 

Inhibition of the o~dant.~duced reduction of 
cyt . b by UHDBT is also of interest because of the 
hypothesis that the iron-sulfur protein of the cyt. 
b--c1 segment functions as a ubiqu~ol/~~. cl -ubi- 
semiqu~one/cyt. b oxidoreductase in a protonmo- 
tive Q cycle mechanism [6,7] . According to this 
proposal, the iron-sulfur protein would participate 
in the oxidant-induced reduction of cyt. b by trans- 
ferring an electron from ubiquinol to cyt. cl, thus 
generating the ubisemiqu~one reductant for cyt. b. 
The finding that UHDBT appears to interact with 
the Rieske-type iron-sulfur protein in photosyn- 
thetic bacteria (see above) is noteworthy in this 
regard. The availability of reconstitutively active 
iron-sulfur protein from rn~rn~an mitochondria 
f20] will permit exper~entation to test whether 
~BT and ubiqu~ol interact with the isolated 
iron-sulfur protein. 

This work was supported by an NII-I research 
grant GM 20379. B. L. T. is an Established Investi- 
gator of the American Heart Association. 
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