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When succinate oxidation by submitochondrial particles is blocked by antimycin, NoHOQnO or 
funiculosin, addition of ferricyanide restores oxygen uptake coupled to membrane potential generation. 
The effect of ferricyanide is abolished by mucidin or myxothiazol, as well as by KCN. The data strongly 
favor a cyclic redox loop mechanism in site 2 and show that either heme of the ferrous cytochrome b or 
ubisemiquinone formed in the QHz-oxidizing center of complex b-cl is accessible to ferricyanide at the 

outer (M) side of the submitochondrial particle membrane. 

Respiratory chain Q-cycle Cytochrome b Membrane potential 
Cytochrome b-cl site inhibitor 

1. INTRODUCTION 

Ferricyanide has been widely used as a non- 
penetrating oxidant in studies of membrane-bound 
redox chain topography [1,2]. In intact mitochon- 
dria, electrons entering the respiratory chain via 
the internally localized dehydrogenases are accessi- 
ble to ferricyanide only via the externally localized 
cytochromes c and cl, so that reduction of 
Fe(CN)i- by succinate or NAD-dependent 
substrates is highly sensitive to antimycin [3-61. 

In inverted submitochondrial particles (SMP), 
succinate dehydrogenase and NADH dehydrogen- 
ase are exposed at the outer (M) side of the mem- 
brane and react readily with ferricyanide [1,2,7]. 

* To whom correspondence should be addressed 

It was found in [13-161 that addition of ferri- 
cyanide to SMP in the presence of succinate and 
antimycin restored membrane potential genera- 
tion. This effect of ferricyanide was not observed 
under anaerobic conditions and was inhibited and 
prevented by cyanide. As only the coupled inside- 
out vesicles are seen by the PCB- uptake method 
[17,18] used in [13,14], the observation pointed to 
the presence of a ferricyanide-reactive site of 
cytochrome b-cl complex, possibly of cytochrome 
b, on the M-side of the membrane. 

Abbreviations: NoHOQnO, 2-(n-nonyl)-4-hydroxyqui- Here we give further evidence that ferricyanide 
noline N-oxide; PCB-, phenyldicarbaundecaborane can drain electrons from the respiratory chain of 
anion; SMP, submitochondrial particles; A$, transmem- SMP via some component(s) of cytochrome b-cl 
brane electric potential difference complex exposed at the outer face of the mem- 

Redox renter topography 

Scattered evidence for reaction sites other than the 
dehydrogenases can be found in [B-12] but the 
identity of these sites remains obscure. The situa- 
tion has been complicated by the presence of unin- 
verted and ruptured particles in the conventional 
preparations of SMP in which ferricyanide could 
be reduced via cytochromes c and CI with low K,,,. 
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brane. This withdrawal of electrons results in 
release of the antimycin-inhibited electron transfer 
through site 2. The data imply that either fer- 
rocytochrome(s) b or ubisemiquinone generated in 
center o of the Q-cycle 1191 is accessible to ferri- 
cyanide from the M-side of the membrane. 

2. MATERIALS AND METHQDS 

Antimycin and NoHOQnO were from Serva. 
Mucidin [20] was kindly donated by Dr V. Musilek 
(Institute of Microbiology, Acad. Sci. CSSR, 
Prague). Myxothiazol [21,22] was a gift from Dr 
Trowizsch (Gesellschaft fiir Biotechnologische 
Forschung, Braunschweig). Funiculosin 123,241 
was obtained from Dr P. Boilinger (Sandoz, 
Basel). The data given in the figures were obtained 
with &Fe(CN)6 from Reachim (chemically pure 
grade, re-crystallized once) and have been subse- 
quently reproduced with analytical grade ferri- 
cyanide samples from Reanal, Apolda, Fluka and 
Merck. Other reagents were largely from Sigma 
and Serva. Sonic Mg, Mn, succinate, ATP-SMP 
were prepared from heavy beef heart mitochondria 
essentially as in [25]. The succinate oxidase activity 
of SMP was - 10% sensitive to protamine and was 
stimulated by added cytochrome c by iO-15%, 
which indicates that most of the particles in the 
preparation are closed inside-out vesicles. Mem- 
brane potential generation was assayed by a 
penetrating ion method j17,18] as modified in [26] 
using PCB- as a probe. Oxygen consumption was 
measured in a 1 ml cell with a Clark-type electrode 
fed into a PL-7e polarograph (CSSR) connected 
with a Servograph REC-80 recorder. 

3. RESULTS 

Fig. 1 shows typical recordings of A$ generation 
in beef heart SMP. Addition of succinate results in 
uptake of PCB- which is reversed by antimycin 
(fig. la,b), SubsequentIy, ferricyanide brings about 
generation of d11: in accordance with [ 13,141. The 
effect of ferricyanide is fully inhibited by KCN 
(trace a) or by ascorbate which rapidly reduces 
Fe(CN)z- to Fe(CN)%- (trace b). Ferrous iron- 
hexacyanide added instead of the ferric form was 
without effect on A$ generation (not shown). Ac- 
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Fig. 1. Ferricyanide-induced generation of membrane 
potential by submitochondrial particles in the presence 
of succinate and antimycin-type inhibitors. Beef heart 
SNP (about 0.5 mg protein/ml) in a medium containing 
0.25 M sucrose, 5 mM fumarate, 5 mM MgS04, 30 mM 
sodium-Hepes (pH = 7.5, 1 = 23°C). Additions: 
succinate (20 mM); ferricyanide (FeCy) (2.5 mM) unless 
indicated otherwise; ascorbate (5 mM); KCN (2 mM); 
antimycin (0.6 pg/ml); funiculosin (0.3 ag/ml); 
NoHOQnO (0.8 ,ug/ml). The traces show energy- 
dependent PCB- uptake monitored eiectrometrically 
[ 17,181 with a phospholipid-impregnated Teflon filter as 
the PCB--selective permeable membrane [26]. The 
downward deflection of the traces corresponds to 
decreased PCB- concentration in the medium, resulting 
in a change of electric potential difference (v) across the 
PCB--selective membrane according to the Nernst 
equation, so that AU of 20 mV corresponds to approx. 

2-fold change in [PCB-1. Initial [PCB-) was 1 PM. 

cordingly, the ferricyanide-induced PCB- uptake 
by antimycin-inhibited SMP decayed upon reduc- 
tion of the oxidant by excess succinate; the effect 
could be reproduced repeatedly under these condi- 
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tions by adding more Fe(CN)d- (trace e). The same 
results have been obtained with SMP inhibited by 
NoHOQnO (trace c) or funiculosin (trace d). At 
the same time, ferricyanide failed to restore mem- 
brane potential generation when the respiratory 
chain was blocked by mucidin or myxothiazol 
(fig.2a,b). Moreover, mucidin and myxothiazol 
completely inhibited PCB- uptake stimulated by 
ferricyanide in the presence of succinate and an- 
timycin (fig.2c,d), NoHOQnO or funiculosin (not 
shown). 

The sensitivity of the Fe(CN)i--supported 
generation of A$ in antimycin-inhibited SMP to 
cyanide and anaerobiosis ([ 13-161 and here) 
pointed out that electron transfer through 
cytochrome oxidase was in some way involved in 
the effect. Therefore, we investigated whether fer- 
ricyanide could diminish the effectiveness of the 
antimycin block. As shown in fig.3, this has indeed 
been found to be the case. When ferricyanide is 
added to SMP supplemented with succinate and in- 
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Fig.2. Inhibitory effect of myxothiazol and mucidin on 
the ferricyanide-induced A+ generation in submitochon- 
drial particles in the presence of succinate, antimycin 
and ferricyanide. Basic conditions as in fig. 1. Additions: 
succinate (20 mM); ferricyanide (5 mM) (a), (2.5 mM) 
(b,c) or (1 mM) (c,d); antimycin (0.4pgIml); myxo- 
thiazol (O.Spg/ml); mucidin (as indicated in the fig.). 
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Fig.3. Effect of ferricyanide on the oxygen uptake by 
submitochondrial particles in the presence of b-cr site 
inhibitors. Beef heart SMP (1.3 mg protein/ml) in a 
medium containing 0.3 M sucrose, 20 mM sodium- 
Hepes (pH = 7.5), 5 mM MgS04, 3 PM rotenone and 
1 pM carbonyl cyanide m-chlorophenylhydrazone (t = 
25°C). Additions: succinate (20 mM); ferricyanide 
(1 mM unless indicated otherwise); antimycin (1 PM); 
NoHOQnO (10 PM); funiculosin (4 PM); mucidin 
(6 PM); myxothiazol (1 PM); ferrocyanide (1 mM); 

ascorbate (2 mM). 

hibited either by antimycin (trace a), NoHOQnO 
(trace b) or funiculosin (trace c), a substantial 
stimulation of oxygen uptake occurs. This 
ferricyanide-induced succinate oxidase activity is 
inhibited by myxothiazol (trace a), mucidin (trace 
c) and KCN (trace b); accordingly, ferricyanide 
does not stimulate electron transfer from succinate 
to oxygen in SMP inhibited by myxothiazol (trace 
d) or mucidin (not shown). 

Addition of ferrous iron-hexacyanide to 
antimycin-inhibited SMP brought about a negligi- 
ble increase of the oxygen uptake rate as compared 
to the effect of ferricyanide (trace e). Also, we 
found that ascorbate largely eliminated the 02 con- 
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sumption induced by ferricyanide in the presence 
of succinate and antimycin (trace f). Therefore, it 
is clear that the observed stimulation of respiration 
is due to reaction of SMP with ferric iron- 
hexacyanide rather than to sluggish oxidation of 
the accumulating ferrocyanide. It can also be ruled 
out that ferricyanide causes irreversible destruction 
of either antimycin or the antimycin-binding site. 
As illustrated in fig.3g, repetitive small additions 
of Fe(CN)i- to antimycin-inhibited SMP bring 
about transient bursts of 02 uptake which decay as 
the oxidant is exhausted in the presence of excess 
succinate (cf. fig. le). 

4. DISCUSSION 

As shown here, there is good correlation bet- 
ween the ability of ferricyanide to restore A$ 
generation and oxygen consumption in antimycin- 
inhibited SMP supplemented with succinate. It is 
clear from the present and previous [13-161 data, 
that electron transfer through cytochrome oxidase 
is necessary for (or at least is operative during) 
membrane energization under these conditions. 
Therefore, a minimal hypothesis as to the 
mechanism of the paradoxical A$ generation in 
SMP in the presence of succinate, antimycin, 02 
and Fe(CN& would be that the membrane is 
energized by cytochrome oxidase. Nevertheless, 
electron transfer through site 2 can itself be 
coupled to generation of membrane potential in 
these conditions as suggested in [13] (fig.4). This 
interesting possibility is presently under investiga- 
tion. 

There is little doubt that the reduction of ferri- 
cyanide involved in the observed effects occurs at 
the M-side of the membrane. Firstly, measuring 
PCB- uptake one monitors only reactions in the 
inside-out coupled vesicles [5,17,18], so that a 
possible contribution of the unsealed or mitochon- 
drially oriented particles is completely eliminated. 
Secondly, ferricyanide does not release the an- 
timycin inhibition in mitochondria [l-6], hence 
the effect observed in SMP could not have been 
due to the reaction of the oxidant at the C-side of 
the membrane, even if it did penetrate the 
membrane. 

Fig.4. Possible mechanism of the ferricyanide-supported 
energy-coupled electron flow through the antimycin- 
inhibited respiratory chain of submitochondrial 
particles. The electron transfer diagram is based on the 
Q-cycle model [ 191. SDH, succinate dehydrogenase. 
Energy-conserving vectorial H+ and e- transfer 
reactions are depicted by thick arrows and migration of 
oxidized substrates (Q and 02) by dotted lines. The 
ferricyanide-induced release of electron transfer in the 
presence of the antimycin-type inhibitors is ascribed to 
the reaction of the oxidant with cytochrome(s) b, 
although interaction with ubisemiquinone (- - -) 
cannot be ruled out. Since some of the electrons donated 
by succinate to the cytochrome chain via CoQ return to 
the M-phase, iron-hexacyanide serving as the final sink, 
the answer to the question whether electron flow 
through site 2 in the antimycin-inhibited state is itself 
coupled to generation of A4 will depend critically on the 
fate of protons liberated from QH2 upon oxidation by 
FeS ~,~$k~. If both protons are released to the C-side (into 
the lumen of the particles) as shown, then charge 
separation across the membrane will inevitably occur, 
regardless of the specific molecular mechanism of the 
b-cl site. Note that the release of one of the QHz-bound 
protons to the C-phase is charge compensated by 

electron transfer to cytochrome c. 

belong to two different classes. Antimycin, 
NoHOQnO and funiculosin are believed to block 
electron transfer from cytochromes b to ubi- 
quinone in center i of the Q-cycle [19,27-301 
whereas mucidin and myxothiazol suppress 
cooperative oxidation of ubiquinol in center o 
[30-321 (fig.4). This grouping of the inhibitors 
persisted through the present experiments and it 
looks likely that ferricyanide can release the inhibi- 
tion of center i but not of center o. 

What is the nature of the ferricyanide-reactive As illustrated by fig.4, electrons could be ac- 
site? The 5 specific inhibitors of electron transfer cepted by Fe(CN)a- either from b cytochromes or 

‘between b and CI cytochromes’ used in this work directly from ubisemiquinone generated in center 
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o. According to the Q-cycle, in both cases oxida- 
tion of ubiquinol via center o would be uncoupled 
from the antimycin-blocked b-562 --+ Q reaction 
in center i and restoration of the succinate oxidase 
activity will occur. It is not yet possible to 
discriminate between these two possibilities. 

Localization of the cytochrome b-562 heme 
group at the M-side of the membrane has been 
postulated [19,33] and is indirectly corroborated 
by studies on the redox equilibrium between 
cytochromes b and succinate/fumarate couple in 
energized SMP [34,35]. On the other hand, it was 
reported [36] that the hemes of ferric cytochromes 
6-566 and b-562 are located within 10 A from the 
C-aqueous phase. In contrast, we have shown 
[37,38] that the cytochrome b-562 redox center is 
accessible to a membrane-impermeable electron 
donor Ru(NH&+ in SMP but not in mitochon- 
dria. Therefore, it is reasonable to suggest that 
cytochrome b-562 can donate electrons to ferri- 
cyanide at the outer surface of SMP. 

As to the interaction of ferricyanide with the 
center o-generated ubisemiquinone, such a reac- 
tion may seem incompatible with the presumed Q- 
cycle topography of redox centers in coupling site 
2 [19]. Indeed, a Q-cycle with center o exposed at 
the matrix side of the mitochondrial membrane 
would probably have diverged somewhat too far 
from the original model [39]. Nevertheless, one 
cannot exclude the possibility that under certain 
conditions ubisemiquinone formed in center o in 
the depth of cytochrome b-cl complex can migrate 
to some ubisemiquinone-binding site(s) at the M- 
side of the membrane where it becomes accessible 
to ferricyanide. The presence of a ubisemiquinone 
species readily accessible to Fe(CN)z- in SMP but 
not in mitochondria has been described 112,401. 

ACKNOWLEDGEMENTS 

We are much indebted to Drs V. Musilek, W. 
Trowizsch, P. Bollinger and Professor P. Walter 
for their generous help in providing us with com- 
mercially unavailable inhibitors and to Drs I.M. 
Andreev, W. Kunz, M. Saraste and A.D. 
Vinogradov for samples of ferricyanide. Thanks 
are due to Drs P. Berndt and E. Popova for their 
help in some experiments and to Professor V.P. 
Skulachev for his permanent interest in this work 
and many helpful discussions. 

REFERENCES 

[l] Harmon, H.J., Hall, J.D. and Crane, F.L. (1974) 
Biochim. Biophys. Acta 344, 119-155. 

[Z] DePierre, J.W. and Ernster, L. (1977) Annu. Rev. 
Biochem. 46, 201-262. 

[3] Estabrook, R.W. (1961) J. Biol. Chem. 236, 
3051-3057. 

[4] Khngenberg, M. (197 I) in: Energy Transduction in 
Respiration and Photosynthesis (Quagliariello, E. 
et al. eds) pp.23-24, Adriatica Editrice, Bari. 

[S] Grinius, L.L., Cuds, T.I. and Skulachev, V.P. 

I61 

[71 
PI 

I91 

[lOI 

[Ill 

WI 

1131 

[I41 

USI 

iI61 

(171 

[I81 

P91 
PO1 

WI 

WI 

v31 

(1971) J. Bioenerget. 2, 101-113. 
Kiselev, A.V. and Konstantinov, A.A. (1976) 
Bioorg. Chem. (USSR) 2, 253-258. 
King, T.E. (1966) Adv. Enzymol. 28, 155-236. 
Estabrook, R.W. (1962) Biochim. Biophys. Acta 
60, 236-248. 
Perry, G.L. and Williams, G.R. (1971) Can. J. 
Biochem. 49, 936-940. 
Harmon, H.J. and Crane, F.L. (1973) Biochem. 
Biophys. Res. Commun. 55, 169-173. 
Eisenbach, M. and Gutman, M. (1975) Eur. J. Bio- 
them. 59, 223-230. 
Grigolava, I.V., Ksenzenko, M.Yu., Konstantinov, 
A.A., Ruuge, E.K. and Tikhonov, A.N. (1982) 
Biochemistry (USSR) 47, 1970-1982. 
Liberman, E.A., Vladimirova, M.A. and Tsofina, 
L. (1977) Biophysics (USSR) 22,255-259; Eng. 
transl., pp.260-265. 
Liberman, E.A., Tsofina, L.M. and Vladimirova, 
M.A. (1977) Biophysics (USSR) 22, 732-734; Eng. 
transl., pp.765-767. 
Liberman, E.A. (1977) Biophysics (USSR) 22, 
1115-1128; Eng. transl., pp.1160-1177. 
Liberman, E.A. (1978) Biophysics (USSR) 23, 
174-178; Eng. transl., pp.177-183. 
Liberman, E.A. and Tsofina, L.M. (1969) 
Biophysics (USSR) 14, 1017-1022; Eng. transl., 
pp.1069-1076. 
Grinius, L.L., Jasaitis, A.A., Kadziauskas, Yu.P., 
Liberman, E.A., Skulachev, V.P., Topaly, V.P., 
Tsofina, L.M. and Vladimirova, M.A. (1970) Bio- 
chim. Biophys. Acta 216, 1-12. 
Mitchell, P. (1976) J. Theor. Biol. 62, 327-367. 
Subic, J., Behun, M. and Musilek, V. (1974) Bio- 
them. Biophys. Res. Commun. 57, 17-22. 
Gerth, K., Irschik, H., Reichenbach, H. and 
Trowitzsch, W. (1980) J. Antibiotics 33, 
1474-1479. 
Thierbach, G. and Reichenbach, H. (1981) Bio- 
chim. Biophys. Acta 638, 282-289. 
Moser, U.K. and Walter, P. (1975) FEBS Lett. 50, 
279-282. 

265 



Volume 172, number 2 FEBS LETTERS July 1984 

[24] Nelson, B.D., Walter, P. and Ernster, L. (1977) 
Biochim. Biophys. Acta 460, 157-162. 

[25] Beyer , R.H. (1967) Methods Enzymol. 10, 
1866194. 

[26] Drachev, L.A., Kaulen, A.D., Samuilov, V.D., 
Severina, I.I., Semenov, A.Yu., Skulachev, V.P. 
and Tchekulaeva, L.N. (1979) Biophysics (USSR) 
24, 1043-1047. 

1271 Grigolava, I.V., Ksenzenko, M.Yu., Konstantinov, 
A.A., Tikhonov, A.N., Kerimov, T.M. and Ruuge, 
E.K. (1980) Biochemistry (USSR) 45, 75-82; Eng. 
transl.,pp.57-62. 

[28] Surkov, S.A. and Konstantinov, A.A. (1980) FEBS 
Lett. 109, 283-288. 

[29] Zhu, Q.S., Berden, J.A., DeVries, D. and Slater, 
E.C. (1982) Biochim. Biophys. Acta 680, 69-79. 

[30] Ksenzenko, M.Yu., Konstantinov, A.A., 
Khomutov, G.B., Tikhonov, A.N. and Ruuge, 
E.K. (1983) FEBS Lett. 155, 19-24. 

[31] Kunz, W.S., Ksenzenko, M.Yu. and Konstantinov, 
A.A. (1982) EBEC Rep. 2, 381-382. 

[32] Von Jagow, G. and Engel, W.D. (1981) FEBS Lett. 
136, 19-24. 

[33] Mitchell, P. (1972) FEBS Symp. 28, 353-370. 
[34] Kamensky, Yu.A., Konstantinov, A.A. and 

Jasaitis, A.A. (1975) Biochemistry (USSR) 40, 
1022-1031; Eng. transl., pp.871-878. 

[35] Konstantinov, A.A., Kunz, W.S. and Kamensky, 
Yu.A. (1981) in: Chemiosmotic Proton Circuits in 
Biological Membranes (Skulachev, V.P. and 
Hinkle, P.C. eds) pp.123-146, Addison-Wesley, 
Reading, MA. 

[36] Case, G.D. and Leigh, J.S. (1976) Biochem. J. 160, 
769-783. 

[37] Kunz, W.S. and Konstantinov, A.A. (1983) 7th 
Joint Symp. Biochem. Sot. GDR and USSR, 
Leipzig; abstracts, p.Al8. 

[38] Konstantinov, A.A. and Kunz, W.S. (1984) 
Biochemistry (USSR) 49, 1046-1049. 

[39] Mitchell, P. (1975) FEBS Lett. 56, 1-6. 
[40] Konstantinov, A.A. and Ruuge, E.K. (1977) FEBS 

Lett. 81, 137-141. 

266 


