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SUMMARY

The reduced form of longer-wavelength cytochrome b (bg45) was identified
in rat liver mitochondria in State 5 on addition of ferricyanide. Addition of mena-
dione caused oxidation of b,¢¢ and reduction of cytochrome ¢y (4 ¢). In the presence
of menadione, ferricyanide induced reduction of b, and oxidation of cytochrome
¢, + ¢, and exhaustion of the added ferricyanide resulted in oxidation of b4 and
reduction of cytochrome ¢, + c.

Antimycin A enhanced the extent of the ferricyanide-dependent redox change
of bgeq from 20 to 68 9% of the total absorbance at 566 nm.

Uncouplers hardly affected the change of b4 in the presence of antimycin A,
but lowered the reduced level in the absence of antimycin A.

INTRODUCTION

In 1952, Chance! found that oxygen induced the reduction of cytochrome
b in antimycin A-treated yeast cells. In the presence of antimycin A a similar
phenomenon was observed by Pumphrey? in electron transfer particles, by Rieske?
in the cytochrome b—¢, complex, and by Wilson ef al.? in succinate—cytochrome
¢ reductase and in a cholate-treated preparation of chicken heart mitochondria.
In the light of recent findings on d-type cytochromes made in several laboratoriess-8,
Wilson et al.* reported that the cytochrome & reduced under these experimental
conditions was longer-wavelength cytochrome & (b,4,) and that the reduction of
b5 Tequired activation of electron transport through cytochrome ¢,. More recently,
Ereciniska et al.® measured the rate of reduction of &4, and that of oxidation of
cytochrome ¢; by oxygen in anaerobic, uncoupled pigeon heart mitochondria.
They postulated that the aerobic reduction of cytochrome byqq is directly related
to energy conservation at Site II.

In studies on the effects of various oxidants on the redox state of cytochrome
components in rat liver mitochondria oxidizing succinate, we obtained spectral
evidence indicating that ferricyanide caused reduction of cytochrome b4 and
oxidation of cytochrome ¢; + ¢ and that menadione caused oxidation of cytochrome
bsee and reduction of cytochrome c¢; (+ ¢) under conditions where the effects of
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energy coupling sites at Site I and Site I1I were eliminated by rotenone and KCN,
respectively.

MATERIALS AND METHODS

Rat liver mitochondria were isolated by the method of Hogeboom?!®, as
described by Myers and Slater!l. Protein was determined by the biuret method
as described by Cleland and Slater!?. All reactions were carried out in one of the
following media: Medium A, 25 mM Tris-HCI buffer, 50 mM sucrose, 5 mM MgCl,,
2 mM EDTA and 15 mM KCl; Medium B, 30 mM Tris—HCI buffer, 70 mM sucrose,
200 mM mannitol and 2o mM KCl. The other components used are indicated in the
legends to the figures. The final volume of the mixture was 3 ml and the pH was
7.4. Measurements of the absorbance changes of cytochrome components were
made with a Hitachi, Model 356, two-wavelength spectrophotometer using the
following wavelength pairs: cytochrome & (classical cytochrome b, b,4), 560 nm
minus 575 nm; cytochrome bgzee, 566 nm minus 575 nm; cytochrome ¢, 4 ¢,
550 nm minus 540 or 575 nm. Difference spectra were obtained by one of following
two procedures. Procedure A was the two-wavelength/double beam method des-
cribed previously’®. In Procedure B difference spectra were obtained by scanning
wavelengths, taking 575 nm as a reference wavelength.

RESULTS AND DISCUSSION

A highly reduced state of the respiratory chain components in mitochondria
was induced by addition of succinate with rotenone via State 2— 3> 4—> 5 (ref. 19).
On addition of ferricyanide to State 5 mitochondria cytochrome ¢; + ¢ was almost
100 % oxidized in the presence of KCN, whereas a considerable proportion of the
cytochrome & components remained in the reduced state (37% at 560 nm and
62 9%, at 566 nm). Fig. 1 shows that the difference spectrum between mitochondria
oxidized with ferricyanide and mitochondria in State 2 has a peak at 565 nm
(Curve B) and the absorption due to bje vanishes on adding uncouplers, such
as flufenamic acid!* (Curve C).

Subsequently, the effect of menadione on the redox state of cytochrome
components was tested using various wavelength pairs, since menadione is known
as a mediator of electron flow from various dehydrogenases by interaction with
respiratory chain components on the substrate side of the antimycin site (cf. refs
15, 16). In the presence of rotenone, antimycin A and KCN, menadione added to
anaerobic mitochondria oxidizing succinate induced three phases in the redox
state of b4, after the rapid oxidation process, as shown in B, C and D in Fig. 2A.
In phases B and C, cytochrome b,z was oxidized, whereas cytochrome ¢, + ¢,
measured at 550-575 nm, was highly reduced. In phase D full reduction was ob-
served for all components, such as bggq, b5g (nOt shown), cytochrome ¢, 4 ¢ and
pigment-558 (refs 17, 8). The results obtained by the two-wavelength method were
confirmed by the difference spectrum shown in Fig. 2B. The difference spectrum
(before and after addition of menadione in phase C) indicated the oxidation of
bses and reduction of cytochrome ¢, + ¢, as shown in Curve C-A, though little
change was observable in cytochrome bgg. Curve D-C indicates the reduction of
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bseer bseo and pigment-558 during the transition from phase C to phase D. The
oxidation of by, may be caused by the transfer of the reducing equivalents from
bsee to menadione and the simultaneous reduction of cytochrome ¢, - ¢ is caused
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Fig. 1. Effect of ferricyanide on the cytochrome b spectrum in rat liver mitochondria. Ferri-
cyanide (4 mM) was added to State 5 mitochondria in the presence of 3 mM KCN. State 5 was
induced by 10 mM succinate with 4 ug rotenone in Medium A containing 500 uM ADP and
10 mM inorganic phosphate. 2.5-10-¢ M flufenamic acid was added after treatment with ferri-
cyanide. Difference spectra were obtained by Procedure A, taking State 2 mitochondria as reference
material. Rat liver mitochondria, 2.46 mg/ml. Curve A, State 5 mitochondria; Curve B, with ferri-
cyanide; Curve C, with ferricyanide and flufenamic acid.
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Fig. 2. (A) Effect of menadione on the redox state of cytochrome components. Rat liver mito-
chondria (7.0 mg/ml) were suspended in Medium B and State 5 was induced by 10 mM succinate
with 4 pg rotenone. Menadione was added to State 5 mitochondria after addition of KCN and
antimycin A. (B) Absorption spectra of cytochrome components. The wavelength scanning was
performed point by point with a separate incubation for each wavelength couple taking 575 nm
as reference wavelength. Curve C-B, bsge was oxidized after addition of menadione in phase B;
Curve C-A, bsgg was oxidized in phase C (-+A44550 um/—4 As65 nm = I.7; point of zero absorbance
change, 559 nm); Curve D-C, cytochrome components were reduced in phase D.
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by the acceptance of reducing power from succinate and also from b,44 via menadione
through an antimycin-insensitive path.

It is well known that ferricyanide is reduced preferentially by cytochrome
¢ (ref. 18). When ferricyanide was added to a reaction system containing menadione,
an electron flow occurred even in the presence of antimycin A. Fig. 3A shows that
ferricyanide added in the reduced state scarcely affected b4, in the absence of anti-
mycin A. However, oxidation of b4, occurred when ferricyanide (yellow) was
converted to ferrocyanide (colorless). The difference in absorbance immediately
after addition of ferricyanide and after its conversion to ferrocyanide (ferri = o)
indicated oxidation of b, and reduction of cytochrome ¢; + ¢, as shown in
Curve B-A of Fig. 3B. Classical cytochrome 4 did not show an anomalous change
in redox state under the same conditions, but changed like cytochrome ¢, + ¢,
though to a lesser extent (not shown). This was also confirmed by the fact that the
point of zero absorbance change was at 36I nm in Curve B-A. Antimycin A caused
reduction of b4, and a decrease in absorbance at 552 nm, presumably due to
oxidation of cytochrome ¢, and it induced a shift of the point of zero absorbance
change from 561 nm to 559 nm {(Curve C-B). Moreover, reduction of by, on
addition of ferricyanide was greater in the presence of antimycin A. Namely, the
extent of the redox change of b,4,, as a percentage of the total difference between
the absorbance on reduction with Na,S,0, and on oxidation with rotenone in the
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Fig. 3. (A) Effect of ferricyanide on the redox state of cytochrome by, (measured at 566 nm
minus 575 nm) in the presence of menadione. Rat liver mitochondria (6.8 mg/ml) were suspended
in Medium B. (B) Absorption spectra of cytochrome components. Difference spectra were obtained
by Procedure B, with 575 nm as the reference wavelength. The conditions were as for A except
that 3.4 mg/ml of rat liver mitochondria were used. Curve B—-A, bgq was oxidized on exhaustion
of added ferricyanide (4+A44 559 pm/~AA4 565 nm = 5.0); Curve C-B, bggs was reduced by antimycin
A (point of zero absorbance change, 559 nm); Curve D-B, bz was reduced after ferricyanide
(~AA4 550 nm/ +AA 565 nm = 6.2; point of zero absorbance change, 561 nm); Curve E-D, by
was oxidized when ferricyanide was consumed (+A4A4g50 nm/~-A45e5 nm = 4-3; point of zero
absorbance change, 559 nm).
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absence of substrate, was 20 % in the absence of antimycin A and 68 %, in its presence.
The redox change induced by ferricyanide was repeatable, as indicated in D, E, F
and G in Fig. 3A and the reduction and oxidation of b4 were usually accompanied
by oxidation and reduction, respectively, of cytochrome ¢, + ¢ (Curve D-B and
Curve E-D in Fig. 3B). The redox change of b,4¢ is probably not controlled by the
ferricyanide/ferrocyanide ratio, since the amount of ferricyanide added did not
influence the level of reduced b;4, but only the duration of its reduced state, and
since addition of ferrocyanide to by44 in the reduced state did not cause any change
of the degree of reduction. Thus the transition of bgq from the reduced to the
oxidized state is caused by a stoppage of electron flow resulting from exhaustion
of the electron acceptor. In other words, the reduction of oxidation of 6,4, depends
strictly on whether there is an electron flow through cytochrome ¢, + ¢ to ferri-
cyanide.

There was a distinct difference between the absorbance change of bgq4 in
the presence of pentachlorophenol (4 PCP, solid line in Fig. 4) and in its absence
(~ PCP, dotted line in Fig. 4) when antimycin A was absent. Namely, in the
presence of the uncoupler the absorbance at 566 nm became much lower than in
the system without uncoupler. This may be due to the inhibition by uncoupler
of the energy-dependent reduction of b,4, as reported by several workers?0,2L,
Then ferricyanide induced a decrease in absorbance at 566 nm and this was followed
by an increase in absorbance on exhaustion of ferricyanide (A, B in Fig. 4). This
change was different in direction from that in the uncoupler-free system, as shown
by the dotted curve in Fig. 4 and was similar to those of b4, and cytochrome
¢, + ¢. Considering the contribution of the classical cytochrome & to the absorbance
at 566 nm (refs g, 21), it seems that this change is mainly due to the absorbance
change of bgq, at 566 nm, although spectral evidence for this is not yet available.
As shown in D, E, F and G in Fig. 4, however, pentachlorophenol did not influence
the ferricyanide-induced reduction of b4¢ in the presence of antimycin A. It was
also noted that the oxidant-dependent reduction of bge was hardly affected by
previous addition of ATP or oligomycin to the reaction system containing menadione
and antimycin A.

Results presented here suggest that the absorbance changes at 566 nm involve
two types of redox change of cytochrome bgg4, which may be described as the
oxidant-induced 1eduction and the energy-dependent reduction, respectively. How-
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Fig. 4. Effect of uncoupler on the redox state of cytochrome bgeq. Rat liver mitochondria (6.8 mg/ml)
were suspended in Medium B. 4+ PCP, 10 uM of pentachlorophenol.
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ever, it remains uncertain whether they are based on difterent or essentially the
same mechanisms. The oxidant-induced type was characterized by a larger redox
change at 566 nm compared with the energy-dependent reduction. Moreover, the
former change was usually accompanied by a redox change in the opposite direction
of the counter component such as cytochrome ¢, + ¢, but little is known about
behavior of the counter component(s), e.g. in ATP-dependent reduction of &g,
(ref. 21). The presence of both menadione and antimycin A was required for demon-
stration of the typical type of oxidant-induced reduction in the present experiments.
Under these conditions the redox change of b5, and cytochrome ¢; + ¢ could be
repeated by addition of a limited amount of ferricyanide, since menadione induced
an electron flow from substrate to ferricyanide in the presence of antimycin A.
The energy-dependent change of b4 could be difterentiated from the oxidant-
dependent change by use of uncoupler in some cases, such as in Fig. 4, since uncoupler
abolished the energy-dependent type and not the ferricyanide-induced reduction.
However, it was rather difficult to distinguish the two types in systems without
menadione and antimycin A, as seen in Curves B and C in Fig. 1. In these spectra,
the identification of b&,4¢ by ferricyanide can probably be explained as the oxidant-
induced type. The disappearance the b4 peak in the presence of uncoupler may
be due to a release of the energy coupling at Site II, resulting in a slight reduction
of cytochrome ¢, and oxidation of b4, though the possibility of an uncoupler
effect on the energy-dependent reduction can not be ruled out.

ACKNOWLEDGEMENT

We should like to express our gratitude to Professor E. C. Slater who stimulated
our interest in this problem.

REFERENCES

B. Chance, in Proc. 2nd Int. Congr. Biochem., Paris, June 1952, p. 32.
A. M. Pumphrey, J. Biol. Chem., 237 (1962) 2384.
J. S. Rieske, Arch. Biochem. Biophys., 145 (1971) 179.
D. F. Wilson, M. Koppelman, M. Erecifiska and P. L. Dutton, Biochem. Biophys. Res. Commun.,
44 (1971) 759.
P. L. Dutton, D. F. Wilson and C. P. Lee, Biochemistry, 26 (1970) 5077.
D. F. Wilson and P. L. Dutton, Biochem. Biophys. Res. Commun., 39 (1970) 59.
Slater, C. P. Lee, J. A. Berden and H. J. Wegdam, Biochim. Biophys. Acta, 226 (1970)

S W N~

O ~ O

E. C.
1248.
N. Sato, D. F. Wilson and B. Chance, Biochim. Biophys. Acta, 253 (1971) 88.
M. Erecifiska, B. Chance, D. F. Wilson and P. L. Dutton, Proc. Natl. Acad. Sci. U.S., 69
(1972) 50.
H. Hogeboom, in S. P. Colowick and N. O. Kaplan, Methods in Enzymology, Vol. 1, Academic
ess, New York, 1955, p. 16.
K. Myers and E. C. Slater, Biockem. J., 67 (1957) 558.
W. Cleland and E. C. Slater, Biockem. J., 53 (1953) 547.

I0

13 Muraoka, K. Takahashi and M. Okada, Biochim. Biophys. Acta, 267 (1972) 291.
14 Terada and S. Muraoka, Mol. Pharmacol., 8 (1972) 95.

16 J. De Haan and R. Charles, Biockim. Biophys. Acta, 180 (1969) 417.

17 Chance and B. Schoener, J. Biol. Chem., 241 (1966) 4567.

W. Estabrook, J. Biol. Chem., 236 (1961) 3051.
Chance and G. R. Williams, Adv. Enzymol., 17 (1956) 65.
Wegdam, J. A. Berden and E. C. Slater, Biockim. Biophys. Acta, 223 (1970) 365.

G.
Pr:
D.
K.
S.
H.
15 ]J:‘, P. Colpa-Boonstra and E. C. Slater, Biochim. Biophys. Acta, 27 (1958) 122.
B.
R.
B.
H. J.

M. K. F. Wikstroém, Biochim. Biophys. Acta, 253 (1971) 332.

Biochim. Biophys. Acta, 283 (1972) 36—41



