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SUMMARY

Purified Complex III from beef heart contains two b cytochromes: a high-
potential (E,, 7., = +93 mV) cytochrome 5-562 which can be enzymatically reduced,
and a low-potential (E,, ; , = —34 mV) cytochrome 5-565 which is reduced only by
dithionite. The two components each contribute approximately 50 %, to the total
cytochrome b of Complex III. Cytochrome ¢, of Complex III titrates with a half-
reduction potential of +232 mV.

INTRODUCTION

Complex II1 is an isolated section of the inner mitochondrial membrane which
is enriched with respect to cytochrome b and cytochrome ¢, , and which catalyzes the
reduction of cytochrome ¢ by reduced forms of lower ubiquinone analogs {1, 2]. It
has been suggested on the basis of these properties that Complex III represents a
purified form of that section of the respiratory chain containing the electron transfer
reactions at the second phosphorylating site [3], and perhaps the components re-
quired for energy conservation [4, 5]. Redox potential measurements of the cyto-
chromes in purified Complex III, using Q, H,/Q, as the titrating couple, have shown
that the complex contains but a single potentiometrically detectable cytochrome b
[5]. In contrast, it is now well established that cytochrome b in mitochondria [6~8],
submitochondrial particles [7] and purified fragments of the inner membrane (suc-
cinate—cytochrome ¢ reductase) [9] is heterogeneous with respect to its half-reduction
potentials. Cytochrome b in purified Complex III does, however, show spectral
heterogeneity [10-13).

In view of the importance of Complex 1II as a model system for the electron
transfer reactions between cytochromes b and ¢, [3], we have reinvestigated the redox
potentials of the cytochromes of Complex III and their possible relevance to the
cytochromes of intact mitochondria.

Abbreviations: TMPD, N,N,N’,N’-tetramethyl-p-phenylenediamine; PMS, phenazine metho-
sulfate.
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MATERIALS AND METHODS

Complex Il was isolated from beef heart mitochondria by the method of
Hatefi et al. [1] as modified by Rieske et al. [2]. This preparation contains approxi-
mately eight nmoles cytochrome b and four nmoles of cytochrome ¢; per mg of
protein. The V for the Q, H,~cytochrome ¢ reductase varied with different prepara-
tions between 500 and 1000 umoles cytochrome ¢ reduced xmin~! xmg~1! protein.
The complex contains a small amount of succinate-cytochrome ¢ reductase (less
than 0.5 % of the Q, H,~cytochrome ¢ reductase), and EPR analysis (kindly mea-
sured by Dan Béckstrém) revealed enrichment of an ascorbate-reducible nonheme
iron at g = 1.90 [2].

The cytochrome content of Complex III was determined at 562 minus 575 nm
(mM absorbance = 20) [1]} for cytochrome b, and 554 minus 540 nm (mM absor-
bance = 19) [1] for cytochrome ¢, after reduction with Na, S, 0,. Q, H,—cytochrome
¢ reductase activity was assayed by measuring the initial rate of cytochrome ¢ reduc-
tion at 550 minus 540 nm. Protein was measured by the method of Lowry et al. [14].

Redox titrations were carried out using the methods of Dutton [15] and Dutton
et al. [7]. The apparatus is of the same design as described by Dutton [15].
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Fig. 1. Spectral analysis of the cytochromes in purified Complex III after reduction with Q,H, and
Na,S,04. The reaction mixture consisted of 170 mM sucrose, 50 mM Tris-acetate, pH 7.5, and
0.3 mg protein of Complex III; final volume was 3 ml. Spectra were obtained after the addition of
22.5 uM Q,H; (final concentration) and again after the addition of Na,S,04. The Na,S,0, spectrum
is the difference spectrum: Na,$,0, reduced minus Q,H, reduced.

RESULTS

Cytochrome b with an absorption maximum in the « region at 562 nm, and
cytochrome ¢, are reduced by Q, H, (Fig. 1) as well as by ascorbate+N,N,N’,N'-
tetramethyl-p-phenylenediamine (TMPD), ascorbate + phenazine methosulfate
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(PMS), and, more slowly, by succinate. Depending upon the preparation, between
35 and 55 9, of the total cytochrome 4 of Complex III can be enzymatically reduced.
The remaining cytochrome b can be subsequently reduced by Na,S,0,. In contrast
to the enzymatlcally reduced cytochrome b, that reduced by Na,S, 0O, has an ab-
sorption maximum in the « region at 565 nm and a shoulder near 560 nm. The exact
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Fig. 2. Potentiometric titrations of the b cytochromes in purified Complex IIl. (A) No addition.
(B) 2 nmoles antimycin/nmole cytochrome b. The reaction media contained 170 mM sucrose,
50 mM Tris~HC), pH 7.2, 40 uM diaminodurene, 40 uM PMS, 40 uM phenazine ethosulfate, 40 uM
duroquinone, 5 uM pyocyanine, 5 uM 2-hydroxyl-1,4-naphthoquinone and 0.17 mg Complex I
protein. Approx. 50 % of the points on the curves were obtained by oxidative titration with ferricya-
nide and 50 % by reductive titrations with dithionite. Cytochrome » was measured at 562 minus
575 nm. Theoretical n = 1 lines are drawn through the experimental points for the separated compo-
nents.
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Fig. 3. Potentiometric titrations of cytochrome ¢; in purified Complex III. Conditions were as de-
scribed in Fig. 2. Measurements were made at 554 minus 540 nm. Complex III concentration was
0.54 mg protein/ml.

spectrum of the lower-wavelength component could not be resolved at room tem-
perature, and could represent either a further reduction of cytochrome 5-562 or the
reduction of cytochrome b-558. The latter is often associated with cytochrome 5-565.
The spectrum of the Na, S, O, reducible cytochrome 5-565 can be shifted to slightly
lower wavelengths in Complex III preparations in which the amount of enzymatically
reducible cytochrome b is low. In these preparations little or no CO binding is
detected.

Titrations of the half-reduction potentials of the b cytochromes of Complex
III are shown in Fig. 2 both in the presence and absence of antimycin. Two b cyto-
chromes can be separated, each contributing about 50 % of the total absorbance at
562 minus 575 nm. The half-reduction potentials (£, ,) of the two are near +93
and —35mV, and are unchanged in the presence of antimycin (cf. refs. 16, 17).
Preliminary investigations suggest that antimycin induces a slight red shift in the «
band of the high potential cytochrome b-562 of Complex III, in agreement with

TABLE 1

HALF-REDUCTION POTENTIALS OF CYTOCHROME b AND CYTOCHROME ¢, IN
PURIFIED COMPLEX III

The numbers are expressed as the X+S.D. » = the electron transfer number

Measuring wavelengths Addition Enaz n Approximate contribution
(nm) (mV) )

562 minus 575 - +92+ 5 1 5145

562 minus 575 - —344 7 1 4915

554 minus 540 - +2404+10 1 100

562 minus 575 Antimycin +924+ 8 1 51+5

562 minus 575 Antimycin —35+ 5 1 494+ 5

1

554 minus 540 Antimycin +232 100
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Fig. 4. Spectral analysis of the cytochromes of purified Complex III as a function of the redox
potential. Conditions were as described in Fig. 2. Reduced minus oxidized difference spectra (between
the potential values shown in the figure) were obtained after adding appropriate amounts of Na,S$,0,.

resuits obtained in submitochondrial particies {18]. An antimycin-induced alteration
in the half-reduction potentials might therefore by expected to occur in the high
potential cytochrome [17]. Results from 15 titrations on four different preparations
of Complex IIT are presented in Table I. The mean values for the half-reduction po-
tentials of the & cytochromes are +93 and —34 mV. The single half-reduction poten-
tial (450 mV) for the cytochrome b of Complex III reported by Rieske [5] thus ap-
pears to be an average value for the two cytochromes reported here.

Cytochrome ¢, of Complex III titrates with a half-reduction potential of
+230 mV (Fig. 3, Table I), in good agreement with previously published values
for purified cytochrome ¢, [7, 19].

Fig. 4 shows the reduced minus oxidized difference spectra of Complex III
between various fixed potentials. The redox potentials were chosen to- give maximum
separation of the two b cytochromes (+93 and —34 mV) in Complex III. From the
data it can be seen that the high-potential cytochrome b has an absorption maximum
at 562 nm. This is undoubtedly the b cytochrome which is reduced enzymatically
(Fig. 1). The low-potential cytochrome b (reduced between 145 and —145 mV), on
the other hand, shows an absorption maximum at 565 nm with a shoulder near 560
nm. This shoulder, also observed after Na, S, 0, reduction (Fig. 1), was not present
in all preparations of Complex IIL. However, in preparations where it is not clearly
distinguishable the spectra of the low-potential cytochrome b was usually red-shifted
to approx. 564 nm, suggesting a mixture of cytochrome 5-565 and a component
absorbing at a lower wavelength.

Aging of Complex ITI at —20 °C for several weeks leads to loss of enzymatic
activity, to a decrease in the amount of cytochrome o which can be reduced en-
zymatically, and to a decrease in the amount of cytochrome b undergoing reduction
after addition of ferricyanide to antimycin-blocked Complex III. These findings
confirm the report of Rieske {5]. We have not, however, observed any significant
changes in the redox potentials [5] or the CO-binding properties of the b cytochromes
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in aged Complex III. These results suggest that loss of enzymatic activity of aged
Complex III may be due to the alteration of a component other than the cytochromes.
The results do not, however, allow assessment of the role of the cytochromes per se
in the enzymatic activity of the isolated complex.

It is thus clear from the present results that purified Complex III contains two
b cytochromes which can be distinguished both potentiometrically and spectrally
(compare ref. 5). One has a half-reduction potential of +-93 mV with an absorption
maximum at 562 nm. This cytochrome b is reduced enzymatically and may represent
either a slightly altered cytochrome by [4, 6-8), or a mixture of cytochrome by and
the high-potential cytochrome b (+-120 to +160 mV) previously reported in mito-
chondria [20] and submitochondrial particles [7, 21]. The latter cytochrome b is
believed to be distinct from cytochrome by [21]. The high-potential cytochrome b
reported here is probably identical to that previously reported to be enzymatically
reducible in purified Complex III [11-13] and Complexes I+IIT {13].

Complex III also contains a cytochrome b component with a half-reduction
potential of —34 mV. This component contains predominantly cytochrome b-565
and appears to be spectrally similar to the fraction of cytochrome » which cannot be
enzymatically reduced in Complex III (Fig. 1) [11-13]. This low-potential cytochrome
b-565 is probably identical to cytochrome by of mitochondria [7, 21). The redox po-
tentials of the b cytochromes of Complex III are thus generally similar to those in
mitochondria [6-8, 20], submitochondrial particles [7, 21] and succinate—cytochrome
¢ reductase [9], the major difference being the slightly greater half-reduction potential
of the high-potential cytochrome 5-562.

Maintenance of the redox properties of the two b cytochromes during purifica-
tion of Complex III, coupled to the extensive enrichment of the cytochromes of this
preparation (3-4 times greater heme concentration per mg protein than in the
succinate-cytochrome ¢ reductase [9]), makes Complex III an ideal preparation in
which to study the molecular basis for the spectral and potentiometric heterogeneities
of the b cytochromes.

ACKNOWLEDGEMENTS

This work was supported by a grant from the Swedish Cancer Society to
Professor L. Ernster. We wish to express our appreciation to Professor Ernster for his
interest and valuable comments.

REFERENCES

1 Hatefi, Y., Haavik, A. G. and Griffiths, D. E. (1962) J. Biol. Chem. 237, 1681-1685

2 Rieske, J., Zaugg, W. S. and Hausen, R. E. (1964) J. Biol. Chem. 239, 3023-3030

3 Baum, H., Rieske, J. S., Silman, H. I. and Lipton, S. H. (1967) Proc. Natl. Acad. Sci. U.S. 57,
798-805

Wilson, D. F., Koppelman, M., Ereciriska, M. and Dutton, P. L. (1971) Biochem. Biophys. Res.
Commun. 44, 759-766

Rieske, J. S. (1971) Arch. Biochem. Biophys. 145, 179-193

Wilson, D. F. and Dutton, P. L. (1970) Biochem. Biophys. Res. Commun. 39, 59-64

Dutton, P. L., Wilson, D. F. and Lee, C. P. (1970) Biochemistry 9, 5077-5082

Dutton, P. L., Wilson, D. F. and Lee, C. P. (1971) Biochem. Biophys. Res. Commun. 43,
1186-1191

ES

[- IR - V]



364

9 Erecifiska, M., Oshino, R., Oshino, N. and Chance, B. (1973) Arch. Biochem. Biophys. 157,

431-445

10 Davis, K. A. and Hatefi, Y. (1971) Biochem. Biophys. Res. Commun. 44, 1338-1344

11 Davis, K. A., Hatefi, Y., Poff, K. L. and Butler, W. L. (1972) Biochem. Biophys. Res. Commun.
46, 1984-1990

12 Slater, E. C. (1973) Mechanisms in Bioenergetics (Azzone, G. F., Ernster, L., Papa, S.,
Quagliariello, E. and Siliprandi, N., eds), pp. 405-431, Academic Press, New York

13 Davis, K. A., Hatefi, Y., Poff, K. L. and Butler, W. L. (1973) Biochim. Biophys. Acta 325,
341-356

14 Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951) J. Biol, Chem. 193,
265-275

15 Dutton, P. L. (1971) Biochim. Biophys. Acta 226, 63-80

16 Dutton, P. L., Erecinska, M., Sato, N., Mukay, Y., Pring, M. and Wilson, D. F. (1972) Biochim.
Biophys. Acta 267, 15-24

17 Berden, J. A. and Opperdoes, F. R. (1972) Biochim. Biophys. Acta 267, 7-14

18 Brandon, J. R., Brocklehurst, J. R. and Lee, C. P. (1972) Biochemistry 11, 1150-1154

19 Green, D. E., Jirnefelt, J. and Tisdale, H. D. (1960) Biochim. Biophys. Acta 31, 34-46

20 Berden, J. A., Opperdoes, F. R. and Slater, E. C. (1972) Biochim. Biophys. Acta 256, 594-599

21 Lindsay, J. G., Dutton, P. L. and Wilson, D. F. (1972) Biochemistry 11, 1937-1942



