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SUMMARY

1. Upon addition of sulphide to oxidized cytochrome ¢ oxidase, a low-spin
heme sulphide compound is formed with an EPR signal at g, = 2.54, g, = 2.23 and
g, = 1.87. Concomitantly with the formation of this signal the EPR-detectable low-
spin heme signal at g =3 and the copper signal near g = 2 decrease in intensity,
pointing to a partial reduction of the enzyme by sulphide.

2. The addition of sulphide to cytochrome ¢ oxidase, previously reduced in the
presence of azide or cyanide, brings about a disappearance of the azido-cytochrome
c oxidase signal at g, = 2.9, g, = 2.2 and g, = 1.67 and a decrease of the signal at
g = 3.6 of cyano-cytochrome ¢ oxidase. Concomitantly the sulphide-induced EPR
signal is formed.

3. These observations demonstrate that azide, cyanide and sulphide are compe-
titive for an oxidized bindingsite on cytochrome ¢ oxidase. Moreover, it is shown that
the affinity of cyanide and sulphide for this site is greater than that of azide.

INTRODUCTION

In 1939, Keilin and Hartree [1] discovered that sulphide prevents the reduction
of cytochrome a5 by succinate in heart-muscle preparation. Gilmour et al. [2] con-
firmed this and reported that sulphide acts rather like cyanide. The only other study
of the effect of sulphide on cytochrome ¢ oxidase (cf. ref. 3) is that of Wilson and
Leigh [4], who showed a small increase of the half-reduction potential of cytochrome
a upon binding of sulphide to oxidized cytochrome a,.

In this paper we report on the effect of sulphide on the EPR spectrum of cyto-
chrome ¢ oxidase, and in particular describe a new low-spin heme signal of sulphido-
cytochrome ¢ oxidase.
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MATERIALS AND METHODS

Cytochrome ¢ was isolated from horse-heart according to the method of Mar-
poliash and Walasek [5]. Cytochrome ¢ oxidase was isolated from heart-muscle
preparation according to the methods of Fowler et al. [6] and MacLennan and
Tzagoloff [7] as modified by Van Buuren [8]. Absorbance coefficients used were for
cytochrome ¢ (reduced minus oxidized) 21.1 mM~!-cm™! at 550 nm [9], for cyto-
chrome ¢ oxidase (reduced minus oxidized) 240 mM~'-cm™! at 605 nm and for
metmyoglobin 9.5 mM™!-cm™! at 505 nm [11].

Chemicals were analytical grade mainly obtained from British Drug Houses.
Sodium sulphide crystals (May and Baker) were rinsed in distilled water in order to
remove possible oxidation products. Solutions (0 °C) of these crystals, neutralized
with KH,PO,, were prepared just before use.

EPR experiments were carried out on a Varian E-9 or a Varian-4501 A spectro-
meter both equipped with a helium transfer system (Air Products Inc. model LTD-3-
100) with automatic temperature controller. Temperature, magnetic field and micro-
wave frequency were measured as previously described [12].

RESULTS AND DISCUSSION

The EPR spectrum at 15 °K of cytochrome ¢ oxidase (Fig. |A) shows a line at
g =3 and intense resonance near g = 2 originating from low-spin ferric heme @ and
copper [13], respectively. Upon incubation (2 min) of the enzyme with sulphide both
the low-spin heme signal at g = 3 and the signal near g = 2 decrease in intensity, where-
as an intense low-spin heme signal appears at g = 2.54, 2.23 and 1.87 (Fig. 1B). After
12 min incubation (Fig. 1C) the signals at g = 3 and near g = 2 disappear concomitant-
ly with an intensification of the new low-spin heme signal. This spectrum also shows
the appearance of a minor suiphide-induced signal with lines at the low-field side of
the g, and g, and the high-field side of g, of the major signal. Since the g values of these
new signals correspond to those reported for sulphide complexes of other iron(III)
hemoproteins [14,15], we assign them to two species of sulphido-cytochrome ¢ oxidase.

In the presence of higher concentrations (100 instead of 10 mM) of sulphide
the reactions are more rapid (not shown), and the only EPR signals observed after
mixing the ligand with the enzyme are the sulphide-induced low-spin heme signals.
Essentially the same EPR spectrum is obtained when cytochrome ¢ oxidase is incuba-
ted with low concentrations (1-5 mM) of the ligand and subsequently reduced with
ascorbate and a catalytic amount of cytochrome ¢ under aerobic conditions. Thus,
sulphide, known to be an electron donor, partly reduces cytochrome ¢ oxidase before
it induces the low-spin heme signals. It is interesting to note that the cyanide and azide-
induced signals are also observed only in the partially reduced enzyme [13, 16, 17].

The intensity of the sulphide-induced signals in cytochrome ¢ oxidase (0.20 mM}
of Fig. 1C corresponds to 0.19 mM heme iron, as determined from double integration
and comparison with the low-spin heme signal of azido-metmyoglobin. Thus, sulphide
reduces one of the hemes of the functional unit (2 Fe, 2 Cu) of cytochrome ¢ oxidase
and prevents the reduction .of the second heme.

It has been demonstrated that cyanide, azide and CO compete for cytochrome
¢ oxidase [16]. In order to determine any competition of sulphide with the other inhi-
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Fig. 1. The effect of sulphide on cytochrome ¢ oxidase. (A) 0.20 mM cytochrome ¢ oxidase in 100 mM
potassium phosphate (pH 7.0), 1.0 % (v/v) Tween-80. (B) After addition of sulphide (10 mM) and
incubation at room temperature for 2 min. (C) After incubation of B at room temperature for 10 min.
Conditions of EPR spectroscopy: frequency, 9.092 GHz; microwave power, 2 mW; modulation
amplitude, 10 G; scanning rate, 500 G - min~'; time constant, 1.0's; temperature, 15 °K. The copper
signal in A and B was recorded at a 10-fold lower receiver gain. The gain was 5 times greater in A and
B than in C. . : i

bitors of cytochrome ¢ oxidase, the following experiments were designed. Cytochrome
¢ oxidase was incubated with azide (10 mM) and reduced with ascorbate and cyto-
chrome ¢. The EPR spectrum (Fig. 2A) after this treatment shows the. typical [13]
azide-induced low-spin heme signal with g, = 2.9, g, =2.2 and g, = 1.67 and the copper
signal near g =2, with an intensity 15 %, of that of the oxidized enzyme. Upon addi-
tion of 10 mM sulphide to this sample the azide-induced signal and the copper signal
around g = 2 disappear and EPR resonances (Fig. 2BY are observed which are typical
for the sulphide compounds of cytochrome ¢ oxidase. This observation demonstrates
that sulphide replaces azide at cytochrome ¢ oxidase and, moreover, shows that the
affinity of sulphide towards partially reduced cytochrome ¢ oxidase is greater than
that of azide.

Experiments similar to those shown in Fig. 2 were carried out with cyanide
instead of azide. The EPR spectrum (not shown) of cytochrome ¢ oxidase incubated
with cyanide and subsequently reduced with ascorbate and cytochrome ¢ shows the
typical low-spin heme resonance at g = 3.6 [17] derived from cyano-cytochrome ¢
oxidase. Upon incubation of the cyano-cytochrome ¢ oxidase with sulphide (10 mM),
the sulphide-induced signals appear very slowly with a concomitant decrease in inten-
sity (about 60 % after 2 h) of the cyanide-induced signal at g = 3.6. These observations
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Fig. 2. Competition between azide and sulphide for cytochrome c oxidase. (A) Cytochrome ¢
oxidase (0.20 mM), in 1.0% (v/v) Tween-80, 100 mM potassium phosphate (pH 7.0), 10 mM
azide was reduced by incubating with cytochrome ¢ (25 uM) and ascorbate (19 mM) for 6 min at
room temperature. (B) After addition of sulphide (10 mM) to A and incubation for 45s at room
temperature. Conditions of EPR spectroscopy as in Fig. 1. The gain in A was twice that in B.

indicate that cyanide and sulphide compete for cytochrome ¢ oxidase. The affinity of
the two ligands is of the same order of magnitude, since incubation of sulphido-cyto-
chrome ¢ oxidase with cyanide (10 mM) shows after prolonged incubation (2 h) a
signal at g = 3.6, which is, however, relatively weak (about 20 %) in intensity in com-
parison with that found in the absence of sulphide.

ACKNOWLEDGEMENTS

We wish to thank Professor E. C. Slater for critical reading of the manuscript,
Mr B. van Swol and Mrs P. M. C. Harthoorn-Rijsdijk for technical assistance with
EPR measurements. These studies were supported by NATO Research Grant No.
589, U.S. Public Health Service Research Grant No. 1-R01-GM-18895, Research
Career Development Award No. 1-K04-GM-70,010 to D.V.D. and by the Nether-
lands Organization for the Advancement of Pure Research (Z.W.0O.) under the aus-
pices of the Netherlands Foundation for Chemical Research (S.O.N.).

REFERENCES

1 Keilin, D. and Hartree, E. F. (1939) Proc. Roy. Soc. London, Ser. B. 127, 167-191

2 Gilmour, M. V., Wilson, D. F. and Lemberg, R. (1967) Biochim. Biophys. Acta 143, 487-49%

3 Nicholls, P. and Chance, B. (1974) in Molecular Mechanisms of Oxygen Activation (Hayaishi, O.,
ed.), pp. 479-534, Academic Press, Inc.

4 Wilson, D. F. and Leigh, J. S. (1974) Ann. N. Y. Acad Sci. 227, 630-635

5 Margoliash, E. and Walasek, O. F. (1967) in Methods in Enzymology (Estabrook, R. W. and
Pullman, M. E., eds), Vol. 10, pp. 339-348, Academic Press, New York



o ~3

10
11
12

13
14

15
16
17

193

Fowler, L. R., Richardon, S. H. and Hatefi, Y. (1962) Biochim. Biophys. Acta 64, 170-173
MacLennan, D. H. and Tzagoloff, A. (1965) Biochim. Biophys. Acta 96, 166-168

Van Buuren, K. J. H. (1972) Binding of Cyanide to Cytochrome aa;, Ph.D. Thesis, University
of Amsterdam, Gerja, Waarland

Van Gelder, B. F. and Slater, E. C. (1962) Biochim. Biophys. Acta 58, 593-595

Van Gelder, B. F. (1966) Biochim. Biophys. Acta 118, 36-46

Hanania, G. I. H., Yeghiayan, A. and Cameron, B. F. (1966) Biochem. J. 98, 189-192

Wever, R., Van Drooge, J. H., Van Ark, G. and Van Gelder, B. F. (1974) Biochim. Biophys.
Acta 347, 215-223

Van Gelder, B. F. and Beinert, H. (1969) Biochim. Biophys. Acta 189, 1-24

Blumberg, W. E. and Peisach, J. (1971) in Probes of Structure and Function of Macromolecules
(Chance, B., Yonetani, T. and Mildvan, A. S., eds), Vol. 11, pp. 215-228, Academic Press, New
York

Berzofsky, J. A., Peisach, J. and Blumberg, W. E. (1971) J. Biol. Chem. 246, 3367-3377

Wever, R. and Van Gelder, B. F. (1974) Biochim. Biophys. Acta 368, 311-317

DerVartanian, D. V., Lee, 1. Y., Slater, E. C. and Van Gelder, B. F. (1974) Biochim. Biophys.
Acta 347, 321-327



