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1. Introduction

Cytachrome ¢ oxidase (ferrocytochrome ¢ : oxygen
oxidoreductase, EC 1.9.3.1) is the terminal enzyme in
the mitochondrial respiratory chain and, as such,
reacts directly with molecular oxygen. The mechanism
of this four-electron reduction is currently a topic of
intense investigation and controversy [1,2]. Recently,
there has been a great deal of interest in the chemical
and physical properties of various inhibitor complexes
of cytochrome ¢ oxidase [3-7]. In particular, con-
siderable effort has been spent on studying the cyanide-
and carbon monoxide-bound protein with the hope
of trapping one or more of the metal components in
the oxidized or reduced form [8—11]. The rationale
for such studies is the possibility that ‘mixed valence’
forms of the CN- or CO-inhibited protein might pro-
vide some clues about the mechanistic pathway of
electron transfer to axygen as well as the interaction
of the four metal components in the functional
protein. In fact, on the basis of spectroscopic and
electrochemical properties of the CO and azide com-
plexes ol cytochrome ¢ oxidase, Wilson et al. have
proposed that there exists a direct heme —heme inter-
action in the protein [9] . On the other hand, Yong
and King have postulated a heme—copper—heme
interaction based on their studies of a ‘half-reduced’
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and a fully-reduced CN complex of the oxidase [11].
To our knowledge, this discrepancy has not yet been
resolved.

One of the major difficulties in the above studies
has been the lack of knowledge of the redox states of
all four metal atoms (2 heme Fe and 2 Cu), especially
in the partially-reduced complexes of the protein.
Recently, Anderson et al. reported that the CO complex
of cytochrome oxidase is titratable with three elec-
trons [3], a result which contradicts an earlier report
that the formation of the CO complex involves a two-
electron reduction [6] . Part of the confusion here
may be attributed to the fact that at least one of the
coppers (‘invisible’ Cu) is not directly detectable by
EPR or spectrophotometric techniques. Furthermore,
the contribution of the remaining three components
to the optical spectra is still unsettled [1,2,12].
Similarly, the partially-reduced CN complex of cyto-
chrome oxidase obtained in the presence of reducing
agents has not been definitively characterized with
respect to the oxidation states of the metal atoms.
Yong and King have prepared a form of the CN com-
plex which they called ‘half-reduced’ in which heme a
and one of the two copper centers are reduced while
heme 25 remains oxidized [11] . However, there is
really no direct evidence for the oxidation state of the
second copper atoml.

Recently, we have demonstrated that X-ray absorp-
tion spectroscopy can be of great value in defining
the oxidation states of the metal atoms in metallo-

prateins. Its usefulness arises from the fact that the
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position of the absorption edge and the absorption-
edge fine structure are sensitive to the charge density
and point symmetry about the atom of interest. Our
studies on the oxidized and reduced forms of cyto-
chrome oxidase provide evidence which strongly
suggests that one of the coppers in the oxidized
protein exists in the reduced state [13]. Thus, in view
of this result, it was of interest to apply this technique
to the determination of the oxidation state of the
second copper in the dithionite-reduced CN complex
of oxidase as well as to investigate any changes which
occurred in the X-ray absorption spectra of cyto-
chrome oxidase upon complexation with cyanide.

Preliminary results on the oxidized and partially-
reduced CN complexes of cytochrome oxidase indi-
cate that:

(i) CN has no effect on the Cu edge spectrum of the
oxidized protein.

{ii) The intensity of the 1s—3d transition in the Fe
edge spectrum of the oxidized protein is slightly
enhanced in the presence of cyanide.

(iii) Both Cu atoms of the CN complex are reduced
(i.e., Cu") in the presence of excess dithionite, a
result which in conjunction with EPR data [4,14]
suggests that three out of the four electron accep-
tors in the complex are reduced.

2. Materials and methods

Purified cytochrome ¢ oxidase was generously
provided by Drs Tsoo E. King, Chang-An Yu and
Linda Yu of Suny at Albany, NY. It was suspended
in 0.5% sodium cholate/50 mM phosphate buffer,
pH 7.4, at a concentration of 100 mg/ml. To form
the oxidized CN complex, 17 ul 0.25 M potassium
cyanide solution, pH 7.2, was added to 0.4 ml of the
concentrated oxidase solution and the resultant solu-
tion was left standing under argon for 2030 min.
The so-called *half-reduced’ complex wus prepared by
adding the oxidized cyanide complex (0.4 ml) to an

excess amount (10 mg) of solid dithionite under argon.

The samples were kept on ice until the X-ray absorp-
tion measurements weie made.
The Cu and Fe K-edge absorption spectra were
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obtained using synchrotron radiation from Spear at
the Stanford Linear Accelerator Center. The broad-
band radiation was passed through a channel-cut
silicon erystal monochromator and the Cu or Fe
fluorescence Ko radiation from the target was moni-
tored using a nine-element array of Nal scintillation
counters. Details of the experimental set-up and data
analyses are described [13,15,16]. Since the samples
were dilute, multiple scans were recorded and later
summed.

3. Results and discussion

The Cu K-edge spectrum of the oxidized CN com-
plex showed virtually no change from that of the
fully-oxidized cytochrome ¢ oxidase (fig.1). On the
other hand, the Fe K-edge of the oxidized CN complex
shows a slight increase in the intensity of the 15s—3d
transition although the position of the edge as a
whole remaing unchanged (fig.2). These results may
be taken to mean that while cyanide does not grossly
affect the charge density about either the Cu or the
Fe atoms in the protein, it does enhance the proba-
bility of the Is—3d transition of the iron chromophore.
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Fig.1. The copper K-edge spectra of (a) the oxidized CN
complex of cytochrome ¢ oxidase and (b) oxidized cyto-
chrome ¢ oxidase.
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Fig.2. The iron K-edge spectra of (a) the oxidized CN com-
plex of cytochrome ¢ oxidase and (b} oxidized cytochrome ¢
oxidase.

This may be interpreted as evidence for binding of
cyanide to iron (presumably heme @3). The enhanced
15—3d transition is to be expected since m-bonding of
cyanide to iron introduces some p character to the
iron d orbitals.

Reduction of the CN complex in the presence of
excess dithionite results in the Cu K-edge absorption
spectrum shown in fig.3. For comparison we also
show the spectrum of the fully-reduced oxidase. There
is no apparent spectral difference between the ‘half-
reduced’ CN complex and the fully-reduced protein
as far as the copper edge is concerned. This implies
that bath coppers are in the +1 oxidation state in the
so-called ‘“half-reduced’ complex described by Yong ad
King [11}. This result is entirely consistent with the
available EPR data [4,11,14]. The addition of excess
dithionite to cyanide-treated cytochrome ¢ oxidase
results in the disappearance of the low-spin ferric heme
signal at g 3.03, as well as a decrease in the very weak
high-spin heme signal at g 5.86. Concomitantly, a new
signal appears at g 3.58. The latter has been attributed
to a low-spin ferric heme of the cyano complex of
cytochrome a5 [4]. In addition, Yong and King have
shown that the g 2 signal disappears in the *half-
reduced’ complex. We have confirmed this observation.
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Fig.3. The copper K-edge spectra of (a) the dithionite-reduced
CN complex of cytochrome ¢ oxidase and (b) reduced cyto-
chrome ¢ oxidase.

Yong and King have attributed the disappearance of
the g 2 signal to the reduction of one of the coppers
[11]. However, they did not explicitly assign an
oxidation state to the second copper, which is pre-
sumably EPR-silent.

Taken together, the EPR spectra of the dithionite-
treated CN complex show the loss of two paramag-
netic entities (centered at g 3.03 and g 2) and the gain
of one new paramagnetic entity, heme a3—CN. The
latter is supposedly antiferromagnetically-coupled to
the EPR-invisible Cu in the fully-oxidized protein [17]
If the coupling between heme a3 and invisible Cu is
broken and heme @3 becomes EPR-visible, the EPR-
invisible Cu should also become detectable by EPR, if
it were still oxidized. However, no Cu EPR signals are
observed, implying that both coppers are reduced.

Recent X-ray absorption studies on oxidized and
reduced cytochrome ¢ oxidase provide evidence that
one of the coppers in the oxidized protein is already
in the +1 oxidation state [13] . This would imply that
either the EPR signal at g 2 is due to the remaining
copper (which would be in contradiction to other
studies which suggest antiferromagnetic coupling
between a heme and a copper in the oxidized protein)
or that it is due to some other paragmagnetic species
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that accepts electrons reversibly. Hu et al. have
postulated that one of the four redox sites is a protein
ligand perhaps coupled to Cu” in the oxidized protein
[13]. A Cu(I)—disulfide system has been discussed as

a possible electron acceptor in cytochrome ¢ oxidase
[18]. In addition, the possibility that the EPR signal

g 2 is due to a sulfur radical in a particular environment
has been raised [19]. However, regardless of the assign-
ment of the g 2 EPR signal, the X-ray absorption and
EPR studies together show that the CN complex of
cytochrome ¢ oxidase, in the presence of excess
reducing agent, can accept three reducing equivalents.

Acknowledgements

We are deeply indebted to Drs Tsoo E. King,
Chang-An Yu and Linda Yu of the State University
of New York at Albany for generousty supplying us
with the cytachrome ¢ oxidase used in this experiment.
This work was partially supported by Grant No. 22432
from the National Institute of General Medical Sciences,
US Public Health Service, and by NSF Grant
No. DMR73-07692, in cooperation with the Stanford
Linear Accelerator Center and the US Energy Research
and Development Administration. V, W. H. is a reci-
pient of an NIH predoctoral traineeship. This is contri-
bution no. 3681 from the Division of Chemistry and
Chemical Engineering.

290

FEBS LETTERS

December 1977

References

[1] Caughey, W. 8§, Wallace, W. J., Volpe, J. A. and
Yoshikawa, 8. (1976) in: The Enzymes (Boyer, P. ed)
p. 299, Academic Press, New York.

[2] Malmstrom, B. G. (1973} Quarterly Reviews of Bio-
physics 6, 389.

[3] Anderson, J. L., Kuwana, T. and Hartzeli, C. R. (1976)
Biochemistry 15, 3847.

{4] Dervartanian, D. V., Lee, 1. Y., Slater, E. C. and Van
Gelder, B. F. (1974) Biochim. Biophys. Acta 347, 321.

{5] Hartzell, C. R. and Beirert, H. (1976) Biochim. Biophys.
Acta 423, 323,

[6] Lindsay, ). G., Owen, C. 8. and Wilson, D, I, (1975)
Arch, Biochem. Biophys, 169,492,

[7] Lindsay, J. G, and Wilson, D. F, (1974) FLBS Lett. 48, 45,

[8] Chance, B., Saronio, C. and Leigh, J. 8., Jr. (1975} Proc.
Natl. Acad. Sci. USA 72, 1635,

[9] Wilson, D. F., Lindsay, J. G. and Brocklehurst, E. S.
(1972} Biochim. Biophys. Acta 256, 277.

[10] Yong, F. C. and King, T. E. (1970) Biochem. Biophys.
Res. Commun. 38, 940.

[11] Yong, F. C. and King, T. E. {1972} ). Biol. Chem. 247,
6384.

[12] Wikstrom, M. K. F., Harmon, H. J., Ingledew, W. J. and
Chance, B. (1976) FEBS Lett. 65, 259.

[13] Hu, V. W., Chan, §. I. and Brown, G. 8. {1977) Proc.
Natl. Acad. Sci. USA 74, 3821.

[14] Brudvig, G. (1977) personal communication.

{15] Kincaid, B., Eiscnberger, P. and Sayers, D. (1977) Phys.
Rev. B.

[16} Jaklevic, J., Kirby, J. A., Klein, M. P., Robertson, A. §.,
Brown, G. 8. and Eisenberger, P, (1977) Solid State
Commun. in press.

[17] Palmer, G., Babcock, G. T. and Vickery, L. E. (1976)
Proc. Natl. Acad. Sci. USA 73, 2206.

[18] Beinert, H. (1966) in: The Biochemistry of Copper
(Peisach, J., Aiscn, P. and Blumberg, W. E. ¢ds) p. 213,
Academic Press, New York.

[19] Pcisach, J. and Blumberg, W. E. (1974) Arch. Biochem.
Biophys. 165, 691.



