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1. Introduction

The interaction of cytochrome ¢ with cytochrome
¢ oxidase, and the electron transfer occurring in the
complex, are important events in the mitochondrial
respiratory chain, leading to oxygen reduction,
asymmetric proton release and conservation of the
free energy of the redox reaction as an electro-
chemical gradient of hydrogen ions [1-3].

Among the approaches utilized to elucidate the
structure of the cytochrome oxidase—cytochrome ¢
complex, crosslinking of the components of the
system has been recently employed by a number of
investigators.

Using yeast cytochrome ¢, modified at its free
sulfhydryl group by the reaction with 5,5"-dithiobis
(2-nitrobenzoate), subunit III of yeast cytochrome ¢
oxidase was indicated [4] to be close to the binding
site for cytochrome c.

Using horse heart cytochrome c¢ labeled with a
3-nitrophenylazido group at lysine 13, evidence was
provided [5,6] that subunit IT was the subunit
nearest to cytochrome c in the complex with the
beef-heart oxidase. This conclusion was also supported
by [7] in which dithiobissuccininidylpropionate was
used as crosslinking reagent. Using an azido-
cytochrome c derivative, the binding site of cyto-
chrome ¢ was found {8] to occur in the two smallest
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subunits of cytochrome oxidase (9000 mol. wt and
11 000 mol. wt).

In this work yeast cytochrome oxidase was reacted
with arylazido cytochrome c¢ in order to compare the
subunits of yeast and beef-heart cytochrome oxidase
which are crosslinked when this derivative is used
[5.,6] . Furthermore, subunit 11, which may migrate
anomalously with respect to subunit III [9] , was identi-
fied in our experimental conditions by labeling its
highly reactive SH group with N-[*#C]ethylmaleimide.

2. Materials and methods

Preparations of cytochrome ¢ oxidase [10] from
beef-hearts, and of cytochrome c¢ arylazido derivatives
[S] were carried out according to published proce-
dures. Cytochrome c oxidase from Saccharomyces
cerevisige was a very generous gift of Professor G.
Schatz, Biocenter Basel, Polyacrylamide gel electro-
phoresis was carried out according to [11] and
stained with Amido Black 10B. Labeling with N-[14C]-
ethylmaleimide (Amersham, England) was carried
out according to [13]. Binding of cytochrome ¢
derivatives to cytochrome oxidase was carried out as
in [5,6]. Cytochrome ¢ oxidase activity and con-
centration were measured according to [5]. The
analysis of radioactivity was made after slicing the
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gel and extracting it in Lipoluma—Lumasolve—H,0
in proportions of 9:1:0.1,

3. Results and discussion

Illumination of cytochrome ¢ derivatives in the
presence of cytochrome oxidase resulted in the
formation of covalent complexes, which could not
be dissociated by high ionic strength or by ion-
exchange chromatography (cf. [5,6]).

In the presence of 5-fold excess of arylazido cyto-
chrome c (table 1) illumination produced a covalent
association in which cytochrome c:oxidase molar
ratio exceeded the value of 1 or 2 expected for
saturation of high and low affinity binding sites [13].
Such a result indicates that phospholipid sites are
also involved in the binding of cytochrome ¢, and this
is supported by the finding that only one polypeptide
of cytochrome ¢ oxidase is affected by arylazido
cytochrome ¢ binding.

The illumination of cytochrome oxidase—cyto-
chrome ¢ complexes produced a decrease in cyto-
chrome oxidase enzymatic activity and this decrease
was proportional to the disappearance of band II in
the electrophoretic profile. This suggests that covalent
association of cytochrome ¢ with cytochrome
oxidase results in a loss of enzymatic activity.

The polypeptide analysis of the arylazido cyto-
chrome c—cytochrome oxidase complexes after
illumination was carried out by polyacrylamide gel
electrophoresis. The polypeptide patterns of either

Table 1
Covalent binding of cytochrome c to yeast cytochrome oxidase
Covalent binding Activity
(nmol cyt. ¢/ (e~ [cyt.c
nmol cyt. ¢ oxidase)  oxidase/s)
Native 0.3 85
22-Arylazido<cyt. ¢ 2.1 49
13,22-Arylazido-cyt. ¢ 3.9 33

The samples were irradiated as in fig.1. They were subsequent-
ly purified by Amberlite CG-50 chromatography to remove
unreacted cytochrome ¢ [6]. Oxidase activity was measured
spectrophotometrically in 40 mM P; buffer, pH 7.4, 0.5%
Tween-80, 0.2 mM EDTA and 32 uM cytochrome ¢
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22-arylazido- or 13,22-arylazido cytochrome ¢ were
only modified at the level of two bands in the
densitometric profile shown in fig.1, namely band II
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Fig.1. Polyacrylamide gel electrophoresis of yeast cytochrome
oxidase after illumination in the presence of arylazido cyto-
chrome ¢ derivatives. The incubation medium was the
following: 2 mM Tris-acetate, pH 7.0, 100 uM EDTA, 0.01%
Tween-80, 2.2 uM yeast cytochrome oxidase and 12 uM
cytochrome ¢ (P,) or arylazido cytochrome ¢ derivative at
lysine 22 (P, ) and lysines 22 plus 13 (2, ). [llumination of
the samples was obtained with a 100 W ultraviolet lamp at

1 cm distance from the samples for 30 min, through a glass
filter. Polyacrylamide gel electrophoresis was carried out in
15% acrylamide gels with a step of 2.5% gel under the condi-
tions in [6] . The buffer employed was 150 mM Tris—
acetate, pH 8.2, 1.5% sodium dodecylsulfate.
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and I. With respect to a control experiment (oxidase
illuminated in the presence of native cytochrome c)
cytochrome c¢ derivatives produced a marked decrease
in band II and an increase in I. The two mentioned
changes were always much more pronounced with the
13,22-arylazido cytochrome ¢ than with the 22-
derivates, however, in beef-heart oxidase [5,6], the
polypeptide pattern was not at all modified by the
22-derivative. This suggests that a larger area of
cytochrome ¢ may be in contact with the yeast
enzyme.

The two phenomena were absolutely dependent
on the presence of azido-cytochrome ¢ and on its
concentration (fig.2). The plot indicates that increas-
ing the concentration of 13,22-arylazido-cytochrome ¢
produces a progressive diminution of the amplitude
of band II. On extrapolation of the data points
obtained at low cytochrome ¢ concentration to zero
ordinate an intercept can be obtained at ~ 1 mol
cyt. cfoxidase,

The finding of a specific diminution of band II
{mol. wt 33 000) and increase of band I (mol. wt
40 000) when cytochrome c is covalently bound to
the oxidase, indicates that a crosslinked polypeptide
has been formed between the protein of band II and
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Fig.2. Decrease in band II of yeast cytochrome oxidase as a
function of the concentration of arylazido cytochrome c.
Experimental conditions were as in fig.1 except that the
concentration of cytochrome ¢ (13,22 arylazido derivative)
was varied to obtain the plotted ratios.
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Fig.3. Labeling of yeast cytochrome ¢ oxidase by N-['*C]-
ethylmaleimide. The reaction was carried out in the following
medium: 10 mM Tris—HCl, pH 7.0, 10 mM EDTA, 100 mM
KCl, 10 mM NaF, 0.5% Tween-20 and 200 uM N-[1*C]-
ethylmaleimide (spec. act. 5 mCi/mmol). After 15 min
incubation at room temperature the reaction was ended by
the addition of 2 mM g-mercaptoethanol. The sample was
desalted in Sephadex G-25 using 0.5 mM EDTA-Tris, pH 7.0,
and 0.01% Tween-20 as eluting buffer and lyophilized
samples (200 ug protein) were applied to the slab gel in fig.1.
After the electrophoretic run the gel was devided in two
parts, one of which was stained; the other was cut in 1 mm -
slices. Radioactivity was analyzed in Lipoluma—Lumasolve—
H,0,9:1:0.1.

cytochrome ¢, and that this peptide has a molecular
weight close to that of band I.

In order to compare the electrophoretic migration
of subunits II and III in our system with that found
[4], yeast cytochrome oxidase was reacted with
N-[*C]ethylmaleimide (fig.3), which under our
experimental conditions uniquely labeled subunit II,
in analogy with [4] . Thus, the subunit labeled by
azido cytochrome c in yeast cytochrome oxidase,
was the subunit bearing the very reactive SH-group,
i.e., subunit II. It appears therefore that the inter-
action between cytochrome ¢ and cytochrome
oxidase is similar in the yeast and beef-heart enzymes.

4. Conclusions

The use of a photolabeling technique has shown
that polypeptide II (mol. wt 33 000) of yeast cyto-
chrome c oxidase is the only one which covalently
binds arylazido cytochrome ¢ derivatives. Thus, the
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only difference between yeast and beef-heart cyto-
chrome ¢ oxidase, with respect to the interaction
with cytochrome c, is in the region of cytochrome ¢
which is in contact with polypeptide I1. Whereas,
for the yeast enzyme, both lysine 22 and lysine 13
are involved in binding, with the beef-heart enzyme
only the involvement of lysine 13 can be detected.
This result is in agreement with the mapping of
the binding area of cytochrome ¢ on beef cytochrome
oxidase [13]. Our findings, indicating that subunit I1
is involved in the binding site(s) of cytochrome ¢, are
at variance with the results in [4], where iso-cyto-

chrome ¢, modified at cysteine 107, binds to subunit I11.

The results [8], indicating that subunit VI and VII
form the binding site of cytochrome ¢, may be due to
the use of a long crosslinking agent.

The scheme of fig.4 attempts to combine all the
present information on the interaction of cytochrome
¢ with neighbouring subunits, including the distance
data [15,16], from energy transfer experiments. Such
a diagram, although somewhat speculative, is a useful
model for the future investigation and is the basis of
our present studies, using a variety of photoaffinity
labels.

FRONT VIEW

SIDE VIEW
20,

membrane

M-side

Fig.4. Schematic diagrams of the interaction of cytochrome ¢
with cytochrome oxidase.
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