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Two water-soluble carbodiimides, differing in molecular dimensions, have been used to characterize
the cytochrome ¢ binding site of bovine heart cytochrome ¢ oxidase. Several polypeptide components of
the enzyme contain acidic residues which are modified by these reagents. Carboxyl groups present in
subunit II, VII and polypeptide c, are protected from modification when cytochrome ¢, equimolar to
oxidase, is added and they can cross-link to the substrate once activated by the carbodiimide. Comparison
of the modification patterns suggest that the most reactive residues are located on subunit II and VII, the
former being also more exposed. The data obtained indicate that eventhough subunit II plays the major
role in binding cytochrome c, at least two other lower M; polypeptides contribute to the cytochrome ¢
binding domain.
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1. INTRODUCTION

Cytochrome ¢ oxidase catalyzes the transfer of
electrons from cytochrome ¢ to oxygen coupled to
proton translocation across the inner mitochon-
drial membrane [1]. The interaction of cytochrome
¢ with this enzyme as well as with all its
physiological partners is mainly based on elec-
trostatic forces [2]. A ring of positive charges, sur-
rounding the heme crevice on the protein ‘front
face’, has been implicated in this binding [3] sug-
gesting that a corresponding set of negatively
charged amino acid residues is present on a defined
domain of the cytochrome ¢ redox enzyme [4].

Model fitting, supported by cross-linking ex-
periments, suggests that this is the case for the
cytochrome c—cytochrome ¢ peroxidase couple
[5,6]. Water-soluble carbodiimides, specific modi-
fying reagents of the carboxylic group, have been
used to identify the negative residues of cyto-
chrome ¢ peroxidase involved in the interaction
with cytochrome c [7].

The definition of the cytochrome c¢ binding site
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on cytochrome c oxidase is more difficult since this
is a membrane-bound enzyme composed of several
different polypeptides of M, 57000-5400 [8,9].
However, it has been shown by cross-linking ex-
periments that subunit II of the oxidase binds
cytochrome ¢ on its ‘front face’ while subunit III
interacts with its ‘back face’ [10—12]. A subunit II
peptide fragment involved in the interaction with
cytochrome ¢ has been identified by amino acid se-
quence of a photo-cross-linked cytochrome c—sub-
unit II derivative [13].

Here, we present some evidence that carboxylic
groups located on more than one cytochrome ¢ ox-
idase subunit are involved in the binding of
cytochrome ¢ at the high affinity site.

2. MATERIALS AND METHODS

Bovine heart cytochrome ¢ oxidase was prepared
as in [14] omitting the final dialysis step. Activity
was measured polarographically in 0.5% Tween
80, 50mM P; (pH7.4) and ranged from 150
—190 mol cytochrome c.s™'-molaa;™! in different
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preparations. Reaction with EDC (1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide, from Serva,
Heidelberg) and CMC (1-cyclohexyl-3-(2-morpho-
linyl-4-ethyl) carbodiimide metho-p-toluensulpho-
nate, from Fluka, Buchs) was performed at 0°C,
25°C and 37°C by adding the reagent (from a
freshly prepared stock solution; final concentra-
tion in figure legend) to a 5xM cytochrome ¢ ox-
idase solution in 10mM P;, 0.1% lauroyl-#-malto-
side (pH 6.5). Radioactive labelling was performed
by adding to the above reaction mixture
[**C]glycine ethyl ester (52.2 mCi/mmol, NEN) to
5004M final conc. Protection against EDC or
CMC modification and cross-linking to cyto-
chrome ¢ were performed in the presence of cyto-
chrome c¢ (type VI, Sigma MO) at enzyme/sub-
strate ratios of 1:1 and 2:1, respectively. At dif-
ferent times, aliquots were assayed for oxidase ac-
tivity. The reaction was stopped by addition of am-
monium acetate (100 mM final conc.). The oxidase
was recovered by centrifugation on 10% sucrose,
100 mM P; (pH 7.4). Pellets were dissolved in 3%
SDS. SDS—polyacrylamide gel electrophoresis was
performed in 15% polyacrylamide, 0.5% bis-acryl-
amide as in [15]. After staining with Coomassie
blue and recording of the densitometric trace the
gels were sliced in 1 mm thick slices and incubated
in Lumasolve—Lipoluma—Water (Lumac System
AGQG, Basel). After 24 h at 40°C they were counted
in a Packard Tri Carb 300C scintillation counter.
Heme staining was performed as in [16]. Lauroyl-
B-maltoside was prepared essentially as in [17].

3. RESULTS AND DISCUSSION

Water-soluble carbodiimides are protein-modi-
fying reagents specific for glutamate and aspartate
residues [18]. They form a highly reactive O-acyl
isourea intermediate which, in the presence of an
amino group, can form a stable amide derivative
[19]. The two most used are CMC and EDC, which
differ in dimension. The reactivity of protein car-
boxyl groups toward water-soluble carbodiimides
depends on their accessibility, on their pK, and on
the size of the modifying reagent. CMC is bulkier
and will react with buried residues more difficultly
than the smaller EDC.

Fig. 1 shows the time course of EDC and CMC
inhibition of cytochrome ¢ oxidase activity at 0°C.
Their efficiency in lowering enzymic activity
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Fig. 1. Carbodiimide inhibition of cytochrome ¢ oxidase
activity. Inhibition of cytochrome c¢ oxidase in the
absence of cytochrome ¢ by EDC (0O) and CMC (0O) and
in the presence of cytochrome ¢ by EDC (®) and CMC
(®@). Cytochrome c oxidase 5 M, CMC and EDC 2mM,
cytochrome ¢ 54M in P; 0.1 M, 0.1% lauroyl maltoside,
pH 6.5 at 0°C. Assays as in section 2 except for the
substitution of Tween 80 with 0.025% lauroyl maltoside.

decreases with time. As expected the smaller EDC
is more effective than CMC. Their reaction with
oxidase does not result in any modification of its
absorption spectrum (not shown). Fig. 1 also
shows that cytochrome ¢, equimolar to the ox-
idase, is very effective in protecting the enzyme
from carbodiimide modification and inhibition
particularly with CMC. It is noteworthy that under
these conditions only the high affinity cytochrome
¢ binding site is occupied [20,21]. Higher tempe-
ratures increase the rate of reaction without chang-
ing the inhibition patterns and the extent of
cytochrome c protection (see below). These results
support the idea that some carboxyl residues of the
oxidase are directly involved in the interaction with
cytochrome c.

To identify the cytochrome ¢ oxidase subunit(s)
containing the carbodiimide-reactive carboxyl
groups we have used the radioactive nucleophile
[**Clglycine ethyl ester, which forms a stable
amide derivative [19]. The pattern of labelling
after 90 min reaction (fig. 2 inset) shows that the
most reactive carboxyl residues are located on sub-
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Fig. 2. Cytochrome c¢ oxidase subunits modified by car-
bodiimide. (A) Coomassie blue-staining profile of cyto-
chrome ¢ oxidase after electrophoresis as in [15].
Subunit nomenclature as in [22]. The pattern of labelling
of cytochrome ¢ oxidase is reported in the presence of
["*Clglycine ethyl ester with EDC (B) and CMC (C) after
12h at 0°C. The shaded areas show the labelling in the
presence of cytochrome c. The inset reports the result of
labelling with EDC after 90 min at 0°C. Reaction condi-
tions are as in fig. 1 legend with 500xM [“*Clglycine
ethyl ester.

unit II and on one of the subunits VII
(nomenclature as in [22]). With longer incuba-
tions, polypeptides I, IV and C are also significant-
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ly labelled (fig. 2B). CMC only modifies carboxyl
groups present on subunit II and, at very low ex-
tent, subunit I (fig. 2C). The presence of
cytochrome c¢ drastically alters the patterns of
labelling. In the enzyme treated with EDC it lowers
specifically the amount of radioactivity associated
with polypeptides II, VII and C. In the case of
CMC, while the labelling of subunit II is greatly
reduced, that of subunit I is almost not affected.
The patterns of labelling obtained at higher
temperatures are similar except for the larger pro-
portion of radioactivity associated with subunit I
and for a slight change in the electrophoretic pat-
tern due to some aggregation of the smaller ox-
idase subunits (not shown). The higher and dif-
ferent incorporation of radioactivity in the EDC
with respect to the CMC-treated enzyme (at a
similar extent to inhibition of oxidase activity) can
be explained by the fact that additional carboxyl
groups are modified by the more reactive EDC.

These data provide further evidence that subunit
I1 plays the major role in the formation of the bin-
ding site for cytochrome ¢. As shown by the ex-
periments with CMC, this subunit contains the
most reactive and exposed carboxyl groups respon-
sible for the binding of cytochrome ¢. However,
the results of EDC modification suggest that also
some carboxyl residues of polypeptides VII and C
contribute to the electrostatic interaction with
cytochrome c.

An alternative possibility for the different pat-
terns of labelling in the presence of cytochrome ¢
is that its binding induces a conformational change
of the oxidase altering the reactivity of some car-
boxyl residues. However, this is unlikely in the
light of the cross-linking experiments in fig. 3. If
the glutamate and aspartate residues of the ox-
idase, shielded by cytochrome c, are facing lysine
residues they should be able, once activated by a
carbodiimide, to form amide linkages and hence a
covalent cytochrome c-cytochrome ¢ oxidase com-
plex. Fig. 3 shows clearly that cross-linking does
occur with the carbodiimide-modified polypep-
tides, shielded by cytochrome c¢. The heme staining
procedure used here is very sensitive and in SDS-
gels it detects only cytochrome c¢ cross-linked
polypeptides because its heme is covalently bound
to the protein [16]. Out of the 5 subunits modified
by EDC only 3 cytochrome c cross-linked products
could be identified after SDS—polyacrylamide gel
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Fig. 3. Carbodiimide-mediated cytochrome ¢ cross-
linking to cytochrome ¢ oxidase. The figure shows the
densitometric trace of benzidine-stained gels of cyto-
chrome ¢ oxidase (5x#M) reacted in the presence of
cytochrome ¢ (10#M) with EDC 2mM, A) or CMC
(10mM, B) at 0°C for 12h. An EDC-treated cytochrome
¢ oxidase sample not containing cytochrome c is shown
(C). Only cytochrome c is stained by benzidine because
its heme is covalently linked to the protein, however
traces of cytochrome ¢ oxidase heme unspecifically ab-
sorbed, especially on subunit I, are detected (see C). Top
panel is the Coomassie blue-staining pattern of
cytochrome ¢ oxidase.

electrophoresis in the position corresponding to
IT + cytochrome ¢, VII + cytochrome ¢ and C +
cytochrome ¢. With CMC exclusively subunit I
cross-links to cytochrome c. Hence, only the
cytochrome c-protected subunits are able to form
covalent derivatives with the substrate. These
results rule out the possibility of unspecific cross-
linking in agreement with the considerable evi-
dence showing that cytochrome ¢ encounters its
oxidase only in a defined orientation and only at its
binding site [23]. Similar patterns were found at
higher temperatures except for a greater efficiency
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of cross-linking in the presence of CMC with
respect to EDC (not shown).

On the base of kinetic studies it has been sug-
gested that more than one binding site for
cytochrome ¢ exist on isolated cytochrome ¢ ox-
idase [20,21]. Only the so-called ‘high affinity bin-
ding site’ is involved in these experiments. Car-
bodiimide modification of this site leads to a
decrease of >80% of electron transfer activity.
These data and our previous findings [11,24] sup-
port the idea that only the ‘high affinity site’ is
functional in electron transfer [12]. Polypeptides,
II, VII and C appear to contribute to the
cytochrome ¢ binding domain present on cyto-
chrome ¢ oxidase. Among them, subunit I plays
the major role. While this subunit is present in all
cytochrome ¢ oxidases so far isolated, the smaller
subunits appears to be lacking in the bacterial en-
zymes [25]. However, polypeptides VII and C
could fulfill a regulatory role in the interaction
with cytochrome ¢ in eukaryotic oxidases.

We are currently investigating which of the 3
subunits VII is cross-linked to cytochrome ¢ and
which glutamate and aspartate residues are
modified by EDC and CMC.
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