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Bovine cytochrome ¢ oxidase in 0.1% dodecylmaltoside, 50 mM KCl and
10 mM Tris-HCl, pH 7.t is monodisperse with an apparent M, 360,000
{dimer) as estimated by filtration on Ultrogel AcA 34. In the absence
of added KCI the apparent M, is 160,000 {monomer). The dimeric enzyme
has a high and a low affinity site for cytochrome ¢; the monomeric,
only the high affinity site. The results are consistent with the exist-
ence of one active site per monomer, having high affinity for cyto-
chrome ¢. Since in a dimer the two sites are in close proximity, the
binding of the first molecule of cytochrome c to the first site hinders
-the binding of the second molecule to the second site. The kinetic data
fit with a model of homotropic negative cooperativity. The effect of
saits on the cytochrome ¢ oxidase kinetics is also present in isolated
bovine heart mitochondria.

Cytochrome ¢ oxidase from bovine heart (EC 1.9.3.1) contains up to 13
polypeptides (1). Depending on their M, and number a minimum M, for the
monomeric enzyme can be estimated between 160,000 and 200,000. The en-
zyme can exist in different states of aggregation, but the nature of

the minimum functional unit has been a matter of discussion (2). Indi-
cations that the monomers of cytochrome ¢ oxidase can be active came
recently from several groups (3-5). The kinetic behaviour of these en-
zyme species has not however been studied, Two binding sites have been
described for cytochrome ¢ on native cytochrome ¢ oxidase, the first of
low molecular activity and high affinity, the second of high molecular
activity and low affinity (6).

Both sites have been suggested to be catalytically competent (7), or

one site only, the low affinity site having a regulatory function (8)

and no connection with the proton translocation reaction (9).
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In this study we describe a simple and mild technique to produce mono-
mers of bovine heart cytochrome ¢ oxidase, by dispersing the enzyme in
dodecylmaltoside in the absence of salts. It was found that the mono-
mers possess only one phase of high affinity in the saturation kinetics
with cytochrome ¢ while the dimers possess two, of high and low
affinity, The cytochrome c oxidase activity of bovine heart mito-
chondria has the same salt dependence of the isolated enzyme, sug-
gesting that in the native membrane monomerisation of cytochrome ¢

oxidase can take place.

MATERIALS AND METHODS

Cytochrome c type VIII (Sigma), dodecylmaltoside (Calbiochem), cholate
(Fluka), Ultrogel AcA 34 (LKB) were used in this study. Mitochondria

from bovine heart were prepared according to (10) and kept frozen.

Before use, they were thawed and washed either in 250 mM sucrose, 10 mM
Tris-HCI pH 7.4 or in 150 mM sucrose, 10 mM Tris-HCl pH 7.4 and 50 mM
KCl. Cytochrome ¢ oxidase was prepared according to Yu et al (11)
Apparent M. were estimated by determining the protein hydrodynamic

radius relative to a set of standards (ferritin, catalase, IgG and

aldolase) using an Ultrogel AcA 34 column {Ix45 cm) equilibrated with

the detergent dodecylmaltoside (0.1%) in 10 mM Tris-HCl, pH 7.4 (5) in

the presence or absence of 50 mM KCI. Protein concentration was
estimated by using the biuret method (12). The activity of cytochrome c
oxidase was assayed spectrophotometncally (7) in an Aminco DW-2a -
spectrophotometer at 550-540 nm using the extinction coefficients 19.4
mM-l.ecm=! and 24 mM-l.c m-1, reduced minus oxidised for cytochrome ¢ and
cytochrome Cc oxidase, respectively. Integrations, curve-fitting and

simulations were carried out in Commodore 200! and 8032 computers
equipped with a BBC-Servogor analog plotter. .

RESULTS

The isolation of monomers and dimers by Ultrogel AcA 34 chromatography
is shown in Fig. 1. The enzyme diluted 10-folds in 0.1% dodecyl-

maltoside in a buffer containing 10 mM Tris-HCl pH 7.4 in the presence
and absence of 50 mM KCI was applied to the column and eluted with the
same buffer with or without 50 mM KCI. In presence of KCIl cytochrome ¢
oxidase was eluted in a sharp peak centered at fraction 20, in the

absence of salts around fraction 26. The elution pattern was highly
reproducible. The first protein species corresponded to an apparent M,

of 360,000, the second to an apparent M, of 160,000 consistent with a

monomer and a dimer of cytochrome c oxidase, respectively.

823



Vol. 114, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

I o i
£ £
c c
QO Q
@X @
a0, N
@ fn
0. .0

Fraction number

Figure 1. Gel filtration on Ultrogel AcA34 of cytochrome ¢ oxidase at
Jow and high ionic strength. Cytochrome ¢ oxidase (1.5 nmol) after
10-fold dilution in 10 mM Tris-HCl, pH 7.4, and incubation in presence
(® ) or absence (] ) of 50 mM KCI for 2 hours) was loaded onto an
Ultrogel AcA 34 column (45 x | cm). The elution profile in the absence
of salt shown in the figure was obtained after rechromatography of the
monomers isolated in a first run.

Polyacrylamide gel electrophoretic as well as spectroscopic analyses of
the fractions, not reported here, indicated that both fractions

contained a complete, native cytochrome ¢ oxidase. The retardation of
the cytochrome ¢ oxidase elution in the absence of KCl! was not an
artifact due for instance to the interaction of the protein with the
column. At increasing salt concentrations the position of the elution

of monomers and dimers remained the same while the relative proportions
of monomers and dimers changed (Fig.3). Morover, under conditions in
which the dimers did not dissociate (Triton X-100), they were eluted

(not shown) in the absence of KCl without retardation. The kinetics of
the enzyme in low and high salt concentrations were studied and are
reported in Fig. 2A in form of an Eadie-Hofstee plot. At 50 mM KCI two
phases existed one of high affinity and low molecular activity, a

second of low affinity and low molecular activity. At low salt concen-
tration only one phase is observable having high affinity for cyto-
chrome ¢ and low molecular activity. The data plotted according to the

Hill equation (13} have consistently given for the high salt con-
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Figure 2A. Eadie-Hofstee plots of the activity of native cytochrome ¢
oxidase at high and low ionic strength. The activity was measured
spectrophotometrically as described in the Methods in 10 mM Tris-HCI,

pH 7.4 and 0.1% dodecylmaltoside. The concentration of reduced
cytochrome ¢ was 0.2-20 uM, that of cytochrome ¢ oxidase 0.6 nM. ()
no KCl, ( @ ) 50 mM KCl. The molecular activity (V) corresponds to nmol
cytochrome c¢ oxidised per second per nmol heme aay,

Figure 2B. Eadie-Hofstee plots of the acnvxty of cytochrome ¢ oxidase
in bovine heart mitochondria. Conditions as in Figure 2A except that
0.25 and 0.1 M sucrose was added in the absence and presence of KCl,
respectively, to maintain the osmotic pressure constaht. The concen-
tration of mitochondrial protein was 5.2 pg/ml. ([]) no KCI, (@ ) 50
mM KCI.

ditions a Hill coefficient around 0.5. In the absence of KCIl the Hill
coefficient was always close to 1. In the presence of intermediate salt

concentrations (Fig.B) the Hill coefficient varied between 1 and 6.5,
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Figure 3. Comparison between the cytochrome ¢ oxidase monomers and Hill
coefficient at different salt concentrations. The conditions for the

gel filtration from which the proportion of monomers ( ® ) was
calculated, were described in the legend of Fig. 1 and those for the
experiments from which the Hill coefficient ( [] ) was calculated in the
legend of Fig. 2.

going from 0 to 50 mM KCI, parallel to the proportion of monomeric
complexes of cytochrome ¢ oxidase. In Fig. 2B bovine heart mito-
chondria were used which in the absence of salt exhibited only one
phase of high affinity (Hill coefficient = [.0), while in the presence

of 50 mM KCl two phases were distinguishable (Hill coefficient = 0.7).

DISCUSSION

The experiments reported above were carried out using bovine heart
cytochrome ¢ oxidase in monomeric or dimeric form. It was found that
the enzyme, usually a dimer, under very low ionic strength conditions
became monomeric. The kinetics of the two species were different, the
dimers having a biphasic saturation behaviour, the monomers a
monophasic one. The dissociation of the dimers induced by a low salt
concentration was found to be fully reversible (not shown). After
chromatography in Ultroge! AcA 34 at low salt concentration, the
monomer of cytochrome ¢ oxidase had monophasic kinetics in low salt
(Hill coefficient = 1.0) and polyphasic kinetics (Hill coefficient less

than 1} in 50 mM KCI. A description of the cytochrome c oxidase in
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which two non-interacting binding sites exist in each monomer of
cytochrome ¢ oxidase is not adequate to explain the steady state
kinetic behaviour of this enzyme. The findings described above are
consistent with the following model. Cytochrome ¢ oxidase dimers
contain two cytochrome ¢ binding sites, namely one per monomer, located
in the cleft created by the two adjacent monomers (4). In each molecule
of cytochrome ¢ the area of the exposed heme edge, containing lysyl 13

residue, interacts with subunit 1l of one cytochrome c oxidase monomer.

The opposite side of the cytochrome c¢ molecule interacts with subunit
IIl of the other monomer (14). The dimension of the cleft between two
monomers of cytochrome ¢ oxidase in which cytochrome c binding occurs
cannot exceed approximately 4-5 nm, the transverse diameter of the
complex. It follows that, in a dimer, the occupation by one molecule of
cytochrome ¢ (2-3 nm) of one binding site will (for its geometry (15)
and its electrical dipole (16) ) hinders the occupation by the second
molecule of the second site. Such a molecular interaction leads to an
apparent negative cooperativity, which is observed in the dimers but
not in the monomers of the enzyme. The half-of-the-sites reactivity
which has been also described for the binding of cytochrome ¢ to
cytochrome ¢ oxidase (17) is an extreme expression of the negative
cooperativity. Such an interaction between neighbouring molecules of
cytochrome ¢ creates the conditions for increasing the off-rate
constant of cytochrome c (rate limiting) with consequent increase in
the V..., as can be seen in Fig. 2 A and B, at high salt
concentrations, i.e. in dimers. The off-rate constant, smaller in the
monomer, is responsible for the high affinity of cytochrome ¢ and the
low molecular activity of this cytochrome c oxidase species. The type
of detergent, the ionic strength, and other situations, still under
investigation, are responsible for the transition between monomers and
dimers of cytochrome c oxidase. Such a transition is accompanied by a

decrease in the molecular activity and by an increase in affinity for
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the substrate. It is worth mentioning that at low salt concentrations

the vectorjal proton translocation catalysed by cytochrome ¢ oxidase is
absent (9), an event which may be related to the monomerisation of the
enzyme., On the basis of the data presented here it is interesting to
speculate that the different kinetic behaviours of cytochrome c oxidase
obtained in the presence of different types of phospholipids and at
different concentrations of salts are due to different proportions of
aggregates, dimers and monomers of the enzyme under those conditions.
Also in vivo the activity of cytochrome ¢ oxidase may be regulated by

the same parameters.
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