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1. Introduction

Cytochrome oxidase vesicles (COV) are well known
for their properties of respiratory control and energy-
dependent pH gradient and membrane potential for-
mation [1,2]. This generation of protonmotive force
in COV has been used to drive the formation of ATP
in a reconstituted system of oxidative phosphoryl-
ation [3—5]. In addition, energized COV in the pres-
ence of valinomycin have been used to study potas-
sium uptake driven by a membrane potential which
was generated by electron transport [1,6].

Study of ion transport in COV has been limited by
the sensitivity of available ion-specific electrodes.
However, the recent aggregation technique [7] for
the separation of proteoliposomes from suspending
media allows quantitation of very small amounts of
ion uptake in vesicles when radioactively-labelled ions
are used. Using this separatory technique, energy-
dependent uptake of Ca?* in COV has been observed
and is reported here. While specific interaction of
Ca® with cytochrome oxidase has been noted in the
past [8—11], and a subfractionated preparation of
cytochrome oxidase has been found to possess spe-
cific Ca?" ionophoric properties [12—15], transport
of Ca*" in an energy-dependent manner, mediated by
cytochrome oxidase has not been reported. Fry and
Green [15] have described increased passive permea-
bility to Ca*" in liposomes reconstituted with subfrac-
tionated preparations of cytochrome oxidase, partic-
ularly subunit I. Whether the Ca®" transporting prop-
erties of cytochrome oxidase have any relationship
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to Ca®" transport in mitochondria remains to be
determined, but the possibility that cytochrome oxi-
dase may be involved in the coupling of mitochondrial
ion transport to oxidation cannot be excluded.

In addition, if the COV system is to be fully utilized
as a system for studying Ca?* uptake into proteolipo-
somes through additional mechanisms for facilitating
the transport of Ca?', then the Ca®" transport proper-
ties of the COV themselves must be fully delineated.

2. Materials and methods

Cytochrome oxidase was prepared from beef heart
and purified as in [16,17]. COV were made by the
cholate dialysis technique [1,2]. Acetone-extracted
asolectin [18] was sonicated to clarity at 40 mg
phospholipid/ml in 40 mM K,S0Q,, 10 mM N-2-
hydroxyethyl piperazine-V'-2-ethane sulfonic acid
(HEPES) (pH 7.0) in the presence of 1% sodium
cholate. Cytochrome oxidase was then added to final
conc. 0.25-0.63 mg/ml, and cytochrome ¢ added at
this time to the appropriate concentration when indi-
cated. The suspension was dialyzed at 4°C to remove
the detergent. Respiratory control ratios were mea-
sured polarographically using described techniques
[2] except that carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) was used as the uncoupling agent.
Ca?" uptake was measured as follows. Samples were
prepared in 1.7 ml final vol. 40 mM K,50,, 10 mM
HEPES (pH 7.0) containing 12 mg COV phospholipid
(for non-energized controls) or this amount of COV
plus 125 ymol Tris—ascorbate (pH 7.0) and 6 mg
cytochrome ¢ (for energized samples). The uptake
reaction was initiated by the addition of 0.1 ml
10 mM CaCl, containing 5—10 uCi **Ca®". Samples
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were incubated at room temperature with continuous
agitation in a shaker bath to ensure adequate oxyge-
nation for the appropriate amount of time. Then, fol-
lowing the aggregation technique [7], 0.2 ml prota-
mine (0.8 mg) was added to precipitate the COV and
the sample immediately filtered through a 0.45 um

Millipore filter using a vacuum-assisted, modified Milli-

pore filtration device. After being washed with 10 ml
suspension buffer, the filters were dried and counted
using standard liquid scintillation techniques to quan-
titate the uptake of Ca®". Control samples filtered at
t = 0 were always used so that external binding of
calcium to the filters and COV could be subtracted.

3. Results and discussion

It has been established that in the presence of oxi-
dizable substrate and cytochrome ¢, cytochrome oxi-
dase will generate an internally negative membrane
potential in COV [1,19-21]. Ca®, being a divalent
cation, could be expected to be accumulated in COV
in response to this membrane potential given an
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Fig.1. COV were made and assayed for calcium uptake as in
section 2. The cytochrome oxidase concentration in the
vesicle suspension prior to dialysis was 0.25 mg/mi except
that cytochrome ¢ was added at the time of vesicle formation.
{2) represent COV energized as in section 2. (¢) represent non-
energized COV (no ascorbate or cytochrome ¢). **Ca®" is
added in both cases at £ = 0.
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appropriate transport system conferring Ca®* permea-
bility on the COV membrane. As can be seen from
fig.1, COV made by standard techniques with purified
cytochrome oxidase accumulate Ca®" when energized,
despite the lack of any additional mediator of Ca*
permeability. Internal volumes of the COV suspen-
sions as measured using trapped [**C]sucrose gave

~1 pl/mg phospholipid. Assuming that internal and
external binding are equal, total maximum uptakes in
COV showed accumulation of Ca?" to internal con-
centrations of 5—9-times the external concentration of
Ca?. Since most of the cytochrome oxidase in these
vesicles is associated with a small fraction (~20%) of
the phospholipid vesicles [19], the actual internal
concentrations of accumulated Ca®" in energized COV
may be as much as 5-times greater than these estimates
representing a very significant Ca?* transport capa-
bility. Non-energized COV (incubated in the absence
of ascorbate, cytochrome ¢, or both) accumulate only
a small amount of Ca?, presumably due to passive
equilibration. Maximum total uptakes into energized
COV were obtained after ~40 min incubation.

The effects of various inhibitors on the rate of
Ca? accumulation by COV were studied. KCN at
3 mM almost completely inhibited both respiratory
activity and Ca?" uptake (99%). This is consistent
with the results obtained in the non-energized case
and indicates dependence of uptake on electron trans-
port. Agents which break down the proton gradient
developed in COV [6], such as CCCP or the combina-
tion of nigericin, valinomycin and K" were found to
be potent inhibitors of Ca®" accumulation (<96%).
Ruthenium red, an inhibitor of Ca®* uptake in mito-
chondria [22—24], did not appreciably affect Ca®*
uptake in COV (<6%). Ca*" accumulation in COV
appears to be electrophoretic and dependent on for-
mation of an internally negative membrane potential.
This implies the presence of a mediator of Ca®" per-
meability, which may be a component of the cyto-
chrome oxidase complex, a phospholipid in the aso-
lectin, or a protein contaminant of the cytochrome
oxidase preparation.

When COV are formed in the presence of c¢yto-
chrome ¢, the cytochrome oxidase assumes a random
bidirectional orientation in the phospholipid vesicle
membranes [17]. COV can then be energized with
phenazinium methyl sulfate (PMS) and ascorbate if
external cytochrome c¢ is first removed from the sus-
pension by Sephadex gel filtration. Energization in
this manner sets up an internally positive membrane
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Fig.2. COV were made and assayed for calcium uptake as
previously described. The concentration of ¢cytochrome
oxidase prior to dialysis was 0.25 mg/ml, and the indicated
amounts of cytochrome ¢ were added before dialysis. Exter-
nal cytochrome ¢ was removed from the suspensions by
passage through a Sephadex G-150 column equilibrated with
150 mM KCl, 10 mM HEPES (pH 7.0). The uptake rates
shown represent the net uptake rates after subtracting uptake
in non-energized controls, and were determined at 20 min
incubation.

potential, analogous to similar experiments with sub-
mitochondrial particles [25-27]. Figure 2 shows the
effect of varying amounts of cytochrome ¢, included
at the time of vesicle formation, on Ca®" transport
rates in COV energized in the conventional manner
with external cytochrome ¢ and ascorbate. The cyto-
chrome ¢, by inducing bidirectional orientation of
cytochrome oxidase and thereby decreasing the
amount of active enzyme under these conditions of
energization, markedly decreases the rate of Ca?’
transport into COV. At the higher cytochrome ¢ con-
centrations shown, some of the inhibition may be due
to direct inhibitory effects of cytochrome ¢ on the
respiratory acivity of cytochrome oxidase [17}. When
energized with ascorbate and PMS, (reverse energi-
zation) COV accumulated less Ca** than non-energized
controls as would be expected, since formation of an
internally positive potential would be inhibitory to
electrogenic Ca® influx.

Several lines of evidence indicate that the Ca®
transport is mediated by some component (probably
a protein) of cytochrome oxidase. Ca®" uptake is
markedly inhibited (>>95%) by a brief period of bath
sonication after the proteins are added to the deter-
gent-solubilized phospholipids. Although the amount
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of sonication used in these experiments was too little
to measurably alter the oxidation rate, cytochrome
oxidase is known to be somewhat sensitive to soni-
cation [17,28]. A protein carrier would more likely
be sensitive to mild sonication than would a phospho-
lipid. In addition, more extensive sonication of the
phospholipids prior to addition of cytochrome oxi-
dase had no observable effect. The use of cytochrome
oxidase preparations of varying degrees of purity as
judged by SDS—polyacrylamide gel electrophoresis
showed the more highly purified fractions to be
slightly less effective (25% less uptake) than the more
contaminated fractions, even though the respiratory
control ratios (uncoupled oxidation rates/oxidation
rates without uncoupler) were higher in the purified
preparations. This may indicate that either the Ca®"
transporting component is a contaminant peptide or
that the purification procedure is detrimental to the
Ca*" transporting properties of a portion of the cyto-
chrome oxidase complex itself. In view of the finding
in [15] that Ca*" permeability of liposomes is greatly
increased by purified subunit I of the oxidase, the
latter possibility seems more likely.

As would be expected from an electrogenic model
of Ca?" uptake in COV, addition of a known electro-
genic Ca? ionophore, the Ca®*~ligand of in [29],
greatly enhances the rate of Ca?" uptake in COV. The
protonmotive force of the COV is derived from elec-
tron transport by cytochrome oxidase, which then
drives Ca®* uptake over a mediator whether it is a pro-
tein subunit of the cytochrome oxidase, a contami-
nating protein present in the cytochrome oxidase prep-
aration, or a specific Ca** ionophore. The coupling
of the Ca?" transport to electron transport is not tight,
since the addition of Ca®" to an oxidizing suspension
of COV does not measurably affect the oxidation rate.
The average rates of O, consumption in these sus-
pensions were ~3000 nmol . mg protein™! .min!, as
compared to the Ca®* uptake rates shown in the
preceding figures.

The above experiments have demonstrated that
Ca* uptake in COV is directly dependent upon elec-
tron transport by cytochrome oxidase and formation
of an appropriately oriented membrane potential.
The transport appears to occur by an electrogenic
mechanism probably of the simple uniport type.
While most of the data presented would also fit a
K'/Ca® antiport model, COV made and assayed in
sodium salts in the absence of potassium showed no
difference in Ca*" transport rates.
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There appears to be a specific mediator of Ca®*
permeability in COV which allows Ca®" uptake under
appropriate conditions of energization. The sensitiv-
ity of the mechanism to sonication of the oxidase
and the dependence of the Ca®" uptake rate on the
particular fraction of cytochrome oxidase used, sug-
gest that the mediator is a protein associated with the
cytochrome oxidase and not a phospholipid compo-
nent of the asolectin. The finding of a subfraction of
cytochrome oxidase with Ca?" ionophoric activity
{the ionophore transfer component) supports the
concept that the Ca®" transport mediator is inherent
in the cytochrome oxidase complex itself [15]. In the
light of numerous recent reports indicating that cyto-
chrome oxidase may operate under certain conditions
as a proton pump powered by electron transport
[11,30--33], it is conceivable that components of the
cytochrome oxidase complex might possess ionophoric
specificity for other cations (such as Ca?" or K') and
act as ion pumps for these cations under certain con-
ditions.

The relationship between Ca®" transport mediated
by COV and Ca?" transport by mitochondria is not
clear. The lack of effect of ruthenium red on the Ca®"
uptake in COV may indicate either that modification
of the Ca®" transport mediator has occurred or that
Ca?" transport in COV is mediated by an entirely dif-
ferent, perhaps less specific transport system. It is
possible that the Ca®* transport system of cytochrome
oxidase is related to the separate Ca?" efflux mecha-
nism of mitochondria proposed in [34,35]). Under-
standing of the relation of Ca?" transport in COV to
mitochondrial Ca*" transport will depend on further
elucidation of the specific components involved in
this process.
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