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1. Introduction

Ca?* transport is a basic mitochondrial function
[1] and the inside-negative membrane potential (Ay)
constitutes the driving force for Ca?* influx on a native
Ca?* carrier, denoted as the Ca%* uniporter [2,3].

Ca?* distribution in vivo cannot attain electrochem-
ical equilibrium. In fact a Ay of ~180 mV at static
head implies a Ca* accumulation ratio of 10° at
equilibrium. Since cytosolic free Ca** is estimated to
be 0.1—1 uM [4], intramitochondrial Ca?* would be
0.1—1 M, which is highly unlikely [5]. Also mito-
chondrial Ca?* distribution does not reach equilibrium
in vitro at high Ay [6—8]. Consequently, it has been
proposed that mitochondria possess a Ca2* efflux
pathway in parallel with the influx pathway and that
Ca?* distribution reflects a kinetic steady state rather
than an equilibrium state [5—9].

After an elegant study in highly purified inside-out
submitochondrial particles, which indicated a P;-depen-
dent Ca®* uptake [10], the view has emerged that P,
may play a key role in the physiological pathway of
mitochondrial Ca?* efflux. This paper reports a novel
observation, namely the stimulation by P; of an
energy-dependent Ca2* efflux which leads to a shift
of the steady state extramitochondrial free Ca?*
towards lower pCa,, values. The distribution of Ca®*
is correlated with the value of Ay indicating that Ay

Abbreviations: EGTA, ethylene-bis(oxoethylenenitrilo)tetra-
acetic acid; BSA, bovine serum albumin; Tris, 2-amino-2-
hydroxymethyl-1,3-propanediol; Mops, 4-morpholinepropane
sulfonic acid; HEDTA, N'-(2-hydroxyethyl)ethylene-diamine-
N,N,N'-riacetic acid; TPMP", triphenylmethylphosphonium
ion; FCCP, carbonylcyanide-p-trifluoromethoxyphenylhydra-
zone; pCa,, —log [Ca?*] outside the mitochondrial compart-
ment; Ay, membrane potential
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modulates the activity of the efflux pathway. Thus an
increase of Ay above 130 mV leads to increased activ-
ity of the efflux pathway, with correspondent increase
of extramitochondrial free Ca®* at steady state. Ca?*
distribution at high Ay appears therefore to reflect a
kinetic steady state were uptake via the electrical uni-
port is counterbalanced by efflux via the P;stimulated,
Mg?*-dependent pathway modulated by Al[/

2. Materials and methods

Mitochondrial preparation and experimental proce-
dures were exactly as in [11].

3. Results

Fig.1 shows the effect of P; on steady state Ca*
distribution in the presence of Mg?*. In (A) addition
of mitochondria to a medium containing ~18 uM free
Ca?" initiated a process of Ca®* uptake which reached
a steady state in ~2 min. At this point, addition of
0.3 mM P; initiated a process of Ca®* efflux which led
to a new steady state in ~2 min. Fig.1 B shows that
when Ca?* uptake was initiated by the addition of
mitochondria to a medium containing 0.3 mM P;, an
identical steady state Ca®* distribution was reached.
Under the conditions of Fig.1 A or B addition of small
(2.5 uM) Ca* or EGTA pulses did not alter the set
point, in that Ca®* uptake or Ca?* efflux ensued
leading to the same level of pCa, preceeding the addi-
tion of Ca®* or EGTA (not shown). The P;stimulated
Ca?" efflux shown in fig.1 is dependent on the pres-
ence of Mg?* (app. K, 0.94 mM Mg?*), and exhibits

a Vpa0f2-25 nmol Ca? .mg protein™ , min~'.
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Fig.1. P-induced shift of steady state Ca?* distribution. (A)
The incubation medium contained 0.14 M sucrose, 40 mM
choline, 10 mM Tris—Mops (pH 7.0), 2 mM MgCl,, 0.5 mM
p-hydroxybutyrate, 1 mg BSA/ml, 18 uM Ca®**.In(B) 0.3 mM
P; was added. Final vol. § ml; 30°C; when indicated 5 mg
mitochondria (RLM) and 0.3 mM P; were added.

Fig.2 shows a titration of the effect of P;, with
respect to the rate and extent of Ca®" efflux. P; at
10 uM already caused a significant Ca®* efflux, while
the effect was maximal at ~0.2—0.3 mM P;. The lower
trace shows that addition of hexokinase + glucose, by
removing P;, largely inhibited Ca?* efflux with cor-
respondent shift of the set point for external free Ca**
at lower Ca?* values.
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Fig.2. Dependence of Ca** efflux on [P;]. Experimental con-
ditions were as in fig.1(A) plus 5 mM succinate. The experi-
ment was started by the addition of 5 mg mitochondria (not
shown). Additions were: trace A, P; as indicated by the
numbers on each trace (nmol/mg protein); (B) 0.3 mM Py
and an excess hexokinase + 10 mM glucose (Hex). In (B)

10 uM ATP was also present.
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Parallel measurements of Ay and ApH were per-
formed under the conditions of these experiments.
Before addition of P; (trace 2A) Ay was 168 mV and
ApH was 52 mV. Upon addition of 0.3 mM P;, ApH
decreased to 43 mV with compensatory increase of
Ay to 177 mV. The P;stimulated, Mg?*-dependent
Ca?* efflux occurs therefore against an increased Ay.

To analyze the relationship between P;stimulated
Ca? efflux and Ay, we tested the effects of small
concentrations of FCCP on steady state Ca?* distribu-
tion. Fig.3 shows that, after P;stimulated Ca®* efflux,
addition of small amounts of FCCP caused increased
Ca?* uptake, until a critical concentration of uncoupler
caused irreversible Ca®* release. Since uncouplers are
generally known to induce Ca?* efflux, it was manda-
tory to exclude electrode artifacts. Control experi-
ments were performed as follows. Mitochondria were
incubated under the same conditions in the presence
of 5 ug antimycin A. Subsequently, EGTA was added
to reach the same pCa, maintained by respiring mito-
chondria in the presence of P;. At this point addition
of FCCP caused negligible effects on the pCa,. Also
no change in sensitivity of the assay was detected
when the calibration of the electrode was performed
with the Ca—HEDTA buffers, supplemented with
1 mg/ml BSA, in the absence or presence of the same
concentrations of FCCP. In fig.3, due to the presence
of BSA, a large discrepancy is established between
BSA-bound and free FCCP. A titration of the FCCP-
induced respiratory stimulation in the absence or
presence of 1 mg BSA/ml indicated that the concen-
tration of free FCCP in the presence of BSA is
~10-20% of the total.
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Fig.3. Effect of FCCP on steady state Ca** distribution.
Experimental conditions were as in fig.1(A) plus 5 mM suc-
cinate. The experiment was started by the addition of 5 mg
mitochondria (not shown). When indicated 0.3 mM P; and
160 nM (first addition) or 200 nM (further additions) FCCP.



Volume 139, number 1

RLM

i 48

with without ucpatake
FCCP FCCP 49

|

120 sec
i
-55

-5.6

-6.7

L58
pCa,

Fig.4. Inhibitory effect of FCCP on P;-stimulated Ca®" efflux.
Experimental conditions were as in fig.1(A) plus 5 mM suc-
cinate. FCCP was 160 nM (left). When indicated 5 mg mito-
chondria (RLM) and 0.3 mM P;.

Results similar in principle to those in fig.3 were
obtained when Ay was varied by addition of increasing

K" concentration to valinomycin-treated mitochondria.

Two Ca?*-electrode traces are reported in fig.4, show-
ing the Ca®" steady state distribution in uncoupler-
treated and untreated mitochondria and the subse-
quent phase of P;stimulated Ca®* efflux. In the pres-
ence of small uncoupler concentrations the pCa, was
higher. The uncoupler effect on Ca?* distribution in
the absence of exogenous P; suggests that Ay sustains
abasal rate of Ca?* efflux even in the absence of added
P;. Fig 4 also shows that the rate of P;stimulated Ca®*
efflux was considerably slower in uncoupler-treated
mitochondria. This is in accord with an uncoupler-
induced inhibition of the P;stimulated pathway for
Ca? efflux.

Fig.5 analyzes the quantitative relationship between
steady state pCa, and Ay, titrated with increasing
concentrations of FCCP, in the presence of 0.3 mM
P;. pCa, was determined with the Ca?* electrode, and
Ay was determined on [**C] TPMP" distribution on
parallel samples. Before addition of P;, pCa, was 5.71
and Ay 165.5 mV (not shown). From these data it is
apparent that above the critical value of ~130 mV
and in the presence of P;, Ca®* distribution is depen-
dent on the magnitude of Ay, in that an increase of
the latter leads to stimulation of a mechanism for Ca?*
efflux with decrease of the steady state pCa,,.

FEBS LETTERS

March 1982
5601
°
o
5651
pCa, *\ ¢
570\ .
\
\\
5.75I-
°
| 1 | Il 1

100 120 140 160 180
Ay, mVv

Fig.5. Relationship between steady state pCa, and membrane
potential. The incubation medium was the same as fig.1(A)
plus 5§ mM succinate. Steady state pCa,, values were deter-
mined with the Ca?*-selective electrode, at 30°C. The experi-
ments were started by the addition of 1 mg mitochondria/ml.
After § min, 0.3 mM P; was added. After attainment of
steady state conditions, 40—400 nM FCCP was added. pCag
values refer to the steady state following addition of FCCP.
Membrane potential was determined on parallel samples con-
taining 0.04 uCi [**C]TPMP* (final vol. 2 ml, at 30°C). The
experiments were carried out exactly as described for the
determinations of pCa, and Ay values refer to the steady
state following addition of FCCP. The samples were vigorously
vortexed to avoid anaerobiosis. Each value of Ay is average
of 2 independent expt. The dashed line is to indicate that
below a membrane potential of ~125 mV true steady state
conditions of Ca?* distribution were not attained, and net
Ca?* efflux ensued shortly after the addition of FCCP.

4. Discussion

Operation of a Ca?* efflux pathway in parallel with
an influx pathway may result in a very slow Ca?
cycling and then in a negligible energy drain. This is
due to the fact that attainment of the kinetic steady
state only requires that the rate of Ca?* efflux through
the independent pathway be equal to the rate of Ca?*
influx through the uniport. Mg?* profoundly affects
the kinetics of Ca®* uptake, increasing the sigmoidicity
of the relation between initial rate of Ca®* uptake and
external free Ca®* concentration [12,13]. Then, the
rate of Ca?* efflux required to balance out the rate of
Ca?" influx falls below 5 nmol Ca?* . mg protein™ .
min™! [78,14]. This is perfectly compatible with the
rate of the energy-dependent, P;stimulated Ca®*
efflux described in here. The energy demand for the
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subsequent Ca?* cycling is below 1 natom oxygen .
mg protein~! . min~'.

One of the most striking features of the Ca®* efflux
pathway described here is its dependence on Ay .
These findings contrast with the observation that the
steady state pCa, maintained by mitochondria is
unaffected by the magnitude of Ay at 2125 mV [8].
However, these experiments were done in the absence
of Mg?* and P; [8] both of which are required to stim-
ulate the pathway for Ca?* efflux described here.

The FCCP-induced Ca%* uptake shown in fig.3 is in
contrast with observations where uncouplers, even at
the lowest effective concentration always caused Ca®*
efflux [15]. The contrast is however only apparent
when it is considered that Ca®* distribution may be
determined by two mechanisms, either thermodynamic
or kinetic, where the former and the latter predominate
at Ay values below and above 130—-140 mV, respec-
tively [8]. The FCCP-induced Ca?* efflux was in fact
observed [15] at a high Ca?®* load and either in the
absence of weak acid (high ApH and low Ay) or in
the presence of 5 mM acetate, and 5 mM K" + valino-
mycin (measured Ay 84 mV). In both cases, as we
have also found, FCCP depresses Ay and causes Ca?
efflux via reversal of the uniporter.

Although neither the mechanism of regulation of
the Ca?* efflux pathway by Ay nor the thermody-
namic force driving CaZ* efflux are yet known, two
possibilities exist:

(i) Ay regulates the pathway directly, i.e., Ay itself
is the driving force for the P;stimulated Ca®* efflux;
(ii) Ay regulates the pathway indirectly, and the
driving force is different from Ay, for example a gated
H'/Ca?" exchange triggered by a Ay/-dependent con-
formational change. Such changes are known to occur
in energy-transducing membranes [16—19].

Further work is needed to clarify the molecular
nature of the pathway for Ca?* efflux. The Ay modu-
lation appears however of paramount significance in
vivo, in order to avoid low cytosolic and high matrix
[Ca?*],as would be attained by a uniport carrier bring-
ing Ca?* at electrochemical equilibrium with a Ay of
180 mV.

The high Ay of resting mitochondria may result
in activation of Ca?" efflux, while the lower Ay of
phosphorylating mitochondria may result in inhibition
of the efflux pathway. Experiments to be reported
fully elsewhere indicate that this is exactly the case,
and that cycles of ATP synthesis are paralleled by
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cycles of Ca?* influx and efflux, with an increase of
matrix [Ca?*] during accelerated turnover of the
Krebs cycle due to oxidative phosphorylation.
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