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1. Introduction

A possible role for Ca*” in the regulation of intra-
cellular metabolic events has been proposed [1-3].
Pyruvate dehydrogenase phosphatase is stimulated [4]
and pyruvate carboxylase inhibited [5] by mito-
chondrial Ca®. The effect of glucagon to increase
gluconeogenesis and to stimulate ketogenesis is
significantly diminished by cellular Ca?" depletion
[6]. In addition, malonyl-CoA concentrations decrease
with glucagon treatment and increase in meal-fed rats
[7-9]. Recent evidence suggests that malonyl-CoA
specifically inhibits liver mitochondrial carnitine pal-
mitoyltransferase I [10]. Palmitoyl-CoA has been
shown to inhibit Ca?" uptake and to effect Ca®" release
from cardiac mitochondria [11]. Possible regulation
of Ca? flux by the redox state of mitochondrial
pyridine nucleotides has also been suggested [12].

In these studies, 4 uM palmitoyl-CoA inhibited Ca®"
uptake by rat liver mitochondria. When carnitine was
added, Ca® uptake rates returned to normal, but addi-
tion of malonyl-CoA reduced the rates to levels seen
with palmitoyl-CoA along (K; 3 uM, malonyl-CoA).
Ca® release and pyridine nucleotide oxidation were
induced by palmitoyl-CoA and these effects were
modified by carnitine and malonyl-CoA. A possible
regulation of mitochondrial Ca?* movements by cellular
lipid metabolites is suggested.

2. Material and methods

Rat liver mitochondria were isolated by the method
in [13] in a medium containing 220 mM mannitol,
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70 mM sucrose, 2 mM N-2-hydroxyethylpiperazine-
N'-2 ethanesulfonic acid (Hepes) and 1% bovine serum
albumin (fraction V, Sigma) (pH 7.2). Mitochondrial
protein was measured by the biuret method [14] and
respiratory activity determined on a model 53 oxygen
monitor (Yellow Springs Instruments, OH).

Ca® uptake and release was monitored using an
Aminco DW-2 ultraviolet/visible dual wavelength
spectrophotometer. Mitochondria (3 mg) were incu-
bated at 30°C in a medium containing 100 uM tetra-
methylmurexide (K and K Labs, Plainview, NY),

1.67 mM succinate, 10 ug rotenone, 73 mM KCl in
0.25 M sucrose, 10 mM Hepes (pH 7.2) to 3 ml final
vol. For uptake studies, additions were made as indi-
cated in the figure legends. Ca®" uptake was initiated
by addition of 67 uM Ca*"into the cuvette. The wave-
length pair, 518--542 nm, was employed to measure
AA in the Ca? : dye complex.

In the release studies, preincubation was carried
out for 3 min either with no additions or with 1 mM
L-carnitine * 60 uM malonyl-CoA included in the assay
medium. In these experiments Ca®" release was effected
by injection of 8 uM palmitoyl-CoA. The oxidation
state of NADH was monitored under the same incuba-
tion conditions as Ca*' release except that tetra-
methylmurexide was omitted. The wavelength pair,
340—370 nm, was employed to follow redox changes
in pyridine nucleotides.

3. Results and discussion

The ability of 4 uM palmitoyl-CoA to inhibit Ca®*
uptake by liver mitochondria is shown in fig.1A. In
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Fig.1. The effect of malonyl-CoA on respiration-dependent
calcium uptake by rat liver mitochondria. Ca*" uptake by

3 mg rat liver mitochondria was initiated as in section 2. (A)
Effect of malonyl-CoA on Ca®" uptake in the presence of

4 uM palmitoyl-CoA. Mitochondria were preincubated for

3 min before Ca** addition in the presence of 4 uM palmitoyl-
CoA and varying concentrations of malonyl-CoA, average
of 2 separate experiments (o——a), Mitochondria were
preincubated for 1 min {(#——e) and 3 min (0——o) before
Ca*" addition in the presence of 4 uM palmitoyl-CoA + 1 mM
L-carnitine and varying concentrations of malonyl-CoA,
average of 3 separate experiments each. (B) Dixon plot of
malonyl-CoA inhibition of Ca*" uptake in the presence of

4 uM palmitoyl-CoA and 1 mM carnitine. (#——e) Mito-
chondria preincubated for 1 min before initiation of Ca*
uptake. (0 —o) Mitochondria preincubated for 3 min
before initiation of Ca®" uptake. App. K 3.0 uM.

the absence of exogenous carnitine, palmitoyl-CoA
depresses the rate of mitochondrial Ca®" uptake by
~60%. This depression is not affected by increasing
malonyl-CoA concentrations.

Similar experiments were carried out in the pres-
ence of 4 uM palmitoyl-CoA + 1 mM carnitine (fig.1A).
In the absence of added malonyl-CoA, no inhibitory
effect of palmitoyl-CoA in the presence of carnitine
is observed when compared to control uptake rates
(table 1) at either 1 or 3 min preincubation times.
When malonyl-CoA is also included in the uptake
medium, both a time and concentration-dependent
effect on Ca®" uptake rates is observed. Since malo-
nyl-CoA has been suggested to act competitively to
inhibit the carnitine acyltransferase reaction [10],
the shorter preincubation time would be expected
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Table 1
Effect of malonyl-CoA on respiration-dependent Ca®* uptake
by rat liver mitochondria (nmol Ca®*/min/mg)2

No addition + Palmitoylcarnitine

10 uM 20 uM

Control

+ malonyl-CoA 632 625 576
20 uM 611 619 567
80 uM 597 605 609

2 Results are the average of 2—4 separate determinations

After a 1 min preincubation of 3 mg rat liver mitochondria in
the absence or presence of palmitoylcarnitine + malonyl-CoA
as indicated, Ca* uptake was initiated by addition of 67 uM
Ca® into the cuvette. The % standard deviation of experi-
mental points determined in the presence of malonyl-CoA
compared to control uptake values was < 3.9% where no
further addition was made and < 4.8% in the presence of
either 10 uM or 20 uM palmitoylcarnitine

to result in relatively higher concentrations of pal-
mitoyl-CoA associated with mitochondrial mem-
branes. Indeed, this appears to be the case as shown
in fig.1A, where 1 min preincubation demonstrates
a more dramatic inhibition of Ca*" uptake in the
presence of malonyl-CoA when compared to the

3 min preincubation. As the malonyl-CoA concen-
tration is increased, Ca®" uptake rates begin to
approximate the rates observed with 4 uM palmi-
toyl-CoA alone. A Dixon plot of the data derived
from fig.1 A is consistent with competitive inhibi-
tion kinetics for Ca®" uptake and the observed K;
for malonyl-CoA is 3 uM, a value within the phy-
siological range (fig.1B) [7 8]

A bimodal nature for the carnitine acyltransferase
reaction has been postulated [15—17]. Although the
data in fig.1 implicate the site of malonyl-CoA inhibi-
tion as the external transferase (I), further experiments
were carried out to investigate inhibition at the site
of the inner membrane transferase (I1).

Addition of 20 uM or 80 uM malonyl-CoA to rat
liver mitochondria incubated in control uptake medium
has no effect on the rates of Ca®" uptake (table 1).
Similarly, when mitochondria were preincubated with
either 10 uM or 20 uM palmitoylcarnitine to provide
substrate to carnitine acyltransferase I1, malonyl-CoA
produces no significant alteration in Ca?" uptake rates
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{table 1). This result is in agreement with the report
[10] that malonyl-CoA acts as a specific inhibitor of
the external transferase.

Palmitoyl-CoA has been shown to effect Ca®
efflux from cardiac mitochondria [11}. The possibil-
ity that inhibition of the carnitine acyltransferase
reaction by malonyl-CoA could affect the release of
Ca*" from hepatic mitochondria was tested. Mito-
chondria were allowed to accumulate Ca®" in the
absence or presence of 1.0 mM l-carnitine + malonyl-
CoA, after which 8 uM palmitoyl-CoA was introduced
into the cuvette. Addition of palmitoyl-CoA in the
absence of carnitine causes rapid release of Ca®" from
the mitochondria (fig.2, lower panel). In results not

—
30sec e e

23nmol
NADH

control

.

Ca2* Palmitoyl-CoA

FEBS LETTERS

May 1979

shown, preincubation of mitochondria with lower
concentrations of palmitoyl-CoA (3-6 uM) caused
decreased Ca®" uptake and premature release of any
Ca® accumulated.

When carnitine is included in the incubation
medium, addition of palmitoyl-CoA again produces
release of Ca?* but the time to release is increased
~2-fold. Addition of 60 uM malonyl-CoA in the
presence of carnitine causes a Ca®" release pattern
similar to that seen with palmitoyl-CoA alone, These
results may be explained by an increase in the unreac-
tive concentration of palmitoyl-CoA,

Recently, it has been proposed that Ca® uptake
and release from mitochondria may be related to the
redox state of the mitochondrial pyridine nucleotides
[12]. Although exogenous palmitoyl-CoA is not able
to cross into the mitochondrial matrix space and thus
directly affect internal metabolism, the possibility that
the efflux of Ca?* from mitochondria results from, or
is concomitant with, oxidation of pyridine nucleo-
tides was tested.

Palmitoyl-CoA was added after Ca?* accumulation
by mitochondria was complete and redox changes
followed (fig.2, upper panel). Palmitoyl-CoA alone
causes rapid oxidation of mitochondrial pyridine
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Fig.2. (upper panel). The effect of malonyl-CoA on Ca®-
induced changes in the reduction state of pyridine nucleotides
in the presence of palmitoyl-CoA. Control, lower trace (——):
pyridine nucleotide absorption when either 8 uM palmitoyl-
CoA or 67 uM Ca* were added separately to 3 mg rat liver
mitochondria. In subsequent traces, following uptake of

67 uM Ca*, 8 uM palmitoyl-CoA was added to effect Ca*
release. 1. Upper trace (——): oxidation of pyridine nucleo-
tides following addition of 8 uM palmitoyl-CoA alone. 2.

{- - -}: oxidation of pyridine nucleotides in the presence of

1 mM carnitine and 60 M malonyl-CoA. 3. (— — —): oxida-
tion of pyridine nucleotides in the presence of 1 mM carni-
tine.

Fig.2. (fower panel). The effect of malonyl-CoA on Ca**
efflux from mitochondria. Control, lower trace (—-):

Ca* : dye absorbance when either 8 uM palmitoyl-CoA or
67 uM Ca® were added separately to 3 mg rat liver mito-
chondria. In subsequent traces, following uptake of 67 uM
Ca®, 8 uM palmitoyl-CoA was added to effect of Ca** release.
1. (—): Ca* : dye A4 following addition of palmitoyl-CoA
alone. 2. (- - -): Ca*" : dye A4 in the presence of 1 mM carni-
tine and 60 uM malonyl-CoA. 3. (— — —): Ca¥ : dye a4

in the presence of 1 mM carnitine.
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nucleotides. Separate addition of either palmitoyl-CoA
or Ca®" does not result in a similar effect. In the pres-
ence of carnitine, the time required to cause complete
NADH oxidation is prolonged as is Ca®" release. Inclu-,
sion of malonyl-CoA and carnitine in the assay medium
results in rapid oxidation of pyridine nucleotides fol-
lowing palmitoyl-CoA addition, approximating that
seen with palmitoyl-CoA alone.

A role for pyridine nucleotides as controlling factors
in mitochondrial Ca?" metabolism requires the interac-
tion of intramitochondrial metabolic events in the
mediation of Ca®" fluxes [12]. The data presented
suggest that events occurring at the external surface
of the mitochondrial membrane may also act to con-
trol cellular Ca*" movements. Palmitoyl-CoA on the
external surface of the mitochondrial membrane may
affect a membrane-associated pool of pyridine nucleo-
tide, the latter being generated by Ca*" addition [18].
However, it is not clear if the oxidation events observed
are occurring at internal sites on the mitochondrial
membranes, or extra-mitochondrially, following release
of NADH into the medium. The latter possibility
concerning Ca*-induced release of mitochondrial
pyridine nucleotides has been reported [18] albeit at
much higher Ca*" concentrations.

A role for lipid metabolites in the control of Ca*"-
mediated enzymatic responses is attractive and may
offer some insight into the postulated role of Ca?
as a second messenger [1].
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