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Abstract

Carboxyatractylate (CAT) and atractylate inhibit the mitochondrial adenine nucleotide translocator (ANT) and stimulate the opening of
permeability transition pore (PTP). Following pretreatment of mouse liver mitochondria with 5 pM CAT and 75 pM Ca>", the activity of PTP
increased, but addition of 2 mM ADP inhibited the swelling of mitochondria. Extramitochondrial Ca®" concentration measured with
Calcium-Green 5N evidenced that 2 mM ADP did not remarkably decrease the free Ca>" but the release of Ca®" from loaded mitochondria
was stopped effectively after addition of 2 mM ADP. CAT caused a remarkable decrease of the maximum amount of calcium ions, which can
be accumulated by mitochondria. Addition of 2 mM ADP after 5 pM CAT did not change the respiration, but increased the mitochondrial
capacity for Ca®" at more than five times. Bongkrekic acid (BA) had a biphasic effect on PT. In the first minutes 5 uM BA increased the
stability of mitochondrial membrane followed by a pronounced opening of PTP too. BA abolished the action about of 1| mM ADP, but was
not able to induce swelling of mitochondria in the presence of 2 mM ADP.

We conclude that the outer side of inner mitochondrial membrane has a low affinity sensor for ADP, modifying the activity of PTP. The

pathophysiological importance of this process could be an endogenous prevention of PT at conditions of energetic depression.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondrial adenine nucleotide translocator (ANT)
changes between two conformations in which the ADP/
ATP-binding site is either on the matrix side (m-state) or on
the cytoplasmic side (c-state) of the inner membrane [1].
Bongkrekic acid (BA) binds at the m-state of ANT (low
affinity state) and inhibits the mitochondrial permeability
transition pore (PTP). Carboxyatractylate (CAT) and atracty-
late bind the c-state of ANT (high affinity state) and stimulate
the PTP. It was suggested that the c-state conformation is
required for PTP opening (see review in Ref. [2]). Based on

Abbreviations: PTP, permeability transition pore; ANT, adenine
nucleotide translocator; BA, bongkrekic acid; CAT, carboxyatractylate
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the response of PTP to inhibitors and substrates of ANT,
Halestrap proposed that the ANT is the main component of
PTP, which can be opened by interaction with cyclophilin in
the presence of Ca”>’ and in the absence of adenine
nucleotides [3—6]. Pore opening requires the binding of
cyclophilin to the ANT, except when matrix [Ca®'] is very
high [2,3]. In this model cyclophilin is the trigger for pore
opening, and its interaction with cyclosporine A (CsA)
prevents the opening process [ 1-8]. Recently with transgenic
mouse, it was shown that the ANT is not part of the PTP but
has regulative properties for PTP [9].

The sensitivity of the mitochondrial PTP to Ca®" is
greatly increased by oxidative stress, adenine nucleotide
depletion, elevated phosphate concentration, low membrane
potential (Ay/), and agents that stabilize the “c” conforma-
tion of the ANT. In contrast, the protection is afforded by
low pH, high Ay, and agents that stabilize the “m”
conformation of the ANT [2-6,10]. Matrix adenine nucleo-
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tides decrease the sensitivity of the PTP to Ca** by binding
to the ANT (see review in Ref. [2]).

In most assay procedures ADP acts as inhibitor of PTP
[7]. Since ADP can modulate the sensitivity of PTP to CsA,
the existence of a low affinity CAT-insensitive ADP binding
site outside of ANT was assumed [7]. In other studies,
where adenine nucleotides were used to prevent pore
opening, only ATP was found to be effective [8]. 5 mM
ATP, similar to that found physiologically in the cytosol,
blocked permeability transition (PT) in intact heart mito-
chondria completely, whereas 1.5 mM ATP only partially
inhibited PTP. 1 mM ADP, however, had no protecting
effect on PT [2,8]. It was assumed that ATP could inhibit the
pore by binding to some other component than ANT [2].

The present study was undertaken to define the influence
of extramitochondrial ADP on the function of PTP under
conditions of CAT- and BA-inhibited ANT. We established
a pronounced ability of ADP to prevent the PT.

2. Materials and methods
2.1. Materials

Carboxyatractyloside, EGTA (ethyleneglycolbis(p-ami-
noethylether)-N,N,N,N-tetraacetic acid) were from Calbio-
chem. Oligomycin, bongkrekic acid, ADP (disodium salt),
MOPS, succinate, FCCP (carbonyl cyanide p-[trifluorome-
thoxy] phenylhydrazone) and rotenone were from Sigma.
Calcium Green-5N was from Molecular Probes. All
reagents were of analytical grade.

2.2. Isolation of liver mitochondria

Mitochondria were isolated from mouse liver by differ-
ential centrifugation [11]. The isolation medium A con-
tained 250 mM sucrose, 5 mM Tris, pH 7.4 and 1 mM
EGTA. Immediately after decapitation, the liver was
excised, chopped, and homogenized in 40-ml isolation
medium with a Potter-Elvejem homogenizer. The homoge-
nate was centrifuged at 800xg for 7 min. The supernatant
was separated and recentrifuged at 6000x g for 15 min. The
resulting pellet was resuspended with EGTA-free isolation
medium B centrifuged at 6000xg for 15 min. The final
pellet was resuspended again in medium B. All procedures
were performed at 0—4 °C.

Mitochondrial protein concentration was determined by
the bicinchoninic acid assay [12]. Bovine serum albumin
was used as a standard.

2.3. Oxygen consumption

Oxygen consumption rates of mitochondria were moni-
tored with a Clark-type oxygen electrode in an ORO-
BOROS oxygraph [13]. Respiration of mitochondria at a
final concentration 1 mg/ml was measured at 30 °C in

incubation medium A consisting of 250 mM sucrose, 20
mM MOPS, 10 mM succinate, 5 uM rotenone, 10 mM
KH,PO,, pH 7.2. Additions were made with a Hamilton
syringes through a small hole in the cover of the chamber.
The oxygen concentration in the air-saturated medium was
considered to be 200 nmol O,/ml at 95 kPa barometric
pressures. The weight-specific oxygen consumption was
calculated as the time derivative of the oxygen concentration
(DATGRAPH Analysis software, OROBOROS).

2.4. Measurement of pore opening

The opening of the PTP was determined by swelling of
mitochondria at 30 °C [10]. Mitochondrial swelling was
measured by the decrease in light scattering at 520 nm,
using a PC-supported spectrophotometer Lambda 18 in
thermostated and stirred cuvettes. Liver mitochondria were
incubated at 30 °C and a final concentration 0.7 mg protein/
ml in incubation medium A.

2.5. Measurement of extramitochondrial Ca’*
concentration

Extramitochondrial Ca?’ concentration was measured
fluorimetrically in the presence of 1 uM Calcium Green-5N
with excitation and emission wavelengths set at 506 and 532
nm, respectively, with RF-5001PC spectrofluorimeter from
Shimadzu [14].

3. Results
3.1. Swelling measurements

Addition of 75 pM exogenous Ca”>* to respiring mouse
liver mitochondria induced the opening of the PTP as
shown by a large amplitude swelling since the pore opened
and the mitochondria became permeable to sucrose (Fig. 1A
and B, trace 1). At first we investigated the influence of
ADP on the PTP in the presence of both ANT inhibitors,
CAT and BA.

Fig. 1A, trace 2, shows that addition of 5 uM CAT strongly
accelerated the Ca”" induced swelling of mitochondria in
comparison to the control experiment without CAT. The rate
of swelling was diminished by 150 pM ADP (Fig. 1A, trace
3) indicating a stabilization of mitochondrial inner mem-
brane. In the presence of both effectors (150 uM ADP and 5
uM CAT), the stabilizing effect of ADP was clearly
suppressing the pore opening effect of CAT (Fig. 1 A, trace 4).

Fig. 1B demonstrates the influence of ADP additions to
mitochondria, which are in the state of Ca®"-induced
swelling. If added before Ca®', 2 mM ADP completely
suppressed Ca**-induced PTP (Fig. 1B, trace 3). Moreover,
ADP is able to inhibit PTP, even after its activation by 5 uM
CAT and 75 uM Ca®" (Fig. 1B, trace 4) since the course of
mitochondrial high amplitude swelling was abolished.
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Fig. 1. Dose-dependent influence of extramitochondrial ADP on Ca*'-
induced swelling of mouse liver mitochondria in the presence of CAT.
Sequential additions were done as follows: (A) trace 1—75 uM Ca®"; trace
2—5 uM CAT, 75 pM Ca>*; trace 3—150 puM ADP, 75 uM Ca’"; trace 4—
150 uM ADP, 5 pM CAT, 75 uM 75 pM Ca®". (B) Trace 1—75 pM Ca>";
trace 2—5 pM CAT, 75 pM Ca®"; trace 3—2 mM ADP, 75 uM Ca>"; trace
4—5 uM CAT, 75 pM Ca*", 2 mM ADP, 2 mM Ca**. Mitochondria (0.7
mg/ml) were incubated in incubation medium A. The arrows mark the
addition of 75 pM CaCl,. The results of one of the five analogous
experiments are presented. (C) Dose-response curve of the effect of ADP
on the swelling of mouse liver mitochondria induced by CAT plus Ca®".
Absorption at 520 nm was measured exactly 4 min after Ca®" addition. The
respective ADP concentration was added 2 s after Ca*".

Further addition of about 2 mM Ca®" induced again the
swelling of mitochondria (Fig. 1B, trace 4). Fig. 1C
indicates that the extramitochondrial ADP effect on PTP
was clearly dose-dependent with K; of about 900 pM ADP.
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Fig. 2. Dose-dependent influence of extramitochondrial ADP on Ca*'-
induced swelling of mouse liver mitochondria in the presence of BA.
Sequential additions were done as follows: (A) trace 1—75 uM Ca®"; trace
2—5 uM BA, 75 uM Ca?"; trace 3—150 uM ADP, 75 uM Ca>"; trace 4—5
1M BA, 150 pM ADP, 75 uM Ca>". (B) Trace 1—75 pM Ca®"; trace 2—5
M BA, 75 uM Ca®"; trace 3—2 mM ADP, 75 uM Ca”’; trace 4—2 mM
ADP, 5 uM BA, 75 uM Ca*"; trace 5—5 pM BA, 75 uM Ca*>*, 2 mM ADP,
75 uM Ca**. Mitochondria (0,7 mg/ml) were incubated in incubation
medium A. The arrows mark the addition of 75 uM CaCl,. The results of
one of the five analogous experiments are presented.

Since CAT sensitively inhibits the ANT in its c-state, it

was important to know whether or not inhibition of the m-
state has similar consequences for PTP. Fig. 2, trace 2,
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Fig. 3. Fluorimetric titration of free Ca®* concentration in the presence and
without ADP with Calcium Green-5N.
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Fig. 4. Measuring of the extramitochondrial [Ca®*]o in the presence of CAT in the mouse liver mitochondria. A—control (total 90 uM Ca®"); B—5 pM CAT,
30pM Ca** (total); C—2 mM ADP, 1,35 mM Ca®* (total); D—5 uM CAT, 1 mM Ca>", 2 mM ADP. Mitochondria (1.0 mg/ml) were incubated in incubation
medium A. The results of one of the five analogous experiments are presented.
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Fig. 5. ADP-dependent respiration at CAT-inhibited ANT in the presence of Ca®" in mouse liver mitochondria. A—5 uM CAT, 50 uM Ca*"; B—2 mM ADP, 5
1M CAT, 1 mM Ca?" (total); C—5 pM CAT, 2 mM ADP, | mM Ca*" (total); D—5 pM CAT, 50 uM Ca**, 2 mM ADP, 1 mM Ca®*. Mitochondria (1 mg/ml)
were incubated in incubation medium A. The results of one of the five analogous experiments are presented.
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shows that the addition of 5 iM BA prevented the Ca®'-
dependent swelling of mitochondria in the first minute of
incubation but thereafter the pore was opened too, however,
with a temporal delay compared to the control (Trace 1).
The clear stabilization effect of 150 uM ADP (Trace 3) was
diminished by the presence of 5 pM BA (Trace 4).

Fig. 2B, trace 3, shows again that 2 mM ADP
completely prevented the Ca®'-induced PTP (as in Fig.
1B, trace 3), and even the addition of 5 uM BA before or
after ADP did not change the volume of mitochondria (Fig.
2B, trace 4). Similar to that shown above for CAT, the
addition of 2 mM ADP was able to close again the PTP,
which was already opened by BA and Ca”" (trace 5). These
data indicate that high extramitochondrial ADP concen-
tration hindered the c- and m-conformation of ANT to open
the PTP. This leads to the conclusion that extramitochon-
drial ADP is able to regulate the activity of PTP of mouse
liver mitochondria.

3.2. Cytosolic Ca’* and PT

It is known that ADP forms complexes with Ca®" and
other metal ions. Therefore, it could be possible that the
preventing effect of ADP on Ca®*-induced pore opening was
simply due to diminishing of the free Ca*". We measured
Ca”" concentration fluorimetrically in the presence of 1 pM
Calcium Green-5N. As shown in Fig. 3, the addition of 2
mM ADP decreased the free calcium concentration, but the
remaining free Ca>* was enough for pore opening.

In the next type of experiments we measured fluorimetri-
cally the extramitochondrial Ca®" concentration and checked
the influence of ADP and of CAT on accumulation and
release of Ca®". Mitochondria were loaded by repeated
additions of 15 uM Ca®" until a total amount of 90 pM Ca*"/
1.0 mg mitochondrial protein/ml was reached. Under these
conditions mitochondria started to release about 250 uM
Ca”", indicating the opening of PTP (Fig. 4A). Obviously the
overload of mitochondria with Ca®" finally caused PTP,
which was accompanied by the release of Ca”* from
mitochondria into the extramitochondrial space. As shown
in Fig. 4B, 5 uM CAT diminished the mitochondrial ability to
accumulate Ca®", since pore opening occurred already after
addition of 30 uM Ca®". 2 mM ADP (Fig. 4C), however,
strongly increased Ca®" accumulation and the release of Ca*"
was beginning not before the addition of 1.35 mM Ca®". Also
the addition of 2 mM ADP to mitochondria, which are
already in the state of PT induced by 5 uM CAT and 1 mM
Ca”", caused a strong decrease of the swelling rate (Fig. 4D).
This fast decrease of the Ca®" release by 2 mM ADP in the
presence of 5 pM CAT indicates again that extramitochon-
drial ADP increased mitochondrial capacity to keep extra
amounts of Ca®" (Fig. 4D).

Thus, it was established that ADP stabilized the
mitochondrial inner membrane by preventing PT even under
conditions where CAT inhibits ANT, which means under
condition where ADP cannot enter the matrix space.

3.3. Ca’"-induced mitochondrial respiration in the presence
of ADP and ANT inhibitors

Finally, we investigated the influence of ADP on the Ca*'-
induced respiration of mitochondria in the presence of CAT or
BA. Fig. 5A shows that addition of 50 uM of Ca**™" to
respiring mitochondria in the presence of 5 uM CAT
maximally increased mitochondrial respiration. Fig. 5B
demonstrates that 5 uM CAT suppressed ADP-induced
respiration but increased mitochondrial capacity to accumu-
late Ca®". Only after addition of 1 mM Ca®" maximal
respiration was observed again (Fig. 5B). Similar results were
obtained in the next experiment, but here 2 mM ADP was
added after 5 uM CAT. Under the conditions of this
experiment, ANT was completely inhibited by CAT, because
mitochondrial respiration did not increase after addition of 2
mM ADP. That means ADP was able to influence the
mitochondria only from the outer side of mitochondrial outer
membrane, but it increased the Ca®" accumulation capacity
(Fig. 5C). Moreover, addition of 2 mM ADP decreased the
speed of CAT- and Ca*"-induced respiration (Fig. 5D).

Fig. 6 shows the influence of ADP on Ca®'-induced
respiration of BA inhibited mitochondria. We obtained
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Fig. 6. ADP-dependent respiration at BA inhibited ANT inhibition in the
presence of Ca®" in mouse liver mitochondria. A—5 pM BA, two times
50 uM Ca™"; B—5 pM BA, 100 uM Ca’>’, 2 mM ADP, | mM Ca*".
Mitochondria (1 mg/ml) were incubated in incubation medium A. The
results of one of the five analogous experiments are presented.
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similar results as in the presence of CAT. Addition of 100
uM Ca”" after 5 uM BA maximally stimulated mouse liver
mitochondria (Fig. 6A). Kinetic of this respiration was
changed by addition of 2 mM ADP (Fig. 6B). In this case
mitochondrial capacity to accumulate Ca®" again was
increased as it was shown above for CAT. Thus, ADP is
able to stabilize mitochondrial membrane independently
from the kind of inhibition of the ANT.

4. Discussion

Matrix ADP is an important modulator of the PTP and
acts by decreasing the sensitivity of the calcium trigger side
to Ca®" [4,7,10]. With shrinking experiments, Halestrap et
al. [4] detected that ADP inhibits PT in de-energized liver
mitochondria through two binding sites with different
affinities (K;=1 and 25 uM ADP). CAT abolishes the high
affinity site.

In the present study, we investigated the ADP-effect on
energized mitochondria. Several lines of evidences demon-
strate that extramitochondrial ADP is able to regulate the
Ca®*-dependent PTP even under conditions were its transport
into mitochondria is inhibited. Since all experiments in this
paper were performed in Mg*'-free media, this effect was
caused by Mg*"-free ADP. Neither ATP nor AMP did act in
this manner (data not shown) indicating that this is a specific
ADP effect. About 2 mM extramitochondrial ADP reversibly
diminished Ca*"-dependent high amplitude swelling under
conditions of uninhibited and inhibited ANT (Figs. 1 and 2).
This decrease was not due to a total binding of free Ca>" by
ADP (Fig. 3). As it can be seen, in Fig. 4A and C, the Ca”'-
signals after addition of 150 uM Ca®" in the presence of 2
mM ADP are clearly higher than the signals of 15 pM
additions. Moreover, since the Ca>* complexation by ADP is
reversible, the mitochondrial accumulation of Ca®" will
continuously reduce the amount of complexed Ca" allowing
so the mitochondrial accumulation of all added Ca*".

Direct measurements of extramitochondrial Ca®" with
Calcium Green-5N revealed that release of Ca®" from loaded
mitochondria could be immediately suppressed by addition
of 2 mM ADP. ADP clearly increases the mitochondrial
capacity to accumulate Ca®" (Figs. 4 and 5). Finally, it was
shown that ADP decreases Ca”'-induced respiration under
condition of CAT or BA-inhibited ANT (Figs. 5 and 6).

There are several pathological conditions as ischemia/
reperfusion, intoxication of mitochondria, and sepsis where
cellular metabolism is energetically depressed [15]. The main
characteristics of energetic depression are strongly decreased
cytosolic phosphorylation potentials and increasing Ca®"
concentrations. Results of our investigation indicate that,
probably, for the survival of mitochondria under these
extreme conditions, extramitochondrial ADP can play a role
as membrane stabilizing factor. We have established that
ADP drastically decreases the Ca®"-sensitivity of mitochon-
drial PTP even if it cannot be transported by the ANT due to

its inhibition by CAT or BA (Fig. 1B, trace 4; Figs. 4D and
5D). That means extramitochondrial ADP inhibits the
interrelations between the PT and the ANT in its uninhibited
state and if both the high (c-state) and the low (m-state)
affinity sites of ANT are inhibited (Fig. 2B, trace 5; Fig. 6B).
All data of our investigation indicate that 2 mM
extramitochondrial ADP remarkably increases the mem-
brane stabilization of mitochondria even under condition of
the interaction of ANT with cyclophilin in the presence of
calcium. The affinity of this stabilizing effect is low (K;=900
uM ADP), more than one order of magnitude higher than
the high affinity site of 25 uM as described by Halestrap et
al. [4]. This supports the conclusion that the binding site
detected in this study is different from the CAT binding site
[4]. The nature of this low affinity binding site for ADP is
unknown. It is localized at the outer side of inner membrane
and must be CAT-independent. It cannot be ruled out that
ADP binds to the ANT outside of the CAT binding side but
the binding to other inner membrane proteins cannot be
disregarded as well. Recently it was demonstrated [16] for
brain mitochondria that low molecular mass polypeptides in
phosphorylated state could inhibit the PTP. It could be that
high cytosolic ADP can alter the activity of these
mitochondrial membrane peptides. Localized at the outer
side of inner membrane, they could act as a low affinity
sensor for ADP. Via this sensor, high extramitochondrial
ADP could decrease the activity of PTP and diminish the
Ca”"-efflux from mitochondria. This could be a mechanism
to stabilize mitochondrial function under some pathological
condition such as ischemia/reperfusion or hypoxia.
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