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Abstract—The effect of α,ω-hexadecanedioic acid (HDA) as an inducer of Ca2+-dependent permeability of
the inner membrane (pore opening) of isolated rat liver mitochondria was studied in the absence and presence
of pore blocker cyclosporin A (CsA) and one of its effective modulator – inorganic phosphate (Pi). It was
shown that the addition of HDA at a concentration of 30 μM to Ca2+-loaded mitochondria induces swelling
of the organelles, rapid Ca2+ release from the matrix, and almost total drop in Δψ, which indicates the induc-
tion of the Ca2+-dependent permeability of the inner membrane. It was found that 1 μM CsA or 1 mM Pi
added separately do not affect these effects of HDA. At the same time, in the presence of both CsA and Pi,
HDA added to Ca2+-loaded mitochondria does not induce their swelling, Ca2+ release from the matrix, and
a drop in Δψ. It is found that unlike HDA, the induction of Ca2+-dependent lipid pore by palmitic acid is not
blocked by the combined action of CsA and Pi. On the basis of the obtained data Pi is considered as a blocker
of the HDA-induced Ca2+-dependent pore in the presence of CsA. In this case, Pi can not be replaced by a
similar permeable anion vanadate. It was established that this effect of Pi was eliminated if mitochondria were
incubated with SH-reagents mersalyl (10 nmol/mg protein) and n-ethylmaleimide (200 nmol/mg protein),
which are known as Pi-carrier inhibitors. We conclude that the mechanisms of the effects of HDA and pal-
mitic acid as inducers of the Ca2+-dependent permeability of liver mitochondria differ significantly. The
Ca2+-dependent effect of HDA can be considered as the formation of a pore sensitive to the combined action
of CsA and Pi, while the Ca2+-dependent effect of palmitic acid is the formation of a lipid pore. Possible
causes of the blocking action of Pi on the HDA-induced Ca2+-dependent mitochondrial pore are discussed.
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INTRODUCTION
α, ω-Dicarboxylic (syn. α, ω-dioic) acids are

formed in the liver cells by ω-oxidation of the corre-
sponding monocarboxylic fatty acids [1, 2]. Under
normal physiological conditions, ω-oxidation of fatty
acids in liver cells does not exceed 10% of their total
metabolism and is considered as a minor metabolic
pathway [1, 2]. However, under conditions of insuffi-
cient activity of the main pathways of fatty acid metab-
olism – β-oxidation in mitochondria and peroxisomes –
a significant increase in their ω-oxidation is observed
[1, 2]. In the course of ω-oxidation of one of the most
common natural fatty acids – palmitic, α,ω-hexadec-
anedicarboxylic acid (HDA) is formed, its accumula-
tion in blood and cells is observed under various
pathological conditions associated with impaired lipid
metabolism [2–5]. It is assumed that an increase in

the level of α,ω-dicarboxylic acids in the body can be
a factor favoring the death of cells of vital organs [4, 5].

One of the mitochondria-related steps in the
mechanism of cell death is the induction of calcium-
dependent nonspecific permeability of the inner
membrane, resulting in the redistribution of ions and
water-soluble substances with a molecular weight up
to 1500 Da in accordance with their concentration
gradient through the inner membrane of organelles
(mitochondrial pore opening) [6, 7]. In turn, this leads
to dissipation of energy stored in the form of the differ-
ence in electrochemical potentials of hydrogen ions on
the inner membrane, impaired ATP synthesis, as well
as the release of the so-called apoptogenic proteins,
such as cytochrome c, apoptosis inducing factor,
endonuclease G, from the intermembrane space into
the cytoplasm [6, 7].
58
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Various hypotheses about the mechanism of mito-
chondrial pore formation are known. According to an
early hypothesis, the main component of the pore that
forms the channel in the inner mitochondrial mem-
brane is the ADP/ATP antiporter (syn. adenine nucle-
otide translocator) [8, 9]. Later, other proteins of the
inner mitochondrial membrane were identified,
claiming to be the main component of the pore: phos-
phate carrier [9] and F0F1-ATP synthase [10, 11]. The
role of the last one in the pore formation, however, is
the subject of discussion [12–14]. An important role in
the pore formation is performed by one of the proteins
of the matrix – cyclophilin D. Cyclosporin A (CsA), a
specific blocker of such a “classical” pore, reduces the
sensitivity of mitochondria to Ca2+ as a pore inducer,
by binding to cyclophilin D [6–8]. At present, the
hypothesis that the main structural unit of the mito-
chondrial pore is the F0F1-ATP synthase is wide-
spread, while the other proteins of the inner mem-
brane listed above act as protein modulators of the
pore [7, 10, 11].

Among the low molecular weight modulators of the
pore, inorganic phosphate (Pi) occupies a special
place. It is well known that Pi, like its chemical ana-
logues: inorganic arsenate and inorganic vanadate,
increases the sensitivity of mitochondria to Ca2+ as a
pore inducer [7, 15–17]. It is assumed that such an
action of Pi and its analogs is due to the binding of
magnesium ions in the matrix [7, 15]. It was also
established that Pi enhances the effect of CsA as a pore
blocker [7, 15–27]. In experiments on the liver mito-
chondria of mutant mice lacking cyclophilin D, the
effect of Pi as a pore blocker in the absence of CsA was
shown [15, 16]. It is assumed that there is a regulatory
site on the inner surface of the inner membrane of
mitochondria, the binding of Pi to this site is accom-
panied by inhibition of the pore, while in the absence
of CsA it is masked by cyclophilin D [15].

Free monocarboxylic fatty acids are effective natural
inducers of the Ca2+-dependent pore opening [15–23].
In early studies, it was found that the effect of fatty
acids is manifested only in the presence of Ca2+ and is
suppressed by CsA [15–18]. It is assumed that fatty
acids can enhance the effect of Pi as a pore inducer by
increasing the negative surface potential on the mito-
chondrial membrane [15]. Later it was found that the
induction of the pore by palmitic and other saturated
fatty acids is not suppressed by CsA, and for the induc-
tion of such a CsA-insensitive pore, Ca2+ can be
replaced by ions of other bivalent metals, for example
Sr2+ [22–24]. It was also shown that saturated mono-
carboxylic acids in the presence of Ca2+ can effectively
induce nonspecific permeability of both artificial
membranes and the erythrocyte plasma membrane,
causing lysis of cells [22, 23]. It is assumed that the
mechanism of induction of such permeability is based
on the formation of lipid pores as a result of the forma-
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tion of complexes of fatty acids and Ca2+ [22–25].
However, it has not been studied to what extent the effect
of saturated fatty acid as an inducer of Ca2+-dependent
pores in isolated mitochondria is associated with the
above-described modulating effects of Pi.

Saturated α,ω-dicarboxylic acids are also capable
of inducing CsA-insensitive permeabilization of the
inner membrane (pore opening) of liver mitochon-
dria. Among these acids, HDA is the most effective
inducer of the pore, which is not inferior to palmitic
acid in its activity [24, 26]. In experiments on model
membrane systems–liposomes–it was established that
in the presence of Ca2+ HDA is able to induce perme-
abilization of these vesicles and the release of the sul-
forhodamine B fluorescent probe from them, but sig-
nificantly less efficiently than palmitic acid [24].
Thus, the mechanism of the action of HDA as an
inducer of Ca2+-dependent pore in isolated mitochon-
dria is not fully understood. In particular, it has not been
studied to what extent this effect of HDA is associated
with the above-described modulating effects of Pi.

In this work, we compared the Ca2+-dependent
effects of HDA and palmitic acid on isolated liver
mitochondria in the absence and presence of CsA and
Pi. The obtained data are considered as evidence of
significant differences in the mechanisms of action of
HDA and palmitic acid as inducers of Ca2+-dependent
pore in the liver mitochondria. Thus, if the Ca2+-
dependent effect of palmitic acid can be considered as
the formation of a lipid pore, then the effect of HDA is
associated with the formation of a Ca2+-dependent
pore, which is blocked by Pi in the presence of CsA.

MATERIALS AND METHODS
Mitochondria from the liver of mature male white

rats weighing 210–250 g were isolated by conventional
differential centrifugation with subsequent separation
of endogenous fatty acids with fatty acid free BSA as
described previously [27]. The isolation medium con-
tained 250 mM sucrose, 1 mM EGTA, 5 mM MOPS–
Tris (pH 7.4). The mitochondrial protein concentra-
tion was determined by the biuret method with bovine
serum albumin solution used as a standard. During the
experiment, the suspension of mitochondria (60–70 mg
mitochondrial protein in 1 mL) was stored on ice in a
narrow tube.

The change in the optical density of the mitochondrial
suspension (A) was recorded at 540 nm using an Ocean
Optics FLAME-T-UV-VIS spectrometer. The rate of
mitochondrial swelling (Vmax = ΔA540 min–1 mg–1 protein)
was determined as the change in optical density of the
mitochondrial suspension during the first minute of
swelling. The permeability of the mitochondrial inner
membrane for Ca2+ was determined using a Ca2+

selective electrode, as in [24]. The transmembrane
electric potential (Δψ) on the inner mitochondrial
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 1  2019
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membrane was estimated by the distribution of tetrap-
henylphosphonium (TPP+) across the mitochondrial
membrane, which concentration was measured with a
TPP+-sensitive electrode [28]. The changes in TPP+

and Ca2+ concentrations in the medium were recorded
simultaneously in a 1.2-mL cuvette at 25°C, at con-
stant stirring and aeration using the multichannel elec-
trometrical system Record-4usb. The incubation
medium contained 200 mM sucrose, 20 mM KCl,
20 μM EGTA, 5 mM succinic acid, and 10 mM
Mops–Tris (pH 7.4). In the course of the experiments,
rotenone (2 μM) and, if necessary, TPP+ (1 μM) and
CsA (1 μM) were added to the cell or cuvette immedi-
ately after mitochondria. All other additions were per-
formed as indicated in the figures. In control experi-
ments, the solvents were added to mitochondria in the
same amount as in the supplement that contains the
test substance. In all cases, the solvents had no effect
on the mitochondrial parameters.

HDA, palmitic acid, succinic acid, CsA, bovine
serum albumin (fraction V), MOPS, tris, alamethicin,
Na3VO4, mersalyl, n-ethylmaleimide (Sigma, USA);
rotenone, EGTA (Serva, Germany); sucrose, tetrap-
henylphosphonium chloride, KCl, (Fluka,); KH2PO4,
CaCl2 (Merck, Germany) were used in this study.
Stock solutions of HDA and palmitic acid (20 mM)
were prepared in double-distilled ethanol.

RESULTS

In the introduction, it was already noted that one of
the effective modulators of a CsA-sensitive pore is Pi,
which increases the sensitivity of mitochondria to
Ca2+ as an inducer of a pore and at the same time
enhances the effect of CsA as a pore blocker. These
effects of Pi reach close to maximum values already at
a concentration of 1 mM [15]. It has been established
that the formation of Ca2+-dependent CsA-sensitive
and insensitive pores in the inner membrane of the
liver mitochondria is accompanied by a high-ampli-
tude swelling of these organelles incubated in a
sucrose medium [19–22]. Swelling of mitochondria
leads to decrease in the light passing through the sus-
pension, and it can be recorded as a reduction in the
optical density of the suspension of mitochondria
[19–22].

In preliminary studies, we found that the addition
of 40 μM of calcium chloride (100 nmol per 1 mg of
protein) to liver mitochondria incubated without CsA
and Pi does not result in organelle swelling (data not
shown). However, in the presence of 1 mM Pi in the
incubation medium, the addition of the same amount
of calcium chloride induces mitochondrial swelling
(Figs. 1a, 1c, curves 1). Under these conditions, 1 μM
CsA completely blocks the effect of Pi (Figs. 1a, 1c,
curves 2). In the absence of CsA, HDA induces more
intense Ca2+-dependent mitochondrial swelling than
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
Pi (Figs. 1a, 1b, curve 3). In this case, Pi practically
does not affect the intensity of organelle swelling (Fig. 1a,
curve 4, Fig. 1b, column 4). As shown earlier [26] and
confirmed in the present work (data not shown), in
the absence of Pi CsA does not affect the Ca2+-depen-
dent mitochondrial swelling induced by HDA. How-
ever, in the case of incubation of mitochondria simul-
taneously with CsA and Pi, HDA does not induce the
swelling of these organelles (Fig. 1a, curve 5 and Fig. 1b,
column 5).

Comparison of the above-described effects of
HDA with the action of palmitic acid as a well-studied
inducer of the Ca2+-dependent CsA-insensitive lipid
pore [19–22] showed that, in the absence of CsA, pal-
mitic acid, like HDA, induces more intense mitochon-
drial swelling than Pi (Fig. 1c, curve 3 and Fig. 1d,
column 3). In this case, Pi also does not affect the
intensity of mitochondrial swelling (Fig. 1c, curve 4
and Fig. 1d, column 4). However, palmitic acid, unlike
HDA, is able to induce Ca2+-dependent swelling of
liver mitochondria when 1 mM Pi and 1 μM CsA were
simultaneously present in the incubation medium
(Fig. 1c, curve 5 and Fig. 1d, column 5).

Figure 2a shows the data of a comparative study of
the dependence of the initial rate of Ca2+-dependent
mitochondrial swelling induced by HDA and palmitic
acid, incubated with 1 μM CsA, as a function of Pi
concentration. As can be seen from Fig. 2 (curve 1), Pi
already at a concentration of 0.2 mM effectively blocks
HDA-induced swelling of organelles. Under the same
conditions, but in the case of replacement of HDA
with palmitic acid Pi at a concentration of 0.2–1 mM,
on the contrary, increases the rate of mitochondrial
swelling (Fig. 2a, curve 2).

The effects of Pi as a modulator of the Ca2+-depen-
dent pore can be compared with the effects of the pene-
trating vanadate anion with similar properties [15, 16]. As
shown in Fig. 2b (curve 1), vanadate reduces the rate
of HDA/Ca2+-induced mitochondrial swelling even at
a concentration of 5 mM by only 40%. At the same
concentration, vanadate does not affect the palmi-
tate/Ca2+-induced mitochondrial swelling (Fig. 2b,
curve 2).

In the next series of experiments, the effect of HDA
on transmembrane Ca2+ transport and Δψ in liver
mitochondria was studied under the condition of their
incubation with 1 mM Pi. As shown earlier [26] and
confirmed in the present work (data not shown), liver
mitochondria incubated without Pi and CsA in a
sucrose medium are able to absorb the added Ca2+ for
2 min and retain it in the matrix for at least 12 min. In
the presence of 1 mM Pi in the incubation medium,
mitochondria absorb 50 μM Ca2+ in less than 1 minute
and retain it in the matrix for 10 minutes (Figs. 3a, 3c,
curves 1), which is accompanied by a gradual decrease
in Δψ (Figs. 3b, 3d, curves 1). In this case, 1 μM CsA
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 1  2019
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Fig. 1. The effect of inorganic phosphate (Pi) and CsA on the kinetics and rate (Vmax) of changes in the optical density of liver
mitochondria suspension induced by HDA (a, b) and palmitic acid (c, d). The numbers denote the curves obtained upon the
addition of various agents: 1, Pi + Ca2+; 2, Pi + CsA + Ca2+; 3, Ca2+ + palmitic acid or Ca2+ + HDA; 4, Pi + Ca2+ + palmitic
acid or Pi + Ca2+ + HDA; 5, Pi + CsA + Ca2+ + palmitic acid or Pi + CsA + Ca2+ + HDA. The conditions of the experiment
and medium composition are described in the Materials and Methods section. Pi (1 mM) was added to the incubation medium
before the addition of mitochondria; CsA (1 μM), immediately after the addition of the mitochondria. Other additives: 40 μM
calcium chloride (Ca2+), 30 μM HDA, 30 μM palmitic acid (PA). The concentration of mitochondrial protein in the cell is
0.4 mg/mL. Here and in Figs. 3 and 4 the data from a typical experiment are shown that were obtained on one preparation of
mitochondria. Similar results were obtained in two independent experiments. Diagrams show means ± SEM (n = 3).
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increases the calcium retention time in the matrix
(Figs. 3a, 3c, curves 2) and prevents the decrease in Δψ
(Figs. 3b, 3d, curves 2). The addition of the known
channel-forming agent alamethicin (5 μg/mL) to the
liver mitochondria [29] induces an intense release of
Ca2+ from the matrix (Figs. 3a, 3c, curves 2) and a
drop in Δψ (Figs. 3b, 3d, curves 2). In the case of incu-
bation of mitochondria with Pi, HDA (30 μM) in the
absence of CsA induces a rapid release of Ca2+ from
the mitochondrial matrix (Fig. 3a, curve 3) and a
complete drop in Δψ (Fig. 3b, curve 3). At the same
time, in the case of incubation of mitochondria with
CsA and Pi, HDA does not induce the release of Ca2+
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
from the matrix (Fig. 3a, curve 4) and does not affect
Δψ (Fig. 3b, curve 4).

In the presence of Pi, but without CsA, palmitic
acid, like HDA, effectively induces a rapid release of
Ca2+ from the mitochondrial matrix (Fig. 3c, curve 3)
and a complete drop in Δψ (Fig. 3d, curve 3). How-
ever, unlike HDA, palmitic acid also effectively
induces a rapid release of Ca2+ from the mitochondrial
matrix (Fig. 3c, curve 4) and a complete fall in Δψ
(Fig. 3d, curve 4) in the case of incubation of mito-
chondria with CsA and Pi.

Vanadate even at a concentration of 2 mM, i.e.,
higher than the Pi concentration, in the presence of
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 1  2019
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Fig. 2. Dependence of the relative rate of change in optical density (V, %) of liver mitochondrial suspension incubated with Ca2+

and CsA on the concentration of inorganic phosphate (Pi) (a) and vanadate (b) in the presence of HDA (curve 1) and palmitic
acid (curve 2). The experimental conditions and additions as in Fig. 1. Pi and vanadate (V) in the indicated concentrations are
added to the incubation medium prior to the addition of mitochondria. The data are represented as mean ± SEM (n = 3).
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CsA did not affect the ability of HDA to induce the

release of Ca2+ from the matrix and the fall in Δψ (data
not shown). These and the data presented in Figs. 2a,
2b show that in our conditions Pi as a blocker of HDA-

induced pore cannot be replaced by penetrating anion
vanadate with similar properties.

It can be assumed that the effect of Pi as a pore

blocker is possible only when it is transported into the
matrix with the participation of a special phosphate
carrier and, therefore, can be eliminated by inhibiting
this transporter. Effective inhibitors of the phosphate
carrier are SH-reagents mersalyl and n-ethylmaleim-
ide, which cause complete inhibition of the activity of
this transporter in the liver mitochondria at a concen-
tration of 10 and 170 nmol/mg protein, respectively
[30]. It is known that mersalyl does not pass through
the inner membrane of the liver mitochondria and
interacts with the SH-group Cys41 of the phosphate
carrier on its outer surface, and n-ethylmaleimide
interacts with the same SH-group [31].

As was previously established [32] and confirmed
in the present work (data not shown), mersalyl at a
concentration of 10 nmol/mg protein suppresses the
mitochondrial respiration in state 3 almost to state 4,
but it only slightly inhibits the mitochondrial respira-
tion in the case of oxidation of succinate in the pres-
ence of 50 μM 2,4-dinitrophenol. Consequently, mer-
salyl in this concentration completely suppresses the
activity of the phosphate carrier, but has little effect on
the succinate oxidase activity of mitochondria. As is
shown in Fig. 4a, the addition of mersalyl to the sus-
pension of rat liver mitochondria incubated in the
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
presence of CsA and in the absence of Pi, reduces the

effectiveness of HDA as an inducer of Ca2+-dependent
organelle swelling, and also removes the inhibitory effect
of Pi in case of its preliminary addition to the incubation

medium. N-ethylmaleimide (200 nmol/mg protein) has
a similar effect (Fig. 4b). These data suggest that the

effect of Pi as a blocker of HDA/Ca2+-induced pore is

eliminated in the case of incubation of mitochondria
with the indicated SH-reagents that effectively act as
inhibitors of the phosphate carrier.

DISCUSSION

The molecule of HDA differs from the palmitic
acid molecule only by the carboxyl group located at
the end of the acyl chain–in the ω-position. As was
shown earlier [24, 26] and confirmed in the present
work (Figs. 1–3), HDA, like palmitic acid, in the liver

mitochondria loaded with Ca2+ causes a high ampli-

tude swelling of these organelles, the release of Ca2+

from the matrix and the fall Δψ, equally effectively in
the absence and in the presence of CsA. It could be
assumed that the mechanism of HDA action, like pal-

mitic acid, consists in the formation of a Ca2+-depen-
dent lipid pore in the inner membrane of mitochon-

dria. However, HDA as an inducer of Ca2+-dependent
permeabilization of liposomes is significantly inferior
to palmitic acid in efficiency [24]. HDA is signifi-
cantly inferior to this fatty acid and as an inductor of

Ca2+-dependent permeabilization of the erythrocyte
plasma membrane associated with cell lysis [33]. In
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 1  2019



EFFECT OF INORGANIC PHOSPHATE ON MITOCHONDRIAL PERMEABILIZATION 63

Fig. 3. Effect HDA (a, b) and palmitic acid (c, d) on the kinetics of Ca2+ (a, c) and TPP+ (b, d) release from mitochondria incu-

bated in the presence of Pi. The numbers denote the curves obtained upon the addition of various agents: 1, Pi + Ca2+; 2, Pi +

CsA + Ca2+; 3, Pi + Ca2+ + palmitic acid or HDA; 4, Pi + CsA + Ca2+ + palmitic acid or HDA. The concentration of mito-

chondrial protein in the cell is 1.0 mg/mL. Additions: 1 μM CsA (not shown), 1 mM Pi (not shown), 50 μM calcium chloride

(Ca2+), 30 μM HDA, 30 μM palmitic acid (PA), 5 μg/mL alamethicin (Ala).
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the present work, it was established that the effect of

HDA as an inducer of the Ca2+-dependent mitochon-
drial pore is blocked if the mitochondria are incubated
simultaneously with CsA and Pi (Figs. 1 and 3). All

this makes it unlikely that the action of HDA as an

effective inducer of Ca2+-dependent permeabilization
of liver mitochondria is associated with the formation
of a lipid pore in the inner membrane.

In contrast to HDA, palmitic acid in Ca2+-loaded
liver mitochondria incubated with Pi and CsA causes

high-amplitude swelling of these organelles, the

release of Ca2+ from the matrix and the Δψ drop as
effectively as in the absence of these agents (Figs. 1
and 3). Therefore, Pi and CsA, in the case of their

combined action, do not affect the effectiveness of

palmitic acid as an inducer of Ca2+-dependent perme-
abilization of liver mitochondria. Obviously, this is
possible in the case when palmitic acid causes the for-

mation of a Ca2+-dependent pore in the lipid phase of
the mitochondrial inner membrane, since neither CsA
nor Pi affect this process. Thus, HDA and palmitic
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
acid differ significantly in their mechanism of action

as inducers of Ca2+-dependent pore. So, if the Ca2+-
dependent effect of palmitic acid can be considered as

the formation of a lipid pore, then the Ca2+-dependent
effect of HDA is the formation of a pore that is sensi-
tive to the combined action of Pi and CsA. Therefore,

in this case Pi can be considered as a blocker of the

HDA/Ca2+-induced pore.

The effect of Pi as a blocker of the HDA/Ca2+-

induced pore is eliminated by incubating the mito-
chondria with SH-reagents mersalyl and n-ethylma-
leimide, effective inhibitors of the Pi carrier. It is

known that the transport of Pi into the mitochondria

leads to the binding of free Ca2+ in the matrix [34].
One would assume that the effect of Pi as an inhibitor

of the HDA/Ca2+-induced pore is due to a decrease in

the effective concentration of free Ca2+ in the matrix.
However, the fact that the blocking effect of Pi is man-

ifested only in the presence of low concentrations of
CsA, as well as the fact that Pi cannot be replaced by

the penetrating vanadate anion with similar proper-
EMBRANE AND CELL BIOLOGY  Vol. 13  No. 1  2019
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Fig. 4. The effect of mersalyl (a) and n-ethylmaleimide
(NEM, b) on the kinetics of CsA-insensitive changes in the
optical density of liver mitochondrial suspension induced
by HDA in the presence and absence of Pi. The numbers
denote the curves obtained upon the addition of various
agents: 1, CsA + Ca2+ + HDA; 2, Pi + CsA + Ca2+ +
HDA; 3, CsA + NEM or mersalyl + Ca2+ + HDA; 4, CsA +
Pi + NEM or mersalyl + Ca2+ + HDA. 5 μM mersalyl or
100 μM NEM are added to the incubation medium prior
to the addition of mitochondria. Other experimental con-
ditions and additions are given in the caption to Fig. 1.
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ties, makes it possible to consider this mechanism as
unlikely.

It is well established that in the mitochondrial
matrix CsA inhibits the binding of cyclophilin D to
membrane sites [7, 35, 36]. These sites apparently are
fragments of membrane proteins: ADP/ATP anti-
porter [36], phosphate carrier [37], F0F1-ATP syn-

thase [7] which face the matrix. As was already noted,
the existence of a regulatory site on the inner surface of
the mitochondrial membrane is postulated, Pi binding to

this site is accompanied by inhibition of the pore; in the
absence of CsA, it is masked by cyclophilin D [7, 15].
Later it was suggested that such a regulatory site could be
the site of Pi binding to F1 complex of F0F1-ATP syn-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
thase [7]. It was also suggested that CsA, inhibiting the
binding of cyclophilin D to F0F1-ATP synthase on the

inner surface of the inner membrane, causes unmask-
ing of the regulatory site, and thus promotes the inter-
action of Pi with it [7]. Recently it was shown that

genetic inactivation of cyclophilin D not only blocks
the induction of pores by F0F1-ATP synthase, but also

increases the efficiency of oxidative phosphorylation
in mitochondria due to active assembly of ATP syn-
thasomes [38]. Based on the foregoing, it can be
assumed that the binding of Pi to this site of F0F1-ATP

synthase can lead to blocking the action of HDA as an

inducer of Ca2+-dependent pore in the liver mito-
chondria, as well as to the activation of the energy
functions of organelles. However, it is also impossible
to exclude the fact that the action of HDA as an

inducer of Ca2+-dependent pore in liver mitochondria
is performed with the participation of a phosphate car-
rier and/or ADP/ATP antiporter, with which cyclo-
philin D is able to bind. The fact that in the absence of
Pi, CsA does not affect the effect of HDA as an inducer

of the Ca2+-dependent mitochondrial pore suggests
that binding of cyclophilin D to membrane sites is not
a necessary condition for the formation of this pore.
Apparently, Pi blocks the action of HDA as an inducer

of a pore only if CsA inhibits the binding of cyclophilin
D to membrane sites on the inner surface of the inner
membrane. It is known that the effect of Pi as an inhib-

itor of Ca2+-dependent mitochondrial pore is unique,
since penetrating anions arsenate and vanadate with
similar properties do not have such an effect [15]. It
was already noted above that in our conditions Pi as a

blocker of the HDA-induced pore could not be
replaced by a penetrating anion vanadate with similar
properties.
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