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In the present work, we examine and compare the effects of saturated (palmitic) and unsaturated (oleic) fatty
acids in relation to their ability to cause the Ca?*-dependent membrane permeabilization. The results obtained
can be summarized as follows. (1) Oleic acid (OA) permeabilizes liposomal membranes at much higher concen-
trations of Ca®™ than palmitic acid (PA): 1 mM versus 100 uM respectively. (2) The OA/Ca*-induced perme-
abilization of liposomes is not accompanied by changes in the phase state of lipid bilayer, in contrast to what is
observed with PA and Ca®*. (3) The addition of Ca®" to the PA-containing vesicles does not change their size;

g:%iirg Zcid in the case of OA, it leads to the appearance of larger and smaller vesicles, with larger vesicles dominating. This
Oleic acid can be interpreted as a result of fusion and fission of liposomes. (4) Like PA, OA is able to induce a Ca?*-
Calcium dependent high-amplitude swelling of mitochondria, yet it requires higher concentrations of Ca®* (30 and
Mitochondria 100 pM for PA and OA respectively). (5) In contrast to PA, OA is unable to cause the Ca® "-dependent high-
Liposomes amplitude swelling of mitoplasts, suggesting that the cause of 0A/Ca? *-induced permeability transition in mito-

Membrane permeabilization chondria may be the fusion of the inner and outer mitochondrial membranes. (6) The presence of OA enhances

PA/Ca?*-induced permeabilization of liposomes and mitochondria. The paper discusses possible mechanisms of
PA/Ca?*- and OA/Ca® *-induced membrane permeabilization, the probability of these mechanisms to be realized

in the cell, and their possible physiological role.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Free fatty acids (FFAs) have long been known as modulators of
membrane permeability and the related membrane functions. Many
general, nonspecific effects of FFAs on membranes are based on their
ability to transport cations across the lipid bilayer and - when the FFA
content is high enough - on their contribution to the structure and
physical properties of the membrane. In the latter case, of primary im-
portance is the index of saturation of a FFA molecule. The index deter-
mines how the molecule is shaped and how it will affect the phase
state of the membrane [1-3].

The studies of the past decades revealed differences in the effects of
saturated and unsaturated FFAs on the cell. One of these differences re-
lates to the involvement of FFAs in the cell death, which is underlain by
their ability to cause a Ca? "-dependent transition in the permeability of
the mitochondrial membrane [4-8].

Abbreviations: PA, palmitic acid; OA, oleic acid; FFA, free fatty acid; CsA, cyclosporin A;
PT, permeability transition; SRB, sulforhodamine B; DPPC, dipalmitoylphosphatidylcholine
* Corresponding author. Tel.: +7 4967739476; fax: 47 4967330553.
E-mail address: bekonik@gmail.com (K.N. Belosludtsev).
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In our earlier works, we discovered and investigated in details a spe-
cific case of mitochondrial Ca?*-dependent permeability transition
(PT): the cyclosporin A (CsA)-insensitive transition induced by long-
chain saturated FFA, such as palmitic acid (PA) [9-12]. We showed
that this type of PT was based on the high affinity of long-chain saturated
FFAs to Ca®™ at alkalescent pH, and we argued that the energization of
mitochondria in the presence of long-chain saturated FFA and Ca®™
should have led to the accumulation and phase separation of FFA/Ca? ™"
complexes on the matrix side of the inner mitochondrial membrane
[10,13,14]. A key point of the mechanism is that PA/Ca® " complexes
will separate into a solid phase, resulting in the reduction of the area of
the corresponding monolayer. This will create an interlayer disbalance
of lateral pressure/tension forces in the membrane, which will be even-
tually resolved through the formation of short-living lipid pores [14,15].

Unsaturated long-chain FFAs are hardly able to permeabilize mem-
branes by the mechanism described above. First of all, their affinity
to Ca®* was shown to be an order of magnitude lower than that of
saturated FFAs [13]. Second, the point of their liquid crystalline-to-gel
transition lies below 0 °C, and binding of Ca? " to the anions of unsatu-
rated FFA will not shift the point above physiological or even room
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temperatures. Hence, there will be no liquid-to-solid transition and the
corresponding shrinking of the monolayer, which - as pointed out
above - is the essential factor of the “phase-transitional” mechanism
[14,15].

Indeed, the experiments conducted on liposomes and mitochondria
showed that long-chain unsaturated FFAs did not induce membrane
permeabilization under the conditions when saturated ones did [10,
14,15]. Under different conditions, however, unsaturated FFAs can affect
membrane permeability. For example, palmitoleic acid was reported to
induce a CsA-insensitive swelling of mitochondria at relatively high
concentrations of Ca? " in the medium [12].

We hypothesized earlier that palmitate/Ca® " -induced pore might
be a natural mechanism involved in the control of mitochondrial ion ex-
change under the conditions of Ca** overload [16]. This hypothesis is
based on the assumption that the accumulation of Ca?™ in the mito-
chondrial matrix would result in the activation of Ca®>"-dependent
phospholipase A; and, correspondingly, in the elevation of the FFAs con-
tent in the mitochondrial membrane [16,17]. The two major fatty acids
of the membrane FFA pool are palmitic and oleic acids (PA and OA) [9].
Hence, to verify our hypothesis, we should first answer the question if
these two fatty acids can be involved in the Ca? "-induced PT.

Thus, the objectives of the present work were (1) to examine the
ability of OA to cause Ca?"-dependent membrane permeabilization —
in comparison to the analogous ability of PA demonstrated in our
earlier works; (2) to understand and compare mechanisms by
which PA and OA permeabilize membranes upon binding of Ca?™
ions; and (3) to evaluate the possibility of these mechanisms to
work in mitochondria.

2. Materials and methods
2.1. Materials

Medium components, all inorganic chemicals, fatty acids, digitonin,
sulforhodamine B, lecithin were purchased from Sigma-Aldrich; DPPC
and cardiolipin were purchased from Avanti Polar Lipids.

2.2. Isolation of rat liver mitochondria

Mitochondria were isolated from the livers of Wistar rats (220-250 g)
using a standard differential centrifugation technique [10]. The isolation
medium contained 210 mM mannitol, 70 mM sucrose, 1 mM EDTA,
and 10 mM Hepes/KOH buffer (pH 7.4); the washing medium was of
the same content, except that EDTA was replaced with 50 uM EGTA.
The final suspension contained 90-100 mg of mitochondrial protein/ml.
The concentration of mitochondrial protein was determined by the
Lowry method [18].

2.3. Obtaining mitoplasts

Mitoplasts were obtained from the suspension of rat liver mitochon-
dria according to a conventional protocol [19,20]. One milliliter of the
mitochondrial suspension (90-100 mg of protein/ml) was added to
1.0 ml of a medium containing 210 mM mannitol, 70 mM sucrose, 50
UM EGTA, and 10 mM Hepes/KOH buffer (pH 7.4) and 2% digitonin,
this is followed by gentle stirring in an ice bath for 15 min. The suspen-
sion was diluted with 10 ml of the same medium without digitonin and
centrifuged for 10 min at 12,000 g. The pellet was resuspended in 5 ml of
the digitonin-free medium and centrifuged again under the same condi-
tions. The mitoplast pellet was washed twice in 5 ml of the digitonin-
free medium, and the final pellet was resuspended in the medium free
of both digitonin and EGTA. The degree of purity of the resulting
mitoplast suspension was evaluated by the activity of monoamino oxi-
dase (MAO). MAO activity was judged by the oxidation of benzylamine
to benzaldehyde, which was monitored by the increase in absorbance at
250 nm for 5 min [21]. Mitochondrial or mitoplast fractions (0.5 mg/ml)

were incubated at 37 °Cin a buffer containing 50 mM K,HPO,4 (pH 7.4),
0.5% Triton X-100 and 1 mM benzylamine. The activity of MAO in the
suspension of mitoplasts did not exceed 20% of that in the suspension
of mitochondria.

2.4. Measuring mitochondrial and mitoplast swelling

Mitochondrial and mitoplast swelling was measured as a decrease in
absorbance at 540 nm (As4p) in a stirred cuvette at the room tempera-
ture (about 22 °C) using an USB-2000 spectroscopy fiber-optic system
(Ocean Optics Inc, USA). The incubation medium contained 210 mM
mannitol, 70 mM sucrose, 5 mM succinate, 6.5 pM EGTA, 1 uM rotenone
1 uM CsA, and 10 mM Hepes/KOH buffer (pH 7.4). The concentration of
the mitochondrial protein in the cuvette was about 0.4 mg/ml. The rate
of swelling (Vimax = AAsgo/min per mg protein) was calculated as the
change in absorbance within the first 30 s from the beginning of the
high-amplitude swelling. The swelling rate is expressed as a percentage
of the mean swelling rate recorded in a series of experiments with
palmitic acid.

2.5. Preparation of liposomes

Liposomes (large unilamellar vesicles, LUV) were obtained by a
conventional extrusion technique [14]. Dry egg phosphatidylcholine
(lecithin; 0.75 mg) was hydrated for several hours with periodical stirring
in 0.75 ml of a buffer containing 10 mM Tris-HCl (pH 8.5),40 mM KCl and
50 uM EGTA. After five cycles of freezing/thawing at —20/+ 30 °C, the
suspension of multilamellar liposomes was pressed 11 times through a
0.1 yum polycarbonate membrane using an Avanti microextruder (Avanti
Polar Lipids, Birmingham, AL). All the operations (excluding the freez-
ing/thawing procedure) were carried out at the room temperature.

2.6. Preparation of liposomes loaded with sulforhodamine B

Liposomes loaded with sulforhodamine B (SRB) were prepared from
egg phosphatidylcholine by a procedure similar to that described above
except that (1) the buffer for lipid hydration contained 50 mM SRB in-
stead of 40 mM KCl and (2) after extrusion, liposomes were applied
on a Sephadex G-50 column to remove the external SRB. The buffer
for gel filtration contained 10 mM Tris-HCI (pH 8.5), 50 uM EGTA and
40 mM KCl.

The release of SRB was evaluated by the increase of its fluorescence
as described earlier [14]. The medium contained 10 mM Tris-HCl
(pH 8.5), 50 pM EGTA and 40 mM KCl. Fluorescence was measured
using a USB-2000 spectroscopy fiber-optic system (Ocean Optics Inc.,
USA) (excitation wavelength, 565 nm; emission wavelength, 586 nm).

2.7. Determination of vesicle size

The size of vesicles in the suspension of liposomes was measured by
dynamic light scattering (DLS) at 25 °C using a Zetasizer Nano ZS device
(Malvern Instruments Ltd.). The back-scattered light from a 4 mW He/Ne
laser (632.8 nm) was collected at an angle of 173°. Liposomes were pre-
pared as described above. The concentration of lipid in the samples was
50 uM. The medium contained 10 mM Tris-HCl buffer (pH 8.5), 50 uM
EGTA and 40 mM KCl. The acquisition time for a single autocorrelation
function was 100 s, and the resulting autocorrelation function was aver-
aged for 10 measurements. The volume-weighted size distributions
were calculated using the following parameters: refractive index of the
solution, 1.330; refractive index of particles (lecithin), 1.459; and solu-
tion viscosity, 0.8882 cp.

2.8. Acoustic measurements

The parameters of the main phase transition in the membrane of
dipalmitoylphosphatidylcholine (DPPC) liposomes were measured
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with a temperature-scanning differential ultrasonic fixed-length inter-
ferometer [22,23]. The parameters measured were the relative changes
in sound velocity and absorption caused by the dispersed lipid of the
concentration c: [U] = (u-up)/uoc and [A] = (aA-0pAo)/c. Scan rates
on cooling runs were ~0.3 K/min. Liposomes were obtained as
described above except that (1) DPPC was used instead of egg phospha-
tidylcholine, (2) the concentration of DPPC in samples was higher
(4.07 mM) and (3) all operations were carried out at 45 °C. The medium
contained 10 mM Tris-HCl buffer (pH 8.5), 50 uM EGTA and 40 mM KCL

2.9. Statistical analysis

The data were analyzed using the GraphPad Prism 5 and Excel soft-
ware and presented as means + SD of 4-8 experiments. Statistical dif-
ferences between data points were determined by a two-tailed t test.

3. Results

3.1. Does Ca®™ induce permeabilization of OA-containing liposomes
and if it does, how is it different from the PA/Ca®*-induced
membrane permeabilization?

We demonstrated earlier that the addition of Ca®?™ to the PA-
containing SRB-loaded azolectin liposomes in alkalescent media would
result in the partial release of SRB at the moment of the addition. The
study of the effect led us to the conclusion that the cause of the dye re-
lease was the formation of lipid pores in the liposomal membranes. In
this work, we have conducted analogous experiments on lecithin lipo-
somes, comparing the effect of PA and OA.

Fig. 1 shows the results of the experiment, in which a 15 puM fatty
acid (PA or OA) and then CaCl, were added to the SRB-loaded lipo-
somes. As can be seen in the figure, 1 mM Ca?>* induced release of the
dye in the presence of both fatty acids. In the presence of PA, though,
the effect was stronger (44% versus 28% in the case of OA). The differ-
ence substantially increased at lower concentrations of Ca>*. When
Ca?™" was added at the concentration of 0.1 mM, it caused a 25% release
of SRB from the PA-containing liposomes; with the OA-containing ves-
icles, the effect was close to zero.

The difference in the effect of PA and OA is well correlated to their
affinity to Ca®™ in alkalescent media [13]. Taking this into account,
one can conclude that the formation of 0A/Ca?™ complexes does result
in membrane permeabilization, with the effect being comparable with
that of PA. One cannot say, however, how similar are the mechanisms
of the two effects. To answer this question, we conducted further exper-
iments, examining changes in the phase state of liposomal membranes
and the size of vesicles.

50 1
45 -
40 A
35 4
30 4
25 4
20 1
15 4
10 4
5 -
0

SRB release,
% of total entrapped in LUV

A

Fig. 1. Ca®*-induced release of SRB from PA- and OA-containing liposomes. Additions:
15 uM PA or OA and 1 mM or 0.1 mM Ca?*. The medium contained 10 mM Tris-HCl
(pH 8.5), 50 uM EGTA and 40 mM KCl. Shaded bars, 1 mM Ca®™; white bars, 0.1 mM
Ca?*. Mean values = SD are represented (n = 4). *Differences between the control (SRB
release induced by 15 M PA and 1 mM Ca®*) and experiment are significant at p < 0.05;
#the difference with respect to the experiment with 15 um OA and 1 mM Ca®* is significant
atp < 0.05.

3.2. How do palmitic and oleic acids affect the phase state of liposomal
membranes, and how does this state change upon the addition of Ca®*?

To examine changes in the phase state of lipid bilayer induced by
fatty acids and Ca® ", we used the method of ultrasound interferometry
[22,23]. Fig. 2 shows the temperature dependence of specific sound ve-
locity (Fig. 2A, C) and specific sound absorption (Fig. 2B, D) for the sus-
pension of DPPC liposomes and the changes of these parameters
induced by PA, OA and Ca®™. A sharp increase or decrease in the
sound velocity or a peak in the sound absorption indicates a change of
the phase state of membrane lipids. It can be seen that PA and OA differ-
ently affect the point of the DPPC main phase transition: PA shifts it in
the region of higher temperatures (Fig. 2A, B; dashed line), whereas
OA decreases it (Fig. 2C, D; dashed line). These results agree with the
data of literature on the effect of saturated and unsaturated fatty acids
on lipid phase transitions [3,24,25].

The effect of Ca®>* on the phase state of PA- and OA-containing lipo-
somes is also different for the two acids. The addition of Ca ™ to the PA-
containing DPPC liposomes eliminates the changes caused by the fatty
acid: specific sound velocity and absorption shift to values close to
those observed for pure phospholipid (Fig. 2A, B; dotted line). The addi-
tion of Ca®™ to the OA-containing liposomes does not cause such an
effect: the shapes of temperature curves for specific sound velocity
and absorption remain the same as they were in the presence of OA
(Fig. 2C, D; dotted line).

3.3. Does the addition of Ca®* to PA- and OA-containing liposomes change
the size of vesicles?

Earlier we showed, using the method of correlation fluorescent spec-
troscopy, that the addition of Ca?* to the PA-containing azolectin lipo-
somes did not change the size and number of vesicles in the suspension
[14]. It was a proof that Ca?* did not cause disintegration of liposomes.
In the present work, we confirmed those results with the method of dy-
namic light scattering (Fig. 3). The addition of 30 uM PA and then 1 mM
CaCl, to lecithin vesicles did not change their size (Fig. 3A): the average
hydrodynamic diameter of liposomes was 142 nm at the beginning,
136 nm after the addition of PA, and 142 after the subsequent addition
of Ca®*. OA did not affect the size of vesicles as well (149 nm) (Fig. 3B).
At the same time, the addition of 1 mM CaCl, to the OA-containing lipo-
somes led, on the one hand, to an increase in the size of most vesicles (to
230 nm) and, on the other hand, to the appearance of a population of
smaller vesicles (72 nm). This can be interpreted as the results of fusion
and fission of liposomes.

Thus, the mechanisms by which PA and OA permeabilize mem-
branes upon binding Ca™, seem to be different. Apparently, the mech-
anism of PA/Ca? " -induced membrane permeabilization is based on the
phase transition in the lipid matrix, whereas OA/Ca®*-induced loss of
membrane integrity is caused by destabilization of the bilayer, which
can also result in the fusion and fission of vesicles. Can these two differ-
ent mechanisms be realized in the mitochondrial membrane?

3.4. Can oleic acid, like palmitic one, induce Ca® *-dependent
CsA-insensitive PT in mitochondria?

As shown in Fig. 4, 15 uM PA in the presence of 30 uM CaCl, is able to
induce a high-amplitude swelling of rat liver mitochondria, which is not
inhibited by CsA. At the same time, the rate of the mitochondrial swell-
ing induced by 15 uM OA and 30 pM CaCl, is substantially lower. The in-
crease of Ca>™ concentration to 100 uM accelerates the OA-dependent
swelling of mitochondria in the presence of CsA, having practically no
effect on the PA-dependent mitochondrial swelling. The addition of RR
inhibits the swelling caused by 15 uM OA and 100 pM Ca®™. Ca®™
alone does not result in the mitochondrial swelling under those
conditions.
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Fig. 2. Effect of PA and Ca?* (AB) and OA and Ca®>* (C,D) on the phase state of DPPC liposomes. The figure shows temperature curves of the specific sound velocity (A, C) and sound ab-
sorption (B, D) in the cell with DPPC liposomes. The difference between curves along the ordinate (A, C) is due to the presence of ethanol, which was introduced into the suspension with
fatty acids (at the concentration used, ethanol enhances the sound velocity but does not affect the character of phase transition). Solid line, pure 4 mM DPPC; dashed line, DPPC + 1 mM PA

or OA; dotted line, DPPC + PA or OA + 0.5 mM CaCl,. The medium was as in Fig. 1.

Thus, both acids can cause a PT in the mitochondrial membrane,
which would require the organelles to accumulate Ca>* in their matrix.
Hence, in both cases, PT should be underlain by the accumulation of
FFA/Ca%+ complexes on the matrix side of the inner mitochondrial
membrane. In case of PA, accumulation of these complexes probably
leads to the formation of lipid pores in the inner membrane by the
phase-transitional mechanism. Perhaps, OA/Ca?*-induced PT is also
based on the formation of lipid pores, yet taking into account the
fusogenic effects of OA, we thought that a possibility of OA causing a fu-
sion of the inner and outer mitochondrial membranes should have been
considered too. Correspondingly, we conducted experiments with
mitoplasts.

3.5. Are palmitic and oleic acids able to cause PT in mitoplasts?

As seen in Fig. 5, PA and OA cardinally differ in their ability to induce
Ca®*-dependent swelling of mitoplasts. The effect of PA is comparable
to that observed for mitochondria, whereas the OA/Ca?*-induced
swelling is greatly suppressed. Therefore, the presence of the outer
membrane seems to be an important factor for OA/Ca? "-induced PT
to occur. If so, the mechanism of OA/Ca?*-induced PT may, indeed, be
based on the fusion of the inner and outer mitochondrial membranes.

Thus, our experiments indicate that the nature of PA/Ca®"- and
0A/Ca? "-induced mitochondrial PT is different. We have made sup-
positions on the mechanisms, yet plausible as they seem to us, these
suppositions are based on the data obtained on artificial membranes.
Therefore, we conducted further experiments, trying to check how
these mechanisms would work under more native conditions, closer
to those in the cell. We have addressed two issues: the effect of

cardiolipin, the presence of which in the membrane is a characteris-
tic feature of mitochondria; and the effect of Ca>* on the mem-
branes containing a mixture of PA and OA.

3.6. Would the presence of cardiolipin in the membrane affect PA/Ca® * - and
OA/Ca? "-induced permeabilization?

Fig. 6 shows the results of our experiments performed on liposomes
formed from a mixture of lecithin and cardiolipin (3:1, mol/mol). As can
be seen, the effectiveness of the OA/Ca® "-induced SRB release in the
presence of cardiolipin decreased considerably. At the same time,
cardiolipin stimulated the release of the dye from the PA-containing
liposomes. Therefore, cardiolipin may lower the possibility of the OA/
Ca®*-induced PT in mitochondria, but it may also stimulate the forma-
tion of lipid pores induced by the binding of Ca>™ to PA.

3.7. How would Ca® * permeabilize membranes containing a mixture of PA
and OA?

The FFAs pool of cellular membranes is a mixture of saturated and
unsaturated acids, among which PA and OA dominate. Examination of
the combined effect of these two acids on the permeability of mem-
branes would, therefore, show if the mechanisms specific for saturated
and unsaturated fatty acids are able to work under more native cellular
conditions.

Fig. 7A shows the results of the experiment, in which Ca?>*+ was added
to liposomes, containing a mixture of PA and OA. As seen in the figure, a
small increase in the concentration of OA (against the equivalent de-
crease in the concentration of PA so that the total concentration of the
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Fig. 3. Changes in the size of vesicles observed upon addition of PA and Ca®>™ (A) and OA
and Ca® " (B) to the suspension of lecithin liposomes. Solid line, liposomes; dashed line, li-
posomes + 30 uM PA or OA; dotted line, liposomes + 30 uM PA or OA + 1 mM CaCl,. The
medium was as in Fig. 1.

two acids was the same) results in the stimulation of Ca>*-induced per-
meabilization of lecithin liposomes. The dependence of the effect on the
PA/OA ratio is bell-shaped, with the maximum shifted towards PA. Ex-
periments with mitochondria revealed an analogous picture (Fig. 7B).

4. Discussion

In this work, we conducted a comparative study of Ca® "-induced
permeabilization of the PA- and OA-containing membranes. The exper-
iments performed on liposomes show that both acids are able to cause a
loss of membrane integrity upon binding of Ca® " ions, but the mecha-
nism of these permeability changes seems to be different for saturated
and unsaturated FFAs.
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Fig. 4. The rate of CsA-insensitive swelling of rat liver mitochondria induced by 15 uM PA
and 30 uM CaCl; (1); 15 uM PA and 100 puM CaCl, (2); 15 uM OA and 30 pM CaCl,
(3); 15 uM OA and 100 pM CaCl, (4); 15 uM OA and 100 puM CaCl, in the presence of
1 UM RR (5); 100 pM CaCl, (6). The rate of mitochondrial swelling induced by 15 uM PA
and 30 pM CaCl, is taken as 100%. The incubation medium contained 210 mM mannitol,
70 mM sucrose, 5 mM succinate, 6.5 uM EGTA, 1 uM rotenone, 1 uM CsA, and 10 mM
Hepes/KOH buffer (pH 7.4). Mean values + SD are represented (n = 5-8). *Differences
between the control (mitochondrial swelling induced by 15 uM PA and 30 uM Ca®™)
and experiments are significant at p < 0.05.
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Fig. 5. The rate of CsA-insensitive swelling of mitoplasts induced by 15 pM PA and 30 uM
CaCl, and 15 uM OA and 100 uM CaCl,. The rate of swelling of mitoplasts induced by
15 pM PA and 30 uM CaCl, is taken as 100%. The incubation medium was as in Fig. 4.
Mean values + SD are represented (n = 4). *Differences between PA/Ca®*-induced swell-
ing of mitoplasts and OA/Ca? "-induced swelling of mitoplasts are significant at p < 0.05.

As follows from our previous studies [10,14,15], as well as the data
presented here (Figs. 1,2,4), in the core of PA/Ca? " -induced membrane
permeabilization lies separation of PA/Ca* complexes into solid mem-
brane domains, which is accompanied by the reduction of the area of
the corresponding lipid monolayer. If PA/Ca®>* complexes only form at
one side of the membrane, the reduced monolayer becomes expanded
in relation to the coupled monolayer, which becomes compressed. The
increased lateral pressure in the compressed monolayer will force the
expanded monolayer to break, and the exposed hydrophobic mem-
brane interior will by immediately filled with lipids from the com-
pressed monolayer. As a result, the two monolayers will fuse with the
formation of a hydrophilic lipid pore [15,26].

Apparently, binding of Ca?* to OA anions does not lead to phase sep-
aration of 0A/Ca®>™ complexes (Fig. 2C, D), and even if it should do, it
would not result in the appearance of solid domains, i.e., in the liquid-
to-solid phase transition. Correspondingly, there would not be forma-
tion of lipid pores by the mechanism described above. Yet in the exper-
iments with liposomes, we observed a loss of membrane integrity upon
binding of Ca®* to OA-containing vesicles (Fig. 1). We also saw that the
size of vesicles changed: most of them became larger, but there also ap-
peared a population of smaller vesicles (Fig. 3B). This can be interpreted
as the results of fusion and fission of liposomes respectively.

The fact that binding of Ca>* to negatively charged lipid vesicles can
result to their fusion is not new [27-30], and oleic acid, in particular, was
shown to possess fusogenic properties [29]. It is also known that
interacting with negatively charged lipids, Ca’* may cause a
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Fig. 6. Ca®"-induced release of SRB from PA- and OA-containing liposomes. Additions:
30 uM PA or OA and 1 mM Ca? ™. The medium was as in Fig. 1. Shaded bars, liposomes formed
from lecithin; white bars, liposomes formed from lecithin and cardiolipin (3:1, mol/mol).
Mean values + SD are represented (n = 5). *Differences between the control (PA/Ca?*-
induced SRB release from lecithin LUV) and experiment are significant at p < 0.05; #the dif-
ference with respect to the experiment with OA/Ca"-induced SRB release from lecithin LUV
is significant at p < 0.05.
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Fig. 7. The influence of PA and OA mixed at different ratios and Ca?* on the perme-
abilization of liposomes (A) and mitochondria (B). A) Ca?*-induced release of SRB from
liposomes containing both PA and OA mixed at different ratios. Additions: 0-50 uM PA
or OA and 1 mM Ca?". The medium was as in Fig. 1. Mean values + SD are represented
(n = 4). *Differences between the control (PA/Ca?*-induced SRB release from lecithin
LUV) and experiment are significant at p < 0.05. B) CsA-insensitive swelling of mitochon-
dria induced by Ca>* and a mixture of PA and OA. Additions: 0-15 M PA or OA and 100
UM Ca® ™. The rate of mitochondrial swelling induced by 15 uM PA and 100 uM CaCl, is
taken as 100%. The medium was as in Fig. 4. Mean values + SD are represented (n = 4)
*Differences between the control (mitochondrial swelling induced by 15 pM PA and
30 uM Ca®™) and experiments are significant at p < 0.05.

polymorphic phase transition in the membrane with the formation of
non-bilayer lipid phases [30]. All these effects imply that lipid bilayer
gets destabilized; it becomes strained and thermodynamically unstable.
That is what we suppose to occur when Ca? ™ binds to OA incorporated
in the membrane. Our assumption is that binding of Ca>™ may reduce
the average cross-section area in the region of the OA head as compared
to that in the tail-end region. If so, the OA/Ca? "-rich zones of the OA-
containing monolayer would tend to adopt an outwardly concave
shape. The monolayer containing OA/Ca®>* complexes can become rip-
pled, with the ripple slopes being outwardly concave. As a consequence,
the monolayer may break, since ripples add to the surface that needs to
be covered by lipids. This would result to the formation of lipid pores
and could account for the release of SRB that we observed in the exper-
iments with liposomes. Another consequence of the OA-containing
monolayer adopting the outwardly concave shape may be membrane
fusion. If two rippled monolayers come to a close contact, they may
merge, since the ridges of ripples are very stressed zones, while merging
will eliminate the stress. Merging of the outward monolayers of two
vesicles will lead to their subsequent fusion [31], and that is what we
probably saw in the light-scattering experiments.

The tendency of the OA/Ca?*-rich zones to become outwardly con-
cave can also be realized through bending of the entire membrane. In
this case, the corresponding zones of the coupled monolayer will be-
come outwardly convex, and these membrane regions might protrude,
forming bulges. Protrusion of the membrane can become the first step
in the process of vesicle budding. The population of small vesicles,
emerging upon the addition of Ca>* to the OA-containing liposomes,
may have been formed this way.

Thus, the alterations induced by Ca?™ in the PA-containing lipid bi-
layer are primarily associated with the change of the phase state

(Figs. 1,2), and the major effect is the formation of lipid pores at the mo-
ment of phase transition [14,15]. The alterations observed upon binding
of Ca™ to the OA-containing membrane can be generally characterized
as destabilization and straining of the bilayer [3,30,32], with the possible
outcomes being the loss of membrane integrity and membrane fusion
(which manifests itself as fusion of liposomes and vesicle budding).

On the basis of these suppositions, we can explain the results of the
experiments when Ca?™ was added to the membranes containing both
PA and OA at different ratios (Fig. 7). In those experiments, we observed
a kind of synergy between PA and OA, with the highest effect achieved
when PA was dominating and OA was presented in a small amount. This
indicates that OA/Ca*-induced permeabilization is slightly, if at all, af-
fected by PA, whereas PA/Ca®*-induced formation of lipid pores does
benefit from the presence of OA in the membrane. One can suppose
that the straining of lipid bilayer caused by OA facilitates breakage of
the expanded monolayer, which is the initial step of pore-formation
process in the phase-transitional mechanism of membrane perme-
abilization [16]. Perhaps, the stimulation of PA/Ca®"-induced SRB re-
lease by cardiolipin has the same nature (Fig. 6).

The situation with mitochondria is, no doubts, more complex. Per-
meabilization of the mitochondrial membrane occurs after accumula-
tion of Ca™ in the mitochondrial matrix (which is proved by the
inhibitory effect of RR), and the cause of the FFA/Ca?"-induced PT
should be the formation of the FFA/Ca®™ complexes on the matrix
side of the inner mitochondrial membrane. The results of our earlier
studies [9,10] and the data presented here (Fig. 4) show that there are
no reasons to reject the supposition of the PA/Ca? *-induced PT in mito-
chondria to occur by the phase-transitional mechanism. There are all
the conditions for this mechanism to work in the mitochondrial mem-
brane, and the presence of unsaturated fatty acids or cardiolipin
would not be a hindrance (Figs. 6,7). The results of this study show
that their presence would rather be a stimulating factor.

A more intriguing question is about the mechanism of the OA/
Ca%*-induced mitochondrial PT. Our experiments with mitoplasts
show that the mechanism of OA/Ca®*-induced PT is, probably, not
based on the formation of lipid pores in the inner mitochondrial
membrane (Fig. 5). The need for the outer membrane indicates
that OA/Ca? "-induced PT may result from the fusion of the inner
and outer mitochondria membranes.

The fusion of the inner and outer mitochondria membranes
can occur in the region of contact sites by the mechanism described
above for vesicle fission (budding). The appearance of the OA/
Ca%™-rich zones on the matrix side of the inner mitochondrial mem-
brane can lead to the bending of the corresponding membrane re-
gions and their protrusion towards the outer membrane. Upon a
close contact of the outer membrane and the expanded, outwardly
convex regions of the outer leaflet of the inner membrane, the two
membranes may fuse, forming a local toroidal intermembrane anas-
tomose (fusion pore).

We believe that, theoretically, both mechanisms (formation of lipid
pores in the inner membrane or fusion of the inner and outer mem-
branes) can be realized in the cell, but the probability of their realization
is different. The appearance of lipid pores — due to the binding of Ca®* to
PA and phase separation of PA/Ca®* complexes - should be a more prob-
able and frequent event. The PA/Ca®*-induced membrane perme-
abilization occurs at lower intramitochondrial concentrations of Ca® "
than the OA/Ca®"-induced PT, and there are always some FFAs in the
membranes, of which PA is the most abundant. It is possible, therefore,
that the PA/Ca? "-induced mitochondrial PT will be triggered under
physiological conditions. An important feature of lipid pores is their
spontaneous and rapid closure; their lifetime is on the millisecond scale
[26]. Correspondingly, the lipid pore-based PT should be transient, and
this mechanism can lead to the modes of transmembrane ion cycling —
when PT will play the role of an “emergency valve”. Its opening would re-
sult in the mild uncoupling and lowering of transmembrane ion
gradients.
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In contrast to that of lipid pores, the lifetime of intermembrane anas-
tomoses (fusion pores) may be longer, since their structure should be
maintained until the causes resulted in their formation exist. That is, it
should be maintained until the dissociation of OA/Ca®™ complexes,
which will probably occur after the collapse of AWy, release of Ca®*
and matrix acidification. Therefore, the fusion pore-based PT should result
in a deeper and longer membrane depolarization — and we do observe
such kind of depolarization under pathological conditions, i.e., glutamate
overload of neurons [33]. Under those conditions, the concentration of
Ca®™ in the cell (and, correspondingly, in the mitochondrial matrix) in-
creases significantly, which is accompanied by the activation of PLA,
and accumulation of FFAs in the mitochondrial membrane. We showed
earlier that the addition of PLA, inhibitors prevented mitochondrial depo-
larization and delayed Ca?™ disregulation upon the hyperstimulation of
brain neurons with glutamate [34]. This implies involvement of FFAs in
the mechanisms of mitochondrial PT on the late stages of neuronal degra-
dation. Perhaps, this deep and prolonged PT does result from the fusion of
the inner and outer mitochondrial membranes.
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