
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1Q1 Effect of surface-potential modulators on the opening of lipid pores in
2 liposomal and mitochondrial inner membranes induced by palmitate
3 and calcium ions

4Q2 Konstantin N. Belosludtsev a,⁎, Natalia V. Belosludtseva a, Alexey V. Agafonov a, Nikita V. Penkov b,
5 Victor N. Samartsev c, John J. Lemasters a,d, Galina D. Mironova a

6 a Institute of Theoretical and Experimental Biophysics RAS, Institutskaya 3, Pushchino, Moscow region 142290, Russia
7 b Institute of Cell Biophysics RAS, Institutskaya 3, Pushchino, Moscow region 142290, Russia
8 c Mari State University, pr. Lenina 1, Yoshkar-Ola, Mari El 424001, Russia
9 d Center for Cell Death, Injury & Regeneration, Departments of Drug Discovery & Biomedical Sciences and Biochemistry & Molecular Biology , Medical University of South Carolina,
10 DD504 Drug Discovery Building, 70 President Street, MSC 140, Charleston, SC 29425, USA

a b s t r a c t1 1 a r t i c l e i n f o

12 Article history:
13 Received 5 March 2015
14 Received in revised form 16 May 2015
15 Accepted 18 May 2015
16 Available online xxxx

17 Keywords:
18 Calcium
19 Fatty acids
20 Lipid pores
21 Liposomes
22 Mitochondria
23 Surface membrane potential

24The effect of surface-potential modulators on palmitate/Ca2+-induced formation of lipid pores was studied in
25liposomal and inner mitochondrial membranes. Pore formation was monitored by sulforhodamine B release
26from liposomes and swelling of mitochondria. ζ-potential in liposomes was determined from electrophoretic
27mobility. Replacement of sucrose as the osmotic agent with KCl decreased negative ζ-potential in liposomes
28and increased resistance of both mitochondria and liposomes to the pore inducers, palmitic acid, and Ca2+. Mi-
29cromolar Mg2+ also inhibited palmitate/Ca2+-induced permeabilization of liposomes. The rate of palmitate/
30Ca2+-induced, cyclosporin A-insensitive swelling of mitochondria increased 22% upon increasing pH from 7.0
31to 7.8. At below the critical micelle concentration, the cationic detergent cetyltrimethylammonium bromide
32(10 μM) and the anionic surfactant sodium dodecylsulfate (10–50 μM)made the ζ-potential less and more neg-
33ative, respectively, and inhibited and stimulated opening of mitochondrial palmitate/Ca2+-induced lipid pores.
34Taken together, the findings indicate that surface potential regulates palmitate/Ca2+-induced lipid pore opening.

35 © 2015 Published by Elsevier B.V.
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40 1. Introduction

41 Free fatty acids exert many biological effects, many involving
42 mitochondria. Fatty acids are substrates for mitochondrial respiration,
43 uncouplers of oxidative phosphorylation, inducers of themitochondrial
44 permeability transition (MPT) pore and pro-apoptotic agents [1–5]. In
45 the presence of Ca2+, long-chain saturated fatty acids also open a cyclo-
46 sporin A (CsA)-insensitive pore in the mitochondrial inner membrane
47 [6, 7]. Palmitate/Ca2+also induces pores in erythrocyte membranes,
48 artificial lipid vesicles, and black lipid membranes [7–11]. These find-
49 ings indicate that the fatty acid/Ca2+-induced pore is lipid in nature.
50 The mechanism of formation of these lipidic pores is suggested to
51 be high affinity binding of long-chain saturated fatty acids to Ca2+

52 with segregation of the fatty acid/Ca2+ complexes into pore-forming
53 solid-crystalline membrane domains [11–13].

54Albumin, which binds free fatty acids, and EGTA, a Ca2+ chelator,
55suppress the formation of lipid pores in liver mitochondria, whereas
56blockers of the MPT such as CsA have no effect on opening of palmi-
57tate/Ca2+-induced pores in mitochondrial membranes [6, 9]. The phys-
58ical–chemical properties of a lipid membrane, in particular, its phase
59state, depend on a number of factors: temperature, pressure, Ca2+,
60and various small molecules, including fatty acids, that interact
61with the bilayer-forming lipid [14]. Among these factors is membrane
62surface potential, which is determined by the ionized polar groups of
63phospholipids and proteins at the membrane surface [15, 16]. The net
64surface charge in most biological membranes is negative [17–19].
65Surface charge of biological and artificial membranes affects membrane
66permeability to ions and metabolites, as well as the activity of mem-
67brane enzymes [20–27].
68Several factors modulate that magnitude of the membrane
69potential:

701. Ionic strength. Inorganic and organic cationic solutes partially screen
71negative charges onmembrane surfaces,which decreases themagni-
72tude of the surface potential in proportion to overall ionic strength.
73Since the contribution of individual ions to ionic strength is propor-
74tional to the square of their charge, divalent cations such as Mg2+
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75 exert a greater effect on membrane potential than monovalent
76 cations like K+ and Cl− [15, 28].
77 2. pH. Increasing pH promotes the anionic forms of membrane lipids
78 and proteins, which increases the magnitude of the negative surface
79 potential and in turn influences membrane processes [19].
80 3. Insertion of charged amphiphiles into the membrane bilayer. Charged
81 amphiphilic molecules, for example, cetyltrimethylammonium bro-
82 mide (CTAB; cationic detergent) and sodium dodecylsulfate (SDS;
83 anionic detergent), insert into the bilayer to increase the density
84 of membrane positive and negative charges, respectively, with a
85 concomitant decrease and increase of the negative surface potential
86 [27, 29].

87 The objective of the present work was to examine the effect of modula-
88 tors of surface membrane potential on palmitate/Ca2+-induced perme-
89 abilization of liposomal and mitochondrial membranes. We show:
90 1) The amplitude and rate of the palmitate/Ca2+-induced CsA-
91 insensitive swelling of rat liver and heart mitochondria were lower in
92 high ionic strength than low ionic strength medium. 2) High ionic
93 strength also inhibited palmitate/Ca2+-induced permeabilization of
94 liposomes. 3) The anionic detergent SDS and the negatively charged
95 phospholipid cardiolipin increased the magnitude of the negative
96 ζ-potential of liposomes, whereas the cationic detergent CTAB reversed
97 the ζ-potential of liposomes from negative to positive; 4) CTAB
98 suppressed opening of palmitate/Ca2+-induced pores in mitochondria
99 and liposomes, whereas SDS and cardiolipin augmented the pore
100 formation.

101 2. Materials and methods

102 2.1. Materials

103 Medium components, inorganic chemicals, fatty acids, sulforhodamine
104 B (SRB), CsA, CTAB, SDS, and phosphatidylcholine (PC) were purchased
105 from Sigma-Aldrich (USA). Cardiolipin was purchased from Avanti
106 Polar Lipids (USA).

107 2.2. Isolation of rat mitochondria

108 Mitochondria were isolated from livers and hearts of Wistar rats
109 (220–250 g) by differential centrifugation, as described [9]. The homog-
110 enization buffer contained 210 mM mannitol, 70 mM sucrose, 1 mM
111 EDTA, and 10 mM Hepes/KOH buffer, pH 7.4. Subsequent centrifuga-
112 tions were performed in the same buffer, except that 100 μM EGTA
113 replaced EDTA. Final suspensions contained 90–100 (liver) and 30–50
114 (heart) mg of mitochondrial protein/ml, as determined by the Lowry
115 method [30].

116 2.3. Mitochondrial swelling

117 Swelling of mitochondria (0.4 mg/ml) was measured as a decrease
118 of A540 in a stirred cuvette at room temperature (~22 °C) using an
119 USB-2000 spectroscopy fiber-optic system (Ocean Optics, USA). The
120 incubation medium was 210 mMmannitol, 70 mM sucrose, 5 mM suc-
121 cinate, 5 μM EGTA, 1 μM rotenone, 1 μM CsA, and 10 mM Hepes/KOH
122 buffer, pH 7.4, or 120 mM KCl, 5 μM EGTA, 1 μM rotenone, 1 μM CsA,
123 and 10 mM Tris/HCl buffer, pH 7.4.

124 2.4. Preparation of large unilamellar liposomes

125 Large unilamellar vesicles (LUV) were prepared by an extrusion
126 technique, as described [11]. Dry egg PC (0.75 mg) was hydrated for
127 several hours with periodic vortexing in 0.75 ml of buffer containing
128 40mMSRB, 10mM Tris-HCl (pH 8.5), and 50 μMEGTA. After five cycles
129 of freezing/thawing at −20/+30 °C, the suspension was pressed
130 11 times through a 0.1 μm polycarbon membrane using an Avanti

131microextruder (Avanti Polar Lipids, USA). All operations except
132freezing/thawing were carried out at room temperature. After extru-
133sion, liposomes were applied onto a Sephadex G-50 column to remove
134external SRB. The buffer for gel filtration was 40 mM KCl, 50 μM EGTA,
135and 10mMTris-HCl, pH 8.5. SRBwas self-quenched inside LUV. Accord-
136ingly, release of SRB was estimated from the increase of SRB fluores-
137cence (unquenching) in buffer containing 40 mM KCl, 50 μM EGTA,
138and 10 mM Tris-HCl (pH 8.5) as described [11]. Fluorescence was mea-
139sured using a USB-2000 spectroscopy system at excitation and emission
140wavelengths of 565 and 586 nm, respectively.

1412.5. ζ-potential

142The ζ-potential is electrical potential at the hydrodynamic plane of
143shear, which is generally proportional to the surface potential although
144slightly smaller in magnitude. ζ-potential like surface potential is
145related to the membrane surface charge density. ζ-potential was
146determined by the Helmholtz–Smoluchowski relationship [31] from
147the electrophoretic mobility of LUV suspensions (0.05 mM total lipid)
148measured with a Zetasizer Nano-ZS (Malvern Instruments, Malvern,
149UK) at 25 °C in buffer containing 40 mM KCl, 50 μM EGTA, and 10 mM
150Tris-HCl, pH 8.5.

1512.6. Statistical analysis

152The data were analyzed using the GraphPad Prism 5 and Excel
153software and were presented as means ± SEM of 3–7 experiments.
154Statistical differences between means were determined by a two-tailed
155t test using p b 0.05 as the criterion of significance.

1563. Results

1573.1. Effects of ion composition and pH on cyclosporine A-insensitive
158permeabilization of mitochondria induced by palmitic acid and Ca2+

159To assess the effects of ion composition and pH on palmitate/Ca2+-
160induced permeabilization, absorbance of liver mitochondria in the
161presence of CsA was measured after addition of 15 μM palmitic acid
162and then 30 μM Ca2+. In sucrose/mannitol medium, the amplitude
163and rate of the mitochondrial swelling were substantially greater than
164in KCl medium (Fig. 1A, compare trace 1 to trace 2, and 1B). Moreover,
165after high-amplitude swelling was completed, liver mitochondria
166showed a tendency to shrink in KCl medium, as evidenced by slowly
167increasing absorbance (Fig. 1A, trace 2). Palmitate/Ca2+ also induced
168swelling of heart mitochondria in KCl medium that was maximal after
169about 2 min (Fig. 1C). After maximal swelling, heart mitochondria
170completely restored their volume over the next several minutes.
171The rate of mitochondrial swelling induced by 15 μM palmitic acid
172and 30 μM Ca2+ was also evaluated as a function of pH in liver mito-
173chondria. Rates of swelling increased as pH increased from 7.0 to 7.8
174(Fig. 2). At 8.0 and above, palmitic acid alone induced mitochondrial
175swelling, consistent with previous reports [32, 33].

1763.2. Ionic strength and permeabilization of liposomes by palmitic acid
177and Ca2+

178In buffer containing 80 mM sucrose, successive additions of 15 μM
179palmitic acid and then 1 mM CaCl2 led to release of 64% of SRB from
180liposomes (Fig. 3). SRB release decreased to 44% in buffer containing
18140 mM KCl, which was essentially the same as SRB release when KCl
182was replaced by LiCl, NaCl, RbCl, and CsCl (Fig. 3). As KCl increased
183from 0 to 40 mM and sucrose decreased isotonically from 80 to 0 mM,
184SRB release decreased. Only a slight decrease was observed as KCl
185increased from 0 to 5 mM, but as KCl increased from 10 to 40 mM,
186SRB release became a nearly inverse linear function of KCl concentration
187(Fig. 4). Thus, the ionic strength of the buffer affects not only palmitate/
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