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ABSTRACT. C&*" and Raccumulation by mitochondria triggers a number of alterations leading to nonspecific
increase in inner membrane permeability [Kowaltowski, A. J., et al. (1998)ol. Chem 271, 2929~

2934]. The molecular nature of the membrane perturbation that precedes oxidative damage is still unknown.
EPR spectra of spin probes incorporated in submitochondrial particles (SMP) and in model membranes
suggest that Ca—cardiolipin (CL) complexation plays an important role.?Ganduced lipid domain
formation was detected in SMP but not in mitoplasts, in SMP extracted lipids, or in CL-containing
liposomes. The results were interpreted in terms gffGaquestration of CL tightly bound to membrane
proteins, in particular the ADPATP carrier, and formation of CL-enriched strongly immobilized clusters

in lipid shells next to boundary lipid. The in-plane lipid and protein rearrangement is suggested to cause
increased reactive oxygen species production in succinate-supplemented, antimycin A-poisoned SMP,
favoring the formation of carbon-centered radicals, detected by EPR spin trapping. Removal of tightly
bound CL is also proposed to cause protein aggregation, facilitating intermolecular thiol oxidation. Lipid
peroxidation was also monitored by the disappearance of the nitroxide EPR spectrum. The decay was
faster for nitroxides in a more hydrophobic environment, and was inhibited by butylated hydroxytoluene,
by EGTA, or by substituting Mg for Ca*. In addition, C&" caused an increase in permeability, evidenced

by the release of carboxyfluorescein from respiring SMP. The results strongly suppgorbi@ding to

CL as one of the early steps in the molecular mechanism &f-auced nonspecific inner mitochondrial
membrane permeabilization.

Mitochondrial C&" overload can lead to a state of P, arsenate, thiol reagents, prooxidants, and uncouglers (
nonspecific inner membrane permeability termed mitochon- 5). MPT is characterized by the opening of a cyclosporin
drial permeability transition (MPFY1). C&*-loaded respir-  A-sensitive proteinaceous pore (mitochondrial permeability
ing mitochondria exhibit an increase in the ROS production, transition pore) that leads to mitochondrial uncoupling,
followed by enhanced lipid and protein oxidatioR—{7), swelling, C&" efflux, and loss of matrix components,
culminating in increased membrane permeabilityZ, 8). including proteins 1,8). Evidence has been presented that
This effect is potentiated by a series of compounds such asmpT, a lethal condition to the cell, is related to pathological
states, such as ischemia-reperfusiré( 9, 10). In addition,
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chromec oxidase; DCP, dicetyl phosphate; DMPO, 5,5-dimethyl-1- during post-ischemic myocardial reperfusio8, 6, 9).
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7-PCSL, 1-palmitoyl-2-stearoyl-(7-doxyéa glycero-3-phosphocholine:  l€vel are not well understood.
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of 5-doxylstearic acid; 12-SASL, 12-doxylstearic acid. inner mitochondrial membrane (IMM) of eukaryotic cells
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(11). CL is tightly bound to various enzymes and protein form complexes with any spurious ions, EGTA was at a
complexes 12, 13) involved in transport processes across concentration of 1 mM. When EGTA was added to complex
the membrane, such as the ABRTP carrier (AAC; 14), C&" present in samples, its concentration was 2 or 3 times
regulating their activities. greater than that of the ion.

In model systems, CL undergoes a bilayer to hexagonal Spin Labeling and EPR Measuremen&SL, 5-SASL,
Hy phase transition in the presence oPCEL5). In mixtures ~ 5-MeSL, and 12-SASL stock solutions were prepared in
of anionic and zwitterionic phospholipids, €acan also chloroform and stored at15 °C. Appropriate volumes were
induce lateral phase separation (lipid domain formatid; dried under N, SMP suspensions were added and the mix-
18). It is believed that both processes are important for tures gently stirred fiol h at 4-6 °C. 5-PCSL and 7-PCSL
membrane functioningl®). However, only phase separation were added in the form of concentrated ethanolic solutions.
has been observed in biological systeni)( and its EPR measurements were taken within 4 h. For liposome
characterization in mitochondria is still lacking. The impor- preparation, lipids and spin label chloroform solutions were
tance of the C&—CL interaction at the IMM level has been  evaporated under a stream of Nlhe remaining solvent was
recognized on the basis of recent work proposing that this removed under vacuum for 2 h. PC/20 mol % CL and PC/
interaction is responsible for the €anduced channel 20 mol % DCP multilamellar liposomes were prepared upon
opening in liposomes containing AAQ(). Therefore, a addition of buffer to the lipid films followed by vortexing
mechanism involving this interaction could play an important and bath sonication for 30 min at°C.
role in various membrane deleterious processes induced by The membrane lipid acyl chain degree of order was
the disruption of mitochondrial & homeostasis. assessed by calculating effective order parame&gsftom

In this work, we present spectroscopic evidence far'€a the EPR spectra of intercalated spin probes accqrding to refs
induced changes of membrane molecular organization, very26 and 27. S« measures the amplitude of motion of the
likely due to the interaction between the cation and CL. To Probe’s long molecular axis in the bilayer. Membrane
examine this possibility, inverted bovine heart submitochon- Organization was also measured by the ratio of heights of
drial particles (SMP) were used. In this system, CL is the low-field (1) to the center—f_leldr(o) resonances in the
predominantly located in the outer monolayet)( facilitat- EPR spectra of 5-MeSL2@). This parameter contains the
ing the study of C# effects. Membrane lipid organization ~ contribution of both order and mobility and expresses
was assessed by analysis of the EPR spectra of spin probe§hanges in overall membrane organization, lowei/ho
containing the paramagnetic nitroxide moiety at different values being ascribed to a more organized bilayer. The
depths in the bilayer. Lipid peroxidation was evidenced by @ppearance of an additional, more immobilized, component
the loss of the EPR signal of the incorporated spin probes. @S0 causes a decrease in tha/h, ratio (28). One mole
Radical formation was assessed by the spin trapping tech-Percent probe was usc_—zd to obtain spectra fo_r the measurement
nique. Permeability changes were detected by the leakage?f Serrand theh.i/ho ratio, as well as in the lipid peroxidation
of a fluorescent probe [carboxyfluorescein (CF)] trapped in Studies (see below).

the SMP aqueous compartment. Lateral phase separation was monitored by evaluating the
extent of exchange broadening in samples with high probe
MATERIALS AND METHODS concentrations. Under these conditions, exchange-broadened

) ] spectra are obtained due to the high probe collision fre-

Materials. ATP, bovine heart CL, EGTA, Hepes, Mgl quency. Such spectra tend to disptdy ratios (measured in
CaCl, sucrose, sodium succinate, BHT, rotenone, DMPO, the |ow-field resonance, Figure 6&8) close to or greater
DCP, 5-SASL, 5-MeSL, and 12-SASL were from Sigma than 1. Lateral phase separation causes an increase in the
Chemical Co. 5-PCSL and 7-PCSL were from Avanti Polar exchange frequency due to an increase in spin probe local
Lipids, Inc. CF was from Eastman Kodak. SSL was concentration, promoting additional line broadening and
synthesized by H. Dugas from the University of Montreal |eading to an increase in thed ratio. Such an effect was
and was a gift of I. C. P. Smith (National Research Council gpserved in a study of &induced lateral phase separation
of Canada). The other reagents were of the purest grade(16). To observe the exchange interaction; 1% mol %
available. Milli Q water was used throughout. probe was employed.

Isolation of Baine Heart Mitochondria and Preparation The kinetics of the reaction of spin-label with radicals
of SMP and Liposomeslitochondria were isolated accord-  generated during G&mediated lipid peroxidation in respir-
ing to ref21. SMP were obtained from frozen mitochondria ing SMP were followed by monitoring the intensity of the
(22). Lipid and protein contents were quantitated according center field line ki) in the nitroxide EPR spectr29).
to refs 23 and 24, respectively. SMP lipids were extracted Spin Trapping.Oxygen and carbon free radicals were
with CHCl/CH3;OH (1:2, v/v) by the Folch procedur@g). identified as DMPO adducts. EPR spectra were obtained in

Incubation ProcedureSMP (1-2 mg of protein/mL) were ~ a Bruker ER-200D-SRC spectrometer at room temperature
incubated in 125 mM sucrose, 65 mM KCI, 0.5 mM ATP, using flat quartz cells from Wilmad Glass Co., Inc.

10 uM rotenone (unless otherwise specified), and 6:2® Evaluation of Membrane Permeability by Carboxyfluo-
mM P (added after preincubation with &3 in 10 mM rescein FluorescenceThe concentration-dependent self-
Hepes (pH 7.2). Energization was achieved by addition of quenching of CF fluorescence can be used to monitor the
succinate. EPR spectra were obtained after preincubation foleakage of the dye incorporated in the aqueous compartment
15 min with C&" or Mg?" at 32°C. BHT, a chain-breaking  of SMP. CF (0.1 M) was added to the medium containing
antioxidant that scavenges propagating alkoxyl and peroxyl mitochondria prior to SMP preparation. External CF was
radicals formed during lipid peroxidation, was added as removed by three sequential centrifugation steps at 1G9000
specified in the figure legends. When added to controls to for 30 min at 4°C. The suspension was exposed to variable
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C&" concentrations and supplemented with succinate, and
the fluorescence intensity was measured. CF release, evi-
denced by a fluorescence increase, occurs due to an increase
in permeability. Fluorescence measurements were taken in
a SPEX-fluorog spectrofluorimeter at 3€, using alec of
479 nm and a.m of 520 nm; excitation slits were 0.1 and
0.1 mm, and emission slits were 0.1 and 0.1 mm. A
RESULTS
Ca*-Induced Increase in Lipid Organization and Lateral
Phase Separation in SMRC&" effects on IMM lipid .
organization were evaluated by analyzing the EPR spectra G
of intercalated spin probes bearing the nitroxide moiety at
different depths in the bilayer. SSL, a derivative of steara-
mide, carries the paramagnetic group at the polar headgroup;
therefore, it senses the membraiveater interface30). The
other labels have th-oxyl oxazolidine moiety at carbons
5 (5-SASL, 5-MeSL, and 5-PCSL), 7 (7-PCSL), and 12 (12-
SASL) of the acyl chain. The spin probes are either ionic

(5-SASL and 12-SASL), zwitterionic (5-PCSL and 7-PCSL),
or nonionic (SSL and 5-MeSL). Addition of €acaused
alterations in the spectra of all spin probes, irrespective of

the location of the nitroxide in the bilayer, indicating changes B
in the organization of the SMP lipid components. Two
associated physical processes were detected, in a cation
concentration-dependent manner: restricted lipid motion and

increased molecular order, and lateral phase separation. Allrgyre 1: Effect of C&* on the SMP lipid headgroup organization.
studies concerning the &aeffects on lipid organization were  EPR spectra of SSL (1 mol %) incorporated in SMP (1.5 mg of

performed with nonrespiring SMP to avoid loss of the EPR protein/mL) in standard medium (see Materials and Methods)
signal during respiration (see below). containing 1.0 mM EGTA (top) and in the presence of 1.5 mM
) ; ) Ca&" (bottom). Experimental conditions were as follows: power
EPR spectra were obtained for spin probes incorporatedof 10 mw, modulation amplitude of 1.25 G, gain of 63105,
in SMP at low and high probe-to-lipid molar ratios. The and spectral scan width of 100 G.

results for low molar ratios will be presented first. Figure
1A shows that in the absence of €aSSL exhibits a two- Table 1: C&" Effect on the Order Paramete&ky, and on theh,1/ho
component spectrum, one corresponding to a weakly im- Ratio Measured in the EPR Spectra of Spin Probes Incorporated in
mobilized population (narrow triplet) and the other to a SMP and in Model Systems (2 mM total lipid)

strongly immobilized population (broad triplet). €apro- Sert

motes an intense probe immobilization, causing the disap- system probe  EGTA cat Mg?*
pearance of the weakly immobilized component (Figure 1B). smp (2.0 mgof 5-PCSL 0.725: 0.013 0.781 0.009 0.730-+ 0.008
This result is indicative of a pronounced increase in lipid  protein/mL)
packing. The fact that no loss of spin probes occurred was 554 mol

7-PCSL 0.71Gt 0.011 0.75H 0.012 0.715+ 0.007
% DCP 5-SASL 0.678 0.008 0.692+ 0.01Z 0.684+ 0.00%

shown by solubilizing SMP in detergent (TX-100) and 0.701+ 0.010
verifying that the double integrals of the spectra in the PC/20mol% CL 5-SASL 0.658 0.009 0.68%+ 0.01C 0.659+ 0.00%
absence and in the presence of?Gaas well as that of 0.699+ 0.01F
detergent-solubilized particles (that yield a narrow line hes/ho

triplet), are essentially the same (data not shown). system probe EGTA ca

The spectra of 5-SASL, 5-PCSL, and 7-PCSL exhibited —gy,5 (1Omgof 5MeSL  0478L 0008  0.445: 0.010
outer and inner extrema, allowing the calculation of order protein/mL)
parametersSy (Table 1). The larg& values in SMP are SMP-extracted 0.668+0.008  0.644£0.01Z
in agreement with the high protein content in these particles lipids
(75—-80 wt %) (L1, 12). In this system, part of the lipid must *At1 mM. PAt5 mM. °At 8 mM. ¢ At 12 mM. © At 10 mM.
be strongly immobilized due to lipidprotein interaction.
Accordingly, smallerSs values were obtained for model  gpserved both for phospholipid spin labels and for 5-SASL.
systems consisting of PC/20 mol % CL and PC/20 mol % aqgition of EGTA prior to C&" prevented the increase in
DCP (Table 1). Figure 2 shows th&f for 5-SASL in SMP S« When M@+ was added instead of €a only a slight

!ncreasttar? vtvg;mcreazlng éaconcergﬁa]:clonsli tIE Tablf L it motional freezing of the lipid acyl chains was observed both
is seen tha caused an increase $iy for all the systems . "o\ 5 0 in liposomes (Table 1).

that were studied: SMP and model membranes containing
negatively charged phospholipids (DCP or CL). The increase  The line shapes displayed by the probes described above
in the order parameter, indicative of a decrease in the render it difficult to detect two (or more) spectral compo-
amplitude of motion of the probe’s long molecular axes, was nents, indicative of the existence of lipid domains with
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FIGURE 2: C&*" concentration dependence of SMP lipid organiza-
tion. Spectral paramete&¢ (W) andh,.,/hy (®) determined from

the EPR spectra of 5-SASL and 5-MeSL, respectively, incorporated
in SMP (1.0 mg of protein/mL) in standard medium (see Materials g re 4: Effect of C&* on SMP- and SMP-extracted lipid acyl

and Methods) as a function of €aconcentration. chain organization. EPR spectra of 5-MeSL incorporated in SMP
(2 mg of protein/mL) (A) and in liposomes of 8 mM SMP-extracted
lipids (B), in standard medium in the absence (top) and in the
presence of 4 mM (A) and 10 mM (B) €a(bottom). Experimental
conditions were as follows: power of 10 mW, modulation amplitude
of 1.25 G, gain of 1.25¢< 1(° (A) and 6.3x 10° (B), and spectral
scan width of 100 G.

Taa"nn

in the spectra of the model membrane, it is present in spectra
of SMP, and more so in those of €acontaining samples.
These features are evidenced in Figure 3 (bottom), where
the regions corresponding to the low- and high-field reso-
nances were expanded.

A different behavior was observed for 5-MeSL, the methyl
ester derivative of 5-SASL. When incorporated in SMP, this
probe does not exhibit two-component spectra. Only a single
spectrum, with no defined inner and outer extrema, is
observed (Figure 4A, top), suggesting that this probe is not
involved in lipid—protein interactions. Upon addition of
C&", a broader component (denoted by the arrow in Figure
4A, bottom) appears, reflecting the formation of a more
Immobile immobilized phase. The appearance of thé"@aduced
component immobilized component causes a decrease in the ratio of the
FIGURE 3: Effect of C&" on SMP lipid acyl chain organization.  heights of the low-fieldl¢.,) to the midfield fip) resonance.
(Top) EPR spectra of 12-SASL incorporated in SMP (2 mg of Figure 2 shows thdt;/hy decreases as the €aoncentra-
protein/mL) in the absence-f) and in the presence of AmM &a  tjon increases. When added to SMP-extracted lipidg, Ca
(- - -). For comparison, the spectrum of 12-SASL in PC/20 mol % also caused a decrease of the/ho ratio in spectra of

CL liposomes is includedf). (Bottom) Enhancement of the low- . e . .
and %igh-field regions do_fotrge spec{ra. The arrows denote the INcOrporated 5-MeSL (Table 1), indicating an increase in the

immobilized component in the spectra of SMP. This component is €xtent of overall lipid organi_zati0n26). Nevertheless,_ _in
absent in the liposome spectra. Experimental conditions were ascontrast to the results obtained for SMP, no additional

follows: power of 10 mW, modulation amplitude of 1.25 G, gain  spectral component was observed in this case (Figure 4B,
of 1.25 x 10°, and spectral scan width of 100 G. bottom). Thus, the spectra of both 12-SASL and 5-MeSL,
different packing properties. In contrast, in view of the greater even at the low probe-to-lipid ratio, provided evidence for
fluidity in the terminal methyl region of the bilayer, the 12- the formation of C& -induced, strongly immobilized, lipid
doxyl derivative of stearic acid has a greater freedom of domains in SMP.

motion. In protein-containing membranes, probes carrying EPR spectra of SMP, with high probe-to-lipid ratios, also
the nitroxide moiety close to the terminal methyl group allowed the assessment, at different depths in the bilayer, of
exhibit two-component spectra; the narrow line component C&"-induced lipid domain formation. Figure 5 shows the
is ascribed to a more mobile lipid population, corresponding EPR spectra of SSL in the absence (top) and in the presence
to bulk bilayer lipid, while the broader spectrum is ascribed (bottom) of C&*. Line broadening due to the spin exchange
to protein-bound, more immobilized, lipid 8, 31). In Figure interaction between the highly concentrated spin probes takes
3 (top), we compare the spectra of 12-SASL in PC/20 mol place both in the absence and in the presence of the ion.
% DCP and in SMP, in the absence and presence &f.Ca The exchange interaction increases in the latter case, indicat-
Clearly, the spectra of the two latter systems exhibit at leasting an increase in the local label concentration due to a
two components, as found in studies of lipigrotein redistribution of probe molecules in the plane of the
interactions. While a more immobilized component is absent membrane. Similar changes were found for a headgroup spin-

Immobile
component
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Ficure5: C&"-induced lipid domain formation in SMP monitored
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Ficure 7: Disappearance of the nitroxide EPR spectra due to

by an increase of the exchange interaction at the headgroup levelreaction with lipid peroxidation products formed upon addition of

EPR spectra of SSL (10 mol %) incorporated in SMP (1.0 mg of
protein/mL) in standard medium (see Materials and Methods) in
the absence (A) and in the presence (B) of 1.5 mM*Ca

B C
c/d c/d
0.953 4.301
/\/\ﬁ/lm /\/\/\/Hd

Ficure 6: Effect of C&" on lipid domain formation in SMP

monitored in the acyl chain region. EPR spectra of (A) 5-SASL
(120 mol %), (B) 5-MeSL (10 mol %), and (C) 7-PCSL (15 mol %)
incorporated in SMP (1.0 mg of protein/mL) as described in

c/d

2.857

Ca* to SMP. Effect of C&" on the kinetics of decay of the EPR
signal of SSL, 5-SASL, and 12-SASL incorporated in SMP (1.5
mg of protein/mL). The nitroxides reacted with lipid peroxidation
products resulting from respiration triggered by the addition of 10
mM succinate and 2.5 mM,;PThe standard medium (see Materials
and Methods) contained 18 rotenone. @) Control, nonrespiring
SMP. The signal decay was very slow for all spin-labels; SSL in
the presence ofY) 1.5 mM EGTA or (x) 5.5 mM Mg?*. 5-SASL
and 12-SASL yielded similar results. The remaining symbols
correspond to systems with 1.5 mM<a (M) SSL, () 5-SASL,

(a) 12-SASL, and 4£) 12-SASL and 1%M BHT. The values are
the averages of four experiments.

effect when the spin labels were incorporated in nonrespiring
mitoplasts (not shown). In these particles, the membranes
are oriented right-side-out. Finally, &afailed to induce
phase separation in PC/20 mol % CL/15 mol % 5-SASL
liposomes (data not shown), in agreement with previously
reported results1).

Materials and Methods, in the absence (top) and in the presence of Ca?"-Promoted Lipid Peroxidation in Respiring SMP

1.5 mM (A) and 4.0 mM (B and C) Ca (bottom). The
measurement aof andd is denoted in panel A, andd ratios are
given to the right of the spectra. Experimental conditions were as
follows: power of 10 mW, modulation amplitude of 1.25 G, gain
of 2.5 x 1 (A and B) and 3.2x 10° (C), and spectral scan width

of 100 G.

labeled derivative of palmitic acid when comparing mito-
chondria in the presence and in the absence of AZ®. (

The EPR spectra of 5-SASL-labeled SMP (Figure 6A)

Monitored by the Kinetics of Spin Label Signal Decay and
by Spin Trapping Nitroxides are paramagnetic species;
therefore, they can participate in free radical reactions, and
the disappearance of the EPR signal can be used to probe
these processe29). Figure 7 summarizes the effect of €a
Mg?*, BHT, and EGTA on lipid peroxidation in succinate-
supplemented, antimycin A-poisoned SMP. The kinetics of
the EPR signal decay were monitored for probes containing
the nitroxide moiety at different depths in the bilayer.

show that calcium also causes an increase in the exchangéddition of C&" to SSL-labeled SMP resulted in a small

interaction. Estimation of line broadening, by the empirical signal loss during a period of 25 min. In contrast, the signal
c/d parameter (Figure &8), clearly indicates a higher €= intensity decayed rapidly when SMP were labeled with
induced local label concentration. Similar results were 5-SASL and 12-SASL, whose paramagnetic groups are at a
obtained with 5-MeSL-labeled SMP (Figure 6B). An increase deeper location in the acyl chain region. These results
in the exchange frequency with increasingCeoncentra- demonstrate the dependence of the rate of spin label
tions was also observed in the spectra of 7-PCSL (Figure destruction on bilayer depth, suggesting that lipid-derived
6C). C&*-induced line broadening was observed to a smaller radicals are formed and that they react more effectively with
extent in the EPR spectra of 12-SASL-labeled SMP (not 5-SASL and 12-SASL because of the location of the latter
shown). This could be due to the fact that the propagation in the bilayer. Addition of BHT, an antioxidant, greatly
of the C&*-induced effects decreases from the surface to inhibited the signal decay, demonstrating that the process is
the interior of the bilayer. It is worthwhile noticing that strictly related to lipid peroxidation. No significant signal
EGTA and Mg+ were able to reverse the €ainduced line loss occurred in the presence of EGTA, or in nonenergized
broadening in the spectra of all SMP-incorporated spin labels. SMP. In addition, substituting Ga with Mg?* prevented

In addition, M@ alone did not produce spectral broadening, spin-label destruction.

and the C#&-promoted changes were unaltered upon addition ~ ROS formation by mitochondria is a physiological event
of P, in the 0.25-2 mM range. Moreover, Ca exerted no under aerobic conditions; the superoxide anion {as
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Ficure 9: Carboxyfluorescein fluorescence as an indication of the
Ce&*-induced increase in SMP permeability. Effect of?’Can a
real-time measurement of fluorescence intensity (arbitrary units)
of CF incorporated in the inner aqueous compartment of SMP (1.0
mg of protein/mL) in standard medium containing¥ antimycin

A, 5 uM rotenone, and 2.5 mM;PThe kinetic experiments were
started by the addition of 5 mM succinate to SMP (A) in the absence
of succinate and Ca and in the presence of 0.2 mM EGTA, (B)

in the presence of succinate and 0.2 mM EGTA, and (C) in the
presence of 1 mM Ca without succinate. Traces-BG correspond

to succinate addition after a 10 min period of preincubation with
1, 3, 5, and 7 mM C#, respectively. (H) TX-100 was used to
solubilize SMP to achieve total CF leakage.

noncatalyzed dismutation of the anion radical, since super-
oxide dismutase is also abseBb). The absence of catalase
in SMP favors the increase in the level of®} that can be
consumed by cytocrome, generating the highly reactive
ferryl—heme species3g) and, in the presence of traces of
iron, the*OH radical 6, 34). The pattern of the EPR spectrum
was modified in the presence of €4Figure 8C), indicating

adducts obtained in succinate-supplemented SMP (3.5 mg ofthe contribution of two main species: a carbon-centered

protein/mL) in standard medium containing 60 mM DMPO and
2.5 mM R in the presence of (A) 1&M rotenone or 10uM
rotenone and 8 mM succinate and (B) A® rotenone, 2uM
antimycin A, and 8 mM succinate. Under this condition, the
spectrum of the DMPOHO* adduct is obtained; (C) same as panel
B, with the results obtained after previous incubation with 2 mM
Ca&* for 15 min. Experimental conditions were as follows: scan
time of 4 min, gain of 1.25¢ 1%, power of 20 mW, and modulation
amplitude of 0.5 G. (D) Computer-simulated spectrum calculated

with the hyperfine constants obtained in panel C, corresponding to

DMPO spin adducts of H(O and x) and of a carbon-centered
radical @) (see the text).

produced, generating-B, and, probably, hydroxyl radicals
(*OH) (33). Bovine heart SMP are also effective sources of
O, and HO, (34). Trapping of ROS upon reaction with
DMPO provided direct evidence of €ainduced production

of free radicals during SMP respiration. Figure 8 shows the
effect of C&" on the formation of DMPO adducts. No radical

radica-DMPO adductfy = 15.9 G,a4 = 22.9 G @)] and,

to a lesser extent, the DMPEH"* spin adductdy = 16.4 G,

ay = 22.5 G ©); the x symbols denote lines overlapping
with those of the carbon-centered radical]. The former values
of hyperfine splittings are within the range reported for lipid-
derived carbon-centered radical addu8@ (These radicals
could originate from lipid peroxidation products formed by
ROS attack on these membrane components. The formation
of DMPO—H"* during lipid peroxidation has also been
reported 88). BHT and EGTA prevented the appearance of
the radicals. Figure 8D presents the simulated spectrum for
the radicals identified in Figure 8C. It is seen that the
agreement is excellent.

Cé&?*-Induced Increase in Membrane Permeability in
Respiring SMP Monitored by Changes in the Fluorescence
of Carboxyfluorescein Trapped in the Particle Internal
Aqueous Compartmentrigure 9 shows no significant

formation took place either under nonenergized conditions carboxyfluorescein (CF) leakage in SMP in the absence of
or when succinate was added to rotenone-containing SMPsuccinate and Ca. Addition of succinate to antimycin

in the absence of antimycin A (Figure 8A). On the other
hand, theOH radical was formed by succinate-supplemented
SMP in the presence of antimycin 84, 35), as seen in
Figure 8B &y = 14.9 G,a4 = 14.9 G). Under this condition,
the rate of @ production increases, generatingdd by the

A-supplemented SMP in the absence of Ceaused only a
slight leakage of the dye. Under this condition, a®Ca
concentration-dependent increase in the extent of CF leakage

was observed. In the absence of antimycin A and succinate,

Ca&" also promoted an increase in permeability, characterized
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by a lag phase, followed by an increase in fluorescence, butall the CL (~20 mol %) is exposed to the external medium,
the effect was much less intense than that observed in theand very likely, most of it is tightly bound to embedded
presence of succinate. Total leakage was induced by 0.2%jproteins. Due to the low lipid-to-protein ratio, a large fraction
TX-100. Despite the difficulty in removing the external CF of the lipid is directly involved in lipid-protein interactions.
from the SMP suspension, this method proved to be useful The remaining nonboundary lipids are also considerably

for detecting alterations in membrane permeability. immobilized, since in the IMM they comprise a small number
of shells @6). This is best illustrated by the spectra of
DISCUSSION 5-MeSL. In the absence of €a the probe exhibits es-

sentially a single-component spectrum, indicating that it is
not significantly involved in lipid-protein interactions. The

interaction is one of the early events in the molecular gmpiricaih, ,/h, parameter indicates that the SMP nonbound-
mechanism of multiple membrane dysfunctions caused by ary lipid is more tightly packed than the extracted lipids

C&* overload in respiring mitochondrid {-10). The expo- (Figure 4 and Table 1). Upon addition of €a CL is
sure of most of the CL (essentially the only negatively goqyestered from the boundary lipid layer to the neighboring
charged phospholipid of the IMML1, 12) to the external  ghg)is. Although C#-induced domain formation has not

medium in SMP 11) allows for the examination of itS  peen ghserved in model systems containing @6, @1),
interaction with externally added &aThe lack of significant including this work, the phenomenon is clearly observed in

changes in mitoplasts strongly suggests that in SMP"Ca  gyip Evidence for it is provided by the enhancement of spin
binds considerably to CL. This lipid is tightly associated with exchange in spectra of SSL (Figure 5), 5-SASL, 7-PCSL
seve_ral IMM enzymes, controlling their activitiesX—14). and 5-MeSL (Figure 6) at high probe-to-lipid ratios and from
Studies of reconstituted systems showed that cytochromeynq increase of the strongly immobilized probe population

oxidase (COX) displays a higher affinity for CL than for , 4e spectra of SSL (Figure 1) and 12-SASL (Figure 3), as
other phospholipids, and that this affinity decreases in the \;o| as the appearance of such a population in the spectra
presence of Cd (13). In another study, removal of @36‘ of 5-MeSL (Figure 4A), at low probe-to-lipid molar ratios.
led to the loss of AAC channel activity2Q). The C&'- The results for all probes, except 5-MeSL, do not allow ruling
induced unselected channel activity was proposed to be &gt the possibility of cluster formation in the boundary lipid
key component of the MTP pore. domain. Nevertheless, the data for 5-MeSL, in conjunction
In model systems, Cawas shown to interact with CL’s  with the above-mentioned results of Caffects on lipid-
headgroup, causing a decrease in the surface area Oprotein interactions in reconstituted systertd Q0), suggest
monolayers and a consequent immobilization of the head-that lateral phase separation occurs in the subsequent lipid
groups 89). In the study presented here, a’Ginduced  shells, pointing at the different properties of this environment
decrease of the motion of both the headgroup (Figure 1) andwhen compared to that of bulk bilayer lipids. In this context,
the acyl chain region (Figures-2), as well as an increase  Ca*+ sequestration of boundary layer CL would lead to an
in the acyl chain degree of order (Figure 2 and Table 1), extensive rearrangement of the in-plane lipid distribution and
were observed in a biological membrane (SMP). Moreover, packing within the membrane, promoting microdomain
clear indications were found for €ainduced lipid lateral  formation in the remaining lipid shells and creating packing
phase separation (Figures 5 and 6):‘GQaromoted increases  defects between domains with different compositions. More-
in lipid order and lateral phase separation have been over, the formation of Ca—CL-enriched patches is expected
extensively examined in model membran&5-18, 39, 40). not only to affect the lipid environment but also to influence
Lateral phase separation was demonstrated by an increasghe lateral motion of membrane proteins, as well as their
in spin—spin interaction 16) and other experimental ap-  conformation and function. In recent work on the interaction
proaches 17, 18, 40). Nevertheless, this process was not petween cytochromeand dimyristoylphosphatidylglycerol
characterized in PC/CL liposomes in this, or other studies (DMPG), in the absence and presence of CQIY), the
(16, 41). On the other hand, the €ainduced bilayer to  authors found that, whereas cytochromelone did not
hexagonal Il phase transition described in PC/CL model induce a motionally restricted population, it was able to
systems 15, 39, 42) was not detected in this study, in increase the proportion of strongly immobilized lipid as-
agreement with previous work with biological membranes, sociated with COX/DMPG membranes. The results were
including mitochondria42), and with reconstituted mem- proposed to be due to the propagation of the motional
branes 44). In the IMM, the protein-to-lipid ratio is on the  restriction of the lipid chains beyond the first boundary shell,
order of 80:20 (w/w). In spin label studies of lipigbrotein possibly creating microscopic in-plane domains. It was also
interaction in COX-reconstituted systems, the spectral com- suggested that binding of cytochroraenight cause cross-
ponent due to nonboundary lipid exhibited broader line bridging of COX molecules at lower lipid-to-enzyme ratios.
shapes with decreasing lipid conte#®); The immobilization  Similar effects were found upon addition of melittin to
effect was seen to propagate to several lipid shells beyondsarcoplasmic reticulum membrands) The peptide-induced
that immediately adjacent to the protein. With regard t6"Ca  protein aggregation was suggested to be the main cause of
the ion seems to compete with membrane proteins for CL, the C&"—ATPase inactivation.
sequestering it from the boundary layer, as suggested by the The C&*-promoted lateral phase separation, the packing
decreased affinity of COX for spin-labeled CL in the defects between domains with different acyl chain mobility,
presence of the iorl@), and by the loss of the AAC channel  and membrane protein aggregation are factors optimizing the
activity upon removal of Ca (20). topography for the efficient deleterious attack on IMM lipids
In view of the above, the following sequence of events and proteins by ROS. In fact, €apromotes an increased
can be envisioned, at a molecular level. In SMP, essentially rate of carbon-centered radical production in succinate-

This work supports the hypothesis that the?CGaCL



13286 Biochemistry, Vol. 38, No. 40, 1999 Grijalba et al.

supplemented SMP (Figure 8C), strongly supporting this permeability (Figure 9), in agreement witkpH measure-
proposition. Formation of HOIn succinate-supplemented ments that indicate disruption of the SMP transmembrane
SMP was demonstrated through the detection of the DMPO potential (data not shown). The phase separation character-
OH adduct (Figure 8B). In the presence of?Cand R, ized in this work causes changes in the lipid microenviron-
instead of this adduct, a carbon-centered radical is detectednent that are sufficient to cause a significant increase in
as a DMPO adduct (Figure 8C). permeability, as observed for liposomd®,(42). However,
The physiological or stimulated production of mitochon- only under conditions of radical overproduction, occurring

drial O™, after a period of anoxia and reoxygenation, and a in antimycin A-poisoned, succinate-supplemented SMP, is

consequent increase in the level of® have been observed
(6,9, 33—36). The absence of the DMPED,~ adduct signal
(an 14.25 G, ay 11.3 G) does not exclude its

participation, since this adduct is very unstable and decom-

poses to DMPG-OH (37). Like isolated mitochondria, SMP
can give rise to k.. The production of KO, is enhanced
several-fold in the presence of antimycin A4( 35).

there a pronounced €aconcentration-dependent perme-
ability increase. In the presence of high calcium, the SMP
respiration process leads to an increase i@tormation,
triggering the oxidative process. Taken in conjunction, the
results presented here show thaf Chas multiple effects.
The C&"—SMP interaction, mediated by &a-CL binding,

is a precondition that favors a sequence of inter-related

According to the proton-motive Q cycle hypothesis for structural, dynamical, and chemical events. The decreased
electron transfer at the level of complex 149), in the lipid mobility and increased order, the formation of CL-
presence of antimycin A the ubisemiquinone radical ac- enriched domains, interdomain packing defects, and protein
cumulates on the cytosolic side of the IMM. Under this aggregation are structuratlynamical events that can induce
condition, production of superoxide has been ascribed to and/or favor deleterious chemical processes modulated by
electron transfer to dioxygen either from the ubisemiquinone the reorganization of membrane components. This rearrange-

(6, 33, 34, 50—52) or from cytochromebses (53).

C&*" induces a further increase in the levels of @nd
H,O,, leading to lipid and protein oxidation in intact
mitochondria {—8). The results presented here show that
in the IMM, C&* also stimulates free radical processes,
probably by increasing the rate of production ofQ4 (6)
and HO (34). The in-plane molecular rearrangement caused
by the ion could facilitate the monovalent, @eduction,
enhancing the generation of Qfollowed by HO, and other
ROS. Moreover, the Ca-induced lipid microstructural
changes lead to at least two conditions favoring lipid and
protein oxidation processes. (i) Increased lipid packing and

ment leads to increased ROS production at the ubiquinone
level, promoting the oxidation of membrane lipids and
proteins whose chemical damage is responsible for the large
increase in membrane permeability. Altogether, the data
strongly indicate that the €&—CL interaction is an early
and fundamental step of the molecular mechanism by which
Ca* triggers mitochondrial membrane permeabilization. The
above sequence of events provides an explanation for the
IMM nonspecific permeability transition observed at high
C&* concentrations.
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