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In this work we studied permeability transition by incubating mitochondria in the presence of 50 uM
Ca®* and malate/glutamate as substrates. This condition, besides inducing the release of pyridine
nucleotides, promotes the generation of reactive oxygen-derived species by the complex I of the
respiratory chain. The latter leads to the opening of the mitochondrial permeability transition pore.
Ca’* release, mitochondrial swelling and collapse of the transmembrane electric potential, were
analyzed to assess this process. We propose that the mechanism for pore opening, in addition to the
oxidative stress, involves the uncoupling effect of fatty acids providing activation of phospholipase
A2, lipid peroxidation, and the oxidation of membrane thiols. This proposal emerges from the data
indicating the protective effect of bovine serum albumin and N-ethylmaleimide. The key role of
reactive oxygen species was implied based on the fact that the scavenger o-phenyl-zert-butyl nitrone
inhibited pore opening.

KEY WORDS: Mitochondria; permeability transition; mitochondrial calcium; complex I of the respiratory chain;
oxidative stress; reactive oxygen species.

INTRODUCTION

Matrix Ca>* overload leads mitochondria to a mem-
brane permeability transition characterized by the open-
ing of a high conductance pore, of approximately 3 nm
of diameter, that allows the efflux of metabolites and
ions (Crompton et al., 1987; Zoratti and Szabo, 1995;
Bernardi, 1999). The chemical nature of the pore has
been ascribed to be the adenine nucleotide translocase
(Brustovetsky and Klingenberg, 1996; Woodfield et al.,
1998; Haworth and Hunter, 2000; Zazueta et al., 2000).
This assumption is based on the fact that ADP and to a
lesser extent ATP inhibit the opening of the non-specific
pore, while atractyloside and carboxyatractyloside open
it (Haworth and Hunter, 2000). A fast matrix Ca*t dis-
charge, mitochondrial swelling, and collapse of the trans-
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membrane electric gradient characterize the hyperperme-
able state. In addition to Ca®* overload, pore opening
requires of inducing agents that have a very dissimi-
lar chemical structure, such as sulfhydryl reagents, N-
ethylmaleimide, and phenylarsine oxide (Kowaltowski
et al., 1997); heavy metals, Pb>* and Hg?* (Chdvez
et al., 1987; Chéavez and Holguin, 1988); metabolites
as inorganic phosphate and fatty acids (Bravo et al.,
1997; Kushnareva et al., 1999; Wieckowski et al., 2000);
prooxidants, like #-butyl hydroperoxide, and oxygen-
derived reactive species (Broekemeier and Pfeiffer, 1995;
Kushnareva and Sokolove, 2000). Further, non-specific
permeability transition pore can be opened through patho-
logical processes such as ischemia/reperfusion (Arteaga
et al., 1992; Halestrap et al., 2004), and hyperthyroidism
(Kalderon et al., 1995). Regarding the oxygen-derived
reactive species (ROS) these reagents can be generated
chemically by different mechanisms, i.e., the addition of
Fe?* or Fe** plus citrate (Castilho et al., 1995). Neverthe-
less, mitochondrial electron flow through complexes I and
III becomes the principal physiologic generator of super-
oxide and H,O, (Herrero and Barja, 2000; McLennan
and Esposti, 2000). Indeed, the activity of superoxide
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dismutase, catalase and glutathione peroxidase protects
the cell from the low amount of mitochondrial ROS that
are generated under physiologic conditions. However, un-
der pathologic circumstances, for example reperfusion-
induced Ca’>* overload, the activity of the protective
systems appears to be insufficient.

Several reports have demonstrated that the mecha-
nism by which the oxidative stress open the pore would be
related to lipid peroxidation, and thiol oxidation of mem-
brane proteins (Fagian et al., 1990; Castilho et al., 1995;
Castilho et al., 1998; Cosso et al., 2002). ROS also acti-
vates phospholipase A2 (Madesh and Balasubramanian,
1997) that catalyzes fatty acid hydrolysis from membrane
phospholipids. Broekemeier and Pfeiffer (1989) postulate
that activation of mitochondrial phospholipase A2 leads to
an intramembranous accumulation of lysophospholipids
and free fatty acids, that in turn are thought to be respon-
sible for the increased permeability.

In this paper we show that incubation of mitochon-
dria in the presence of supraphysiological Ca>* concentra-
tions promotes dysfunction of mitochondrial Complex 1.
At the first glance such a dysfunction would be attributed
to the loss of pyridine nucleotides (Vinogradov et al.,
1972). However, it must be recognized that the interrup-
tion of electron transport in Site I, i.e., by rotenone (Li
et al., 2003), brings about the generation of reactive oxy-
gen species, which in turn leads mitochondria to undergo
permeability transition. It is proposed that the mechanism
involved, in which ROS play a central role, is the produc-
tion of free fatty acids and oxidation of membrane thiols.
This assumption is based on the fact that pore opening
was inhibited by the addition of the fatty acids chelator
bovine serum albumin, as well as by the addition of the
thiol-modifier N-ethylmaleimide, and the ROS scavenger
a-phenyl-N-tert-butyl nitrone.

MATERIALS AND METHODS

Mitochondria from the cortex of rat kidney were
prepared by homogenizing the tissue in 0.25 M sucrose-
1 mM EDTA, adjusted to pH 7.3 with Tris, and follow-
ing the standard centrifugation pattern. The last wash
was performed in EDTA-free sucrose medium. Mito-
chondrial protein was measured with the Lowry method
(Lowry et al., 1951). Calcium movement was followed
using the metallochromic indicator Arsenazo III at 675—
685 nm (Scarpa et al., 1978). Mitochondrial transmem-
brane electric gradient was assayed at 511-533 nm by
using Safranine as indicator (Akerman and Wikstrom,
1976). Changes in optical density at 540 nm were used
as indicators of mitochondrial swelling. Matrix NADH
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release was measured fluorometrically at 340 nm ex-
citation and 460 nm emission, in the supernatant ob-
tained after centrifugation of mitochondria incubated in
the presence of Ca’*. Lipid peroxidation was analyzed
by measuring the thiobarbituric acid reactive species
formed after incubation of mitochondria in media con-
taining malate/glutamate as the substrates and 50 uM
CaCl, (Buege and Aust, 1978). The phenazine methosul-
fate (PMS) and 2,6-dichlorophenolindophenol (DCPIP)
method was followed to measure succinate dehydroge-
nase activity (Mowery et al., 1977). Briefly, 2 mg mi-
tochondrial protein were preincubated in the basic me-
dia containing malate/glutamate as the substrates, with or
without 5 ug rotenone; in addition the media contained
0.5 mM PMS, and 50 uM DCPIP. After 5 min 5 mM suc-
cinate was added and the changes in absorbency at 600 nm
were measured. The basic incubation medium, adjusted to
pH 7.3, contained 125 mM KCl, 10 mM malate, 10 mM
glutamate, 3 mM inorganic phosphate, 10 mM HEPES,
3 ug oligomycin and 200 uM ADP. Where indicated the
NAD-dependent substrates were substituted by 10 mM
succinate plus 5 ug rotenone. The ANOVA analysis was
used to compare the data of NADH released and TBARS
generated. Values are expressed as means £ S.D.; signif-
icance was set at P < 0.05.

RESULTS

Ca”* is rapidly accumulated into mitochondria when
supported by the oxidation of a respiratory substrate.
However, as illustrated in Fig. 1A, in malate/glutamate ox-
idizing mitochondria, accumulation of the cation depends
on its concentration in the incubation mixture. Trace a
shows that mitochondria were inefficient to take up a large
amount of Ca®* when the concentration of this metal at-
tained 50 «M; whereas, as seen in trace b, a fast accumula-
tion and retention was achieved when Ca>* concentration
was diminished to 25 uM. The failure of mitochondria
to accumulate the cation would be attributed to the Ca’*-
induced loss of pyridine nucleotides (Vinogradov et al.,
1972). However, Fig. 1A, trace a, also shows that the ad-
dition of 5 mM succinate did not induce Ca>* retention.
With the purpose to discard the possibility that succinate
dehydrogenase were inhibited by the oxaloacetate formed
in the absence of rotenone, the activity of this enzyme was
measured, the values obtained with or without rotenone
were very similar, i.e., 106.9 426, and 108.6 £ 17, re-
spectively. From the latter, arises the possibility that, to-
gether with the release of pyridine nucleotides, the inef-
ficacy to accumulate Ca’>* would be due to the opening
of the non-specific pore, through a mechanism involving
the function of the respiratory Complex I, as has been
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Fig. 1. The inability of malate/glutamate-oxidizing mitochondria to
accumulate calcium. Mitochondrial protein (2 mg) was added to 3 ml of
the basic incubation mixture described under Materials and Methods.
Where indicated 10 mM malate and 10 mM glutamate (Mal/Glut), or
10 mM succinate (Succ), plus 5 ug rotenone, were added as substrates.
In Panel (A) trace a, the medium contained 50 M CaCly,, in trace b the
medium contained 25 M CaCl,. In Panel (B) 0.5 uM cyclosporin A
(CSA) was added. In Panel (C) the medium contained 100 uM CaCl,.
The media contained in addition 50 ©M Arsenazo III. Where indicated
5 mM succinate was added. Temperature 25°C.

proposed by Fontaine er al. (1998). This latter was con-
firmed by the result shown in Fig. 1B which indicates that
the addition of cyclosporin A (CSA) restored the ability of
mitochondria to accumulate Ca®* with NAD-dependent
substrates. Furthermore, Fig. 1C shows that, even in the
presence of 100 M Ca’*, succinate oxidation promoted
the accumulation of the cation.

To assess NADH release, this nucleotide was mea-
sured and the values indicated that, in our conditions
the addition of 50 uM Ca’* to malate—glutamate oxi-
dizing mitochondria induced NADH release, i.e., 0.999 £+
0.075 nmol/mg protein. The NADH efflux was inhibited to
0.038 % 0.033 nmol/mg protein after adding cyclosporin
A (CSA).

As shown, malate/glutamate supported Ca>* accu-
mulation when the concentration of this cation attained
25 uM. Nevertheless, mitochondria seem to be more sus-
ceptible to membrane leakage as is illustrated by the ex-
periment in Fig. 2A. As observed, a fast matrix Ca’* efflux
followed after the addition of 0.3 M carboxyatractylo-
side (CAT); such a reaction was inhibited by CSA. This
latter contrasts the events occurring in succinate-oxidizing
mitochondria. As seen in Fig. 2B, Ca2* remained accu-
mulated in mitochondria even after adding of 1 uM CAT.
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Fig. 2. The -calcium-releasing effect of carboxyatractyloside
on malate/glutamate-oxidizing mitochondria. Mitochondrial protein
(2 mg) was incubated in similar conditions to those described for
Fig. 1. In (A) the medium contained 25 uM CaCl,, and where indi-
cated 0.3 uM carboxyatractyloside (CAT), or 0.5 uM CSA were added.
In (B) the medium contained 100 uM CacCl,, and where indicated 1 uM
carboxyatractyloside (CAT) was added.

Analysis of membrane energization (Av) is useful in
assessing the intactness of the inner membrane after Ca>*
accumulation. Figure 3A, trace a, shows that the addition
of 50 uM Ca* to malate/glutamate oxidizing mitochon-
dria initiated a rapid decrease in Ar. Accordingly to the
result obtained with Ca’* movement (see Fig. 1A) the
membrane potential was not re-established by the addi-
tion of succinate. Nevertheless, trace b indicates that a
complete protection against the deleterious effect of cal-
cium was attained by the addition of CSA. Figure 3B
illustrates that, as expected, Ay remained unchanged (at
a high level) in succinate-oxidizing mitochondria, despite
the addition of 100 ©M Ca’*. The inefficacy of succinate
to reverse the collapse of Ay must be due to the open-
ing of the hyperconductance pore by Ca>* cycling, this
is demonstrated by the fact that, after addition of 0.5 mM
EGTA, succinate clearly reversed the drop of membrane
potential (Fig. 3C). In addition to Ca®* cycling, the loss of
pyridine nucleotides must be taken into account to explain
the drop in Avyr. Fig. 3D shows that Ay can be partially re-
stored by supplementing the medium with 100 uM NADH
and 0.5 mM EGTA.

Swelling of mitochondria also reflects permeabil-
ity transition process. Fig. 4A, trace a, reveals that the
membrane leakage promoted by Ca?* addition became
evident when mitochondria oxidized malate/glutamate.
Trace a also shows that succinate was unable to re-
verse the swelling. Trace b shows that CSA inhibited the
Ca’*-induced opening of the non-specific pore. Fig. 4B
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Fig. 3. The effect of calcium on the transmembrane potential in
malate/glutamate or succinate-oxidizing mitochondria. Mitochondrial
protein (2 mg) was incubated in similar conditions to those described
for Fig. 1 except that the medium contained 10 M Safranine instead
of Arsenazo III. As indicated in traces a, ¢, and d the oxidizable sub-
strates were malate/glutamate and the concentration of CaCl, added
was 50 uM. In (B) the substrate was succinate and the concentration
of CaCl, added was 100 uM. Where indicated in (A) 0.5 uM CSA
and 5 mM succinate were added. In (B) 0.5 uM CCCP was added. In
(C) 0.5 mM EGTA and 5 mM succinate were added. In (D) 100 uM
NADH and 0.5 mM EGTA were added.

illustrates that 100 M Ca®* did not induce swelling when
added to succinate-oxidizing mitochondria.

As has been pointed out, exposure of mitochondria to
extremely high Ca®* concentration, i.e., 50 M as in this
work, leads to phospholipase A2 activation (Broekemeier
and Pfeiffer, 1989), and ROS formation by Site I of the
respiratory chain (Herrero and Barja, 2000). Thus, we
explored the protective effect of the scavengers for fatty
acids and for ROS, i.e., bovine serum albumin (BSA)
and a-phenyl-N-tert-butyl nitrone (PBN) respectively, on
the ability of mitochondria to accumulate Ca>*, by main-
taining a membrane potential as well as preserving their
volume. Figure SA shows that the addition of 0.1% BSA
restored the ability of malate—glutamate-oxidizing mito-
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Fig. 4. The effect of calcium on the swelling of malate/glutamate or
succinate-oxidizing mitochondria. Mitochondrial protein (2 mg) was
incubated in similar conditions to those described for Fig. 1. In (A) the
medium contained malate/glutamate and in (B) the medium contained
succinate. Where indicated in (A) 50 uM CaClp, 0.5 uM CSA and
5 mM succinate were added. In (B) 100 uM CaCl, was added.

chondria to take up Ca?*. That the latter was not an ar-
tifact, due to a possible binding of Ca’* to BSA, was
demonstrated by the fact that the uncoupler carbonyl-
cyanide m-chlorophenylhydrazone (CCCP) induced a fast
Ca’* release that was slightly inhibited by CSA. Fig. 5B
shows that although PBN promoted Ca’* uptake to a
larger extent, this cation was not retained for a longer
time; however, interestingly the addition of succinate pro-
moted a fast uptake and retention of the cation, indicating
that PBN inhibited the opening of the non-specific pore.

Figure 6A shows that neither BSA nor PBN in-
hibited the Ca>*-induced swelling of malate—glutamate-
oxidizing mitochondria. A similar result was obtained
when the effect of PBN on A, generated by the oxidation
of malate/glutamate, was analyzed (Fig. 6B). Although, it
should be mentioned that in the presence of PBN, succi-
nate induced a transitory recovery of Ay that was totally
restored after EGTA addition.

In agreement to the reports by the group of Vercesi
(Fagian et al., 1990; Castilho et al., 1995; Castilho
et al., 1998), oxidative stress also induces thiol oxida-
tion of membrane proteins leading to membrane leak-
age. Therefore, we explored whether N-ethylmaleimide
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Fig. 5. The protective effect of BSA and PBN on the calcium uptake by
malate/glutamate-oxidizing mitochondria. Mitochondria (2 mg protein)
were incubated under similar conditions to those described in Fig. 1.
In Panel (A) the medium contained 0.1% BSA, and where indicated
0.5 uM CCCP and 0.5 uM CSA were added. In Panel (B) the medium
contained 200 ©M PBN, and 5 mM succinate was added.

(NEM) would protect from the injuring effect of Ca>*. As
is shown in Fig. 7A, 50 uM NEM induced a better Ca>*
uptake than that in its absence (see Fig. 1A). However,
NEM completely protected from Ca?*-induced swelling

T
A B 0.012 AA
Caz+ Mal/Glut J_

l/ + PBN
Mal/Glut

+ BSA
or PBN

260 sec

Succ T
\L Suce

Fig. 6. The effect of BSA and PBN on mitochondrial swelling and
transmembrane potential. Mitochondrial protein (2 mg) was incubated
under similar conditions to those described for Figs. 1 and 3. In (A) the
medium was supplemented with 0.1% BSA or 200 ©M PBN, mitochon-
drial swelling was stimulated by the addition of 50 uM CaCl,. In (B) the
medium contained 200 M PBN and collapse of Ay was induced by
the addition of 50 uM CaCl,. Where indicated, 5 mM succinate and
0.5 mM EGTA were added.
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Fig. 7. The effect of N-ethylmaleimide on the effect of calcium in several
functions of malate/glutamate-oxidizing mitochondria. Mitochondrial
protein (2 mg) was added to incubation mixtures to analyze: in (A) cal-
cium uptake; in (B) mitochondrial swelling; and in (C) transmembrane
potential. The oxidizable substrates were malate and glutamate. The con-
centration of CaCl, added was 50 uM. N-ethylmaleimide (NEM) was
added at a concentration of 50 uM. Where indicated 5 mM succinate
was added.

(Fig. 7B). Figure 7C shows that NEM failed to avoid the
collapse of the transmembrane electric gradient.

Figure 8 shows the production of thiobarbituric acid-
reactive species (TBARS) by malate/glutamate-oxidizing
mitochondria. The analysis indicated an increase of ap-
proximately 40% in the production of lipid peroxidation
products by the addition of 50 uM Ca’*, as well as an
inhibition of 100% in the amount of TBARS generated in
the presence of PBN. The addition of CSA inhibited by
around 40% the Ca”>*-induced production of TBARS.

DISCUSSION

In agreement with previous reports (Fontaine et al.,
1998; Walter et al., 2000) the results in this work show that
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Fig. 8. The inhibitory effect of PBN on the Ca?>* -induced production of
TBARS. Mitochondrial protein (2 mg) was added to the basic media as
indicated under Methods. Where indicated the media contained 10 mM
malate and 10 mM glutamate (Mal-Glut) or 10 mM succinate (Succ).
Where indicated the media contained also 50 uM Ca2t, 200 uM PBN
and 0.5 uM CSA. After 10 min of incubation, 0.2% butyrated hydrox-
ytoluene and 1 ml of potassium phosphate 0.15 M was added and the
mixture was incubated during 20 min at 37°C. After this time 1.5 ml of
8% thiobarbituric acid and 1 ml of 20% acetic acid were added. After
cooling 1 ml of 2% KCl and 4 ml butyl alcohol were added. TBARS
were analyzed in the organic phase at 532 nm.

mitochondria oxidizing NAD-dependent substrates were
unable to accumulate Ca’* when they were incubated in
a high concentration of the cation. Such a mitochondrial
dysfunction has been attributed to a Ca’*-induced loss of
pyridine nucleotides (Vinogradov et al., 1972). However,
as shown in this work, the addition of succinate did not
support the accumulation of Ca?*. According to the re-
sults shown, the failure of this substrate oxidation cannot
be ascribed to the inhibition of succinate dehydrogenase
activity by the accumulated oxaloacetate. Therefore it was
assumed that succinate was unable to bring about Ca**
accumulation due to the opening of the non-specific pore.
This assumption is based on previous data from Maciel
et al. (2001) and Batandier et al. (2004) who reported
that oxygen-derived reactive species induce permeability
transition.

The Ca?*-induced permeability transition can be
triggered by the generation of superoxide anion in Site
I of the respiratory chain. Superoxide is produced as the
result of single electron leaks to oxygen, increased by
the interruption of the electron transport in the NADH

Garcia, Correa, and Chavez

dehydrogenase by the loss of pyridine nucleotides. An
extensive oxidation or leak of matrix pyridine nucleotides
conduces to a decrease in the level of GSH which in turn
causes an improvement in the mitochondrial damage as
induced by oxygen-derived reactive species (Reed and
Savage, 1995). The oxidative stress products O, ~*, H,O,,
and *OH start a sequence of reactions implicating fatty
acids production, lipoperoxidation, and thiol oxidation of
membrane proteins. The activation of phospholipase A2
by superoxide radicals (Madesh and Balasubramanian,
1997) plays a key role in a cascade of events that ini-
tiate the opening of the non-specific pore. The increased
level of fatty acids leads to an uncoupling-induced drop in
A, mitochondrial swelling and non-specific pore open-
ing. Skulachev (1998), Schonfeld and Bohnensack (1997),
and Wojtczak et al. (1998) established that long-chain
fatty acids, unlike the classic protonophores, uncouple
oxidative phosphorylation by passing into mitochondria
their protonated form through the lipid milieu of the mem-
brane, while its dissociated form leaves the matrix to the
cytosol side through the adenine nucleotide translocase.
It is well established that uncoupling of mitochondria re-
sult in membrane permeability transition (Scorrano et al.,
1997). The protective effect of BSA emphasizes the fact
that the Site I-dependent oxidative stress generated fatty
acids, which in turn open the transition pore. It should be
noted that lipid peroxidation and thiol oxidation were also
involved in the membrane leakage process. This latter was
mirrored through the increase in the TBARS generation,
which was inhibited by PBN, and the inhibition induced
by NEM.

Although PBN did not restore totally the ability of
mitochondria to accumulate Ca’>* with malate/glutamate
as the substrates, it promoted succinate-supported Ca’*
uptake. The fact that PBN allows the Ca>* accumulation
by succinate indicates that the closure of the pore does
not avoid the release of pyridine nucleotides. To this re-
gard Schlegel et al. (1992) have shown that the release of
pyridine nucleotides as induced by Ca?* does not require
the opening of the non-specific pore. These authors imply
that the release of pyridine nucleotides may take place
through a specific pathway.

Fontaine and coworkers (1998) showed that the open-
ing of the high conductance pore is facilitated by the oxi-
dation of NAD-dependent substrates. The proposal of this
group is that a physical interaction exists between the
non-selective pore and the NADH-CoQ reductase span in
such a way that the rate of electron flow in this segment
of the respiratory chain would modulate the probability
of pore opening. This is a very provocative hypothesis,
even more considering the data by Chen et al. (2004)
about the co-purification of the F;-ATPase together with
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adenine nucleotide translocase and phosphate carrier;
hence, it would not be surprising if in a near future the
respiratory complex I appears to be located in the syntha-
some. Nevertheless, at this stage of the experimental work
our proposal is that the interaction may be rather chemi-
cal than physical. In the putative chemical interaction the
first messenger would be the superoxide anion initiating
the overflow of reactions.

ACKNOWLEDGMENTS

This work was partially supported by Grant 36606-N
from CONACYyT. The authors thank Mr. Fernando Ibarra
for technical assistance.

REFERENCES

Akerman, K. E., and Wikstrom, M. F. K. (1976). FEBS Lett. 68, 191-197.

Arteaga, D., Odor, A., Lépez, R. M., Contreras, G., Pichardo, J., Garcia,
E., Aranda, A., and Chévez, E. (1992). Life, Sci. 51, 1127-1134.

Batandier, C., Leverve, X., and Fontaine, E. (2004). J. Biol. Chem. 279,
17197-17204.

Bernardi, P. (1999). Physiol. Rev. 79, 1127-1155.
Bravo, C., Chavez, E., Rodriguez, J. S., and Moreno-Sanchez, R. (1997).
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 117, 93-99.
Broekemeier, K. M., and Pfeiffer, D. R. (1989). Biochem. Biophys. Res.
Commun. 163, 561-566.

Broekemeier, K. M., and Pfeiffer, D. R. (1995). Biochemistry 34, 16440—
16449.

Brustovetsky, N., and Klingenberg, M. (1996). Biochemistry 35, 8483—
8488.

Buege, J. A., and Aust, S. D. (1978). In Fleisher, S., and Packer, L. Eds.
Methods in Enzymology New York Acad. Press, vol. 52, 302-310.

Castilho, R. F., Kowaltowski, A., Meinicke, A. R., and Vercesi, A. E.
(1995). Free. Rad. Biol. Med. 18, 55-59.

Castilho, R. F., Kowaltowski, A., and Vercesi, A. E. (1998). Arch.
Biochem. Biophys. 354, 151-157.

Chavez, E., Jay, D., and Bravo, C. (1987). J. Bionerg. Biomembr. 19,
285-295.

Chévez, E., and Holguin, J. A. (1988). J. Biol. Chem. 263, 3582-3587.

Chen, C., Ko, Y., Delannoy, M., Ludtke, S. J., and Pedersen, P. L. (2004).
J. Biol. Chem. 279, 31761-31768.

Cosso, R. G. Turim, J., Nantes, I. L., Almeida, A. M., Mascio, P., and
Vercesi, A. E. (2002). J. Bioenerg. Biomembr. 34, 157-163.

Crompton, M., Costi, A., and Hayat, L. (1987). Biochem. J. 245, 915—
918.

23

Fagian, M. M., Pereira-da-Silva, L., Martins, 1. S., and Vercesi, A. E.
(1990). J. Biol. Chem. 265, 19955-19960.

Fontaine, E., Eriksson, O., Ichas, F., and Bernardi, P. (1998). J. Biol.
Chem. 273, 12662—-12668.

Halestrap, A. P., Clarke, S. J., and Javadov, S. A. (2004). Cardiovasc.
Res. 61, 372-385.

Haworth, R. A., and Hunter, D. R. M. (2000). J. Bioenerg. Biomembr.
32,91-96.

Herrero, A., and Barja, G. (2000). J. Bioenerg. Biomembr. 32, 609-615.

Kalderon, B., Hermesh, O., and Bar-Tana, J. (1995). Endocrinology 136,
3552-3556.

Kowaltowski, A. J., Vercesi, A. E., and Castilho, R. F. (1997). Biochim.
Biophys. Acta 1318, 395-402.

Kushnareva, Y. E., Haley, L. M., and Sokolove, P. M. (1999). Arch.
Biochem. Biophys. 363, 155-162.

Kushnareva, Y. E., and Sokolove, P. M. (2000). Arch. Biochem. Biophys.
376, 377-388.

Li, N., Ragheb, K., Lawier, G., Sturgis, J., Rajwa, B., Melendez, J. A.,
and Robinson, J. P. (2003). J. Biol. Chem. 278, 8516-8525.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951).
J. Biol. Chem. 193, 265-275.

Maciel, E. N., Vercesi, A. E., and Castilho, R. F. (2001). J. Neurochem.
79, 1237-1245.

Madesh, M., and Balasubramanian, K. A. (1997). Arch. Biochem. Bio-
phys. 346, 187-192.

McLennan, H. R., and Esposti, M. D. (2000). J. Bioenerg. Biomembr.
32, 153-162.
Mowery, P. C., Steekamp, D. J., Ackrell, B. A. C., Singer, T. P., and
White, G. A. (1977). Arch. Biochem. Biophys. 178, 495-506.
Reed, D. J., and Savage, M. K. (1995). Biochim. Biophys. Acta 1271,
43-50.

Scarpa, A., Brinley, F. J., Trifert, T., and Dubyak, G. R. (1978). Ann.
N.Y. Acad. Sci. 307, 86—-112.

Schlegel, J., Schweizer, M., and Richter, C. (1992). Biochem. J. 285,
65-69.

Schonfeld, P., and Bohnensack, R. (1997). FEBS Lett. 420, 167-170.

Scorrano, L., Petronilli, V., and Bernardi, P. (1997). J. Biol. Chem. 272,
12295-12299.

Skulachev, V. P. (1998). Biochim. Biophys. Acta 1363, 100-124.

Vinogradov, A., Scarpa, A., and Chance, B. (1972). Arch. Biochem.
Biophys. 152, 646-654.

Walter, L., Nogueira, V., Leverve, X., Heitz, M.-P., Bernardi, P., and
Fontaine, E. (2000). J. Biol. Chem. 275, 29521-29527.

Wieckowski, M. R., Brdiczka, D., and Wojtczak, L. (2000). FEBS Lett.
484, 61-64.

Wojtczak, L., Wieckowski, M. R., and Schonfeld, P. (1998). Arch.
Biochem. Biophys. 357, 76-84.

Woodfield, K., Riick, A., Brdiczka, D., and Halestrap, A. P. (1998).
Biochem. J. 336, 287-290.

Zazueta, C., Sanchez, C., Garcia, N., and Correa, F. (2000). Int. J.
Biochem. Cell Biol. 32, 1093-1101.

Zoratti, M., and Szabo, I. (1995). Biochim. Biophys. Acta 1241, 139-176.



