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of membrane thiol status in mitochondrial membrane
This work addresses a correlation between the redox permeability is well known (17–28). In particular, the

state of pyridine nucleotides and that of sulfhydryl shift of the redox state of thiol groups toward a more
groups of the mitochondrial membranes. Several ma- oxidized condition has been considered to play a funda-
jor observations emerge: (1) Conditions leading to an mental role in the general increase of the mitochondrial
oxidation of the pyridine nucleotides such as incuba- inner membrane permeability since the latter is en-
tion with tert-butyl hydroperoxide or acetoacetate de- hanced by different thiol reagents such as N-ethylma-
termine a decrease of total mitochondrial sulfhydryl leimide, phenylarsine oxide, mersalyl, heavy metals,
groups. Glutathione does not follow the same pattern and diamide2 (13). In mitochondria it is therefore possi-
since it decreases in the presence of tert-butyl hydro- ble to infer (29) a close redox communication among
peroxide but not in the presence of acetoacetate. In pyridine nucleotides, matrix thiols, and inner mem-
addition, only in the presence of tert-butyl hydroper- brane thiols. Recently, Costantini et al. (30) reported
oxide is the decrease of sulfhydryl groups concomitant that the mitochondrial membrane permeability transi-with a membrane protein polymerization, observed by tion is controlled at two sites; the first site is in anpolyacrylamide gel electrophoresis. (2) Under all con-

apparent redox equilibrium with the pyridine nucleo-ditions tested, the oxidation of sulfhydryl groups is
tides, while the second site, being a redox sensitivefurther stimulated by the presence of calcium and
dithiol, is in equilibrium with the glutathione pool.phosphate ions. (3) Respiratory substrates, which pre-

Recent papers (31, 32) indicate that in isolated andvent the swelling of mitochondria, also partially pre-
permeabilized cells different metabolic conditions canvent the decrease of sulfhydryl groups. q 1997 Academic
alter the mitochondrial redox state.Press

In the present paper we report a direct measure-Key Words: liver mitochondria; permeability transi-
ment of mitochondrial thiols (protein thiols and glu-tion; pyridine nucleotides; respiratory substrates; sulf-
tathione) under different redox conditions; thiol mod-hydryl groups.
ifications were correlated to the mitochondrial pro-
tein alterations examined with polyacrylamide gel
electrophoresis.

Respiratory substrates, added to mitochondria incu-
bation medium, prevent pyridine nucleotide loss (1), MATERIALS AND METHODS
lipid peroxidation (2–4), swelling, and increase of the

Rat liver mitochondria were isolated with differential centrifuga-mitochondrial inner membrane permeability (5–8).
tion essentially as described by Myers and Slater (33) using a me-

The latter condition, also called ‘‘permeability transi- dium containing 220 mM mannitol, 70 mM sucrose, 2 mM Hepes (pH
tion,’’ is considered to depend on the opening of an ‘‘un-
selective pore’’ (9–16; see 13–16 for extensive reviews)
not yet clearly characterized. The critical involvement 2 Abbreviations used: diamide, diazenedicarboxylic acid bis(N,N-

dimethylamide); DTNB, 5,5*-dithiobis(2-nitrobenzoic acid); DTT,
dithiothreitrol; Hepes, N-(2-hydroxyethylpiperazine)-N-2-ethanesul-

1 To whom correspondence should be addressed. Fax: 39 (49) fonic acid; PAGE, polyacrylamide gel electrophoresis; SDS, sodium
dodecyl sulfate.807.3310.
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23MITOCHONDRIAL THIOLS AND PERMEABILITY TRANSITION

TABLE I

Effect of Ca2//Phosphate, tert-Butyl Hydroperoxide, and Acetoacetate on Total Sulfhydryl Group Content
of Mitochondria Incubated in the Presence and Absence of Substrates

Succinate Succinate / isocitrate

nmol SH % nmol SH % nmol SH %

None 95.8 { 2.7 100 95.6 { 2.7 100 96.4 { 2.8 100
Ca2//Pi 92.1 { 2.1* 96 92.7 { 2.5 97 93.4 { 2.8** 97
t-BHP 84.4 { 2.7*** 88 86.7 { 1.7*** 91 90.0 { 3.0*** 93
t-BHP/Ca2//Pi 82.7 { 2.0*** 86 84.3 { 1.8*** 88 85.2 { 2.3*** 88
AcAc 90.8 { 2.3** 95 92.1 { 2.4 97 94.0 { 2.8 98
AcAc/Ca2//P/i 88.7 { 2.0*** 92 90.5 { 1.9*** 95 92.2 { 2.4*** 96

Note. Rat liver mitochondria, at the final concentration of 4 mg/ml, were preincubated for 2 min in 213 mM mannitol, 71 mM sucrose, 20
mM Hepes/Tris (pH 7.4), 25 mM rotenone, and, when present, 20 mM substrate (succinate and/or isocitrate). Aliquots of 1.5 mL were
transferred to test tubes containing, where indicated, 0.4 mM Ca2/, 20 mM phosphate, 0.2 mM tert-butyl hydroperoxide (t-BHP), and 4 mM

acetoacetate (AcAc) to a final volume of 1.650 ml; 4 mM EGTA was present in all the experiments except where Ca2//Pi were added. Reactions
were carried out for 5 min. At the end of the incubation, aliquots of 0.2 ml of the mitochondrial suspension were transferred to cuvettes
containing 2.3 ml of a mixture formed by 1.2 mM DTNB, 1% SDS, 10 mM EDTA, and 0.2 M Tris–HCl (pH 8.1). Readings were taken at
412 nm until the complete stabilization of the reaction was achieved. Values are nmol SH groups/mg mitochondrial protein. In each column
values are compared versus the control (no additions).

* P õ 0.05.
** P õ 0.01.

*** P õ 0.001.

7.0), and 0.5 mg/ml bovine serum albumin. Proteins were measured nucleotide oxidizing agents (Table I). The addition of
with the biuret test (34). Mitochondrial swelling was estimated spec- succinate or succinate / isocitrate to the incubation
trophotometrically by following the decrease of absorbance at 540 nm

mixture does not substantially modify the total amount(35). The reduction of DTNB, consequent to the titration of sulfhydryl
of sulfhydryl groups in the control while in the Ca2//groups, was followed at 412 nm (36). Glutathione was measured with

the method of Tietze (37) modified according to Anderson (38), for the phosphate experiment a slight increase in the total con-
determination of glutathione disulfide. Formation of mitochondrial centration of sulfhydryl groups is observed. Probably,
protein aggregates was followed by SDS polyacrylamide gel electro- the endogenous substrates are sufficient to mask thephoresis. After incubation under the conditions indicated in Fig. 2,

effect of the added substrates. On the contrary, whenmitochondria were rapidly frozen with liquid nitrogen. Prior to elec-
tert-butyl hydroperoxide or acetoacetate is present, thetrophoresis, mitochondrial protein (1 mg/100 ml) were thawed and

solubilized by the addition of 20 ml of 0.1 M EDTA followed by 200 addition of the substrates significantly increases the
ml of loading buffer [2% SDS, 50 mM Tris–HCl (pH 6.8), 0.1% bromo- concentration of the total sulfhydryl groups and isoci-
phenol blue in 10% glycerol] with or without 0.16 M DTT. Samples

trate appears particularly effective. This effect is stillwere incubated for 5 min at 807C, and subsequently aliquots of 15
evident in the presence of calcium and phosphate. Theml were subjected to one-dimensional SDS–PAGE according to Laem-

mli (39). Running gel and stacking gel were 10 and 3.5% acrylamide, action of acetoacetate is especially interesting since
respectively. Electrophoresis was performed at 10 V/cm for 4 h. The this substrate does not directly oxidize sulfhydryl
gels were stained with Coomassie brilliant blue R-450. groups and therefore its effect depends only on the shift

Statistical analysis. All values are the mean { SE of not less in the redox state of the pyridine nucleotides; whenthan five measurements. Statistical significance for the comparison
acetoacetate is present, the addition of succinate / iso-of two groups was evaluated with the Student’s t test. Multiple com-

parisons were made by one-way analysis of variance followed by the citrate restores the sulfhydryl groups to values close to
Tukey posttest (Graphpad Inc., Sorrento Valley, CA). that of the control.

Table II shows total glutathione and glutathione di-
RESULTS sulfide content of mitochondria treated under condi-

tions similar to those of Table I. In the absence of sub-In rat liver mitochondria incubated with agents able
strate, the addition of Ca2/ and phosphate does notto largely oxidize mitochondrial pyridine nucleotides
significantly decrease the content of glutathione nor(6, 40) such as tert-butyl hydroperoxide or acetoacetate
increase the disulfide form, while the presence of succi-and in the absence of substrate, a significant decrease
nate or succinate / isocitrate slightly increases theof sulfhydryl groups, particularly with tert-butyl hydro-
measured glutathione and decreases the disulfide form.peroxide, is observed (Table I). The presence of Ca2/

With tert-butyl hydroperoxide there is a net apparentand phosphate ions further stimulates the total thiol
decrease of total glutathione indicating that proteingroups disappearance; the effect elicited by Ca2//phos-

phate ions is observable even in the absence of pyridine thiolation occurs, probably linked to the formation of
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24 BINDOLI ET AL.

TABLE II

Effect of Ca2//Phosphate, tert-Butyl Hydroperoxide, and Acetoacetate on Glutathione Content
of Mitochondria Incubated in the Presence and Absence of Substrates

Succinate Succinate / isocitrate

GSH / GSH / GSH /
GSSG GSSG GSSG GSSG GSSG GSSG

None 5.17 { 0.15 0.20 { 0.05 5.37 { 0.14 0.26 { 0.07 5.41 { 0.19 0.13 { 0.04
Ca2//Pi 4.96 { 0.20 0.30 { 0.06 5.12 { 0.11 0.28 { 0.04 5.33 { 0.07 0.18 { 0.04
t-BHP 3.34 { 0.15* 2.18 { 0.21* 3.77 { 0.31* 1.08 { 0.32 4.76 { 0.08* 0.31 { 0.07
t-BHP/Ca2//Pi 3.95 { 0.08* 2.26 { 0.30* 3.78 { 0.11* 1.76 { 0.29* 4.07 { 0.18* 1.05 { 0.17*
AcAc 5.08 { 0.22 0.23 { 0.07 5.14 { 0.11 0.24 { 0.04 5.22 { 0.17 0.22 { 0.04
AcAc/Ca2//Pi 4.95 { 0.26 0.31 { 0.06 5.12 { 0.17 0.33 { 0.09 5.19 { 0.12 0.25 { 0.04

Note. Rat liver mitochondria, at the final concentration of 4 mg/ml, were preincubated for 2 min in 213 mM mannitol, 71 mM sucrose, 20
mM Hepes/Tris (pH 7.4), 25 mM rotenone, and, when present, 20 mM substrate (succinate and/or isocitrate). Aliquots of 1.5 ml were transferred
to test tubes containing, where indicated, 0.4 mM Ca2/, 20 mM Pi, 0.2 mM tert-butyl hydroperoxide (t-BHP), and 4 mM acetoacetate (AcAc)
to a final volume of 1.650 ml; 4 mM EGTA was present in all the experiments except where Ca2//Pi were added. Reactions were carried
out for 5 min. At the end of the incubation, aliquots of 0.1 ml of the mitochondrial suspension were rapidly deproteinized with 6%
metaphosphoric acid and centrifuged. After neutralization with 15% Na3PO4, total and oxidized glutathione were determined as described
under Materials and Methods. Values are nmol/mg mitochondrial protein. In each column values are compared versus the control (no
additions).

* P õ 0.001.

mixed disulfides between protein thiols and glutathi- crease upon acetoacetate or acetoacetate / Ca2/ addi-
tion.one disulfide produced by tert-butyl hydroperoxide.

When mitochondria are incubated with tert-butyl hy- The decrease of sulfhydryl groups observed in the
presence of Ca2/ and phosphate might be due to mem-droperoxide in the absence of Ca2//phosphate and sub-

strate, glutathione is largely transformed to its disul- brane alterations caused by swelling of mitochondria
(Fig. 1) which might change the spatial arrangementfide form (more than 60%), while the addition of sub-

strate to the incubation medium dramatically changes
the redox condition, particularly in the presence of iso-
citrate, since glutathione appears completely reduced
(more than 90%). The total glutathione content is also
increased, indicating that substrates act in a dethiola-
tion process by reducing mixed disulfides formed be-
tween glutathione and protein. Interestingly, in the
presence of Ca2//phosphate the substrates are able to
reduce glutathione only partially. This can be related
to the Ca2//phosphate-dependent swelling of mitochon-
dria and the consequent release of glutathione. As re-
ported in Fig. 1, a large swelling occurs in the presence
of Ca2//phosphate and further addition of tert-butyl hy-
droperoxide or acetoacetate does not substantially in-
crease the amplitude of this swelling. Moreover, under
our conditions, the latter two agents do not elicit swell-
ing in the absence of Ca2//phosphate and in the pres-
ence of EGTA. Therefore, in this system, the glutathi-
one reductase/peroxidase system is ineffective on the
released glutathione and, in addition, is probably less
efficient in the mitochondrial matrix because of the pro- FIG. 1. Swelling induced by Ca2//phosphate and oxidizing agents

in rat liver mitochondria. Rat liver mitochondria (0.25 mg/ml) weretein dilution. In the presence of acetoacetate or acet-
incubated at 257C in 213 mM mannitol, 71 mM sucrose, 5 mM Hepes/oacetate / Ca2/ there are no significant alterations in
Tris (pH 7.4), 0.5 mM tert-butyl hydroperoxide (c, c*) or 10 mM acet-the total content of glutathione nor a significant shift oacetate (b, b*) in a final volume of 1.5 ml. Other additions were 1

toward the oxidized form; this is at variance with the mM EGTA (a, b, c). In a*, b*, and c* swelling was initiated by the
addition of 1 mM phosphate followed, after 1 min, by 40 mM CaCl2.total thiol group measurements that significantly de-
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25MITOCHONDRIAL THIOLS AND PERMEABILITY TRANSITION

molecular-weight polymers in line with the results of
Fagian et al. (25). Under reducing conditions, i.e., in
the presence of dithiothreitol, the protein aggregates
almost completely disappear (Fig. 2), indicating a pre-
dominant contribution of the intermolecular disulfide
bridges to the formation of the observed aggregates.

The redox state of total pyridine nucleotides under
conditions comparable to those of Tables I and II is
reported in Fig. 4. In the presence of EGTA and in the
absence of oxidizing agents, pyridine nucleotides are
almost completely reduced (Fig. 4A); when tert-butyl
hydroperoxide or acetoacetate is added (Figs. 4B and
4C, respectively) pyridine nucleotides are largely oxi-
dized in the absence of substrates, while, in the pres-
ence of succinate / isocitrate, they are in a more re-
duced state. Comparing these results with those of Ta-
ble I, a correspondence between sulfhydryl groupFIG. 2. SDS–polyacrylamide gel electrophoresis of proteins from
decrease and pyridine nucleotide oxidation is apparent.rat liver mitochondria. Mitochondrial proteins were applied to the

running gel after 6 min of incubation at room temperature in 213 In the presence of Ca2//phosphate there is a large
mM mannitol, 71 mM sucrose, 5 mM Hepes/Tris (pH 7.4), and in the oxidation of total pyridine nucleotides in line with pre-
presence of 0.1 mM EGTA (lanes a, c, e, a*, c*, e*) or 1 mM Ca2/ (100 vious observations (40, 42); substrates are scarcely ef-nmol/mg protein) and 50 mM phosphate (5 mmol/mg protein; lanes

fective in preventing the oxidation of the pyridine nu-b, d, f, b*, d*, f*). Other additions were 0.5 mM tert-butyl hydroperox-
cleotides and, in general, this behavior corresponds toide (lanes c, d, c*, d*) or 10 mM acetoacetate (lanes e, f, e*, f*). Lanes

a* to f* represent the gels treated with DTT before application. Other the large oxidation of SH groups (Table I). It should be
conditions are reported under Materials and Methods. noted that, in the absence of substrate, the oxidation

of pyridine nucleotides proceeds at a slower rate due
to the lack of Ca2/ uptake; on the contrary, in the pres-
ence of succinate, the oxidation of the pyridine nucleo-of cysteinyl residues of mitochondrial proteins bringing

to conditions of oxidizability. Therefore, experiments tides is accelerated, because of a rapid calcium uptake.
similar to those reported in Tables I and II were per-
formed in the presence of cyclosporin, the specific inhib-
itor of the mitochondrial permeability transition (41),
and no substantial differences in total mitochondrial
thiol groups and glutathione were found (not reported).

Mitochondrial protein can be separated by SDS gel
electrophoresis, and the cross-linkage of the protein,
when occurring, can be detected (25–27). As can be
seen in Fig. 2, in the presence of tert-butyl hydroperox-
ide there is an extensive polymerization above 116 kDa
(lane c) that is increased by the presence of Ca2//phos-
phate (lane d). Ca2//phosphate alone does not de-
tectably increase the formation of polymers (lane b),
although a noticeable increase is apparent when sub-
mitochondrial particles, instead of whole mitochondria,
are tested (not shown). In the presence of acetoacetate,
which causes a consistent decrease of mitochondrial

FIG. 3. Extent of polymerization of mitochondrial proteins underthiol groups (Table I) no cross-linkage formation is ob-
different experimental conditions. The images of the Coomassie-served (lane e) except a very slight increase due to the
stained gels were imported with a gel scanner in a personal computerpresence of Ca2//phosphate (lane f). In Fig. 3, the ex- and the intensity of the areas between 116 and 200 kDa was ana-

tent of polymerization of the mitochondrial protein lyzed. The values obtained were then transferred to a graphic soft-
stained in the SDS gel was measured on the basis of ware. The intensity values of four gels were mediated and utilized

for the reported data. Samples were prepared as in Fig. 2. Otherthe intensity of the areas between 116 and 200 kDa.
additions were 0.1 mM EGTA (a, c, e), 1 mM Ca2/ (100 nmol/mgThe incubation conditions of mitochondria are the same
protein), and 50 mM phosphate (5 mmol/mg protein; lanes b, d, f), 0.5as in Fig. 2 and, by comparison, the action of diamide, mM tert-butyl hydroperoxide (c, d), 10 mM acetoacetate (e, f), 1 mM

a well-known oxidizer, is reported (Fig. 3, lanes g and diamide (g, h). Other conditions are reported under Materials and
Methods.h); it gives rise to a very extensive formation of high-
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FIG. 4. Extent of reduction of mitochondrial pyridine nucleotides. Rat liver mitochondria (0.6 mg/ml) were incubated at 257C in 213 mM

mannitol/71 mM sucrose buffered with 5 mM Hepes/Tris (pH 7.4). After addition of mitochondria, 20 mM rotenone was also added, and,
when indicated, 1 mM EGTA (A, B, C), 66 mM Ca2/, 3 mM phosphate (D, E, F), 26 mM tert-butyl hydroperoxide (B and E), and 0.85 mM

acetoacetate (C and F). The following substrates were added: 5 mM succinate (b), 5 mM succinate / 5 mM isocitrate (c), or no addition of
substrates (a). The pyridine nucleotide redox state was followed fluorimetrically (Ex , 366 nm; Em, 450 nm). Abbreviations: Pi, inorganic
phosphate; t-BHP, tert-butyl hydroperoxide; AcAc, acetoacetate.

Nevertheless, if isocitrate is added together with succi- oxidation of sulfhydryl groups after unfolding with SDS,
nate the rate of oxidation of pyridine nucleotides is DTNB was included in the reaction mixture to ensure an
slowed down. On the whole, the data on the total pyri- immediate titration; EDTA was also present to prevent
dine nucleotides fluorescence appear to clearly indicate reoxidation of 2-nitro-5-thiobenzoate (the reduced form
a correlation between thiol group disappearance and of DTNB) and autoxidation of protein sulfhydryl groups.
pyridine nucleotide oxidation. Under these conditions differences in sulfhydryl groups

of mitochondria incubated under different experimental
DISCUSSION conditions can be observed.

A relationship between the redox state of the pyri-Total mitochondrial sulfhydryl groups measured with
dine nucleotides and the inner membrane permeabilityDTNB in the presence of SDS as detergent are about
of rat liver mitochondria was established early by Lê95 nmol of sulfhydryl groups/mg protein. This figure is
Quôc and Lê Quôc (7) since conditions inducing theconsistent with previous literature reports (43, 44). Lower
oxidation of NAD(P)H cause a slight but significantvalues indicate an incomplete solubilization of mitochon-
decrease of N-ethylmaleimide-reactive thiols of the ad-dria by the detergent or an incomplete titration with the
enine nucleotide translocase, depending on the orienta-reagent. In fact, the determination of the sulfhydryl
tion of the adenine nucleotide binding site across thegroups of whole mitochondria requires treatment with a
membrane. Interestingly, the oxidation of sulfhydryldetergent able to expose all sulfhydryl groups to the ti-

trating reagent (DTNB). In order to avoid nonspecific groups was not accompanied by an increase of glutathi-
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27MITOCHONDRIAL THIOLS AND PERMEABILITY TRANSITION

one disulfide. The oxidation of these crucial thiols can 2). These results would indicate that the oxidation of
NAD(P)H induced by acetoacetate probably determinesbe counteracted by the energization of the trans-hydro-

genase (45) with the consequent reduction of NADP/ an oxidation of sulfhydryl groups that does not give
rise to a gross formation of protein polymers. Thisby NADH.

Both acetoacetate and hydroperoxides are able to oxi- might depend on an intramolecular disulfide formation
or to a limited and specific cross-linkage that does notdize mitochondrial pyridine nucleotides, though with

different mechanisms. Acetoacetate is enzymatically appear in the gel electrophoresis pattern.
Further studies are required in order to determinereduced to b-hydroxybutyrate by NADH, while hy-

droperoxides oxidize mitochondrial glutathione and the specific localization of the thiol groups involved in
the mitochondrial membrane permeability increase;NADPH in an enzymatic process involving glutathione

peroxidase and glutathione reductase. Moreover, in the their identification might also disclose the molecular
identity of the components taking part in the formationlatter case, in addition to the formation of glutathione

disulfide, which does not occur in the former case, the of the ‘‘unselective pore’’ possibly involved in the mito-
chondrial Ca2/-dependent permeability transition (14,production of free radicals is also elicited. In fact, in

mitochondria, it was shown that tert-butyl hydroperox- 15). Finally, it should be considered that the mitochon-
drial calcium-transport systems play an important roleide is able to generate methyl, tert-butoxyl, and tert-

butyl peroxyl free radicals, after interaction with a in maintaining cytosolic and mitochondrial Ca2/ ho-
meostasis. Mitochondrial calcium release can occurtightly liganded metal such as heme iron (46). There-

fore, tert-butyl hydroperoxide, in addition to the oxida- nonspecifically when the inner membrane becomes
leaky and membrane potential collapses or specificallytion of NADPH, also gives rise to glutathione disulfide

that can form mixed disulfides with protein thiols; in with the preservation of the mitochondrial membrane
potential (47). Therefore, pyridine nucleotide oxidationaddition, alkoxyl and peroxyl radicals are able to oxi-

dize protein thiols leading to the formation of protein and the thiol redox state appear to regulate the specific
release of calcium from mitochondria in a way not re-cross-linkages involving inter and intra bonds, finally

resulting in polymer formation. The different reaction lated to the opening of the ‘‘pore’’ (47). NAD hydrolysis
and calcium release are stimulated when some specificmechanism between acetoacetate and tert-butyl hydro-

peroxide is apparent from the SDS–PAGE in which vicinal thiols are cross-linked in the presence of pheny-
larsenoxide or gliotoxin; on the contrary, when the for-only tert-butyl hydroperoxide gives rise to cross-link-

ages able to produce high-molecular-weight polymers mation of the disulfide is prevented by derivatization
of a single sulfhydryl group, Ca2/ release is also pre-(Fig. 1).

The approach of observing the oxidation of mem- vented (47). Therefore, the specific Ca2/ release de-
pends on pyridine nucleotide oxidation and thiol oxida-brane protein and the consequent cross-linking forma-

tion by SDS–PAGE was utilized by Vercesi and co- tion probably linked by the thioredoxin system (47).
workers in a series of papers (25–27) in which they
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Biochim. Biophys. Acta 1273, 263–267.139–176.

33. Myers, D. K., and Slater, E. C. (1957) Biochem. J. 67, 558–572.16. Bernardi, P., and Petronilli, V. (1996) J. Bioenerg. Biomembr.
34. Gornall, A. G., Bardawill, C. J., and David, M. M. (1949) J. Biol.28, 131–138.

Chem. 177, 751–766.17. Hunter, F. E., Jr., Davis, J., and Carlat, L. (1956) Biochim. Bio-
35. Lehninger, A. L. (1962) Physiol. Rev. 42, 467–517.phys. Acta 20, 237–242.
36. Ellman, G. L. (1959) Arch. Biochem. Biophys. 82, 70–77.18. Neubert, D., and Lehninger, A. L. (1962) J. Biol. Chem. 237,
37. Tietze, F. (1969) Anal. Biochem. 27, 502–522.952–958.
38. Anderson, M. E. (1985) Methods Enzymol. 113, 548–555.19. Wudarczick, J., Debska, G., and Lenartowicz, E. (1966) Arch.

Biochem. Biophys. 327, 215–221. 39. Laemmli, U. K. (1970) Nature (London) 227, 680–685.
40. Lötscher, H. R., Winterhalter, K. H., Carafoli, E., and Richter,20. Palmer, J. W., and Pfeiffer, D. R. (1981) J. Biol. Chem. 256,

C. (1979) Proc. Natl. Acad. Sci. USA 76, 4340–4344.6742–6750.
41. Crompton, M., Ellinger, H., and Costi, A. (1988) Biochem. J. 255,21. Broekmeier, K. M., Schmid, P. C., Schmid, H. H. O., and Pfeiffer,

357–360.D. R. (1985) J. Biol. Chem. 260, 105–113.
42. Vinogradov, A., Scarpa, A., and Chance, B. (1972) Arch. Biochem.22. Harris, E. J., Al-Shaikhaly, M., and Baum, H. (1979) Biochem.

Biophys. 152, 646–654.J. 182, 455–464.
43. Riley, M. V., and Lehninger, A. L. (1964) J. Biol. Chem. 239,23. Petronilli, V., Costantini, P., Scorrano, L., Colonna, R., Passa-

2083–2089.monti, S., and Bernardi, P. (1994) J. Biol. Chem. 269, 16638–
44. Bindoli, A., Cavallini, L., Siliprandi, N., and Zoccarato, F. (1976)16642.

Bull. Mol. Biol. Med. 1, 92–96.24. Siliprandi, N., Siliprandi, D., Bindoli, A., and Toninello, A. (1978)
45. Hoek, J. B., and Rydström, J. (1988) Biochem. J. 254, 1–10.in Functions of Glutathione in Liver and Kidney (Sies, H., and

Wendel, A., Eds.), pp. 139–147, Springer-Verlag, Berlin/Heidel- 46. Kennedy, C. H., Church, D. F., Wiston, G. W., and Pryor, W. A.
berg. (1992) Free Radical Biol. Med. 12, 381–387.

47. Klein, S. D., Schweitzer, M., and Richter, C. (1996) Redox Rep.25. Fagian, M. M., Pereira da Silva, L., Martins, I. S., and Vercesi,
A. E. (1990) J. Biol. Chem. 265, 19955–19960. 2, 353–358.

AID ABB 9986 / 6b35$$$103 04-25-97 15:52:49 arca


