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ABSTRACT. Rat liver mitochondria contain a specific €aelease pathway which operates when oxidized
mitochondrial pyridine nucleotides are hydrolyzed in a®Gdependent manner to ADP-ribose and
nicotinamide. We have previously shown that NABRydrolysis is inhibited by cyclosprin A and is
possible only when some vicinal thiols are cross-linked. Here we report that the thiol oxidant peroxynitrite
(ONOQO), which can form from nitric oxide (nitrogen monoxide, N@nd superoxide anion ¢O), at

low concentrations stimulates the specific2Caelease pathway. Both peroxynitrite-induced pyridine
nucleotide hydrolysis and €arelease are inhibited by cyclosporin A, and peroxynitrite is ineffective
when pyridine nucleotides are kept reduced ?'Galease induced by peroxynitrite occurs with maintenance
of the mitochondrial membrane potential and is not accompanied by entry of sucrose into mitochondria.
The results suggest that peroxynitrite stimulates the specifi¢ €dease from intact mitochondria by
modifying critical mitochondrial thiols other than glutathione in such a way that hydrolysis of oxidized
pyridine nucleotides is achieved. These findings provide further insight into the regulatioAafe@ase

from mitochondria by nitric oxide and its congeners.

Changes in the cytosolic €alevel control key cellular  i.e., when AW collapses, or by the specific &arelease
events, such as muscle contraction, secretion, neuronalpathway with preservation &fW (Richter et al., 1992). The
activity, and modulation of hormone action. The intracellular latter pathway requires intramitochondrial®©and NAD",
C&" concentration is regulated by binding of Tato which is hydrolyzed enzymatically to ADP-ribose and
nonmembraneous proteins, by membrane-bourfd-BaP- nicotinamide [reviewed in Richter and Schlegel (1993)].
ases located primarily in the plasma, nuclear, and endoplas-NAD* hydrolysis is under the control of cyclophiling., is
mic reticular membrane, and by mitochondria (Carafoli, inhibited by cyclosporin A, CSA) (Schweizer et al., 1993),
1987). Until recently, mitochondria were regarded mainly and is only possible when some vicinal thiols are cross-
as a safety device against potentially toxic increases of linked, either by oxidation (Schweizer & Richter, 1994a) or
cytosolic C&" [reviewed in Richter and Kass (1991)] because by reaction with phenylarsine oxide (Schweizer et al., 1994).
their affinity for C&+ was thought to render them insufficient Peroxynitrite (ONOO), the product of the reaction
to compete with other membrane-bound transport systems.between nitric oxide (nitrogen monoxide, N@nd super-
However, there is now compelling evidence that the mito- oxide anion (@) (Beckman et al., 1990), reacts with lipids,
chondrial contribution to Ca buffering is not limited to aromatic amino acids, or metalloproteieg)., complex | and
pathological situations. Rather, it plays an important role Il of the respiratory chain and aconitase (Darley-Usmar &
in shaping physiological Ca transients and in the mainte- Radomski, 1994). Because ONO@®vas also reported to
nance of cellular Cd homeostasis (Rizzuto et al., 1994; oxidize vicinal thiols to the corresponding disulfide (Radi
Jouaville et al., 1995) and provides an efficient mechanism et al., 1991), we tested whether it can stimulaté'Galease
for modulating the activity of mitochondrial enzymes upon from mitochondria, and if so, by which mechanism. We
cell stimulation (McCormack et al., 1990; Richter, 1992). now report that peroxynitrite stimulates Taelease from

Mitochondria take up and release Xavia different isolated rat liver mitochondria by activating the specifi¢Ca
pathways. As a consequence?Caan be “cycled” across ~ release pathway.
their inner membrane (Carafoli, 1979). The mitochondrial MATERIALS AND METHODS
membrane potentialAW),! which is maintained either by
respiration or by ATP hydrolysis, is the driving force for
the uptake of C& by mitochondria. Release of &aoccurs
either by nonspecific leakage through the inner membrane

Materials Peroxynitrite was synthesized according to
Kissneret al. (1995), provided by Drs. J. S. Beckman and
R. Kissner, and stored at80 °C. Its concentration was
"determined photometrically at 302 nm in 0.1 M sodium
hydroxide €mv = 1.67; Beckman et al., 1994) daily prior to
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1 Abbreviations: CCCP, carbonyl cyanidechlorophenylhydrazone; SO_' orm a A " and dissolved In ethanol imme _'a ely
CSA, cyclosporin A;AW, electrical potential across the inner mito- ~ prior to use. “C&* was from Amersham International,
chondrial membrane, negative inside; DTT, dithiothreitol; EGTA, Buckinghamshire, U.K., and [tfC]sucrose was from New

ethylene glycol bist-aminoethyl etherN.N.N'N-tetraacetic acid;  gpgland Nuclear, Boston, MA. All other chemicals were
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; arsenazo ' !

11, 3,6-bis[(2-arsonophenyl)azo]-4,5-dihydroxy-2,7-naphthalenedisul- pur_Chaseq from standard suppliers and were of the highest
fonic acid. purity available.
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Peroxynitrite-Induced Specific Mitochondrial €aRelease

Isolation of Mitochondria The isolation of rat liver
mitochondria was performed by differential centrifugation
(Schlegel et al., 1992). The protein content was determined
by the Biuret method with bovine serum albumin as standard.

Standard Incubation ProcedureMitochondria (2 mg of
protein/mL) were incubated at 2& with continuous stirring
and oxygenation in 3 mL of 210 mM mannitol, 70 mM
sucrose, and 40 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (Hepes), pH 7.2. The high concentration of

Hepes was used to prevent pH changes upon addition of the* '

alkaline peroxynitrite solution.

Determination of C& Uptake and Release by Mitochon-
dria. The standard incubation procedure was followed. After
addition of rotenone (M) and potassium succinate (2.5
mM), mitochondria were loaded with €a Its movement
across the inner mitochondrial membrane was monitored by
the spectrophotometric or isotope technique (Millipore filtra-
tion) (Lotscher et al., 1980a; Schlegel et al., 1992). The
former was performed in the presence of @@ arsenazo
lIl and the latter with*3Ca*. Ca&* was added to give a
total load as indicated in the figure legends, and its uptake
was allowed to proceed for-23 min.

Determination of the Mitochondrial Membrane Potential
Mitochondria were incubated according to the standard
procedure in the presence of 2P safranine. After addition
of rotenone (5«M) and potassium succinate (2.5 mM), they
were loaded with Ca. AW was determined in an Aminco
DW2A spectrophotometer at 53533 nm (AKerman &
Wikstrom, 1976). Other compounds were added as indicated
in the figure legends.

Spectrophotometric Analysis of Mitochondrial Pyridine
Nucleotides The standard incubation procedure was fol-
lowed. After addition of rotenone (M) and potassium
succinate (2.5 mM), the absorption of mitochondrial pyridine
nucleotides was determined in an Aminco DW2A spectro-
photometer at 346370 nm (Schweizer et al., 1993). Other
compounds were added as indicated in the figure legends

Sucrose Entry Sucrose entry into mitochondria was
followed by the isotope technique in combination with
filtration (Schlegel et al., 1992). Mitochondria were incu-

bated according to the standard procedure in the presenceg i ecTa

of [u-**C]sucrose (0.2xCi/mL) and energized with potas-
sium succinate in the presence of rotenone. Aliquots of 150
uL were withdrawn at the times indicated in the figure
legends and analyzed for radioactivity with the Millipore
filtration technique described above.

Measurement of Mitochondrial SwellingSwelling of

Biochemistry, Vol. 35, No. 14, 19961525

o

B
a
b c
€ A
IN
d
5
AA d 00 o
0.05 e f
f 9
- 1min
/f/T Tmin —_[f T

100 Qe

90

80

60

50

mitochondrial calcium content %]

40

30

0.5 3.5 4.5 55 6.5 1.5 85

time [min]

FIGURE 1: Peroxynitrite-stimulated CGa release from rat liver
mitochondria. (A) Spectrophotometric assay. Mitochondria were
incubated according to the standard procedure in the absence (traces
a—d) or presence (traces e and f) ofild CSA. After addition of
rotenone and potassium succinate they were loaded with 40 nmol
of C&*/mg of protein. At the arrowhead, ruthenium red (2 nmol/
mg of protein), at the dashed arrow, 1 mM acetoacetate, and at the
solid arrow, 50QuM (traces a and e), 350M (trace b), 20QuM
(trace c), or 10QuM (trace d) peroxynitrite were added; trace f,
vehicle alone. (B) Spectrophotometric assay. Mitochondria were
incubated according to the standard procedure. After addition of
rotenone and potassium succinate they were loaded with 60 (trace
a), 50 (trace b), 40 (trace c), 30 (trace d), 20 (trace e), 10 (trace f),
or O (trace g) nmol of exogenous €&ng of protein. At the
arrowhead, ruthenium red (2 nmol/mg of protein), at the dashed
arrow, 1 mM acetoacetate, and at the solid arrow, 200
peroxynitrite were added. (C) Isotope technique. Mitochondria
were incubated according to the standard procedure. After addition
of rotenone and potassium succinate mitochondria were loaded with
50 nmol of C&"/mg of protein; 3 min thereafter (time O min) 10
was added, and 30 s later 1 mM acetoacetate alone
(traces a and b) or in combination with 1 mM ATP (trace c) was
added. Thirty seconds thereafter (time 1 min), 880peroxynitrite
(traces a and c) or its vehicle (trace b) was added. The results
shown are the average of three independent experiments. The
standard deviation never exceeded 10%.

al., 1992) and glutathione-adequate mitochondria, showing

mitochondria incubated according to the standard procedurethat it does not engage the enzyme cascade glutathione

was monitored continuously as changes insgD
Oxygen Uptakeavas measured with a Clark-type electrode
as described (Frei et al., 1985).

RESULTS

Stimulation by Peroxynitrite of Ca Release Peroxy-
nitrite stimulates C# release from mitochondria as shown
by the spectrophotometric (Figure 1A,B) and isotope tech-
niques (Figure 1C). The stimulation is dose-dependent
(Figure 1A) and with a given peroxynitrite concentration is
dependent on the mitochondrial Laload (Figure 1B).
Peroxynitrite was equally effective (result not presented) in
inducing C&" release from glutathione-depleted (Traber et

peroxidase/glutathione reductase/energy-linked transhydro-
genase (Ltscher et al., 1979). CSA (AM) (Figure 1A) or
ATP (1 mM) (Figure 1C) completely inhibited the release
induced by 500 or 35@M peroxynitrite, respectively.
Intactness of Mitochondria during Peroxynitrite-Induced
C&* Release The determination oAW is useful to assess
the intactness of mitochondria during and aftef'Qalease
(Baumlhiter & Richter, 1982; Andreeva & Crompton, 1994).
Upon addition of peroxynitrite to mitochondria loaded with
Ca* (50 nmol/mg of protein), AW changes depend on
whether or not mitochondria are allowed to cycle?Ca
(Figure 2). ThusAW soon decreases after addition of 500

uM peroxynitrite in the absence of EGTA (trace c) but

increases in its presence (traceia, when C&' cycling is
prevented. Addition of the uncoupler CCCP completely
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FIGURE 2: Peroxynitrite-induced alterations of the mitochondrial
membrane potential. Mitochondria were incubated according to
the standard procedure in the presence oful safranine and
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FIGURE 4: Peroxynitrite-induced oxidation of mitochondrial pyri-
dine nucleotides and their re-reduction. Mitochondria were incu-
bated according to the standard procedure in the presence (trace a)
or absence (trace b) of/iM CSA. Changes in the redox state of
mitochondrial pyridine nucleotides were monitored at-33@0 nm.

After addition of rotenone and potassium succinate, mitochondria
were loaded with 60 nmol of G&/mg of protein. Two and a half

rotenone and were energized with potassium succinate. Two andminutes after C& uptake, 10 mM EGTA was added, and 30 s

a half minutes after addition of €a(50 nmol/mg of protein), 10

later 1 mM acetoacetate (dashed arrow) followed by H0O

mM EGTA (dashed arrow) (traces a and b) was added, and 30 speroxynitrite (solid arrow) was added. The results shown are a

later, 500uM peroxynitrite (traces a and c) or its vehicle (trace b)
was added (solid arrows). At the arrowheads, the uncoupler
carbonyl cyanide 3-chlorophenylhydrazone:{d) was added. The
results shown are a typical experiment out of three.
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FiGUre 3: Peroxynitrite-induced sucrose entry into mitochondria

typical experiment out of four.

no peroxynitrite-induced mitochondrial swelling occurred
under these conditions (results not shown).

Fate of Mitochondrial Pyridine NucleotidesC&" release
from intact rat liver mitochondriaia the specific pathway
is linked to the hydrolysis of intramitochondrial oxidized
pyridine nucleotides (Richter & Kass, 1991). Therefore, we
determined spectrophotometrically to what extent the per-
oxynitrite-dependent oxidation of pyridine nucleotides is
reversible (Figure 4) in order to gauge their hydrolysis
(Lotscher et al., 1980a; Schweizer et al., 1993). Peroxynitrite
evokes a transient decrease of pyridine nucleotide absorption
measured at 340370 nm in Ca'-loaded mitochondria
(Figure 4). The decrease is almost completely reversible in
the presence (trace a) but only partially reversible in the
absence (trace b) ofidM CSA, indicating that CSA inhibits
the hydrolysis of oxidized pyridine nucleotides (Richter et

in the presence or absence of EGTA. Mitochondria were incubated al., 1990) induced by peroxynitrite.
according to the standard procedure and energized with potassium  The direct determination of pyridine nucleotide hydrolysis,

succinate in the presence of rotenone. They were loaded with 60

nmol of C&"/mg of protein; 2.5 min thereafter (time 0 min), 10
mM EGTA (lanes a and b) was added, and 30 s later 1 mM

assayed by nicotinamide release from mitochondriasgteer
et al., 1980a), revealed that peroxynitrite stimulates inA-Ca

acetoacetate was added. Thirty seconds later (time 1 min), 350dependent manner the hydrolysis of oxidized pyridine

uM peroxynitrite (traces a and c) or its vehicle (trace b) was added.

nucleotides, which is completely inhibited byuM CSA,

Samples were analyzed for sucrose entry as described in theby 1 mM ATP, or in the absence of €a(not shown).

Materials and Methods section. The results shown are the average
of three independent experiments. Values of trace c are significantly

different from those of traces a and b starting at 3.5 mir (0.01;
ANOVA calculated with Instat 2.05a).

collapsesAW, showing that mitochondria were fully ener-
gized during and after Carelease. The rise AW upon
addition of peroxynitrite in the presence of EGTA parallels
the loss of previously accumulated aince the steady-
state level of AW depends on the amount of €ain the
mitochondrial matrix (L¢scher et al., 1980b). BesidA3V

Since oxidation followed by hydrolysis of pyridine nucle-
otides is a prerequisite for €arelease from intact mito-
chondria (Richter, 1992), we tested whether the oxidation
state of the intramitochondrial pyridine nucleotides influences
the peroxynitrite-stimulated Carelease (Figure 5). Oxida-
tion of pyridine nucleotides in succinate-energized mito-
chondria by acetoacetate in the presence of the complex
I-inhibitor rotenone strongly stimulates the peroxynitrite-
induced C&" release (Figure 5A). In contrast, reduction of
pyridine nucleotides by-hydroxybutyrate in the presence

determinations, the measurement of sucrose entry intoof rotenone inhibits CH release stimulated by peroxynitrite

mitochondria is a reliable test for the intactness of the inner
mitochondrial membrane (Al-Nasser & Crompton, 1986).
Addition of peroxynitrite to C#&-loaded mitochondria

(Figure 5B). Figure 5B also shows thathydroxybutyrate
(trace d) inhibits the Ca release induced by ruthenium red
alone (trace c), indicating that at least a part of this

stimulates sucrose entry into mitochondria (Figure 3, trace “spontaneous” CA release occursia the same Ca-specific

c), but EGTA alone (Figure 3, trace b) or peroxynitrite in
combination with EGTA (Figure 3, trace a) does not. Also,

pathway. Again, AW measurements in the presence of
acetoacetate gi-hydroxybutyrate corroborate these results:
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A a disordersg.g., amyotrophic lateral sclerosis, and atheroscle-
rosis (Darley-Usmar et al.,, 1995; Kooy et al., 1995).

AA Peroxynitrite disrupts mitochondrial &ahomeostasigia
0.05l c an unknown mechanism (Packer & Murphy, 1994), oxidizes
lipids, metalloproteins, and DNA, and nitrates tyrosine
residues (Darley-Usmar & Radomski, 1994; deRojas-Walker
et al., 1995). Additionally, peroxynitrite was reported to
e mediate the oxidation of non-protein and protein sulfhydryls

/1 (Radi et al., 1991). For example, it reversibly downregulates
/ ’ N-methylp-aspartate receptor activity by oxidizing sulfhy-
a dryl groups of its redox modulatory site (Lipton et al., 1995).
a Because NAD hydrolysis followed by C& release from
B intact mitochondria is only possible when some vicinal thiols
63351 b are cross-linked (Schweizer & Richter, 1994a; Schweizer et
’ q al., 1994), we determined whether peroxynitrite can stimulate
C&" release from mitochondria.
We find that peroxynitrite indeed stimulates®aelease
from rat liver mitochondria. The organelles remain intact
Tin during and after Cd release, provided Ca cycling is
/4/ T prevented either by inhibiting its re-uptake by ruthenium red
S or by chelating extramitochondrial €awith EGTA. This

A

FIGURE 5: Peroxynitrite-stimulated CGa release from rat liver is concluded from the observations that 4} does not

mitochondria modulated by the pyridine nucleotide redox state. collapse after the addition of peroxynitrite in the presence
Mitochondria were incubated according to the standard procedure,of EGTA but rather increases in parallel to the loss of'Ca
and the redox state of their pyridine nucleotides was followed jons from the mitochondrial matrix, (i) succinate-driven
spectrophotometrically. (A) After addition of rotenone and potas- respiration is not inhibited, (jii) sucrose does not enter

sium succinate, mitochondria were loaded with 40 nmol of'Ca . . . .
mg of protein. At the arrowhead, ruthenium red (2 nmolimg of mitochondria, nor (iv) do the organelles swell, provided’Ca

protein), at the dashed arrow, 0.5 mM acetoacetate (traces a andycling is prevented. This unequivocally shows that per-
b), and at the solid arrow, 350M peroxynitrite (trace a) or its  oxynitrite stimulates a Ca-specific release pathway. Con-

vehicle (traces b and c) were added. (B) After addition of rotenone sjstent with this, the action of peroxynitrite is effectively

and potassium succinate, mitochondria were loaded with 60 nmol PN :
of C&*"/mg of protein. At the arrowhead, ruthenium red (2 nmol/ blocked by ATP and CSA, known to inhibit the hydrolysis

mg of protein), at the dashed arrow, 2 mfhydroxybutyrate of oxid_ized pyridine nucleotid_es_ (Hofstetter et al, 1981;
(traces b and d), and at the solid arrow, %00 peroxynitrite (races ~ Schweizer et al., 1993). The finding that the stimulation of
a and b) or its vehicle (traces c and d) were added. The resultsC&* release is independent of the mitochondrial glutathione
shown are a typical experiment out of five. status shows that peroxynitrite affects an event distal of the
o N o glutathione/pyridine nucleotideenzyme cascade (tscher
The rise inAW upon the addition of peroxynitrite in the gt al., 1979).
presence of EGTA is accelerated by acetoacetate and is gtmulation of C&* release from mitochondria by peroxy-
largely prevented by-hydroxybutyrate (not shown). nitrite is reversed by the addition of 1 mM DTT (not shown).
Oxygen Consumption by Ratser Mitochondria in the  gjnce peroxynitrite has a half-life of a few seconds at
Presence of Peroxynitrite Addition of up to 500uM  physiological pH (Beckman et al., 1994), the reversibility
peroxynitrite did not significantly inhibit respiration in ¢ the peroxynitrite-stimulated Ga release by DTT cor-
succinate-energized mitochondria in the presence of rotenongporates the data showing that NADydrolysis is only
(not shown). The sharp decrease in thedOntent of the possible when vicinal thiols are cross-linked (Schweizer &
incubation solution observed upon peroxynitrite addition Richter, 1994a; Schweizer et al., 1994). Similarly, the
originates from its reaction with buffer componeneg., t-butylhydroperoxide-induced €arelease from intact mi-
sucrose or Hepes, which form peroxides (Radi et al., 1994; iqchondria (Lgscher et al., 1980a) is inhibited by DTT
J. S. Beckman, personal communication). The peroxynitrite- (,nnyblished observation), pig brain NADase is inactivated
stimulated C&' release was not dependent on the incubation by DTT as a consequence of the reduction of an essential
medium, because €a release was as extensive in a protein disulfide group (Cayama et al., 1973), and DTT
potassium chloride, Tris-based buffer system (100 mM KCI jyhipits the NADase activity of CD38 (Kontani et al., 1993),
and 20 mM Tris, pH 7.2), in which peroxynitrite does not 5 numan leukocyte cell surface antigen.
trigger oxygen consumption (not shown). Hydrolysis of oxidized pyridine nucleotides is a prere-
DISCUSSION gwsne for the C%.r-_spec]ﬁc release mecharysm. Accord-
ingly, the peroxynitrite-stimulated Garelease is accelerated
NO* can combine with @ at a near diffusion-limited rate by an increased intramitochondrial NARRontent,.e., after
to form the potent oxidant peroxynitrite (ONOY(Beckman the addition of acetoacetate, and is inhibitedelgydroxy-
et al., 1990; Huie & Padmaja, 1993). Timevivo formation butyrate, which keeps the pyridine nucleotides in a more
of peroxynitrite was recently shown in macrophages and reduced state. It should be noted here that between 14%
other cells (Ischiropoulos et al., 1992; Carreras et al., 1994; and 43% of the pyridine nucleotides are oxidized irf'Ca
Kooy & Royall, 1994). Its production is implicated in the loaded mitochondria in the presence of rotenone and succi-
pathophysiology of diseases such as acute endotoxemianate (Ldscher et al., 1979; Frei and Richter, unpublished
inflammatory bowel disease, acute lung injury, neurological observation). Pyridine nucleotide hydrolysis is deduced from
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the absorption difference at 34870 nm in the presence Darley-Usmar, V., Wiseman, H., & Halliwell, B. (1995EBS Lett
and absence of CSA when the peroxynitrite-induce@*Ca 369 131-135. ) _
release is terminated, and is confirmed by the direct Penicola, A., Rubbo, H., Rotjuez, D., & Radi, R. (1993jrch.

t of nicoti id | f tochondri Biochem Biophys 304, 279-286.
measurement of nicoinamide release from mitochondria. deRojas-Walker, T., Tamir, S., Ji, H., Wishnok, J. S., & Tannen-

Our results strongly suggest that peroxynitrite stimulates  paum, S. R. (1995¢hem Res Toxicol 8, 473-477.
the specific C&" release pathway from intact rat liver Frei, B., Winterhalter, K. H., & Richter, C. (1985) Biol. Chem
mitochondria by oxidizing some critical thiols other than 260, 7394-7401. .
glutathione in such a way that hydrolysis of oxidized pyridine Hofstetter, W., Mirlebach, T., Lescher, H. R., Winterhalter, K.
nucleotides is achieved. Such thiols may reside on a protein H., & Richter, C. (1981Fur. J. Biochem 117, 361-367.
. L ) . . Huie, R., & Padmaja, S. (1998yee RadRes Commun18, 195—
catalyzing pyridine nucleotide hydrolysie.d., a NAD" 199.
glycohydrolase) or on a molecule regulating such an enzyme.|schiropoulos, H., Zhu, L., & Beckman, J. S. (1992kh. Biochem
The concentrations of peroxynitrite used in this study are  Biophys 298 446-451.
well within the physiological range. Thus, a bolus of 250 Jouavitl1lle,_ L. S., Ichas, F., Holmuhamedov, E. L., Camacho, P., &
AM peroqitte s cquvalent to he exposure oyl Lesleler S D Goehaue Srttse ek, [
peroxynitrite for only 7 min (Beckman et al., 1994; Radi et Enzymol (in press).
al.,, 1991). Denicolat al. (1993) estimated from literature  kontani, K., Nishina, H., Ohoka, Y., Takahashi, K., & Katada, T.
data that the production of peroxynitrite by activated mac-  (1993)J. Biol. Chem 268 16895-16898.
rophages inside phagolysosomes can reach aroundd@0p0 Kooy, N. W., & Royall, J. A. (1994Arch. Biochem Biophys 310,
min. The stimulation by peroxynitrite of Carelease from 353-359.
intact mitochondria, hitherto mainly considered to be a toxic Kog?/’(i\légvg)' Arl?mogége’e‘]s;pﬁ\rﬂctﬁt \((:'a%é’ ,\}jlzltljy’lgi Ri.zgoB_el%Ing, J.
NO congener (Darley-Usmar et al., 1995), indicates that it | j5ion, s, A, Kim, W. K., Rayudn, P. V., Mullins, M. E., &
may also be of importance in physiology. Stamler, J. S. (1995ndothelium 3545, abstract 175.
Binding of NO to cytochrome oxidase leads to inhibition Létscher, H. R., Winterhalter, K. H., Carafoli, E., & Richter, C.
of respiration (Cleeter et al., 1994; Schweizer & Richter, ~ (1979)Proc. Natl. Acad Sci U.SA. 76, 4340-4344.
1994b) and consequently to a collapseAdF paralleled by Lotscher, H. R., Winterhalter, K. H., Carafoli, E., & Richter, C.
Ca&" release from mitochondria (Schweizer & Richter (1980a)J. Biol. Chem 255 9325-9330. -
A =1 Lotscher, H. R., Winterhalter, K. H., Carafoli, E., & Richter, C.
1994b; Richter et al., 1994). Therefore, N&hd peroxyni- (1980b)Eur. J. Biochem 110, 211—216.
trite induce C&" release from mitochondriaia different McCormack, J. G., Halestrap, A. P., & Denton, R. M. (1990)
mechanisms. The concentration of nitric oxide and super-  Physiol Rev. 70, 391-425.
oxide anion, the redox milieu, and the antioxidant capacity Packer, M., & Murphy, M. P. (1994FEBS Lett 345 237-240.

. . . . . . Radi, R., Beckman, J. S., Bush, K. M., & Freeman, B. A. (1991)
of the cell will determine which mechanism for mitochondrial 3. Biol. Chem 266, 4244-4250.
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Biochem Biophys 308 89—95.
ACKNOWLEDGMENT Richter, C. (1992) inMolecular Mechanisms in Bioenergetics

. . (Ernster, L., Ed.) New Comprehensive Biochemistry Series
The generous gifts by Drs. J. S. Beckman and R. Kissner  (Neyberger, A., & Van Deenen, L. L. M., General Editors) pp

of peroxynitrite and by Sandoz Pharma Preclinical Research, 349-358, Elsevier, Amsterdam.
Basel, Switzerland, of cyclosporin A are gratefully acknowl- Richter, C., & Kass, G. E. N. (1990hem-Biol. Interact 77, 1—23.

edged. Richter, C., & Schlegel, J. (1993)oxicol Lett 67, 119-127.
Richter, C., Theus, M., & Schlegel, J. (19%ipchem Pharmacol
REFERENCES 40, 779-782. , _
A Richter, C., Schlegel, J., & Schweizer, M. (1992) Aging and
Akerman, K. E. O., & Wikstifm, M. K. F. (1976)FEBS Lett 68, Cellular Defense Mechanisma&nn N.Y. Acad Sci 663 262—
191-197. 268.
Al-Nasser, |., & Crompton, M. (1986Bioche_m J. 239 19-209. Richter, C., Gogvadze, V., Schlapbach, R., Schweizer, M., &
Andreeva, L., & Crompton, M. (1994ur. J. Biochem 221, 261— Schlegel, J. (1998iochemBiophys Res Commun205 1143~
268. 1150.
Baumhiter, S., & Richter, C. (1982FEBS Lett 148 271-275. Rizzuto, R., Bastianutto, C., Brini, M., Murgia, M., & Pozzan, T.
Beckman, J. S., Beckman, T. W., Chen, J Marshall, P. A., & (1994)J. Cell Biol. 126, 1183-1194.
Egeztzman, B. A. (1990proc. Natl. Acad Sci U.SA. 87, 1620~ Schlegel, J., Schweizer, M., & Richter, C. (19%pchem J. 285,
. 65—69.
Beckman, J. S., Chen, J., Ischiropoulos, H., & Crow, J. P. (1994) Schweizer, M., & Richter, C. (1994&iochemistry 3313401
Methods EnzymoR33 229-240. 13405.
Carafoli, E. (1979FEBS Lett 104 1-5. Schweizer, M., & Richter, C. (1994bBiochem Biophys Res
Carafoli, E. (1987)Annu Rev. Biochem 56, 395-433. Commun 204, 169-175.
Carreras, M. C., Pargament, G. A, Catz, S. D., Poseroso, J. J., &schweizer, M., Schlegel, J., Baumgartner, D., & Richter, C. (1993)
Boveris, A. (1994)FEBS Lett 341, 65-68. Biochem Pharmacol 45, 641—646.

Cayama, E., Apitz-Castro, R., & Cordes, E. H. (1973iol. Chem Schweizer, M., Durrer, P., & Richter, C. (199B)ochem Phar-
Clezgtaer‘s?\l/lm\;VG‘}]%(':ooper J. M., Darley-Usmar, V. M., Moncada macol 48, 967-973.
S., & Schapira, A. H. V. (L994FEBS Lett 345, 50-54. ' Tf%,i‘;f;j;@“jgﬂg“g-l'_g{;{te“ P., & Richter, C. (19%pchem
Darley-Usmar, V., & Radomski, M. (1998iochemist 16 15— ' ’
18. B1952708+



