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ABSTRACT. Complex I, a key component of the mitochondrial respiratory chain, exhibits diminished activity
as a result of cardiac ischemia/reperfusion. Cardiac ischemia/reperfusion is associated with increases in
the levels of mitochondrial Ga and pro-oxidants. In the current in vitro study, we sought evidence for

a mechanistic link between €a pro-oxidants, and inhibition of complex | utilizing mitochondria isolated

from rat heart. Our results indicate that addition oPC#b solubilized mitochondria results in loss in
complex | activity. C&" induced a maximum decrease in complex | activity of approximately 35% at
low micromolar concentrations over a narrow physiologically relevant pH range. Loss in activity required
reducing equivalents in the form of NADH and was not reversed upon addition of EGTA. The antioxidants
N-acetylcysteine and superoxide dismutase, but not catalase, prevented inhibition, indicating the involvement
of superoxide anion (D) in the inactivation process. Importantly, the sulfhydryl reducing agent DTT
was capable of fully restoring complex | activity implicating the formation of sulfenic acid and/or disulfide
derivatives of cysteine in the inactivation process. Finally, complex | can reactivate endogenously upon
Ca" removal if NADH is present and the enzyme is allowed to turnover catalytically. Thus, the present
study provides a mechanistic link between three alterations known to occur during cardiac ischemia/
reperfusion, mitochondrial Ga accumulation, free radical production, and complex | inhibition. The
reversibility of these processes suggests redox regulation %f i@andling.

The respiratory chain functions to transfer electrons from affect the ability of cells and organelles to maintain ionic
intracellular reducing equivalents to molecular oxygen, gradients, thereby promoting cellular and mitochondrigCa
thereby enabling the translocation of protons across the inneroverload (0—12). Reperfusion of ischemic cardiac tissue
mitochondrial membrane and the establishment of an elec-results in an even greater increase in mitochondrig"Ca
trochemical gradient required for the production of ATP. concentration 10—12). Cardiac mitochondria can act as
Complex I, a component of the mitochondrial respiratory cellular buffers for C&" (13). Mitochondrial import of C&"
chain, catalyzes the first step in the utilization of electrons is a dynamic process depending to a great extent on the
from NADH. As such, complex | would be expected to play proton gradient established by the electron transport chain
a pivotal role in the maintenance of the proton gradient and (13—16). Inhibition of the electron transport chain or
energy production. Deficits in the activity of complex | have uncoupling of mitochondrial respiration from oxidative
been observed in animal models of cardiac ischemia/ phosphorylation, processes that lead to a drop in the proton
reperfusion {—5). Loss in activity would be expected to gradient across the mitochondrial membrane, have been
exert significant effects on mitochondrial and cellular func- shown to result in a marked decline in mitochondriafCa
tion. Nevertheless, molecular event(s) responsible for declinesuptake (7—19). It is therefore of interest to assess the effects
in complex | activity and the cellular and physiological of C2* on specific electron transport chain components and
consequences of these occurrences have not been fullyjetermine how these processes are affected by alterations in
delineated. Consideration of the intracellular environment that intracellular pH.

exists during cardiac ischemia/reperfusion would provide
insight into potential events responsible for alterations in
complex | activity.

Depletion of tissue oxygen during ischemia results in
declines in the rate of oxidative phosphorylation, depletion
of creatine phosphate and ATP, and cellular acidakis (
10). Decreases in both ATP concentration and pH adversely

An additional facet of cardiac ischemia/reperfusion of
potential importance in complex | inhibition is the production
of superoxide anion (D) and pro-oxidants20—22). Mi-
tochondria play a key role in this process, exhibiting
enhanced rates of free radical production upon reperfusion
of ischemic myocardial tissud {, 23—27). It has previously
been shown that, upon exposure of respiring mitochondria
or submitochondrial particles to pharmacological inhibitors
T This work was supported by a grant from the National Institutes of complex I, mitochondria exhibit marked increases in the

of Health (RO1 AG-16339) and an Established Investigator Grant from ; _deari ;
the American Heart Association (0040007N). production of oxygen-derived free radica®38(-30). Free
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alteration in their activity §1). Importantly, exposure of
isolated mitochondria and submitochondrial particles to
oxygen radicals and pro-oxidants results in the inactivation
of complex | 2—38). Thus, in addition to acidosis and Ca
overload, the production of free radical species must be
investigated as a factor likely to contribute to loss in complex
| activity during cardiac ischemia/reperfusion.

In the present study, the effects of pH, 2Caand
endogenously produced oxygen radicals on complex | activity
were explored in an effort to provide insight into potential
mechanisms responsible for loss in complex | activity during
cardiac ischemia/reperfusion. Solubilized mitochondria were
utilized to study the effects on complex | activity directly.
Evidence is provided that complex | is inhibited by°Cat
low micromolar concentrations and at physiologically rel-
evant pH values. The mechanism of inhibition involved'ca
mediated NADH-dependent oxidative modification. Impor-
tantly, complex | was inhibited by free radicals produced
endogenously and reactivated upon chelation éf Gathe
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FicurRe 1: Ca&*-induced complex | inhibition. Mitochondria
isolated from rat heart were diluted to a protein concentration of
1.0 mg/mL in hypotonic solution (10 mM MOPS, pH 7.4) and
solubilized by freezethawing as described in Materials and
Methods. Mitochondrial protein was then diluted to a@'mL in

a solution containing 10 mM MOPS, pH 7.4, 10 nM antimycin A,

presence of the enzyme substrate, NADH. These findings204M KCN, and 40uM ubiquinone-1. C& was included in the
are discussed in light of the potential role these processesassay mixture at concentrations indicated onahscissaNADH

play in regulation of calcium homeostasis.

MATERIALS AND METHODS

Reagents and Animaléntimycin A, ubiquinone-1, su-
peroxide dismutase (SODyatalase, thioredoxin, thioredoxin
reductase, and glutaredoxin were purchased from Sigma
Male Sprague Dawley rats (256-300 g) were obtained from
Zivic Miller Laboratories.

Mitochondrial Isolation Subsarcolemmal mitochondria
were isolated from hearts of male Spragiawley rats.
Animals were anesthetized by intraperitoneal injection of
urethane (2.4 g/kg) followed by thoracotomy. Hearts {0.9

(40 uM) was then immediately added to initiate enzyme catalysis.
Complex | activity was monitored spectrophotometrically as the
oxidation of NADH at 25°C. Each data point represents the mean
and standard deviation of five separate experiments.

The pH of this solution was adjusted based on the experiment

being conducted, as indicated in Results. NADH 48 M)

was then immediately added to initiate complex | activity.
Complex | activity was measured as the rate of NADH
oxidation (340 nmg = 6200 Mt - cm™!) using a diode
array UV spectrophotometer (Agilent). Measurable activity
required the presence of ubiquinone-1 and was completely
inhibited by rotenone indicating that NADH utilization was

1.1 g) were then removed and immediately immersed and dependent on complex | activity.

rinsed in ice cold homogenization buffer containing 180 mM
KCI, 5.0 mM MOPS, and 2.0 mM EDTA, pH 7.4. Tissue
was minced and homogenized in 20 mL of homogenization
buffer for~5.0 s using a Polytron PHB5 homogenizer with

Ca&?", NADH, and C&"/NADH Incubations Complex |
activity was measured after exposure of frozen and thawed
mitochondria to various conditions. For experiments pre-
sented in Figures43, C&" was added to the assay mixture

setting adjusted to 3. The homogenate was centrifuged atiust prior to addition of NADH and initiation of complex |

500g for 5.0 min (5°C), and the resulting supernatant was
filtered through cheesecloth. The mitochondrial pellet was
obtained upon centrifugation of the supernatant at §360

10 min (5°C). After two rinses with 10 mM MOPS, pH
7.4, the mitochondria were resuspended in 10 mM MOPS,
pH 7.4 to a final protein concentration of 5.0 mg/mL.
Mitochondrial preparations were stored-af0 °C for later

use. Protein determinations were performed using the bicin-

choninic acid method (Pierce), with bovine serum albumin

activity at concentrations indicated. In the experiments
depicted in Figures 47, frozen and thawed mitochondria
were pretreated with 2,6M NADH, 5.0 uM C&*, or 5.0
uM Ca2*, and 2.5uM NADH for 30 s at 25°C followed by
addition of the 10 nM antimycin A and 2@M KCN.
Complex | activity was then initiated by addition of NADH
(40 uM) and ubiquinone-1 (2@M).

Pre- and Post-treatment with EGTAN-Acetylcysteine
(NAQ), SOD, Catalase DTT, and/or NADH To determine

as a standard. Mitochondria prepared in this manner do notWhether EGTA, NAC, SOD and/or catalase preventd"Ca

exhibit significant contamination of other sub-cellular or

NADH induced complex | inhibition, 8.tM EGTA, 4.0

membrane components as judged by electron microscopicmM NAC, 100 units/mL SOD, or 100 units/mL catalase were

analysis (39).

Complex | AssayRat heart mitochondria at 5.0 mg/mL
in hypotonic solution (10 mM MOPS, pH 7.4) were
solubilized by two cycles of free-thawing using liquid
nitrogen. Frozen and thawed mitochondria were then diluted
to 5.0 ug/mL in a solution containing 10 mM MOPS, 10
nM antimycin A, 20uM KCN, and 40uM ubiquinone-1.

1 ABBREVIATIONS: SOD, superoxide dismutase; NAG-ace-
tylcysteine; Trx, thioredoxin; TrxR, thioredoxin reductase; GRX,
glutaredoxin; GSH, reduced glutathione.

added to the preincubation mixture prior to addition of frozen
and thawed mitochondria. The potential for reversal of
complex | inhibition was tested by adding EGTA (1081),
NAC (4.0 mM), SOD (100 units/mL), NADH (5.0M) and/
or DTT (2.0uM) after preincubation with Ca/NADH (5.0
uM/2.5 uM), 30 s prior to addition of 10 nM antimycin A,
20 uM KCN, 40 uM ubiquinone-1, and NADH (4@&M) to
initiate measurement of enzyme activity.

Treatment with Enzymatic Systems for Reduction of
Protein Disulfides and Mixed Disulfide§he potential for
reversal of complex | inhibition by enzymatic systems was
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Ficure 2: Effect of pH on complex | activity and C&induced
inhibition. Frozen and thawed mitochondria (5@ protein/ml)
were evaluated for complex | activity in the abseneedr presence
of 10 (@) or 100uM (O) Ca* at pH values ranging from 6.5 to
8.5 as indicated on thabscissgMaterials and Methods). Complex

Sadek et al.

ties: (1) the enyzme may exist in different conformations
and/or states which are differentially sensitive t¢C@0—

43); (2) C&" may serve to regulate activity by affecting the
kinetic parameters of the enzyme; and/or (3) the flow of
electrons through complex | may be affected by Cand/

or alternative endogenous electron acceptors may exist which
preferentially interact with the modified enzyme. Importantly,
ubiquinone-1, a standard artificial electron acceptor utilized
for measurement of complex | activity, may interact at
multiple sites on the enzymel4, 45). Thus, assays for
complex | using ubiquinone-1 may underestimate the mag-
nitude of enzyme inhibition. This is exemplified by the fact
that when the electron acceptor ferricyanide was utilized to
measure complex | activity, no enzyme inhibition was
observed (not shown). This result also indicates that complex
| is inhibited at a site(s) distal to where ferricyanide accepts
electrons, close to the site of NADH oxidatiof2( 46).

Effect of pH on C&-Induced Inhibition of Complex. |
During cardiac ischemia, €a overload is preceded by
acidosis. The rate and extent to which normal pH is
re-established during reperfusion is dependent on the duration
of ischemia 10, 12, 47). It was therefore important to
determine whether the sensitivity of complex | to?Ga
induced inhibition is affected by variations in pH. For this
set of experiments, complex | was assayed in frozen and
thawed mitochondria in the presence of 0, 10, or 400
C&" at pH values ranging from 6.5 to 8.5. In the absence
of C&*, optimal activity was observed at pH 7.4, with a
relative decline of 25% when pH was lowered to 6.5 or raised
to 8.5 (Figure 2A). In the presence of Tacomplex |
activity was unaffected at pH 6.5 with maximum inhibition
observed at pH 8.0 (Figure 2B). At both 10 and 109

| assay conditions were as described in the legend to Figure 1. (A) C&*, half-maximal inhibition was observed at approximately

Complex | activity was measured at pH 6.8.5 in the absence of
Ca". (B) Percentage loss in complex | activity in the presence of
C&" relative to values obtained in the absence of'Cat

corresponding pH values. Each data point represents the mean an

standard deviation of five separate experiments.

tested by adding thioredoxin/thioredoxin reductase/NADPH
(5.0 uM/5.0 uM/10 uM) or glutaredoxin/GSH (1.&M/0.5
mM) after preincubation with C&/NADH (5.0 uM/2.5 uM),

30 s prior to addition of 10 nM antimycin A, 20M KCN,

40 uM ubiquinone-1, and NADH (40uM) to initiate
measurement of enzyme activity.

RESULTS

Effect of C&" on Complex | Actiity. Exposure of
solubilized mitochondria to micromolar concentrations of
C&" resulted in partial inhibition of complex I. The effects
of C&" were assessed utilizing frozen and thawed mito-
chondria isolated from rat heart. Prior to addition of NADH
and initiation of enzymatic activity, Ca was added at
concentrations ranging from 0 to 1QM. As shown in

pH 7.2, with relatively little increase in the degree of
inactivation above pH 7.4 (Figure 2B). Thus, complex | is
§esponsive to Ca over a narrow physiological pH range.
n addition, increasing the €aconcentration (18 100uM)
appears to affect the level of inhibition and not the pH where
complex | becomes responsive to?’C4Figure 2B).

Kinetics Analysis of Complex | Inhibition by &aTo gain
insight into the mechanism by which €anhibits complex
I, kinetic analyses were performed. Frozen and thawed
mitochondria were assayed for complex | activity with
varying concentrations of NADH (540 M) in the absence
and presence of 20M Ca". As shown in Figure 3A, the
relative level of Ca'-induced complex | inhibition was
enhanced with increasing NADH concentrations. Addition
of C&* resulted in a decline in the maximum raié.§,) of
the enzyme from 156& 42 to 979+ 34 nmole NADH/
min/mg (P < 0.0001) (Figure 3B). Furthermore, ti&g, of
the enzyme for NADH decreased from 11.4 to M in
the presence of Ca(P < 0.0001) (Figure 3B). Thus, NADH
promotes C&-induced inhibition of complex |, suggesting
that the effect of C& on enzyme activity is mediated by

Figure 1, this resulted in a concentration dependent decreaséNADH. The possibility that formation of an NADHC&"

in complex | activity. Near maximum inhibition was achieved
at 20uM Ca*, with an IGy of approximately 1Q«<M under
the conditions of our experiments. €anduced a maximum
decrease in complex | activity of approximately 35%.
Increasing C& concentrations up to 1.0 mM failed to
augment the magnitude of inhibition. The inability to induce
full inactivation of complex | may reflect several possibili-

complex (48) either diminishes the concentration of substrate
necessary for catalysis or binds to the active site but is turned
over at a slower rate can be excluded. For each of these
mechanisms, competitive inhibition would be observed. It
is therefore likely that Cd-induced inhibition of complex |
requires enzyme turnover and thus only occurs in the
presence of the enzyme’s substrate NADH.
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Ficure 3: Effect of NADH concentration on Céa-induced complex | inhibition. Frozen and thawed mitochondria £8.@rotein/ml) were
assayed for complex | activity in a solution containing 10 mM MOPS, pH 7.4, 10 nM antimycin AVPRCN, and 40uM ubiquinone-1.
NADH was added at concentrations indicated ondhecissao initiate complex | activity. (A) Assays were performed under initial rate
conditions in the absenc&)) or presence@®) of 20 uM Ca2*. (B) Double reciprocal plot of rate vs [NADH] (LineweaveBurk plot).
Each data point represents the mean and standard deviation of three separate experiments.
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2
Preincubation: Ca**/NADH
NADH Ca?*  Ca2+/NADH FiGURE 5: Role of superoxide anion {0 in C&*-induced

complex | inhibition. Frozen and thawed mitochondria (g
protein/ml) were preincubated with 50M Ca" and 2.5uM
NADH for 30 s in 10 mM MOPS, pH 7.4 at 28C. This was
followed by addition of 10 nM antimycin A, 20M KCN, 20 uM
ubiquinone-1, and 4@&M NADH to initiate complex | activity.
Where indicated, NAC (4.0 mM), SOD (100 units/mL), or catalase
(100 units/mL) was included in the preincubation mixture (pre-
NAC, pre-SOD, or pre-catalase) or was added to the assay mixture
after preincubation (post-NAC or post-SOD). Each data point
depresents the mean and standard deviation of five separate
experiments.

Ficure 4: Factors required for complex | inhibition. Frozen and
thawed mitochondria (5.8g protein/ml) were incubated with 2.5
uM NADH, 5.0 uM C&*, or 5.0uM Ca&* and 2.5uM NADH as
indicated on thabsciss&or 30 s in 10 mM MOPS, pH 7.4 at 25
°C. This was followed by addition of 10 nM antimycin A, 201
KCN, 20uM ubiquinone-1, and 406M NADH to initiate complex

| activity. Where indicated, EGTA (8.2M) was included in the
preincubation mixture (pre-EDTA) or EGTA (1Q0M) was added

to the assay mixture after preincubation (post-EGTA). Each data
point represents the mean and standard deviation of five separat
experiments.

magnitude of inhibition observed in the presence of'Ca

Effect of Preincubation of Mitochondria with NADB&*t, NADH (not shown). When solubilized mitochondria were
or Ca2"/NADH. Further characterization of the mechanism preincubated with Ca/NADH in the presence of the
responsible for Ca-induced NADH-dependent complex | complex Il inhibitor, antimycin A, and the complex IV
inhibition was accomplished by preincubating frozen and inhibitor, KCN no inhibition of complex | was observed
thawed mitochondria with either NADH (2/8V), C&" (5.0 indicating the requirement for enzyme turnover (not shown).
uM), or C&t/NADH (5.0/2.5uM) for 30 s. NADH (40uM), Addition of EGTA prior to C&"/NADH prevented inhibition
ubiguinone-1 (2QtM), antimycin A (10 nM), and KCN (20 (Figure 4). In striking contrast, EGTA added after the
uM) were then added at concentrations required for the preincubation period failed to reverse the 2GRADH
specific measurement of the maximum activity of complex induced inhibition (Figure 4). These findings suggest the
I. As shown in Figure 4, complex | was not inhibited when occurrence of a conformational change to complex | that
mitochondria were preincubated with NADH. A small renders C& inaccessible to EGTA and/or an alternative form
decrease in activity (5%), similar to that seen whenB\VD of modification induced by CGa/NADH. It is interesting to
C&" was included in the assay mixture (Figure 1), was note that preincubation with 5/M C&* and 2.5«M NADH
observed upon preincubation with TgFigure 4). Impor- was found to induce maximum inhibition of complex I
tantly, the presence of both €aand NADH induced a  (~35%). This is in contrast to the relatively low degree of
marked decline in complex | activity (34%). Extension of inhibition (~7.0%) observed when 5/M Ca" was added
the preincubation period to 1.0 min did not increase the directly to the assay mixture (Figure 1). The low level of
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&S Effects of Free Radical Seangers on C#-Induced
" 407 T oa}’o Complex | Inhibition Complex | is known to be a source of
% l QT (50, 51). We therefore explored the possibility that free
g 30 I radical events mediate €ainduced inhibition of complex
&) I. As shown in Figure 5, the presence of the free radical
e 20 & scavenger NAC during preincubation with TANADH
E & completely prevented complex | inhibition. Addition of NAC
= \Qé {O@&Y' after preincubation with C&/NADH failed to significantly
'.E 10+ @(,&V’ & reverse inhibition. These results indicate that a free radical
- & T species is involved in modification and inhibition of complex
® 0 Q_ 11 | and provide a plausible explanation for the requirement
. . - for NADH in Ca?*-induced inhibition. NADH would be a
Preincubation: source of electrons necessary for free radical production. To
Ca2+*/NADH

gain further evidence for free radical involvement and to

Ficure 6: Reversal of complex | inhibition by the sulfhydryl ; ; ; : _
reducing agent, DTT or NADH. Frozen and thawed mitochondria identify the species responsible for Tanduced NADH

(5.0 ug protein/ml) were preincubated with 54 Ca2™ and 2.5 dependent inhibition of complex I, the;Oscavenger SOD
#M NADH for 30 s in 10 mM MOPS, pH 7.4 at 25C. This was was utilized. Preincubation of cardiac mitochondria with
followed by addition of 10 nM antimycin A, 20M KCN, 20 uM Ca&*/NADH in the presence of SOD resulted in complete

t,’\t/’ri%‘:ja”?;‘;&t’tgj”dD“T@rNéz'_\‘;‘ﬁ)H gﬂ”i(ga_‘éeﬂﬁ/%r?ﬁ'i’ér:]g‘iﬁi‘t’iigg prevention of C&-induced complex | inhibition (Figure 5).
with EGTA (100M), or NADH (5.0 «M) in combination with In contrast, the use of heat denatured SOD failed to prevent

EGTA (100 uM) was added after preincubation, 30 s prior to complex | inhibition indicating the requirement for enzyme
measurement of complex | activity. Each data point represents theactivity (not shown). Commercial sources of SOD often

mean and standard deviation of five separate experiments. contain catalase as a contaminant. To rule out the potential
involvement of HO, in complex | inactivation, catalase was
Ogb included during preincubation with €dNADH. As shown
Q~$ in Figure 5, catalase failed to prevent complex | inhibition,
Ysey’ indicating that HO, is not involved in enzyme inhibition.
- 30 T @e& Similar to results obtained with NAC, addition of SOD after
; T preincubation with C&/NADH failed to reverse inhibition
g- l (Figure 5). These results strongly indicate that interaction
S 20 l of Ca&"/NADH with complex | induces §-dependent
bl RS oxidative modification and inhibition of the enzyme. Prepa-
: YSg Q%‘z‘ ration of sub-mitochondrial particles is often utilized to
:g ﬁgl% C;;-*\ remove endogenous antioxidant systems such as SOD and
"_5 104 &‘&‘ catalase. The maximum degree of 2QAJADH-induced
= T T complex | inhibition (~35%) observed for disrupted mito-
® m ’—H chondria was not altered when sub-mitochondrial particles
0 were utilized. Therefore, it does not appear that the presence
Preincubation: of SOD at low concentrations in dilute, disrupted (frozen

Ca2+/NADH and thawed) mitochondria limits the level of complex I

Ficure 7: Reversal of complex | inhibition by enzymatic protein inhibition observed (Figure 5).
disulfide and mixed disulfide reducing systems. Frozen and thawed = Chemical Characterization of Complex | InhibitioBx-
mitochondria (5.Qug protein/mL) were preincubated with 50/ periments were undertaken to provide chemical evidence for

Ca* and 2.5uM NADH for 30 s in 10 mM MOPS, pH 7.4 at 25 . . .
°C. This wasﬂfollowed by addition of 10 nM antimyFt):in A, 201 a role of free radicals in G&/NADH-mediated complex |

KCN, 20uM ubiquinone-1, and 48M NADH to initiate complex inhibition and to |dent|fy |Ik6|y forms of oxidative modifica-
| activity. Where indicated, thioredoxin/thioredoxin reductase/ tion responsible for this process. Oxygen radicals have the
g"g'?npl\'/l") ssé%l;'\é'é%g gf'\t/grlorgm():l?t: egi'g';‘argggx"r‘i/g?c')"n%g;tﬂr/emempotential to modify various amino acid side chains. Of these,
of complex | activity. Alternpatively, GSH ,(0.5 mR/I) was added after the sulfur qtom of CY?’te'T‘e IS perhgps the most S.LIS.}CGpth|e
preincubation. This was followed 30 s later by the addition of tO free radical modification. Cysteine can be oxidized to
NADH (5.0 M) in combination with EGTA (10Q:M). Complex sulfenic, sulfinic, and sulfonic acidsg, 53). In addition,
| activity was measured 30 s after addition of NADH/EGTA. Each oxidation can lead to the formation of a disulfide bond
data point represents the mean and standard deviation of fivepatween two cysteine residueS4( 55). The sulfhydryl
separate experiments. . . . -
reducing agent DTT is capable of reducing disulfide bonds
and sulfenic acid but cannot act on higher oxidations states
inhibition observed in the absence of preincubation was of sulfur, such as sulfinic and sulfonic acid derivatives. As
found to be due to the presence of exogenously addedshown in Figure 6, addition of DTT to frozen and thawed
ubiquinone-1, necessary for evaluation of enzyme activity mitochondria after preincubation with E&NADH failed to
(not shown). Ubiquinone-1 readily accepts electrons from reverse the observed inhibition of complex I. However, when
complex | @9). These results therefore provide support for DTT was added in combination with EGTA, enzyme activity
the involvement of reducing equivalents in complex | was completely restored (Figure 6). DTT can interfere with
inhibition. the complex | assay by reducing ubiquinone-1. For this
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reason, DTT was used at a low concentration (ZM) in
these experiments. It is therefore likely that DTT reverses
oxidative modification to a sulfhydryl residue(s) responsible
for inhibition of enzyme activity. The requirement for EGTA
indicates that Cd& must be chelated to prevent continued
Ca&t-inducd G production and enzyme inactivation upon
consumption of low levels of DTT. NAC or SOD in
combination with EGTA were unable to reverse complex |
inhibition. Thus, oxidative modification of protein cysteine-
(s) appears to be the terminal event in enzyme inhibition
requiring a strong reductant to reverse modification and
restore enzyme activity.

Reactvation of Complex .1t is becoming increasingly
apparent that certain oxidative modifications previously
thought to be irreversible can be reversed by intracellular
enzymatic systems indicating the potential for redox regula-
tion (56—65). Evidence was sought for endogenous reactiva-
tion of complex | following C&"/NADH-induced inhibition.

As previously shown (Figure 4), following enzyme inhibition,
the addition of EGTA to chelate €awas not sufficient for
enzyme reactivation. Under the conditions of these experi-
ments, NADH present during preincubation and complex |
inhibition is consumed prior to addition of EGTA. In striking
contrast to experiments in which EGTA was added alone
(Figure 4), following inhibition of complex |, addition of
EGTA and NADH resulted in complete reactivation of the
enzyme (Figure 6). Thus, complex | can be reversibly
inhibited by oxidative modification in response to alterations
in C&* concentration.

To further explore the chemical nature of complex |
inhibition and reactivation, the ability of the thioredoxin/
thioredoxin reductase/NADPH and glutaredoxin/GSH sys-

Biochemistry, Vol. 43, No. 26, 2008499

the exact nature of the €aNADH-induced sulfhydryl
modification to complex | cannot be conclusively established.
These results indicate the potential for enzyme inhibition
followed by glutathionylation in intact mitochondria where
GSH is at concentrations sufficient for reaction with the
modified sulfhydryl residue(s) on complex |I. Depending on
the duration of C#-induced enzyme inhibition, reactivation
may proceed through a complex I-dependent mechanism or
through the action of glutaredoxin.

DISCUSSION

Complex | of the mitochondrial respiratory chain has
previously been shown to decline in activity during cardiac
ischemia/reperfusion1(-5). The present in vitro study
provides a potential mechanism of inhibition consistent with
the cellular and mitochondrial environment that exists during
ischemia/reperfusion. In addition, the reversible nature of
these processes suggests the potential for regulation. Complex
| was found to be susceptible to €amediated inhibition.
Inhibition required the presence of NADH and was com-
pletely prevented by inclusion of superoxide dismutase but
not catalase. Interaction of superoxide anion and pro-oxidants
with sulfhydryl functional groups of protein cysteine residues
can result in the formation of sulfenic acid derivatives and
disulfide bonds. The thiol reducing agent DTT is capable of
reducing each of these oxidative modifications, thereby
regenerating cysteines2—55). DTT was able to reverse
inhibition of complex I, thereby indicating that &a
mediated NADH-dependent inhibition was due to oxidative
modification of protein-associated sulfhydryl group(s). Im-
portantly, upon removal of C&, oxidative inhibition can
be reversed in the presence of the enzyme substrate, NADH.
Little is known regarding the regulatory properties of

tems to restore enzyme activity was determined. Thesecomp|ex . These studies identify complex | as an enzyme

systems catalyze the reduction of protein disulfides and
mixed disulfides with GSH, respectively. Following prein-
cubation with C&"/NADH and complex | inhibition, solu-
bilized mitochondria were incubated with each disulfide
reducing systems for 30 s prior to analysis of enzyme activity.

that is oxidatively inhibited in a reversible fashion in response
to alterations in C& concentration.

Previously, it has been demonstrated that complex | can
be inactivated upon exposure to superoxide anion generated
exogenously or to sulfhydryl reactive compounds such as

As shown in Figure 7, both systems were capable of restoringoxidized glutathione (GSSG) ®i-ethylmaleimide 82—35,

enzyme activity. Addition of NADPH (10uM) alone
exhibited no effect. The formation of a protein mixed
disulfide with GSH would be surprising given that experi-
ments were performed utilizing solubilized mitochondria at
10.0 ug protein/mL. Therefore, GSH levels would be low
relative to intact mitochondria, and rapid glutathionylation
would not be expected. Additionally, treatment of GSH-
depleted sub-mitochondrial particles with 2Z4&NADH re-
sulted in a similar degree of complex | inhibition (not shown).
Importantly, addition of GSH (0.5 mM) after EZdNADH-
induced inhibition of complex | largely prevented endog-
enous regeneration of complex | activity upon incubation
with EGTA/NADH (Figures 6 and 7). GSH rapidly reacts
with protein sulfenic acid residues and can react with protein
disulfides to form mixed disulfides. Therefore, glutaredoxin/
GSH-dependent reactivation of complex | (Figure 7) likely
reflects reaction of exogenously added GSH with a sulfenic
acid or disulfide on complex | followed by removal of GSH
and regeneration of protein sulfhydryl by glutaredoxin. While
reactivation of complex | with the thioredoxin system would
indicate the involvememt of disulfide bond formation, this

38, 40, 41, 43, 66). Due to the reactive nature of these
species, similar effects have been reported for numerous
enzymes. It was therefore important to determine whether
complex | undergoes inhibition and/or inactivation in re-
sponse to oxygen radicals produced by endogenous pro-
cesses. We provide evidence that inhibition of complex |
occurs through the endogenous production of superoxide
anion. Inhibition required turnover of complex | and occurred
only in the presence of €a C&" has previously been shown

to promote complex | inactivation by sulfhydryl reactive
compounds 34, 35, 43). Therefore, in the current study, it

is likely that C&" induces structural alterations that expose
a reactive cysteine residue(s) on complex | to superoxide
anion produced at low levels during normal turnover of the
enzyme. Due to the reversible nature of Gand superoxide
anion-dependent alterations in complex | activity, the
contribution of this form of modification may be overlooked
under certain conditions of ischemia/reperfusion, particularly
upon analysis of mitochondria that are isolated in the
presence of EDTA and/or EGTA and maintain a reductive
potential. Ischemia/reperfusion induced deficits in activity

system has also been shown to reduce sulfenic acid. Thuswhich persist upon mitochondrial isolation likely reflect the



8500 Biochemistry, Vol. 43, No. 26, 2004

occurrence of downstream events such as depletion of the
phospholipid cardiolipin 38, 67).

Given the rapid and reversible nature of the oxidative
inhibition of complex 1, it is important to consider the
possibility that this process represents an appropriate meta-
bolic response necessitated by physiological and pathophysi-
ological alterations in cytosolic and mitochondrial °Ca

concentrations. Cardiac mitochondria serve to buffer cellular 5.

C&" under conditions of Cd overload such as cardiac
ischemia/reperfusiorl(—13) and exhibit increases in €a
concentrations in response to normafCaansients §8— 6
72). Ca&* uptake by mitochondria is dependent on the proton
gradient created across the inner mitochondrial membrane
as a result of proton translocation by respiratory chain
componentsi3—16). Ca&"-induced inhibition of complex |
may therefore alter the mitochondrial proton gradient to limit
Ca&" uptake, thereby preventing mitochondrial?Caon-
centrations from reaching levels capable of inducing ir-
reversible disruption of mitochondrial structure and function.

Importantly, alterations in pH during ischemia and reperfu- 9.

sion may regulate this process by providing an indication of
the relative necessity for mitochondrial €abuffering. If
acidosis persists during reperfusion, a condition indicative
of continued C#&" overload, complex | would remain active
(Figure 2) enabling the accumulation of Laby the
mitochondria. In contrast, if normal physiological pH is
restored, the relative importance of mitochondrial>Ca
uptake would be diminished. In this scenario, complex |
would be inhibited, and thus, membrane potential antf Ca
uptake would be reduced allowing for net®Cafflux and
eventual regain in complex | activity.

The maximum degree of complex | inhibition observed
in this study was approximately 35%. As previously dis-
cussed (see Results), this may be an underestimation, given
the nature of the enzyme assay and/or may reflect subtle
regulation of this complex enzyme. Partial inhibition of the
enzyme may be indicative of the delicate balance that must
be maintained to simultaneously limit €auptake while
retaining a proton gradient sufficient to allow for ATP
production and prevent opening of the permeability transition
pore. Subtle alterations in membrane potential would be
expected to alter the relative rates offCaptake and efflux
shifting the equilibrium between intramitochondrial and
cytosolic C&" concentration. The results of the current study
provide the basis for future investigations required to
determine the contribution of €& and superoxide anion-
dependent modulation of complex | activity to maintenance
of C&* homeostasis during normal physiological function
and under pathophysiological conditions associated with Ca
overload.

21.

ACKNOWLEDGMENT

We thank John J. Mieyal for insightful discussions.

REFERENCES

1. Hardy, L., Clark, J. B., Darley-Usmar, V. M., Smith, D. R., and
Stone, D. (1991) Reoxygenation-dependent decrease in mitochon-
drial NADH: CoQ reductase (Complex I) activity in the hypoxic/
reoxygenated rat heaBiochem. J. 274Pt 1), 133-137.

2. Lucas, D. T., and Szweda, L. I. (1999) Declines in mitochondrial
respiration during cardiac reperfusion: age-dependent inactivation

10.

11.

12.

14.

16.

18.

19.

20.

22.

23.

24.

Sadek et al.

of a-ketoglutarate dehydrogena&¥oc. Natl. Acad. Sci. U. S. A.
96, 6689-6693.

. Rouslin, W. (1983) Mitochondrial complexes I, II, IlI, IV, and V

in myocardial ischemia and autolysim. J. Physiol. 244H743—
H748.

. Sadek, H. A., Humphries, K. M., Szweda, P. A., and Szweda, L.

I. (2002) Selective inactivation of redox-sensitive mitochondrial
enzymes during cardiac reperfusiédmch. Biochem. Biophys. 406
222-228.

Veitch, K., Hombroeckx, A., Caucheteux, D., Pouleur, H., and
Hue, L. (1992) Global ischaemia induces a biphasic response of
the mitochondrial respiratory chain. Anoxic pre-perfusion protects
against ischaemic damaggiochem. J. 281Pt 3), 709-715.

.Lucas, D. T., and Szweda, L. I. (1998) Cardiac reperfusion

injury: aging, lipid peroxidation, and mitochondrial dysfunction.
Proc. Natl. Acad. Sci. U. S. A. 9510-514.

7. Murfitt, R. R., Stiles, J. W., Powell, W. J, Jr., and Sanadi, D. R.

(1978) Experimental myocardial ischemia characteristics of
isolated mitochondrial subpopulationk.Mol. Cell. Cardiol. 10
109-123.

8. Piper, H. M., Sezer, O., Schleyer, M., Schwartz, P., Hutter, J. F.,

and Spieckermann, P. G. (1985) Development of ischemia-induced
damage in defined mitochondrial subpopulatiohsMol. Cell.
Cardiol. 17, 885-896.

Jennings, R. B., and Ganote, C. E. (1976) Mitochondrial structure
and function in acute myocardial ischemic inju@irc. Res. 38
180—91.

Reimer, K. A., and Jennings, R. B. (1992) Myocardial ischemia,
hypoxia, and infarction. IThe Heart and Cardigascular System
(Fozzard, H. A., Haber, E., Jennings, R. B., Katz, A. M., and
Morgan, H. E., eds.) pp 187873. Raven, New York.

Ferrari, R. (1996) The role of mitochondria in ischemic heart
diseaselJ. Cardiavasc. Pharmacol. 2&uppl 1, S+10.

Bagchi, D., Wetscher, G. J., Bagchi, M., Hinder, P. R., and
Perdikis, G, et al. (1997) Interrelationship between cellular calcium
homeostasis and free radical generation in myocardial reperfusion
injury. Chem. Biol. Interact. 10465—85.

. Gunter, T. E., Gunter, K. K., Sheu, S. S., and Gavin, C. E. (1994)

Mitochondrial calcium transport: physiological and pathological
relevance Am. J. Physiol. 267C313-339.

Brand, M. D., Chen, C. H., and Lehninger, A. L. (1976)
Stoichiometry of H- ejection during respiration-dependent ac-
cumulation of Caz- by rat liver mitochondriaJ. Biol. Chem
251, 968-974.

15. Vercesi, A., Reynafarje, B., and Lehninger, A. L. (1978) Stoichi-

ometry of Ht+ ejection and Ca2 uptake coupled to electron
transport in rat heart mitochondrid. Biol. Chem 253 6379-
6385.

Gunter, T. E., and Pfeiffer, D. R. (1990) Mechanisms by which
mitochondria transport calciurdm. J. Physiol. 258C755-786.

17. Sciamanna, M. A., Zinkel, J., Fabi, A. Y., and Lee, C. P. (1992)

Ischemic injury to rat forebrain mitochondria and cellular calcium
homeostasisBiochim. Biophys. Acta 113£23-232.

Hutson, S. M., Pfeiffer, D. R., and Lardy, H. A. (1976) Effect of
cations and anions on the steady-state kinetics of energy-dependent
Ca2+ transport in rat liver mitochondrial. Biol. Chem 251,
5251-5258.

Pfeiffer, D. R., Hutson, S. M., Kauffman, R. F., and Lardy, H. A.
(1976) Some effects of ionophore A23187 on energy utilization
and the distribution of cations and anions in mitochondria.
Biochemistry 152690-2697.

Bolli, R., and Marban, E. (1999) Molecular and cellular mecha-
nisms of myocardial stunninghysiol. Re. 79, 609-634.

Zweier, J. L., Flaherty, J. T., and Weisfeldt, M. L. (1987) Direct
measurement of free radical generation following reperfusion of
ischemic myocardiunProc. Natl. Acad. Sci. U. S. A. 84404~
1407.

Zweier, J. L. (1988) Measurement of superoxide-derived free
radicals in the reperfused heart. Evidence for a free radical
mechanism of reperfusion injury. Biol. Chem263 1353-1357.
Venditti, P., Masullo, P., and Di Meo, S. (2001) Effects of
myocardial ischemia and reperfusion on mitochondrial function
and susceptibility to oxidative stres3ell Mol. Life Sci. 581528~
1537.

Das, D. K., George, A., Liu, X. K., and Rao, P. S. (1989) Detection
of hydroxyl radical in the mitochondria of ischemic-reperfused
myocardium by trapping with salicylatBiochem. Biophys. Res.
Commun. 1651004-1009.



Cé&"™-Mediated Redox Modulation of Complex |

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Ueta, H., Ogura, R., Sugiyama, M., Kagiyama, A., and Shin, G.
(1990) G spin trapping on cardiac submitochondrial particles
isolated from ischemic and nonischemic myocardidnMol. Cell.
Cardiol. 22 893-899.

Ambrosio, G., Zweier, J. L., Duilio, C., Kuppusamy, P., and
Santoro, G., et al. (1993) Evidence that mitochondrial respiration
is a source of potentially toxic oxygen free radicals in intact rabbit
hearts subjected to ischemia and reflalv.Biol. Chem 268
18532-18541.

Otani, H., Tanaka, H., Inoue, T., Umemoto, M., and Omoto, K.
(1984) In vitro study on contribution of oxidative metabolism of
isolated rabbit heart mitochondria to myocardial reperfusion injury.
Circ. Res. 55168-175.

Cocco, T., Di Paola, M., Papa, S., and Lorusso, M. (1999)
Arachidonic acid interaction with the mitochondrial electron
transport chain promotes reactive oxygen species generates.
Radic. Biol. Med. 2751-59.

Kwong, L. K., and Sohal, R. S. (1998) Substrate and site specificity
of hydrogen peroxide generation in mouse mitochondkizh.
Biochem. Biophys. 35018-126.

Boveris, A. (1984) Determination of the production of superoxide
radicals and hydrogen peroxide in mitochondhgthods Enzy-
mol. 105 429-435.

Berlett, B. S., and Stadtman, E. R. (1997) Protein oxidation in
aging, disease, and oxidative streksBiol. Chem272, 20313~
20316.

Zhang, Y., Marcillat, O., Giulivi, C., Ernster, L., and Davies, K.
J. (1990) The oxidative inactivation of mitochondrial electron
transport chain components and ATPadeBiol. Chem 265,
16330-6.

Taylor, E. R., Hurrell, F., Shannon, R. J., Lin, T. K., Hirst, J.,
and Murphy, M. P. (2003) Reversible glutathionylation of complex
| increases mitochondrial superoxide formatidn.Biol. Chem
278 19603-19610.

Jekabsone, A., Ilvanoviene, L., Brown, G. C., and Borutaite, V.
(2003) Nitric oxide and calcium together inactivate mitochondrial
complex | and induce cytochronegeleaseJ. Mol. Cell. Cardiol.

35, 803-809.

Malis, C. D., and Bonventre, J. V. (1986) Mechanism of calcium
potentiation of oxygen free radical injury to renal mitochondria.
A model for post-ischemic and toxic mitochondrial damage.
Biol. Chem 261, 14201-14208.

Borutaite, V., Budriunaite, A., and Brown, G. C. (2000) Reversal
of nitric oxide-, peroxynitrite-, and S-nitrosothiol-induced inhibi-
tion of mitochondrial respiration or complex | activity by light
and thiols.Biochim. Biophys. Acta 145905-412.

Murray, J., Taylor, S. W., Zhang, B., Ghosh, S. S., and Capaldi,
R. A. (2003) Oxidative damage to mitochondrial complex | due
to peroxynitrite: identification of reactive tyrosines by mass
spectrometryJ. Biol. Chem. 27837223-37230.

Paradies, G., Petrosillo, G., Pistolese, M., and Ruggiero, F. M.
(2002) Reactive oxygen species affect mitochondrial electron
transport complex | activity through oxidative cardiolipin damage.
Gene 286135-141.

Czerski, L. W., Szweda, P. A., and Szweda, L. |. (2003)
Dissociation of cytochromec from the inner mitochondrial
membrane during cardiac ischemiaBiol. Chem 278 34499
34504.

Grivennikova, V. G., Kapustin, A. N., and Vinogradov, A. D.
(2001) Catalytic activity of NADH-ubiquinone oxidoreductase
(complex 1) in intact mitochondria. Evidence for the slow active/
inactive transitionJ. Biol. Chem 276, 9038-9044.

Gavrikova, E. V., and Vinogradov, A. D. (1999) Active/de-active
state transition of the mitochondrial complex | as revealed by
specific sulfhydryl group labeling=EBS Lett. 45536—40.
Vinogradov, A. D. (1998) Catalytic properties of the mitochondrial
NADH-ubiquinone oxidoreductase (complex 1) and the pseudo-
reversible active/inactive enzyme transitidiochim. Biophys.
Acta 1364 169-185.

Kotlyar, A. B., Sled, V. D., Vinogradov, A. D. (1992) Effect of
Ca2t ions on the slow active/inactive transition of the mitochon-
drial NADH-ubiquinone reductas@iochim. Biophys. Acta 1098
144—150.

Tormo, J. R., and Estornell, E. (2000) New evidence for the
multiplicity of ubiquinone- and inhibitor-binding sites in the
mitochondrial complex |Arch. Biochem. Biophys. 38241—
246.

45

46.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

Biochemistry, Vol. 43, No. 26, 2008501

. Degli Esposti, M., Ngo, A., McMullen, G. L., Ghelli, A., and

Sparla, F., et al. (1996) The specificity of mitochondrial complex
| for ubiquinonesBiochem. J. 313Pt 1), 327334.
Krishnamoorthy, G., and Hinkle, P. C. (1988) Studies on the

electron-transfer pathway, topography of iresulfur centers, and

site of coupling in NADH-Q oxidoreductasé. Biol. Chem?263

17566-17575.

. Di Lisa, F., Menabo, R., Canton, M., and Petronilli, V. (1998)
The role of mitochondria in the salvage and the injury of the
ischemic myocardiumBiochim. Biophys. Acta 13669—78.

. Vinogradov, A., Scarpa, A., and Chance, B. (1972) Calcium and
pyridine nucleotide interaction in mitochondrial membraesh.
Biochem. Biophys. 15546-654.

Fato, R., Estornell, E., Di Bernardo, S., Pallotti, F., Parenti Castelli,
G., and Lenaz, G. (1996) Steady-state kinetics of the reduction
of coenzyme Q analogues by complex | (NADH:ubiquinone
oxidoreductase) in bovine heart mitochondria and submitochon-
drial particles.Biochemistry 352705-2716.

Cadenas, E., and Davies, K. J. (2000) Mitochondrial free radical
generation, oxidative stress, and agifkgee Radic. Biol. Med.

29, 222—-230.

Chance, B., and Williams, G. R. (195%jv. Enzymal Relat Subj
Biochem 17, 65—134.

Rhee, S. G., Bae, Y. S., Lee, S. R., and Kwon, J. (2000) Hydrogen
peroxide: a key messenger that modulates protein phosphorylation

through cysteine oxidatiorSci. STKE2000: PE1.

Kim, J. R., Yoon, H. W., Kwon, K. S., Lee, S. R., and Rhee, S.
G. (2000) Identification of proteins containing cysteine residues

that are sensitive to oxidation by hydrogen peroxide at neutral

pH. Anal. Biochem 283, 214-21.

Claiborne, A., Yeh, J. I., Mallett, T. C., Luba, J., and Crane, E. J,
3rd et al. (1999) Protein-sulfenic acids: diverse roles for an
unlikely player in enzyme catalysis and redox regulatiBio-
chemistry 38 15407-15416.

Kice, J. L. (1980Adv. Phys. Org. Chem. 1%5.

Miranda-Vizuete, A., Damdimopoulos, A. E., and Spyrou, G.
(2000) The mitochondrial thioredoxin systedntioxid. Redox
Signal 2 801—-810.

Gladyshev, V. N., Liu, A., Novoselov, S. V., Krysan, K., and Sun,
Q. A, et al. (2001) Identification and characterization of a new
mammalian glutaredoxin (thioltransferase), Grd2Biol. Chem
276, 30374-30380.

Gabbita, S. P., Robinson, K. A., Stewart, C. A,, Floyd, R. A., and
Hensley, K. (2000) Redox regulatory mechanisms of cellular signal

transductionArch. Biochem. Biophys. 376—13.

Gravina, S. A., and Mieyal, J. J. (1993) Thioltransferase is a

specific glutathionyl mixed disulfide oxidoreductaBgochemistry

32, 3368-3376.

Jung, C. H., and Thomas, J. A. (1996) S-glutathiolated hepatocyte
proteins and insulin disulfides as substrates for reduction by

glutaredoxin, thioredoxin, protein disulfide isomerase, and glu-

tathione.Arch. Biochem. Biophys. 3361—-72.

Lundberg, M., Johansson, C., Chandra, J., Enoksson, M., and

Jacobsson, G, et al. (2001) Cloning and expression of a novel
human glutaredoxin (Grx2) with mitochondrial and nuclear
isoforms.J. Biol. Chem 276, 26269-26275.

Mieyal, J. J., Gravina, S. A., and Mieyal, P. A. (1995) Glutathionyl

specificity of thiotransferases: Mechanistic and physiological

implications. In Biothiols in Health and Diseas¢Packer, L,

Cadenas, E, ed.) pp 36872, Marcel Dekker, New York.

Rhee, S. G. (1999) Redox signaling: hydrogen peroxide as
intracellular messengeExp. Mol. Med 31, 53—59.

Biteau, B., Labarre, J., and Toledano, M. B. (2003) ATP-dependent
reduction of cysteine-sulphinic acid by S. cerevisiae sulphiredoxin.
Nature 425 980-984.

Woo, H. A, Chae, H. Z., Hwang, S. C., Yang, K. S., and Kang,

S. W,, et al. (2003) Reversing the inactivation of peroxiredoxins

caused by cysteine sulfinic acid formatidBcience 300653—

656.

Jha, N., Jurma, O., Lalli, G., Liu, Y., and Pettus, E. H., et al.
(2000) Glutathione depletion in PC12 results in selective inhibition

of mitochondrial complex | activity. Implications for Parkinson’s

diseaseJ. Biol. Chem 275, 26096-26101.

Paradies, G., Petrosillo, G., Pistolese, M., Di Venosa, N., Federici,

A., and Ruggiero, F. M. (2004) Decrease in mitochondrial complex
| activity in ischemic/reperfused rat heart: involvement of reactive

oxygen species and cardiolipi€irc. Res. 9453—59.



8502 Biochemistry, Vol. 43, No. 26, 2004 Sadek et al.

68. Babcock, D. F., Herrington, J., Goodwin, P. C., Park, Y. B., and 71. Jouaville, L. S., Pinton, P., Bastianutto, C., Rutter, G. A., and

Hille, B. (1997) Mitochondrial participation in the intracellular Rizzuto, R. (1999) Regulation of mitochondrial ATP synthesis
Ca2t network.J. Cell Biol. 136 833-844. by calcium: evidence for a long-term metabolic primifyoc.
69. Babcock, D. F., and Hille, B. (1998) Mitochondrial oversight of Natl. Acad. Sci. U. S. A. 96.3807-13812.
cellular Ca2+ signaling.Curr. Opin. Neurobiol 8, 398-404. 72. Vandecasteele, G., Szabadkai, G., and Rizzuto, R. (2001) Mito-
70. Chalmers, S., and Nicholls, D. G. (2003) The relationship between chondrial calcium homeostasis: mechanisms and molecules.

free and total calcium concentrations in the matrix of liver and IUBMB Life 52 213-219.
brain mitochondriaJ. Biol. Chem 278 19062-19070. BI049803F



