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Yeast lacking mitochondrial superoxide dismutase
MnSOD) display shortened stationary-phase survival
nd provide a good model system for studying mito-
hondrial oxidative damage. We observed a marked
ecrease in respiratory function preceding stationary-
hase death of yeast lacking MnSOD (sod2D). Agents
mitochondrial inhibitors) that are known to increase
r decrease superoxide production in submitochon-
rial particles affected stationary-phase survival in a
anner inversely correlated with their effects on su-

eroxide production, implicating superoxide in this
itochondrial disfunction. Similar but less-dramatic

ffects were observed in wild-type yeast. The activities
f certain mitochondrial enzymes were particularly
ffected. In sod2D yeast the activity of aconitase, a
Fe–4S-cluster-containing enzyme located in the ma-
rix, was greatly and progressively decreased as the
ells established stationary phase. Succinate dehydro-
enase activity also decreased in MnSOD mutants; cy-
ochrome oxidase and ATPase activities did not. Acon-
tase could be reactivated by addition of materials
equired for cluster assembly (Fe31 and a sulfur
ource), both in extracts and in vivo, indicating that
nactivation of the enzyme was by disassembly of the
luster. Our results support the conclusion that super-
xide is generated in the mitochondria in vivo and
nder physiological conditions and that MnSOD is the
rimary defense against this toxicity. When the bal-
nce between superoxide generation and MnSOD ac-
ivity is disrupted, superoxide mediates iron release
rom mitochondrial iron–sulfur clusters, leading first
o loss of mitochondrial function and then to death,
ndependently of mtDNA damage. These results raise
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ve., Los Angeles, CA 90089-0191.
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he possibility that similar processes may occur in
igher eukaryotes. © 1999 Academic Press

Key Words: manganese superoxide dismutase; SOD2;
east; Saccharomyces cerevisiae; oxidative stress; mi-
ochondria; aconitase; stationary phase.

In eukaryotes, the production of superoxide and hy-
rogen peroxide in the mitochondria at complexes I
nd III of the electron transport chain has been con-
incingly demonstrated in isolated mitochondria or
ubmitochondrial particles exposed to either hyperoxia
r mitochondrial inhibitors (1, 2). However, few studies
n eukaryotes have investigated whether these toxic
xygen species are in fact generated in vivo and under
hysiological conditions or whether superoxide itself is
toxic agent. In prokaryotes, strong evidence that

uperoxide is produced in vivo comes from studies per-
ormed by two groups in which iron–sulfur-cluster-
ontaining enzymes were shown to be inactivated ei-
her in Escherichia coli mutants lacking superoxide
ismutases under conditions of normal aeration (3) or
n wild-type E. coli exposed to 100% oxygen (4). Studies
y Gardner et al. demonstrating that hyperoxia (5) or
reatment with superoxide-inducing agents (6) re-
ulted in inactivation of aconitase in cultured mamma-
ian cells provided evidence that the primary targets of
uperoxide in eukaryotic cells may also be iron–sulfur-
luster-containing enzymes.
Eukaryotic manganese superoxide dismutase (Mn-

OD)3 is located in the mitochondrial matrix and is
elieved to protect mitochondrial targets against su-

3 Abbreviations used: MnSOD, manganese superoxide dismutase;
RC, index of respiratory competence; PMSF, phenylymethylsulfonyl
uoride; PMS, phenazine methosulfate; DCPIP, 2,6-dichloropheno-

indophenol; SDH, succinate dehydrogenase; CCO, cytochrome oxi-

ase, mtDNA, mitochondrial DNA; wt, wild type; FCCP, carbonyl
yanide-p-fluoromethoxyphenylhydrozone.
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132 LONGO ET AL.
eroxide (7, 8). It was originally isolated from the mi-
ochondria of chicken liver (9) and yeast (10). In the
east Saccharomyces cerevisiae, MnSOD (product of
he SOD2 gene) accounts for 1 to 10% of the total SOD
ctivity, depending on the growth conditions; the rest
s due to the cytoplasmic CuZnSOD (SOD1). Yeast

utants lacking MnSOD (sod2D) are hypersensitive to
00% oxygen, grow poorly in ethanol (11), and die
apidly in stationary phase (12), but they are pheno-
ypically normal when grown in air with glucose as the
arbon source. (sod1D mutants of yeast, by contrast,
re much more affected by aerobic conditions in any
edium).
MnSOD knockout mice showed a decrease in the

ctivities of aconitase and succinate dehydrogenase,
uffered from dilated cardiomyopathy, accumulated
ipids in liver and skeletal muscles, and died within 10
ays of birth (13). In another study, a different strain of
nSOD knockout mice survived for up to 3 weeks and

xhibited degeneration of neurons in the basal ganglia
nd brainstem as well as other abnormalities (14).
ince the cellular events leading to these defects are

ikely to be the same in mitochondria from different
pecies, stationary-phase yeast can serve as an excel-
ent in vivo model system in which to investigate in
etail the effects of abnormally elevated superoxide in
ukaryotes.
Growth of a yeast culture consists of three stages.

irst, there is a period of rapid logarithmic growth,
here metabolism is primarily glycolytic. As the glu-

ose is consumed, the culture switches to respiratory
rowth (known as the diauxic shift) and then to sta-
ionary phase during which energy is generated pri-
arily in the mitochondria. In stationary phase, yeast

top dividing; exhibit lowered metabolic rates, in-
reased thermotolerance, and increased antioxidant
efenses; and are able to survive for weeks to months
ithout additional nutrients (15). Starvation is not

ikely to be the cause of death in stationary-phase yeast
ntil quite late in the culture period (more than a
onth) (16). Our stationary-phase paradigm involves

he maintenance of these nondividing stationary phase
east for extended periods of time in batch cultures.
his is a particularly useful model system for the study
f damage that occurs during oxidative stress and ag-
ng, because it allows the accumulation of macromolec-
lar damage over time. Using this system, we have
hown that survival time in stationary phase is sub-
tantially shortened in yeast that lack either CuZn-
OD or MnSOD (12).
Yeast are particularly attractive organisms in which

o study mitochondrial function because loss of such
unction need not lead to death. If they lose the ability
o respire, yeast cells can turn to glycolysis for energy,
o long as a fermentable carbon source such as glucose

dextrose) is present in the medium. In this work, we

S
i

ake advantage of this relatively unique ability by de-
ning an index of respiratory competence (IRC) that
ompares the ability of individual members of a yeast
opulation to grow in the presence of a fermentable
arbon source with their ability to grow exclusively by
espiration when the only carbon source is nonferment-
ble (e.g., glycerol, lactate, or ethanol). This IRC allows
he monitoring of mitochondrial function in living
east.
In earlier work, we reported that respiration-defi-

ient mutants which lacked the cytosolic enzyme
uZnSOD (sod1D) grew and survived better than res-
iration-competent sod1D single mutants, suggesting
hat mitochondrial toxic oxygen species contributed to
he defects observed in sod1D cells (12). We report here
tudies of MnSOD null mutant (sod2D) and wild-type
east showing that MnSOD protects the cell against
uperoxide-mediated damage to the mitochondria. In
ur previous studies we showed that sod1D and sod2D
utants died early in stationary phase and we pro-

osed that mitochondrial superoxide contributed to the
eath of sod1D mutants, but did not explore superox-
de-mediated damage in the mitochondria. In the
resent manuscript we identify the main targets of
uperoxide in the mitochondria and we provide evi-
ence for the mechanisms that lead to death in sod2
utants. Unlike the bacterial and mammalian sod mu-

ant model systems, the yeast system allowed us to
onitor mitochondrial damage at a point when the

rganism is still alive and able to reproduce. Our data
uggest that superoxide is indeed produced in vivo in
espiring yeast, that the damage in sod2D yeast is
ainly compartmentalized to the mitochondria, and

hat superoxide generated by mitochondria causes in-
ctivation of iron–sulfur-cluster-containing enzymes,
eading to decreased mitochondrial function and ulti-

ately to cell death. Our results also suggest that,
hile the main damage is in the mitochondria, some
gent (either mitochondrial superoxide or iron) reaches
uclear DNA and causes an increased mutation rate.

XPERIMENTAL PROCEDURES

Yeast strains, media, and growth conditions. S. cerevisiae strains
sed in this work are EG103 and EG110 (EG103 with sod2D<TRP1)
s described previously (12). Unless stated otherwise, all experi-
ents in liquid medium were performed in synthetic medium (SC)
ith 2% glucose, supplemented with amino acids, adenine, and ura-

il as described (17) as well as a fourfold excess of the supplements
rp, Leu, His, Met, Ura, and Ade (18). SEC medium had 2% ethanol

nstead of glucose. For survival experiments, overnight cultures
rown in SDC medium and used to inoculate experimental cultures
n Day 0 at a density of 1 3 106 cells/ml into 250-ml flasks with a
ask volume:medium volume ratio of 5:1 which were grown at 30°C,
haking at 220 rpm. Growth was followed by monitoring the turbid-
ty at 600 nm (OD600). For short-term stationary-phase cultures (3
ays or less) and the results shown in Fig. 5, the cells were grown in

DC medium and allowed to incubate in the expired medium for the

ndicated time. For long-term studies the cells were grown the same
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133SUPEROXIDE IN YEAST MITOCHONDRIA
ay, but washed three times and switched to sterile water after 72 h
nd then washed similarly every 2 days. A viable cell is defined as
ne that can form a colony on rich, glucose-containing medium.
iability was measured by plating serial dilutions of the cultures
nto YPD plates (1% yeast extract, 2% peptone, 2% glucose, 2% agar)
nd counting colonies. The IRC was measured by plating identical
amples on YPG or YPL plates (with 3% glycerol or 2% lactate,
espectively, instead of glucose). IRC was calculated as (colonies on
PG or YPL) divided by (colonies on YPD) times 100%.
Oxygen consumption. Cellular oxygen uptake was measured at

0°C in a 4-ml stirred chamber using a YSI Model 53 biological
xygen monitor (Yellow Springs Instruments) following the manu-
acturer’s directions. Cells were cultured as described above, except
hey were inoculated at an initial density of 1 3 106 cells/ml and
ncubated for the indicated time before aliquots were removed and
ested for oxygen consumption. During the measurement, cells were
ept in the same culture medium, and conditions that resembled
he flask environment (30°C and stirring) were maintained in the
hamber.
Respiratory inhibitor experiments. The cultures were allowed to

row to a density of 1 to 2 3 107 cells/ml in SDC and reinoculated at
density of 1 3 106 cells/ml into flasks containing SDC medium with
arious respiratory inhibitors. After 1, 48, and 96 h of incubation
ith the inhibitors, cell viability and mitochondrial competence (the

RC) were measured by plating serial dilutions of the yeast cultures
n YPD (2% dextrose), YPG (3% glycerol), and YPL (2% lactate)
lates. The following final concentrations of inhibitors and superox-
de-generating agents were used: 1 mM antimycin, 4 mM FCCP, 0.25

M NaCN, 1 mM paraquat. Oxygen consumption was measured
fter addition of each inhibitor to confirm their ability to act as
xpected: Antimycin and antimycin plus FCCP blocked oxygen con-
umption almost completely. Yeast treated with the uncoupler FCCP
ontinued to consume oxygen even after 48 h of treatment, while
east treated with NaCN had very low rates of oxygen consumption
n both log and stationary phases (data not shown).

Preparation of mitochondrial extracts. Cells were inoculated at
n OD600 of 0.1 in SDC medium and harvested at the indicated times.
t 24 h, cultures had reached their maximum density at around
D600 of 10 (108 cells/ml) and were at early stationary phase; at 72 h

he cultures can be considered to be in stationary phase. Crude
itochondria were isolated as described by Glick and Pon (19) with

he spheroplast lysis step performed in 0.6 M mannitol, 20 mM
epes z KOH (pH 7.4), 0.5 mM PMSF. Crude mitochondria were

btained after the first 12,000g spin, resuspended in 0.6 M mannitol,
0 mM Hepes z KOH, and immediately flash-frozen at 270°C. Mito-
hondrial extracts were obtained by glass bead lysis under argon in
0 mM Hepes z KOH (pH 8.0), 0.6 M mannitol, with a one-third vol
f 0.5-mm acid-washed glass beads, and vortexing for six cycles of
0 s of vortexing followed by 2 min of cooling. Extracts were then
liquoted, flash-frozen, and stored at 270°C. Because of the insta-
ility of 4Fe–4S clusters in air, the mitochondrial isolation and
xtraction procedures were performed as rapidly as possible, under
n inert atmosphere (argon). Furthermore, aliquots kept at 270°C
ere only thawed immediately before the assay.
Mitochondrial complex assays. NADH oxidase activity was mea-

ured spectrophotometrically by following the oxidation of NADH at
40 nm as described for yeast by Singer (20), performed at 25°C in
.04 M potassium phosphate buffer (pH 7.4), 50 mM EDTA, and 0.2
g/ml heart muscle cytochrome c. ATPase activity was determined

y measuring NADH oxidation coupled to an ATP-regenerating sys-
em using pyruvate kinase and lactate dehydrogenase (21, 22). The
ssay conditions were 50 mM Hepes z KOH (pH 8.0), 200 mM su-
rose, 1 mM MgCl2, 2 mM phosphoenolpyruvate, 0.3 mM NADH, 2
M ATP, 30 mg/ml pyruvate kinase, and 30 mg/ml lactate dehydro-
enase, performed at 25°C. Cytochrome c oxidase activity was mea-
ured by the oxidation of added yeast ferrocytochrome c at 550 nm,

t
o

ssayed at 23°C in 40 mM potassium phosphate (pH 6.65), 0.5%
ween 80, and 30 mM ferrocytochrome c. Ferrocytochrome c was
repared by reduction with dithionite followed by Sephadex G-50
superfine) chromatography. Succinate dehydrogenase activity was
easured as the reduction of phenazine methosulfate (PMS) in the

resence of succinate followed by the subsequent reduction of 2,6-
ichlorophenolindophenol (DCPIP) as described for yeast by Singer
20), assayed at 30°C at a final PMS concentration of 0.17 mM.
conitase activity was measured spectrophotometrically as de-
cribed by Gardner et al. (6). Briefly, the linear absorbance change at
40 nm (NADPH formation) was followed in a reaction mixture
ontaining 50 mM Tris–HCl, pH 7.5, 5 mM sodium citrate, 0.6 mM
nCl2, 0.2 mM NADP1, 2 units of NADP1 isocitrate dehydrogenase,

nd approximately 50 mg of protein extract. Absorbance changes
ere recorded for 10 min. The slope was measured during a 5-min

inear portion of the assay.
For iron–sulfur cluster reactivation experiments, 1 mM freshly

repared ferric sulfate, either alone or in combination with 1 mM
odium sulfide (Na2S), was added to the cuvette containing all the
eagents required for the aconitase assay. Activity was measured as
escribed above.
Mutation frequency. Mutation to canavanine resistance was used

o measure mutation frequency in stationary-phase culture. The
requency was estimated by determining the fraction of surviving
ells able to form colonies on SD plates lacking arginine and contain-
ng 60 mg/ml canavanine. Approximately 2.5 3 107 cells were plated
n each of two duplicate plates at the indicated times. Colonies were
ounted after 4 days. Total viable cells was determined simulta-
eously by plating (diluted) samples on YPD plates. Results are
eported as mutations per viable cell.

ESULTS

oss of Mitochondrial Function and Death of MnSOD
Null Mutants

We have previously shown that MnSOD is necessary
or optimal survival in stationary phase. The sod2D
train lost viability more rapidly than the wild type
tarting with the first week of maintenance in station-
ry phase, even under low oxygen conditions, although
he initial growth rate and the maximum cell density
eached (around 108 cells/ml) were not affected by the
od2D mutation. Wild-type yeast in stationary phase
an survive for up to a month or more (12), indicating
hat nutrients stored prior to reaching stationary
hase are sufficient to avoid starvation for at least this
eriod of time. Therefore, the early decrease in survival
een in yeast lacking mitochondrial SOD occurs
hrough a mechanism other than starvation. Since
OD2 is located in the mitochondrial matrix and its
bsence is likely to lead to excess superoxide in that
ocation, we hypothesized that the early death was due
o superoxide-related damage occurring specifically in
he mitochondria.

Since the great majority of oxygen consumption oc-
urs in the mitochondria, we consider oxygen consump-
ion to be a good test of general mitochondrial function.
o test whether the sod2D mutant was losing mito-
hondrial function, we measured oxygen uptake over
he first 72 h of culture. This period covers the growth

f the culture in the first 18 h followed by the estab-
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134 LONGO ET AL.
ishment of true stationary phase. Figure 1 shows that
od2D yeast undergo a sharp time-dependent decline in
xygen consumption over 3 days in culture, relative to
he wild type. The viability of the mutant, again rela-
ive to the wild type, can also be seen to decline, as
redicted by our earlier results. While some of the
ecrease in oxygen consumption at later days can be
ccounted for by the loss of viability of the sod2D mu-
ant strain, it is clear that there is excessive loss of
espiration in the mutant. For example, the viability of
od2D mutants compared to the wild type was approx-
mately 60% at 72 h, while the oxygen uptake was only
0% of that of the wild type. It should be noted that
ver this time period, respiration rates decline for the
ild-type strain as a natural part of the establishment
f stationary phase. For this reason, we always com-
ared mutant cultures to wild-type cultures on the
ame day of growth.
We noticed that even at Day 0, oxygen consumption

y the sod2D mutant strain was lower than that of the
ild-type strain. Since viability of both cultures was

imilar at that stage and we did not find differences in
he number of respiration-competent cells present in
he two cultures (see Fig. 2 and text below), we inter-

IG. 1. Survival and respiratory rates of wild-type and sod2D
utant yeast. Wild-type EG103 and isogenic MnSOD mutant

EG110) strains were grown in complete minimal glucose medium
SDC) for the indicated time, when oxygen consumption and viability
ere measured as described under Experimental Procedures. Oxy-
en uptake by the sod2D mutant strain is reported as the percentage
f the oxygen uptake of the wild type on the same day (squares). For
omparison, viability for the mutant is shown as a percentage of the
ild-type viability on the same day (open circles). The samples on
ay “0” were taken when the cells were actively growing in log phase
nd had reached a density of 1 3 107 cells/ml. The population
ensities were only slightly lower for the MnSOD mutant starting at
2 h. The average of five independent experiments is shown with
rror bars indicating the standard deviation.
ret the decreased oxygen consumption to mean that
f
w

ach cell in the sod2D strain had already lost a fraction
f its respiratory capacity, rather than that a fraction
f the cells had acquired mutations that rendered them
espiration-incompetent (petite). However, at later
tages, many cells in the sod2D culture had completely
ost respiratory competence, as evidenced by the de-
rease in the IRC (again, see below and Fig. 2).

ompartmentalization of Oxidative Damage

One of the unique features of S. cerevisiae is its
bility to grow by fermentation with glucose as the
arbon source (glycolysis), whether or not its mitochon-
ria are functional. Thus, yeast can grow anaerobi-
ally, and mutants lacking essential electron transport
roteins are viable, so long as glycolysis is possible.
hen mitochondria are functional, yeast can also grow

y respiration using nonfermentable carbon sources
uch as glycerol, lactate, or ethanol.
As a further test of mitochondrial function, we com-

ared the ability of the survivors of long-term experi-
ents to form colonies on a nonfermentable carbon

ource with their ability to form colonies on the fer-

IG. 2. Index of respiratory competence (IRC) in wild-type and
od2D yeast. Wild-type EG103 and isogenic MnSOD mutant strain
G110 were grown in complete minimal glucose medium (SDC) and
witched to water on Day 3 as described under Experimental Proce-
ures. At the indicated times an aliquot of cells was removed from
ach flask, serially diluted, and plated onto YPD, YPG, and YPL
lates. The samples on Day “0” were taken when the cells were
ctively growing in log phase and had reached a density of 1 3 107

ells/ml. The IRC was calculated as (number of colonies formed on
PG or YPL)/(number of colonies formed on YPD) 3 100%. Results
rom three independent experiments were averaged and are shown
ith error bars showing standard deviation.
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135SUPEROXIDE IN YEAST MITOCHONDRIA
entable carbon source glucose. To do this, we defined
he IRC as the percentage of viable organisms that are
ompetent to respire. This was measured by determin-
ng the number of cells able to form colonies on YPG or
PL plates (nonfermentable carbon sources were glyc-
rol or lactate, respectively) and comparing it to the
umber able to form colonies on YPD (glucose) plates.
t the indicated day, identical samples from each cul-

ure were plated on the different media and colonies
ere counted after 3 days of growth. The IRC for Mn-
OD mutants decreased steadily with time (Figure 2),
eginning when cells entered stationary phase. In log
hase and at entry into stationary phase, sod2D mu-
ants had an IRC of 80 to 100% (meaning 80 to 100%
ere respiration competent), but the IRC dropped
uickly after Day 1, reaching 40% on Day 7. The wild
ype, on the other hand, maintained an IRC of 100% for
he first 3 days and never dropped below about 80%.
his result indicates that the mitochondria in sod2D
utants were undergoing time-dependent changes

hat eventually prevented their proper function. Since
espiratory competence is essential for stationary-
hase survival (15), the organisms with nonfunctional
itochondria died within the next few days. These

esults also confirm our intuition that mitochondrial
omponents are the primary targets of superoxide pro-
uced at intramitochondrial sites. Similar results were
btained when MnSOD mutants were grown and incu-
ated under low aeration (data not shown).

he Death of sod2D Mutants Is Not Due to mtDNA
Mutations

The observed loss of mitochondrial function could be
emporary, due to damaged enzymatic or structural
omponents, or permanent, due to genetic damage in
ither mitochondrial or nuclear DNA. To distinguish
etween these possibilities, colonies formed on YPD
glucose) plates from aliquots taken various times dur-
ng the survival study were replica plated onto YPG
glycerol) plates. If damage was permanent and mito-
hondrial function completely lost, then a substantial
raction of the YPD colonies (20 to 60%, depending on
he stage of culture) should have been permanently
espiration incompetent and unable to grow when re-
lated on a nonfermentable carbon source. However,
e found the opposite. In at least 10 different replica
latings in three independent studies, all colonies
ormed on YPD plates grew well when replica plated
nto YPG.
We therefore conclude that the damage that is rele-

ant here is inflicted on proteins or other repairable
ell structures. Cells with heavily damaged mitochon-
ria are able to rebuild them when given the easy
rowth conditions of glucose and rich medium where

espiration is not essential, but are unable to produce

i
h

nough energy to survive when required to grow di-
ectly on a nonfermentable carbon source. In other
ords, genetic damage to mtDNA (or nuclear DNA)
as not responsible for the loss of mitochondrial func-

ion observed in these experiments. Note that we do
ot mean to imply that mtDNA is not damaged by
itochondrial superoxide, but only that such DNA

amage is a secondary effect in our experiments. In
iew of the increase in nuclear mutations in sod2D
utants discussed below (see Fig. 6) it would be very

urprising if mtDNA mutations were not also higher in
nSOD mutants. However, the frequency would be

xpected to be in the range of 1024 to 1026, which would
ot be detected in the assay used above.

nSOD Protects Mitochondrial Targets against
Mitochondrially Generated Superoxide in Vivo

In order to test whether superoxide was responsible
or the observed damage, we tested the effects of inhib-
tors known to alter the superoxide production in sub-

itochondrial particles. Antimycin has been shown to
lock electron transport in respiration while increasing
uperoxide production in mitochondria isolated from
east as well as from higher eukaryotes (23). It inter-
eres with electron transfer through complex III, in a

anner leading to the accumulation of reduced forms
f ubiquinone (ubiquinol and ubisemiquinone) on the
pstream side. Ubisemiquinone reacts with molecular
xygen to produce superoxide. The combination of an-
imycin and the uncoupler FCCP exacerbates this ef-
ect by keeping the downstream portion of the respira-
ory chain (cytochrome c and cytochrome oxidase) in
he oxidized state, which favors the formation of
bisemiquinone and thus allows even more superoxide
roduction (24, 25). Paraquat is a well-studied redox
ycling drug, which is able to accept electrons from
lectron carriers and to donate them to oxygen to form
uperoxide (26).
Figure 3 shows the effect of treatment with antimy-

in, antimycin plus FCCP, or paraquat. In these exper-
ments, a log-phase culture was diluted to 1 3 106

ells/ml in medium with or without the inhibitors. Af-
er 1 and 48 h the cells were plated on YPD and YPG
lates to measure the viability and respiratory compe-
ence. Interestingly, although the treatments had the
xpected effect on respiration as measured by oxygen
onsumption (see Experimental Procedures), they had
ery little effect on viability, an effect that can be
ttributed to the ability of yeast to grow without re-
piring. Nor did they have much effect on cell divi-
ion—although the untreated wild-type sample
eached a higher final density, the culture density for
ll the other samples (except paraquat-treated sod2D)
ncreased at least 80-fold over the 48-h period. One

our of treatment with any of these agents slightly
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136 LONGO ET AL.
educed the growth rate of wild-type cells, but had no
ffect on the IRC—their ability to grow by respiration
as unimpaired once the agent was removed by dilu-

ion and plating. On the other hand, 1 h of treatment of
he sod2D mutant caused a substantial drop in the
raction of cells that could grow by respiration (the
RC), with the loss due to paraquat being the most
ramatic. Treatment of wild-type cells with antimycin
r paraquat for 48 h had no effect on the IRC, indicat-
ng these cells are well-protected from superoxide. An-
imycin plus FCCP, which generates more superoxide
n submitochondrial particles, did cause a decrease in
he IRC of wild-type cells at 48 h. In the sod2D culture
t 48 h, the ability to form colonies on glucose was
naffected by antimycin or antimycin plus FCCP treat-

IG. 3. Effects of treatments that increase mitochondrial superox-
de generation. Wild-type and sod2D mutants from logarithmically
rowing cultures were diluted back to a density of 1 3 106 cells/ml in
asks containing medium with or without (0) agents that increase
uperoxide generation: 1 mM antimycin A (A), both 4 mM FCCP and
mM antimycin (A 1 F), or 1 mM paraquat (P). After 1 and 48 h

amples were plated on a fermentable carbon source (YPD, black
ars) or a respiratory carbon source (YPG, gray bars). Colonies were
ounted 3 days later. Note that the total cell number is different for
he different time points. At 1 h, cells were still in log phase and the
ultures were much less dense than they became as they entered into
tationary phase at 18–24 h. The IRC for each point was calculated
s described in the legend for Fig. 2 and is displayed over the
elevant bar. The averages of three independent experiments are
hown with error bars illustrating standard deviations.
ent. However, the ability to form colonies on a respi- p
atory carbon source was decreased in all samples, but
as particularly dramatic in the treated samples.
araquat was toxic to the sod2D cells and eliminated
rowth even in glucose at 48 h, reflecting the dramatic
ecrease in the IRC seen after a 1-h treatment. For the
ulture to remain alive in stationary phase past 48 h,
espiration must be functional; thus, by 96 h the via-
ility of all the antimycin- and antimycin plus FCCP-
reated samples had dropped below 10% (data not
hown), reflecting the loss of respiratory capacity ob-
erved at 48 h.
Similar results were obtained with another wild-

ype strain (W303B, data not shown). In the experi-
ents shown, growth on glycerol vs glucose was com-

ared; when lactate was used instead of glycerol, sim-
lar results were obtained (data not shown). To ensure
hat the effect of these inhibitors was indeed due to
uperoxide production at the level of complex III, a
east strain lacking COQ3 (the gene for a ubiquinone
iosynthetic enzyme) was treated with each of the in-
ibitors. None of the inhibitors had a significant effect
n the viability of FW103 (EG103 coq3D) (27) in YPD
fter a 72-h treatment (data not shown).

uperoxide-Mediates the Inactivation of 4Fe-4S
Cluster-Containing Enzymes in Vivo

Superoxide has been shown to inactivate specific
ron–sulfur-cluster-containing enzymes. The first such
emonstrations in vivo were the inactivation of dihy-
roxyacid dehydratase in E. coli lacking SOD (3) and in
ild-type bacteria in hyperbaric oxygen (28). This in-
ctivation, demonstrated both in vitro and in vivo, is
erhaps the best evidence that superoxide is in fact
roduced in living organisms, that it has a specific
oxicity unrelated to its participation in Fenton chem-
stry, and that SOD acts to protects the cell against
uperoxide toxicity. Another superoxide-sensitive pro-
ein is the citric acid cycle enzyme aconitase, which is
ocated in the mitochondria and which contains a
Fe–4S cluster that is particularly sensitive to super-
xide (5, 29). The inactivation of this enzyme by super-
xide has been developed into an indirect method to
etermine steady-state superoxide levels in vivo and
pplied to bacteria (5) and mammalian cells (6).
In order to test whether the mitochondrial superox-

de concentration was elevated in the sod2D mutant,
e measured aconitase activity at various stages of

urvival. At 24 h, aconitase activity in the mutant
rown under normal aeration was 33% that of the wild
ype. At 72 h, when approximately 60% of the mutant
opulation remained viable, the sod2D mutant had less
han 5% of the aconitase activity, compared to the wild
ype (Table I). These results indicate that superoxide is

roduced in the mitochondria of living yeast under
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137SUPEROXIDE IN YEAST MITOCHONDRIA
ormal aeration and that it inactivates aconitase if it is
ot removed by the enzymatic activity of MnSOD.
To identify other mitochondrial targets of superoxide

n vivo, we assayed a number of other activities in the
itochondria of MnSOD mutant and compared them to

hose in the wild-type strain. We assayed NADH oxi-
ase (complexes I, III, and IV), succinate dehydroge-
ase (SDH, complex II), cytochrome oxidase (CCO,
omplex IV), and ATPase (complex V) activities in mi-
ochondrial extracts obtained from cultures that had
een incubated for 24 or 72 h. SDH and NADH oxidase
ere significantly decreased in the sod2D mutants at
4 h (Table I). At 72 h, most of the SDH activity was
epleted, and NADH oxidase activity remained ap-
roximately 30% of that of the wild type. Considering
he essential roles of aconitase, SDH, and NADH oxi-
ase in energy production and stationary-phase sur-
ival, it is very unlikely that the time-dependent loss of
itochondrial function and organismal death for

od2D mutants are independent of the inactivation of
hese enzymes. Interestingly, the same two enzymes—
conitase and SDH—were inactivated in the mutant
ice lacking MnSOD (13).
A minor loss of activity was observed for ATPase and

ytochrome c oxidase (Table I). It is not clear whether
his decrease was due to specific superoxide-mediated
amage or was simply an artifact of the decreased
iability of the sod2D strain (Fig. 1). Cells which can no
onger form a colony, and thus are dead by our crite-
ion, may still have some low level of metabolic activity
nd may contain intact but severely compromised mi-

TAB

Enzymatic Activities in

24 h

wt sod2D

conitaseb 147 (8.9) 48.1 (6.9)
uccinate dehydrogenasec 60 (8.7) 28.8 (6.9)
ADH oxidased 45.9 (6.6) 16.7 (4.3)
ytochrome c oxidasec 78.2 (8.6) 61.3 (18.6)
TPasef 351 (52.3) 304.4 (39.6)

Note. Extracts of mitochondria were prepared and enzymatic acti
hown are the average of duplicate samples from two independent c
he numbers in parentheses indicating the standard deviation. The

a These columns show the activity level in the sod2D mutant as a
asis. The number in brackets has been further adjusted to compens
0% at 72 h) and may reflect more accurately the relative status of

b Micromoles of citrate consumed z min21 z mg21.
c Micromoles of succinate oxidized z min21 z mg21.
d Micromoles of NADH oxidized z min21 z mg21.
e Micromoles of cytochrome c oxidized z min21 z mg21.
f Micromoles of ATP hydrolyzed z min21 z mg21.
ochondria. These mitochondria may still be isolated
S
s

ith mitochondria from live yeast, but may not retain
functional electron transport chain, thus causing an

pparent decrease in ATPase and cytochrome c oxidase
ctivities. If the numbers are corrected for the lower
iability of the sod2D strain, then the CCO and ATPase
ctivities do not show decreases. (See numbers in
rackets in the “% of wt” column of Table I.) We have
o reliable way to distinguish between these possibil-

ties, so we have presented the data both ways; the
mportant conclusion—that aconitase and SDH activi-
ies are severely reduced relative to the wild type—
emains regardless of the way the data is normalized.
In isolated bovine submitochondrial particles, super-

xide was a highly efficient inactivator of NADH dehy-
rogenase (complex I), NADH oxidase (complexes I, III,
nd IV), and ATPase (complex V) activities (30). We
aw no inactivation of the ATPase in vivo; perhaps this
ifference is due to the higher concentrations of super-
xide in the in vitro experiment. Alternately, the com-
onents responsible for these activities may be better
rotected in vivo. Interestingly, SDH, which had de-
reased activity in both the yeast and the mice lacking
nSOD, was not efficiently inactivated by superoxide

n vitro (30). It was, however, efficiently inactivated by
ydroxyl radical (zOH) in the in vitro study, suggesting
he possibility that the superoxide-mediated iron re-
ease from the Fe–S clusters of aconitase in vivo leads
o an increase in “free” iron which then participates in
he generation of zOH by Fenton-type reactions leading
o SDH inactivation in vivo (7). The 4Fe–4S clusters of
DH may be inherently more resistant to oxidation by

I

itochondrial Extracts

72 h

% of wt
[adjusted]a wt sod2D

% of wt
[adjusted]a

33 [41] 199 (27.8) 8.8 (2.4) 4 [7.4]
48 [60] 58.7 (16.2) 8.4 (2.2) 14 [24]
36 [45] 20.4 (1.8) 6.0 (0.8) 29 [50]
78 [98] 93.6 (30.3) 56.4 (26) 60 [100]
87 [109] 212 (14.1) 157 (22) 74 [124]

es assayed as described under Experimental Procedures. Activities
res from a representative experiment (four assays per point), with
eriment was performed three times with similar results.
centage of the wild-type level on a “per milligrams of total protein”
for the lower viability of the sod2D cultures (80% of wt at 24 h and

ble cells in the two cultures.
LE

M
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uperoxide due to the nature of the cluster or due to the
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138 LONGO ET AL.
luster being embedded in the protein structure and
uried in the membrane.

ron–Sulfur-Cluster-Reconstituting Agents Restore
Aconitase Activity and Improve Respiratory Growth

A superoxide-inactivated form of the E. coli 4Fe–4S
luster enzyme dihydroxyacid dehydratase is rapidly
eactivated in the presence of crude extract, Fe31, and
ulfide (S22) (31), indicating that the protein is still
ntact and can be reactivated by rebuilding the cluster.
o determine whether the low aconitase activity we
bserved in sod2D mutants was due to the loss of
unctional iron–sulfur clusters, we added 1 mM Fe31

nd S22 to the assay mixture containing the mitochon-
rial extracts from 72-h stationary phase cultures.
hile the treatment did not affect aconitase activity in

he wild type, the aconitase activity in sod2D extracts
ncreased several fold upon addition of 1 mM Fe31 and
ncreased from 5% to approximately 50% of that of the
ild type after addition of both 1 mM Fe31 and S22 (Fig.
A). Thus, the bulk of aconitase protein in sod2D ex-
racts is present in an inactive form that can be reac-
ivated in the presence of iron and sulfide.

To see whether a similar effect could be demon-
trated in vivo, we attempted to rescue sod2D mutants
y adding iron and a sulfur source. sod2D mutants
row poorly when ethanol is the sole carbon source
11). We monitored growth rates in SEC (2% ethanol
edium) in the presence of 300 mM Fe31, 300 mM
-acetylcysteine (NAC), or both. Ethanol was selected

ince the difference between the growth of wild-type
nd sod2D strains is largest in this carbon source. NAC
as chosen because cysteine is known to contribute to

ron–sulfur cluster formation in combination with iron
31) and because high concentrations of Na2S, used in
he in vitro experiments, are toxic to yeast. sod2D mu-
ants grown in the presence of 300 mM Fe31 reached an
ptical density 1.5-fold higher than the controls after
8 h (Fig. 4B). Incubation in the presence of NAC
esulted in an almost threefold increase while the com-
ination of NAC and Fe31 resulted in a three- to four-
old increase in cell density reached at 48 h. These data
onfirm that inactivation of iron–sulfur clusters plays a
ajor role in causing the defects observed in sod2D
utants in vivo. Similar results were obtained with

actate as the carbon source, except that the effects of
e31 and NAC were less dramatic because sod2D mu-
ants grow better in lactate than ethanol (data not
hown).
These in vitro and in vivo results are consistent with

ur proposal that iron–sulfur cluster inactivation is the
ause of the growth and survival defects in sod2D mu-
ants. However, at this time we cannot exclude the
ossibility that NAC may reverse growth defects of

nSOD mutants in nonfermentable carbon sources by

h
i

cting directly as a superoxide or perhaps hydroxyl
adical scavenger, although it is hard to imagine that
ron would act in this way.

espiratory Inhibitors That Decrease Superoxide
Production in Vitro Increase Survival of MnSOD
Mutants

NaCN and FCCP are two respiratory inhibitors that
ave been shown to decrease superoxide production by

IG. 4. Effect of iron–sulfur-cluster-reconstituting agents on acon-
tase activity and respiratory growth after 72 h. (A) Aconitase activ-
ty was measured in whole cell extracts obtained from wild-type and
od2D cultures at 72 h. To the aconitase assay mixture the following
ere added: (i) control extract, (ii) extract and 1 mM Fe31, and (iii)

xtract, 1 mM Fe31, and 1 mM Na2S. The averages of two indepen-
ent experiments are shown with error bars indicating standard
eviation. (B) Growth in the nonfermentable carbon source ethanol
as measured in the presence and absence of Fe–S cluster reconsti-

ution agents. Aliquots obtained from a 72-h SDC culture were
noculated at 106 cells per milliliter in SEC or SEC containing 300
M Fe31, 1 mM NAC, or both. The cellular optical density (OD600)
eached after 48 h in SEC medium (2% ethanol) is shown. (An OD600

f 1.0 corresponds to 107 cells per milliliter.) For wt, the average of
wo experiments each including two independent samples is shown;
or sod2D, five experiments were averaged. Error bars represent
tandard deviation. Two-tailed Student T tests of each sample
gainst its control indicated significance to at least P , 0.05 for all
amples.
solated mitochondria or submitochondrial particles
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139SUPEROXIDE IN YEAST MITOCHONDRIA
25, 32). NaCN blocks at complex IV (cytochrome oxi-
ase) and has been shown to reduce superoxide pro-
uction at complex III in yeast submitochondrial par-
icles by keeping cytochrome c and ubiquinone re-
uced. It does not affect superoxide production at
omplex I (33). The inhibitor FCCP uncouples respira-
ion from ATP synthesis and prevents superoxide gen-
ration at both complex I and complex III by keeping
he whole electron transport chain highly oxidized.
oth of these conditions minimize the concentration of
bisemiquinone.
We performed experiments similar to those de-

cribed in the legend to Fig. 3 with these two inhibi-
ors. In contrast to what was observed with antimycin,
reatment with NaCN or FCCP had no effect on the
bility of yeast to grow by respiration after the treat-
ent. In fact, the IRC for NaCN-treated MnSOD mu-

ants was typically higher than for the untreated con-
rols (data not shown). Therefore, we tested survival of
he strains under conditions where even the wild type
ormally dies quickly—i.e., when they are incubated in
xpired medium, instead of being switched to water at
ay 3.
While yeast wild-type strain EG103 (wt) switched to
ater at Day 3 can have a mean survival of up to 30
ays (12), incubation in expired minimal medium
SDC) causes rapid death and a mean survival of less
han 7 days. In a recent paper we showed that this
eath was delayed by the anti-apoptotic human protein
cl-2 and proposed that it may represent a form of
rogrammed organismal death (34). During several
ther studies we have observed that long-term survival
n water and short-term survival in expired SDC are
orrelated. For example, yeast ras2 null mutants sur-
ived dramatically better in both long-term water stud-
es and short-term SDC studies (unpublished results).

e used these inhibitors to test whether superoxide
oxicity was involved in the death of wild-type and
nSOD mutant yeast incubated in minimal medium

n stationary phase.
Treatment with either NaCN or FCCP actually

ad a life-span-prolonging effect on yeast incubated
n expired medium. The effect of these inhibitors on

nSOD mutants was more dramatic, with a five- to
inefold increase in survival at Days 7 and 9 (Fig. 5).
owever, even in wild-type yeast, both NaCN and
CCP increased survival by approximately 50% at
ay 7 (P , 0.05) and twofold at Day 9 (P , 0.05)

data not shown). Similar results were obtained with
ild-type strain W303B (data not shown). The effect
f NaCN and FCCP was observed whether the inhib-
tors were added during log phase (,1 3 107 organ-
sms/ml) or after entry into stationary phase (24 or
8 h, .1 3 108 organisms/ml). Taken together, these

esults suggest that superoxide is generated in vivo t
nder physiological conditions and it can rapidly
ause loss of viability in mutants lacking MnSOD.

igher Rate of Nuclear Mutations in Nondividing
MnSOD Mutants

Yeast mutants lacking cytosolic CuZnSOD have
een shown to have increased rates of nuclear muta-
ions (18). Similarly, E. coli lacking MnSOD were
hown to have a 10-fold enhanced mutation rate (35).
ur previous results suggested that mitochondrial

oxic oxygen species were somehow able to escape mi-
ochondrial antioxidant systems and to cause the early
oss of viability in cells lacking CuZnSOD (12). To test
hether mitochondrial superoxide, or possibly iron re-

eased from oxidatively modified Fe–S clusters, may
each extramitochondrial targets, we measured the
requency of mutations in the nuclear gene CAN1 as a
unction of time in stationary phase culture. (Muta-
ions that prevent the normal expression of the gene
roduct of CAN1, an arginine permease, confer on the
utated organism the ability to grow in the presence of

he arginine analog canavanine.) The mutation fre-
uency, measured as the cells able to grow on canava-
ine/total viable cells, was higher in MnSOD mutants
ompared to the wild type, particularly after 5 to 9 days
f maintenance in stationary phase (in the absence of
ell division, but under conditions optimal for survival)
Fig. 6). It is unlikely that this result was simply due to

IG. 5. Effect of agents which decrease superoxide generation on
he survival of sod2D mutants in expired medium. Survival experi-
ents were performed on the sod2D mutant strain in the presence or

bsence of 4 mM FCCP or 0.25 mM NaCN. Experiments were as
escribed under Experimental Procedures, except that the cells were
ot switched to water at Day 3. Instead, incubation was continued in
he expired medium (which accelerates death). At the indicated
imes, samples were plated on YPD plates. The average of three
ndependent experiments is shown. The differences between control
nd treated samples at Days 7 and 9 for sod2D were significant to at
east P , 0.05 using the two-tailed Student t tests. h, control; F, 4
M FCCP; Œ, 0.25 mM NaCN.
he selective death of nonmutated organisms, since
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140 LONGO ET AL.
utations in the CAN1 gene confer no known advan-
age other than the ability to grow in the presence of
anavanine, and canavanine was not present during
he stationary phase incubation.

ISCUSSION

We have previously studied the effect of oxidative
tress on stationary-phase survival in yeast and have
ound that knocking out either of the superoxide dis-
utases (SOD1 or SOD2) results in a decrease in sta-

ionary phase survival. In the present study, we have
haracterized the mechanism by which the sod2D mu-
ant dies in stationary phase. Since the respiratory
hain is believed to be the primary site for the produc-
ion of reactive oxygen species based on in vitro stud-
es, this work mainly focuses on ascertaining the effect
f oxidative stress on respiratory function of the sod2D
utant in stationary phase. We have found that mito-

hondrially produced superoxide leads to cell death by
nhibiting respiratory function, required for stationary
hase survival, through the specific inactivation of cer-
ain respiratory enzymes. Our experiments support
he conclusions that the damage in the sod2D mutant
s superoxide-driven, is localized mainly (but not exclu-
ively) to the mitochondria, and is due to iron release
rom 4Fe–4S cluster enzymes (mainly aconitase).

One of the primary effects of superoxide stress that
e observed in the sod2D mutant was the loss in re-

piratory function, readily apparent under conditions
f acute oxidative stress. The observed loss in respira-
ion could be caused either by a reduction in the respi-
atory rates in all the cells in the culture or by a

IG. 6. Nuclear mutations frequency in wild-type and sod2D yeast.
ong-term survival experiments were performed as described under
xperimental Procedures. The number of canavanine-resistant col-
nies is reported after adjusting for total viable cells. The average of
hree independent experiments is shown with error bars indicating
tandard deviations. All experiments were performed with double
amples for a total of six samples each for wild type and sod2D.
omplete loss of the ability to respire in a fraction of the
c
d

opulation. The decrease in respiration seen in the
od2D mutant in stationary phase appears to be a
ombination of these two processes. The decrease in
he IRC, seen as early as Day 1, indicates that some
ells have completely lost the ability to respire. (Be-
ause we see an IRC of 100% for the sod2D mutant in
og phase, we do not believe our stock culture contains
espiration-incompetent cells. Rather, we believe the
espiration incompetence arises as the culture enters
tationary phase.) On the other hand, oxygen con-
umption seen in sod2D cultures on Day 3 decreases by
bout two-thirds, while the decrease in the IRC is only
bout one-third (Compare Figs. 1 and 2), indicating
hat partial loss of respiratory function has occurred in
he respiration-competent fraction of the population.

Overall, we have made three conclusions. The first is
hat the loss of respiratory function in the mitochon-
ria of the sod2D mutant is an early event, as shown by
he drop in oxygen consumption and the inactivation of
any mitochondrial enzymes necessary for respiration

een at Day 1, when most cells are still alive (able to
orm colonies on glucose; see Table I and Fig. 1). Sim-
larly, treatment of both the wild type and the sod2D

utant with agents that increase superoxide produc-
ion led to increased loss of respiratory function, which
as followed by death after 24 h or longer. Thus, loss of
itochondrial function appears to precede actual cell

eath, suggesting a general course of events initiated
y mitochondrially produced superoxide and leading
ltimately to cell death.
Our second conclusion is that the death of sod2D
utants is caused, as predicted, by mitochondrially

roduced superoxide. Superoxide and hydrogen perox-
de are believed to be generated mainly by the mito-
hondria, based on classic experiments using isolated
itochondria and submitochondrial particles (1, 2).
espite widespread acceptance that this superoxide
roduction occurs in vivo as well, some workers (others
s well as ourselves) have expressed concern over the
alidity of extrapolating this belief to the in vivo situ-
tion, since superoxide production has not been di-
ectly demonstrated in the mitochondria of intact, liv-
ng cells under physiological conditions (36). In the
urrent study, we provide strong evidence for the pro-
uction of superoxide by mitochondria in vivo under
ormal conditions in S. cerevisiae. This evidence comes
rom two sets of experiments: First, the inhibitor stud-
es showed correspondence between predicted levels of
uperoxide and measured levels of damage. In our ex-
eriments with the sod2D mutant, treatments with
itochondrial inhibitors that led to increased superox-

de production were toxic in proportion to the amount
f superoxide generated, while treatments with agents
hat decreased superoxide production actually in-

reased survival (Figs. 3 and 5). Second, we observed
ramatic and specific inactivation of aconitase in the
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141SUPEROXIDE IN YEAST MITOCHONDRIA
itochondria of yeast mutants lacking MnSOD (Table
), suggesting strongly that superoxide is generated in
he mitochondria under physiological conditions and
hat its primary targets are 4Fe–4S-cluster-containing
nzymes.
Our third conclusion is that the damage in the sod2D
utant appears to be rather specific and almost cer-

ainly involves 4Fe–4S cluster disassembly as a first
tep. As the proportion of respiration competent cells
ecreased, aconitase activity was strongly decreased
nd SDH activity was moderately decreased, while
ther mitochondrial activities remained high, indicat-
ng that the damage was not random. In extracts acon-
tase could be reactivated by conditions known to facil-
tate cluster reassembly, indicating that loss of the
luster, not loss of the protein itself was to blame.
econd, a similar effect could be observed in vivo: Ad-
ition of iron or a sulfur source (NAC) (or both) re-
ulted in increased growth of the mutant. Since acon-
tase is not a rate-limiting enzyme in the TCA cycle, it
s not clear how much of it must be inactivated before
espiration is affected. However, some or all of the loss
f function caused by increased superoxide could be
ue to the effects of the resulting increased level of
free” iron (see next paragraph) as well as loss of acon-
tase activity. This mechanism of superoxide-mediated
xidative damage was proposed by Fridovich (7) based
n studies of the in vivo inactivation of dehydratase
nzymes in E. coli.
Recently, Flint et al. (37) demonstrated that super-

xide-mediated oxidation of 4Fe–4S clusters in vitro
auses the release of iron. This process is likely to occur
n vivo as well. The fact that yeast aconitase in mito-
hondrial extracts from sod2D cells can be reactivated
y incubation of the extracts with iron and sulfide (Fig.
) supports this hypothesis. A secondary effect of re-
ease of iron from 4Fe–4S clusters is a local increase in
he concentration of “free” iron, which, particularly in
he presence of excess superoxide, can lead to the gen-
ration of hydroxyl radicals by Fenton-type reactions
38). Such a mechanism is known to contribute to oxi-
ative DNA damage in E. coli (39); a similar mecha-
ism is likely to contribute to further oxidation-depen-
ent inactivation of mitochondrial enzymes in our sys-
em. Interestingly, it has recently been found that in
ging Drosophila, aconitase has increased levels of pro-
ein carbonyls as well as decreased activity (40). This
ype of damage may be due to superoxide-dependent
ron release from the 4Fe–4S cluster in aconitase,
hich could catalyze protein carbonyl formation. Acon-

tase need not be the only target—this kind of mecha-
ism may also be invoked to explain the discrepancy
etween the in vivo and the in vitro results seen for

nactivation of SDH. SDH is very sensitive to products
f iron- and superoxide-driven Fenton chemistry in

m
c

itro, although it is not particularly sensitive to super-
xide alone (30).
Based on our results, it is easy to envision a general
echanism whereby superoxide mediates accelerated

eath in stationary phase in the sod2D mutant. The
rimary event would be superoxide-mediated release
f iron from mitochondrial 4Fe–4S cluster enzymes,
articularly aconitase. The immediate results are in-
ctivation of aconitase and accumulation of “free” iron,
oth of which can contribute to mitochondrial disfunc-
ion—inactivation of aconitase causing decreased flux
hrough the TCA cycle, and “free” iron causing cataly-
is of Fenton-type reactions which could damage SDH
s well as other components. Respiration is thus de-
reased, evidenced by the decrease in oxygen consump-
ion, leading to a deficit in energy production. Progres-
ive mitochondrial damage leads to a complete inabil-
ty to respire and ultimately cell death, as respiration
s essential for continued survival in stationary phase.
ell death is not immediate or inevitable—at points
fter loss of respiration but prior to actual cell death,
ells can be rescued by providing growth conditions
hat allow energy production via glycolysis.

Our results may shed some light on processes related
o mitochondrial disfunction in mammalian systems.
arman (41) proposed that free radicals produced dur-

ng respiration cause oxidative damage which results
n aging. Since then, a great number of studies have
nvestigated how “reactive oxygen species” might cause
xidative damage at the macromolecular, organellar,
nd cellular levels (7, 42, 43). The proximity of mito-
hondrial DNA (mtDNA) to the putative sites of super-
xide production, the lack of protective histones, and
he reduced repair activity found in mitochondria have
ed to the currently popular proposals that mtDNA is

ajor target for oxidative damage and that such dam-
ge contributes to cellular and organismal aging (42,
4). In support of this idea, it has been found that
xidative damage of mtDNA is at least 10-fold higher
han that of nuclear DNA in the human brain and that
t accumulates as a function of age in muscle, brain,
nd liver (43–45). The ability to look separately at
iability and mitochondrial function using our yeast
odel system allows us to ascertain how oxidative

amage could be important in this mitochondrial the-
ry of aging. In our system, superoxide-mediated dam-
ge caused death independently of DNA damage. Thus,
ur data suggest an alternate or additional explana-
ion—that oxidative damage to cell components other
han DNA also contribute to decreased mitochondrial
unction that can result in cell death in the absence of
NA damage. If mitochondrially generated superoxide
oes indeed cause or contribute to aging and aging-
elated diseases, 4Fe–4S clusters and perhaps other

itochondrial structures as well as mtDNA should be

onsidered as primary targets.
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Although an even better understanding of the intra-
nd extramitochondrial sources and targets of super-
xide and other toxic oxygen species is clearly neces-
ary before drawing final conclusions about the role of
xidative stress and oxidative damage, we have clearly
ade a start in this direction. The simplicity of our

east model system and its marked similarity to higher
ukaryotic systems, such as the mouse sod2D mutant,
ake it an ideal system to study oxidative damage and
itochondrial function. Using this system, we have

resented evidence that mitochondria are an impor-
ant source of superoxide in vivo; that, under physio-
ogical conditions, the major targets for mitochondrial
uperoxide are iron–sulfur cluster proteins; and that
uperoxide can cause loss of mitochondrial functions
nd consequently organismal death of yeast surviving
n stationary phase. Further characterization of the

echanisms that cause or prevent oxidative damage to
east mitochondria should contribute to the under-
tanding of similar processes in humans.
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