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Mitochondrial function is required for resistance to oxidative stress in the
yeast Saccharomyces cerevisiae
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Abstract Yeast strains that lack mitochondrial function are
sensitive to oxidative stress caused by reactive oxygen species
(ROS). Specifically, rho® mutants that lack mitochondrial DNA,
and strains deleted for the nuclear genes COX6 and COQ3 that
are required for function of the respiratory electron transport
chain, were sensitive to H;O,. In addition, treatment with
mitochondrial inhibitors including antimycin A, oligomycin,
potassium cyanide and sodium azide increased sensitivity to
H203. The mechanism does not appear to depend on the
antioxidant status of the cell since respiratory-deficient strains
were able to mount an inducible adaptive response to HyO2. We
suggest that the oxidant sensitivity is due to a defect in an
energy-requiring process that is needed for detoxification of
ROS or for the repair of oxidatively damaged molecules.
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1. Introduction

Cells are exposed to a range of reactive oxygen species
(ROS) including hydrogen peroxide (H>O3), the superoxide
anion (O, 7") and the hydroxyl radical (OH) during the course
of normal aerobic metabolism and following exposure to rad-
ical-generating compounds. Such ROS can damage a wide
range of macromolecules in the cell including nucleic acids,
proteins and lipids, eventually leading to cell death. However,
cells contain various antioxidant defense mechanisms to pro-
tect against the toxic effects of ROS, including enzymes such
as catalase, glutathione peroxidase and superoxide dismutase,
as well as non-enzymic molecules such as glutathione, uric
acid, and vitamins C and E which can bind and inactivate
ROS directly [1,2]. During oxidative stress, a proportion of
the ROS evade or overcome the host defenses resulting in
oxidative damage to cells [3,4].

In response to an oxidant challenge, yeast cells increase the
synthesis of a number of genes involved in the detoxification
of ROS including GLRI [5], CTTI [6], TRX2 [7] and GSHI
[8]. This increased synthesis of antioxidants forms the basis of
the adaptive response in which treatment with low amounts of
oxidant induces resistance to subsequent and otherwise lethal
doses. Adaptive responses have been demonstrated for both
H>0, and the superoxide anion, and these stress responses
appear to be distinct to that for the heat shock response [9-
11]. More recently, yeast cells have also been found to adapt
to the reactive aldehyde malondialdehyde generally formed as
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a consequence of lipid peroxidation [12]. Whilst there appears
to be considerable overlap in the types of stress molecules
induced by different oxidant treatments, cross adaption stud-
ies indicate that are also distinct responses to HoOs, the super-
oxide anion and malondialdehyde [10,12].

During respiration, mitochondria are the primary source of
ROS in the cell. Molecular oxygen is relatively unreactive and
harmless in its ground state, but can undergo partial reduction
to form a number of ROS including the superoxide anion and
H50- which can further react to produce the highly reactive
hydroxyl radical [4]. Mitochondria are the major sources of
the superoxide anion in the cell, and in vitro studies indicate
that complex III of the respiratory chain may be responsible
for more than 80% of this ROS produced in yeast [13,14]. The
role of respiration in ROS production in yeast has been fur-
ther demonstrated by the observation that cells with a disrup-
tion of SOD2, encoding the mitochondrial superoxide dismu-
tase, can grow under conditions of hyperoxia as a result of
mutations which disrupt the electron transport chain [15]. In
addition, the viability of strains lacking both SODI, encoding
the cytoplasmic superoxide dismutase, and SOD2, during long
term stationary phase incubation can be restored by muta-
tions which disrupt the electron transport chain [16]. These
results further implicate the electron transport chain as a ma-
jor source of ROS in yeast, since the absence of respiratory
function restores the viability of strains affected in superoxide
dismutase activity, which are normally sensitive to oxidants.

Given that the respiratory chain of the mitochondrion is an
endogenous source of ROS, it is surprising that respiratory
deficient (petite) yeast cells have been found to be sensitive to
conditions of oxidative stress. Petite strains were reported to
be sensitive to HyO9 [9,11], the superoxide anion [10,11] a
product of lipid peroxidation [12] and the anti-tumor drug
bleomycin [17]. Here, we report that this oxidant sensitivity
of respiratory deficient strains arises as a result of a defect of
respiratory function, presumably affecting an energy requiring
process, rather than any difference in antioxidant capacity.

2. Materials and methods

2.1. Yeast strains and media

The Saccharomyces cerevisiae strains used in this study were CY4
(MATa ura3-52 leu2-3 leu2-112 trpl-1 ade2-1 his3-11 canl-100) and its
isogenic derivative CY4p (petite) generated by treatment with ethidi-
um bromide [18]. Null alleles of COX6 and COQ3 were generated by
a one step PCR amplification protocol that replaced the entire open
reading frames with the yeast HIS3 gene [19].

Strains were grown in rich YEPD medium (2% (w/v) glucose, 2%
(w/v) bactopeptone, 1% (w/v) yeast extract) or minimal SD medium
(0.17% (wlv) yeast nitrogen base without amino acids, 5% (w/v) am-
monium sulfate, 2% (w/v) glucose) supplemented with appropriate
amino acids and bases. For growth on non-fermentable carbon sour-
ces, YEPGE contained 3% (v/v) glycerol and 1% (v/v) ethanol. Media
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Fig. 1. Effect of respiratory competence on sensitivity to HsO,. Strains CY4 (grande) and CY4p (petite) were grown to exponential phase in
YEPD ((1-2)X 107 cells/ml) and treated with 4 mM H,O, for 1 h under conditions of high aeration (a) and low aeration (b). Cells were diluted
and plated on YEPD to monitor cell viability. Percentage survival is expressed relative to untreated control cultures (100%). Values shown are
the mean of at least three determinations with error bars representing standard deviations.

were solidified by the addition of 2% (w/v) agar. For high aeration
conditions cells were grown in 40 ml of media in 250 ml flasks with
shaking at 220 rev/min, whereas, for growth under low aeration con-
ditions, cells were grown in 5 ml of media in 10 ml centrifuge tubes on
a tube roller at 80 rev/min [16].

2.2. Sensitivity to hydrogen peroxide

Dose-response curves were obtained by growing cells to exponen-
tial phase ((1-2)x 107 cells mI™) in YEPD medium at 30°C, and
treating with 4 mM H,0, for 1 h. Aliquots of cells were diluted in
fresh YEPD medium at 20-min intervals and plated in triplicate
on YEPD plates to obtain viable counts after 3 days growth.
For treatment with inhibitors of mitochondrial function including
oligomycin, antimycin A, potassium cyanide and sodium azide, cells
were grown in SD minimal media for 30 min prior to treatment with
HQOQ.
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3. Results

3.1. Sensitivity of a respiratory incompetent yeast strain to
hydrogen peroxide

To confirm that the strain background used in this study
resulted in different sensitivities to HyO; depending on respi-
ratory ability, wild-type (CY4) and an isogenic rho® petite
strain (CY4p), generated by treatment with ethidium bromide
[18], were tested for sensitivity to hydrogen peroxide. Strains
were grown to exponential phase (approximately 2 X 107 cells/
ml) in YEPD medium and exposed to 4 mM H2O; for 1 h
during which cell survival was monitored by measuring viable
counts. It is not yet clear whether cells respond to the HyO,
directly, or to some toxic reaction product generated in the
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Fig. 2. Induction of HyO, tolerance under low aeration growth conditions. (a) Strain CY4 (grande) was either pretreated with 0.2 mM H,0,
for 1 h (non-lethal pretreatment) then challenged with 2 mM H,O; to test for lethality, or exposed to 2 mM H,O, without pretreatment.
(b) Strain CY4p (petite) was either pretreated with 0.05 mM H;Os for 1 h (non-lethal pretreatment) then challenged with 0.4 mM H,0; to test
for lethality, or exposed to 0.4 mM HsO, without pretreatment. Pretreatments were added at =0, and treatments were added at =1 h.
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media [20]. However, previous studies have shown similar
effects are observed when cells are treated with hydrogen per-
oxide in either complex media or phosphate buffer
[9,11,12,21]. Under conditions of high aeration (normoxia)
the petite strain was more sensitive to H2O, than the grande
strain (Fig. 1a). This difference in sensitivity was even more
pronounced in cells grown under conditions of low aeration,
which resulted in 2.8% survival for the grande strain com-
pared to 0.12% survival for the petite strain (Fig. 1b). To
determine whether the difference in oxidant sensitivity be-
tween the grande and petite strains was due to any differences
in antioxidant capacity, the ability to mount an adaptive re-
sponse to HyO, was determined.

3.2. Respiratory deficient strains mount an adaptive response (o
hydrogen peroxide.

The ability of the petite mutant to mount an adaptive re-
sponse to HyO, was tested under conditions of low aeration in
which the greatest difference in sensitivity between the grande
and petite strains was observed. Sublethal doses of 0.2 mM
and 0.05 mM H,0, were administered to the grande and
petite strains for 1 h, respectively. A lower concentration
was used for the petite strain due to its high sensitivity to
H,0,. Following this treatment, lethal concentrations of
2 mM and 0.4 mM H,0, were administered to the grande
and petite strains, respectively. These lethal concentrations
prevented growth of both strains for up to 9 h (Fig. 2). How-
ever, the pretreatments resulted in restoration of growth after
5 h exposure to the lethal concentrations of HsOs. These
results indicate that while petite strains differ from grande
ones in their sensitivity, both strains can still adapt to become
more resistant after exposure to HoO,. The difference between
the between grande and petite strains is therefore unlikely to
be due to the cells ability to adapt. However, the petite strain
may have been more sensitive to HaOs due to some lack of
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Fig. 3. Strains deleted for COQ3 and COX6 are sensitive to HyOs.
The wild-type strain CY4 (grande) and cogq3, cox6 and petite
(CY4p) mutants were grown to exponential phase in YEPD (1-
2% 107 cells/ml) and treated with 4 mM H,Os for 1 h. Cells were
diluted and plated on YEPD to monitor cell viability. Percentage
survival is expressed relative to untreated control cultures (100%).
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Fig. 4. Effect of mitochondrial inhibitors on resistance to HyOs.
Cells were grown in minimal SD media to early exponential phase
and treatment with water (control), 5 pg/ml oligomycin, 0.1 mM
antimycin A, 0.5 mM potassium cyanide, or 0.5 mM sodium azide
for 30 min. Cells were then challenged with 0.2 mM or 1.0 mM
H,0, for 1 h prior to plating on YEPD to monitor cell viability.
Percentage survival is expressed relative to untreated control cul-
tures (100%).

mitochondrially-related antioxidant capacity, or to a more
general function of the mitochondria such as the potential
for high-level energy production. The former possibility is
difficult to test directly given the number of possible antioxi-
dants, although we have shown that reduced glutathione lev-
els are the same in both grande and petite strains [22]. Ob-
viously many other cellular antioxidant systems remain to be
tested. We therefore decided to examine the effects of disrupt-
ing specific mitochondrial functions, especially those involved
in energy generation via the respiratory chain.

3.3. Disruption of the respiratory electron transport chain
results in sensitivity to hydrogen peroxide

Strains deleted for COQ3 and COX6 were constructed to
examine the peroxide sensitivity of respiratory deficient strains
which arise due to defects in the electron transport chain. The
COQ3 gene encodes 3.,4-dihydroxy-5-hexaprenylbenzoate
methyltransferase and cog3 mutants lack ubiquinone [23].
COX6 encodes subunit VI of cytochrome-c-oxidase and
cox6 mutants are deficient in the terminal step in electron
transport [15]. The cog3 and cox6 mutants were similar to
the ethidium bromide generated rho® strain in that they
showed greater sensitivity to H2O, than the isogenic grande
strain (Fig. 3).

We next examined the effect of disrupting the respiratory
chain using the mitochondrial inhibitors oligomycin, antimy-
cin A, potassium cyanide and sodium azide. The antibiotic
oligomycin binds directly to the mitochondrial ATP synthase
and inhibits both electron transfer and ATP production. Anti-
mycin blocks electron flow at complex IIT and sodium azide
and potassium cyanide block electron flow at complex IV of
the respiratory electron transport chain preventing ATP pro-
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duction [22]. Wild-type cells were grown to early exponential
phase in minimal medium (A4gyp=0.5) prior to treatment with
the various inhibitors for 30 min. Cells were then challenged
with HyO» for 1 h and cell survival determined. Control cells,
pretreated with water alone, lost 46% and 75% viability fol-
lowing treatment with 0.2 mM and 1.0 mM, respectively (Fig.
4). For all of the mitochondrial inhibitors tested, there was a
greater loss of viability following treatment with these concen-
trations of Hy04. For the case of potassium cyanide, there
was only 5% and 7% survival following the treatments with
0.2 mM and 1.0 mM H50,.

4. Discussion

Mitochondria are the primary source of ATP in nucleated
cells via the process of oxidative phosphorylation. During this
process, electrons are transported along four protein com-
plexes that constitute the electron transport chain to the ulti-
mate acceptor, molecular oxygen, with the formation of
water. The resulting electrochemical proton motive force is
used for the synthesis of ATP from ADP and phosphate.
Leakage of electrons from the respiratory chain can result
in the reduction of oxygen which is the primary source
of ROS that damage various macromolecules in the cell.
However, in this present study, we have shown that func-
tional mitochondria are an essential component of the bas-
al level resistance to oxidative stress caused by ROS. Thus,
tho® mutants that lack mitochondrial DNA and hence can-
not synthesize the mitochondrially-encoded components
of the electron transport chain and mutants that lack the nu-
clear COX6 and COQ3 genes are sensitive to H2Os. Simi-
larly, a wild-type strain treated with specific inhibitors of
the respiratory chain showed elevated sensitivity to this oxi-
dant.

Mitochondrial defenses against ROS in yeast include the
enzymes Mn-superoxide dismutase, cytochrome-c-peroxidase
and glutathione peroxidase [1,2,24]. These antioxidants are
thought to be located in the mitochondria to guard against
the free radical attack of mitochondrial lipids, nucleic acids
and proteins (reviewed in [25]). There is also some evidence
that respiratory growth can affect non-mitochondrial antioxi-
dants since actively respiring cells are intrinsically more resist-
ant to HyO, and superoxide anions, and respiratory growth
results in the transcriptional activation of various defense
molecules [11]. Thus, the petite sensitivity to oxidants may
be as a result of a defect in a mitochondrial or cellular anti-
oxidant defense system. However, this appears unlikely since
respiratory-defective strains are unaffected in their adaptive
response to oxidants. This response is the result of a coordi-
nated induction of antioxidant molecules leading to increased
tolerance to ROS. Lack of mitochondrial function may how-
ever, lower basal level resistance to oxidants. In this view, the
absence of respiration, and hence a lowered production ROS,
would lead to a down-regulation of antioxidants. This model
appears unlikely since the effect of mitochondrial inhibitors
on wild-type cells was analogous to a complete loss of respi-
ratory function. It is unlikely that treatment with these inhib-
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itors would sufficiently lower ROS to down-regulate antioxi-
dant expression.

The role of mitochondrial function in resistance to oxidants
may be a requirement for ATP production in some energy-
requiring process. This may for example, be an enzyme that
repairs or removes oxidatively damaged molecules. Thus, the
repair of damaged proteins or nucleic acids or the detoxifica-
tion of lipid peroxidation products may be an energy requir-
ing process. Alternatively, the active transport of oxidized and
aberrant molecules from the cell or into the vacuole for sub-
sequent breakdown reactions may also require energy. Future
studies will aim to identify the energy-requiring process that
accounts for the oxidant sensitivity of respiratory deficient
strains.
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