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cal depletion or hypoxia prevents apoptosis. These results suggest that the generation of oxygen radicals is a
key event in the ancestral apoptotic pathway and offer
an explanation for the mechanism of bax-induced
apoptosis in the absence of any established apoptotic
gene in yeast.
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noted that yeast cells, both S. cerevisiae and Schizosaccharomyces pombe, can be killed by the expression of a number of proapoptotic mammalian genes, for example, bax
(Sato et al., 1994; Hanada et al., 1995; Greenhalf et al.,
1996) or p53 (Bischoff et al., 1992; Nigro et al., 1992).
Our recent observations that a certain S. cerevisiae
cdc48 mutant as well as cells overexpressing bax coordinately show the phenotypic markers of apoptosis, chromatin condensation and fragmentation, DNA breakage,
exposition of phosphatidylserine, and the formation of
minicells approximating apoptotic bodies, indicates the
presence of a basic apoptotic mechanism in yeast (Madeo
et al., 1997; Ligr et al., 1998). This is in accordance with the
observation of chromatin condensation and nuclear fragmentation in S. pombe cells dying due to the expression of
Bak (Ink et al., 1997) or CED-4 (James et al., 1997). Bax
lethality in S. cerevisiae can be suppressed by a defect in
mitochondrial F0F1-ATPase or by the expression of the
mammalian gene BI-1. Significantly, BI-1 does not interact directly with Bax, suggesting that it acts on elements already present in yeast (Xu and Reed, 1998). Similarly, a
mutant form of Bcl-XL, an anti-apoptotic Bcl-2 family
member, has been described, which in the absence of
physical interaction can prevent Bax-induced death in
yeast (Tao et al., 1997). In mammalian cells, both the inhibition of F0F1-ATPase by oligomycin and the expression
of BI-1 prevent apoptosis (Matsuyama et al., 1998; Xu and
Reed, 1998). Obviously, Bax, Bak, or CED-4 do not simply act as cytotoxic substances in yeast but seem to activate the same or a similar mechanism as in metazoan or-
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is an active form of cell death crucial for the
development and homeostasis of metazoan organisms. In mammals, apoptosis can be induced by
various intra- or extracellular stimuli and via several signaling pathways, depending on, for example, cell type, cellular environment, and differentiation state. Virtually every triggering event or component essential for apoptosis
in one system has been shown to be dispensable in some
other system, e.g., apoptosis in the presence of caspase inhibitors (Xiang et al., 1996; Monney et al., 1998), or in the
absence of bax (Knudson et al., 1995; McCurrach et al.,
1997). Apoptosis is characterized by a set of phenotypical
alterations such as the exposition of phosphatidylserine on
the cell surface (Martin et al., 1995), a characteristic condensation of chromatin to the nuclear envelope (“margination,” Clifford et al., 1996), DNA fragmentation, and the
formation of membrane-enclosed cell fragments called
apoptotic bodies (Kerr et al., 1972).
Its obviously altruistic function seemed to limit apoptosis to multicellular organisms. Consistently, in a blast database search of the Saccharomyces cerevisiae genome no
obvious homologues of any crucial regulator of metazoan
apoptosis (members of the bax/bcl-2 family, caspases,
Apaf-1/CED-4, p53) were detected. However, it has been
POPTOSIS
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Abstract. Oxygen radicals are important components
of metazoan apoptosis. We have found that apoptosis
can be induced in the yeast Saccharomyces cerevisiae by
depletion of glutathione or by low external doses of
H2O2. Cycloheximide prevents apoptotic death revealing active participation of the cell. Yeast can also be
triggered into apoptosis by a mutation in CDC48 or by
expression of mammalian bax. In both cases, we show
oxygen radicals to accumulate in the cell, whereas radi-
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Materials and Methods
Strains and Plasmids
S. cerevisiae strain KFY437 (MAT a cdc48::URA3 his4-619 leu2-3,112
ura3-52 YEp52/cdc48S565G containing mutant allele cdc48S565G on vector
YEp52), and the corresponding control strain KFY417 (MAT a cdc48::
URA3 his4-619 leu2-3,112 ura3-52 YEp52/CDC48) with a wild-type
CDC48 on YEp52 have been described (Madeo et al., 1997). Strain
YPH98gsh1 was constructed from yeast wild-type YPH98 (MAT a ura352 lys2-801 ade2-101 leu2-3,112 trp1-D1; Sikorski and Hieter, 1989) by deletion of the complete GSH1 reading frame (Brendel et al., 1998). Cell division cycle mutants used as controls were Hartwell (1973) strains LH370
(cdc2ts) and LH12021 (cdc31ts), and rE24-15 (cdc48-3ts; Moir et al., 1982).
Plasmids pSD10.a-Bax and pSD10.a-Bcl-XL contain murine bax, respectively, bcl-XL under the control of a hybrid GAL1-10/CYC1 promoter
(Tao et al., 1997) in a pRS316-based vector with a URA3 marker (Dalton
and Treisman, 1992). Plasmid pL009 was constructed by replacing the
URA3 marker of plasmid pSD10.a-Bcl-XL by LEU2. Strain WCG4 (MAT
a his3-11 ura3-52 leu2-3,112) was transformed with plasmid pSD10.a-Bax
(strain WCG4bax), or with both pSD10.a-Bax and pL009 (strain
WCG4bax/bcl-XL), or with vector pRS316 as a control.
YEPD consisted of 1% yeast extract (Difco), 2% Bacto peptone
(Difco), and 4% glucose. Synthetic complete medium (SC) consisted of
0.67% yeast nitrogen base (Difco) and 2% glucose (SCD) or 2% galactose
(SCGal) supplemented with amino acids and nucleotide bases. Strains
KFY437 and KFY417 were pregrown on YEP plates with 4% galactose
and inoculated in liquid YEPD. WCG4bax, WCG4bax/bcl-XL, and the
vector control strain were pregrown in synthetic medium with 2% glucose
to a cell density of about 0.5 3 106 cm23. To induce the expression of Bax
or Bcl-XL, cells were washed 33 and resuspended in synthetic medium
with 2% galactose.

For growth under anaerobic conditions, strains were incubated in 100 ml
culture medium in wash bottles under flow of N2 (Messer Griesheim
GmbH) at 100 ml/min. Viability was determined as the portion of cell
forming visible colonies on YEPD plates after 3 d at 288C.

Test for Apoptotic Markers
Electron microscopy, annexin V labeling, and DAPI staining were performed as described previously (Madeo et al., 1997). For the TdT-mediated dUTP nick end labeling (TUNEL) test, cells were prepared as described (Madeo et al., 1997), and the DNA ends were labeled using the In
Situ Cell Death Detection Kit, POD (Boehringer Mannheim). Yeast cells
were fixed with 3.7% formaldehyde, digested with lyticase, and applied to
a polylysine-coated slide as described for immunofluorescence (Adams
and Pringle, 1984). The slides were rinsed with PBS and incubated with
0.3% H2O2 in methanol for 30 min at room temperature to block endogenous peroxidases. The slides were rinsed with PBS, incubated in permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate) for 2
min on ice, rinsed twice with PBS, incubated with 10 ml TUNEL reaction
mixture (terminal deoxynucleotidyl transferase 200 U/ml, FITC-labeled
dUTP 10 mM, 25 mM Tris-HCl, 200 mM sodium cacodylate, 5 mM cobalt
chloride; Boehringer Mannheim) for 60 min at 378C, and then rinsed 33
with PBS. For the detection of peroxidase, cells were incubated with 10 ml
Converter-POD (anti-FITC antibody, Fab fragment from sheep, conjugated with horseradish peroxidase) for 30 min at 378C, rinsed 33 with
PBS, and then stained with DAB-substrate solution (Boehringer Mannheim) for 10 min at room temperature. A coverslip was mounted with a
drop of Kaiser’s glycerol gelatin (Merck). As staining intensity varies, only
samples from the same slide were compared.
Free intracellular radicals were detected with dihydrorhodamine 123,
dichlorodihydrofluorescein diacetate (dichlorofluorescin diacetate), or dihydroethidium (hydroethidine; Sigma Chemical Co.). Dihydrorhodamine
123 was added ad-5 mg per ml of cell culture from a 2.5-mg/ml stock solution in ethanol and cells were viewed without further processing through a
rhodamine optical filter after a 2-h incubation. Dichlorodihydrofluorescein diacetate was added ad-10 mg per ml of cell culture from a 2.5 mg/ml
stock solution in ethanol and cells were viewed through a fluorescein optical filter after a 2-h incubation. Dihydroethidium was added ad-5 mg per
ml of cell culture from a 5 mg/ml aqueous stock solution and cells were
viewed through a rhodamine optical filter after a 10-min incubation. For
flow cytometric analysis, cells were incubated with dihydrorhodamine 123
for 2 h and analyzed using a FACS® Calibur (Becton Dickinson) at low
flow rate with excitation and emission settings of 488 and 525–550 nm (filter FL1), respectively.
Free spin trap reagents N-tert-butyl-a−phenylnitrone (PBN; SigmaAldrich) and 3,3,5,5,-tetramethyl-pyrroline N-oxide (TMPO; SigmaAldrich) were added directly to the cell cultures as 10-mg/ml aqueous
stock solutions. Viability was determined as the portion of cell growing to
visible colonies within 3 d.
To determine frequencies of morphological phenotypes (TUNEL, Annexin V, DAPI, dihydrorhodamine 123), at least 300 cells of three independent experiments were evaluated.

Inhibition of Protein Synthesis
Cycloheximide was added to exponentially growing yeast cultures at 5, 15,
50, 200 mg/ml, or 0 mg/ml as a control. After 30 min, 10 mCi 4,5-[3H]-L-leucine (Movarek Biochemicals Inc.) was added to a 500-ml aliquot. After
further incubation of 200 min at 308C with shaking, 100-ml aliquots were
spotted onto glass fiber filters and incubated in 10% TCA for 15 min in a
boiling water bath. Filters were washed twice with 5% TCA, twice with
ethanol and once with methanol, dried and counted with 5 ml Ultima
Gold scintillation cocktail (Packard BioScience B.V.).

Results
H2O2 Induces an Apoptotic Phenotype in
Wild-type S. cerevisiae

1. Abbreviations used in this paper: PBN, N-tert-butyl-a−phenylnitrone;
ROS, reactive oxygen species; SC, synthetic complete medium; TMPO,
3,3,5,5,-tetramethyl-pyrroline N-oxide; TUNEL, TdT-mediated dUTP
nick end labeling.

Exposure to H2O2 triggers apoptosis in numerous mammalian cells. To examine its effect in yeast, various
amounts of H2O2 were added to wild-type cultures (strain
YPH98) growing exponentially on YEPD. After a 200-min
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ganisms. Because of their absence in yeast, this mechanism
can not depend on Bax relatives, caspases, or caspase-activated deoxyribonuclease.
The observation of cell death accompanied by apoptosis-like features in yeast suggests that apoptosis developed
before the evolutionary separation between fungi and
metazoans. Elements of the pathway conserved in yeast as
well as animals should therefore belong to a basic, evolutionarily old mechanism. Yeast should be useful to trace
the roots of apoptosis and solve some of the complications
and apparent contradictions inherent to the various models of apoptosis.
Reactive oxygen species (ROS),1 are formed in any organism exposed to molecular oxygen appear to be crucial
players in apoptosis (Ghibelli et al., 1995). ROS or H2O2
can act as primary triggers of apoptosis (Hockenbery et al.,
1993; Kane et al., 1993; Greenlund et al., 1995; Slater et al.,
1995). The anti-apoptotic effect of Bcl-2 appears to be at
least partly due to its antioxidant properties (Kane et al.,
1993). In addition, oxygen radicals have been shown to act
at a late step of the apoptotic pathway in certain neuronal
cells, downstream of the effects of bax or caspases (Schulz
et al., 1997).
We present proof that ROS accumulate in yeast cells after induction of apoptotic death by various stimuli, and
show them to be necessary and sufficient to induce an
apoptotic phenotype in yeast. We suggest that the formation of ROS is a key event in the evolutionary original apoptotic mechanism.
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shown) that is found in many apoptotic systems as the result of DNA cleavage between nucleosomes. This confirms our result with the cdc48 mutant showing an apoptotic phenotype (Madeo et al., 1997) and is probably
caused by the S. cerevisiae chromatin structure with little
or no linker DNA between the nucleosomes (Lowary and
Widom, 1989). In addition, apoptosis without the occurrence of a DNA ladder has been described for several
metazoan cell types (Oberhammer et al., 1993).
DAPI staining of cells incubated with 3 mM H2O2 shows
chromatin fragments arranged in a half-ring (Fig. 1 D) or
distributed nuclear fragments (Fig. 1, A, B, and E) in 10–
50% of the cells. In some cells, nuclei seem to degenerate,
showing protruding tubes (Fig. 1 C). In untreated cultures,
all nuclei appear as single round spots in the cells. In contrast to nuclei or most nuclear fragments, mitochondria
are predominantly located near the periphery of the cells
and appear as dots of far less intensity and size (Fig. 1 D).
Electron microscopic investigation of cells incubated
with 3 mM H2O2 revealed extensive chromatin condensation along the nuclear envelope typical for apoptosis (margination, Fig. 2, D and E), cells containing multiple nuclear fragments (Fig. 2 E), as well as tubular structures
protruding from the nucleus (Fig. 2 F) that probably correspond to the tubular structures observed in DAPI-stained
cells (Fig. 1 C). Some condensation is already visible after
30 min H2O2 treatment (Fig. 2 A) increasing gradually
with time (Fig. 2, B and C). Nuclei of untreated cells are
homogeneous in shape and density (Fig. 2 I). In addition,
some cells show tiny vesicles on the outer side of the
plasma membrane (Fig. 2, D and F). This could be an
equivalent of membrane blebbing that is a characteristic
marker of apoptosis and has not been observed in yeast
cells before. At higher concentrations of H2O2, most intracellular structures are destroyed (Fig. 2 H), indicating necrotic cell death. This corresponds to the diminished
TUNEL reaction in these cultures (Fig. 1 K).

Figure 1. H2O2 induces an apoptotic phenotype in yeast. DAPI-stained wild-type yeast after incubation for 200 min without (F) and
with 3 mM H2O2 (A–E) in YEPD. TUNEL reaction after 200 min treatment of exponentially growing cells with 0 mM (G), 1 mM (H),
3 mM (I), 15 mM (J), and 180 mM H 2O2 (K), stationary cells treated with 180 mM H 2O2 (L), exponentially growing cells treated with
3 mM H 2O 2 plus 15 mg/ml cycloheximide (M), and exponentially growing cells treated with 15 mg/ml cycloheximide for 230 min (N).
Survival (colony formation on YEPD plates, 100% corresponds to the number of plated cells) of wild-type yeast incubated with H 2O2 in
the absence (black) or presence (red) of 15 mg/ml cycloheximide for 200 min (O). Results were averaged from three experiments.
Bars: 5 mm (A–F, G–N).
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incubation, cells were examined for markers of apoptosis.
DNA cleavage was assayed using the TUNEL test (Gavrieli et al., 1992; Gorczyca et al., 1993), chromatin was visualized by fluorescence microscopy after DAPI staining as
well as by electron microscopy.
We found that low concentrations of H2O2 result in a
TUNEL-positive phenotype, which vanishes at higher
concentrations. Incubation with 3 mM H2O2 produces a
strongly TUNEL-positive phenotype (intense black nuclear stain) in 70% of the cells (Fig. 1 I), indicating massive
DNA fragmentation. With 0.3 or 1 mM H2O2, only 20–
40% of the cells are stained (Fig. 1 H). TUNEL-positive
cells are often remarkably enlarged compared to TUNELnegative cells from the same batch (Fig. 1, G and H, see
also Fig. 3, G and H). Cells incubated in the absence of
H2O2 showed unstained or only slightly grayish nuclei
(Fig. 1 G). Increasing the H2O2 concentration above 5 mM
did not intensify the TUNEL reaction. Instead, with 15 mM
H2O2 the TUNEL staining is even much less intense and
occurs in fewer cells than with 3 mM H2O2 (Fig. 1 J). Incubation with 180 mM H2O2 results in no detectable TUNEL
staining (Fig. 1 K). To demonstrate that the DNA fragmentation is not a result of cell necrosis, membrane integrity was tested by incubating an aliquot of the protoplasts
used for TUNEL staining with 23 mg/ml propidium iodide.
Only 3–5% of the protoplasts from cultures treated with
0–5 mM H2O2 are stained (not shown). In cultures incubated with 180 mM H2O2, z80% of the protoplasts are
stained with propidium iodide, indicating the loss of
plasma membrane integrity. Cells from stationary cultures
tolerate higher concentrations of H2O2. After incubation
with 5 mM H2O2 or less, no TUNEL staining is observed
(not shown). On the other hand, incubation with 180 mM
H2O2 results in a strong TUNEL staining (Fig. 1 L).
Analysis of isolated chromosomal DNA from H2O2 cells
by agarose electrophoresis showed only a smear at low
molecular weights, but not the DNA ladder pattern (not
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Cycloheximide Prevents the Apoptotic Effects of H2O2
on Yeast Cells and Improves the Survival Rate
Apoptosis needs participation of the cell and can be prevented in many cell types by the inhibition of protein synthesis (Hiraoka et al., 1997; Sánchez et al., 1997). To
address the question whether the H2O2-induced DNA
breakage, chromatin condensation, and cell death are the
result of basic radical chemistry or depend on participation of the cellular metabolism, we investigated the effect
of cycloheximide on H2O2-treated yeast cells.
To establish which concentration of cycloheximide is
sufficient for complete inhibition of protein synthesis, incorporation of labeled leucine into TCA precipitable material was determined. 5 mg/ml cycloheximide reduced leu-

cine incorporation to 23% of the untreated control, 15 mg/ml
cycloheximide, or higher concentrations reduced the incorporation to ,8% of the untreated control.
Exponentially growing wild-type cultures were preincubated with 15 mg/ml cycloheximide for 30 min. After adding 3 mM H2O2, cultures were incubated for another 200
min. DNA fragmentation was visualized by TUNEL staining (Fig. 1 M). The resulting TUNEL assay stain is only
slightly more intense than in untreated controls (Fig. 1 G)
and far weaker than in cells treated with 3 mM H2O2 in the
absence of cycloheximide (Fig. 1 I). Incubation only with
cycloheximide for 230 min (Fig. 1 N) results in approximately the same enhancement of TUNEL staining as the
combination of cycloheximide and 3 mM H2O2. This mi-
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Figure 2. Low concentrations of H2O2 and glutathione depletion induce
chromatin condensation and
margination in S. cerevisiae.
Electron micrographs of exponentially grown wild-type
strain YPH98 treated with 3
mM H2O2 for 30 min (A), 60
min (B), 120 min (C), or 200
min (D–F), with 3 mM H2O2
plus 15 mg/ml cycloheximide
for 200 min (G, nucleolus visible), with 180 mM H2O2 for
200 min (H), untreated control (I), and of gsh1 deletion
strain YPH98gsh1 grown on
glutathione-free
synthetic
medium for 3 d (J and K). N,
nucleus; V, vacuole; chromatin condensation is marked
by arrows, extracellular vesicles (blebs) are marked by
arrowheads. Bar, 1 mm.
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A Yeast Strain Lacking Glutathione Exhibits the
Characteristic Markers of Apoptosis
Glutathione plays a major role in the protection against
ROS. Strain YPH98gsh1 lacks glutathione due to a deletion of the GSH1 gene coding for g-glutamylcysteine synthetase. It grows on YEPD due to the significant amounts
of glutathione contained in the yeast extract, as well as on
synthetic media supplemented with glutathione, but dies
after 3 d on glutathione-free media (Brendel et al., 1998).
Strain YPH98gsh1 and the isogenic wild-type strain
YPH98 were transferred from YEPD plates to glutathione-free synthetic medium plates and incubated for 3 d.
Cells were examined for the phenotypic markers of apoptosis: DNA breakage, chromatin condensation and margination, and the exposition of phosphatidylserine.
The deletion strain shows strong staining (black nuclei)
with the TUNEL test indicating massive DNA fragmentation in .80% of the cells (Fig. 3 G), while the control
strain shows no TUNEL staining (Fig. 3 H). When the deletion strain is grown on YEPD or on synthetic medium
supplemented with 20 mg/ml glutathione, nuclear staining
is not observed with the TUNEL assay (not shown).
An aliquot of the protoplasts used for TUNEL staining

Madeo et al. Oxygen Stress: A Regulator of Apoptosis in Yeast

was also tested for membrane integrity by incubation with
23 mg/ml propidium iodide. 10–20% of the protoplasts of
both wild-type and glutathione deficient strain are stained
(data not shown), confirming that the majority of the cells
is intact and that the DNA fragmentation is not a result of
cell necrosis.
The deletion strain exhibits an enhanced sensitivity towards H2O2. Incubation with 0.1 mM H2O2 induces a
strong TUNEL reaction, as well as condensation and fragmentation of chromatin, whereas little or no TUNEL
staining is observed after incubation with 3 mM H2O2 or
higher concentrations (not shown).
Analysis of isolated chromosomal DNA from the deletion strain by agarose electrophoresis showed no indication of DNA laddering (not shown).
DAPI staining of the deletion strain shows a strong
chromatin condensation with fragments arranged in a ring,
a half-ring (Fig. 3, A and C), or as several randomly distributed nuclear fragments (Fig. 3 E). Electron micrographs show intense chromatin margination (Fig. 2 J) and
fragmentation of the nucleus (Fig. 2 K). In cells of the deletion strain grown on YEPD medium or on synthetic medium supplemented with 20 mg/ml glutathione, no chromatin condensation or fragmentation occurs (not shown).
In mammalian cells, phosphatidylserine exposure at the
outer leaflet of the cytoplasmic membrane is an early
marker of apoptosis (Martin et al., 1995). The exposure
can be detected with annexin V that specifically binds
phosphatidylserine in the presence of Ca21. Like mammalian cells, S. cerevisiae has an asymmetric distribution of
phospholipids within the cytoplasmic membrane with 90%
of the phosphatidylserine on the cytoplasmic side of the
membrane (Cerbón and Calderón, 1991). We have recently described the exposure of phosphatidylserine in a
yeast CDC48 mutant showing characteristics of apoptotic
cells (Madeo et al., 1997).
Spheroplasts of the GSH1 deletion strain and the isogenic control strain grown on glutathione-free synthetic
medium for 3 d were examined for exposure of phosphatidylserine by incubation with FITC-labeled annexin V and
for membrane integrity by incubation with propidium iodide. Approximately 20% of the protoplasts, both wildtype and mutant strain, take up propidium iodide indicating membrane damage. These protoplasts often exhibit
annexin V staining of the whole cell. More than 15% of
the protoplasts from the deletion strain show a strong fluorescence around the circumference of the cell (Fig. 3, I–K)
of which none stain with propidium iodide, demonstrating
that phosphatidylserine is indeed exposed at the outer
layer of the cytoplasmic membrane (Fig. 3, K and L). All
intact protoplasts of the isogenic control show little or no
FITC staining in the cell lumen (Fig. 3 M). When the deletion strain was grown on YEPD or on synthetic medium
supplemented with 20 mg/ml glutathione, no annexin V
fluorescence is visible either (not shown).

The Apoptotic Phenotype of cdc48S565G Mutant Strain
KFY437 Is Triggered by an Accumulation of ROS
To investigate whether oxygen stress is involved in other
apoptotic scenarios described in S. cerevisiae, we tested
apoptotic mutant strain KFY437 for the occurrence of ox-
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nor increase in DNA fragmentation compared to untreated controls could be due to a reduction of DNA repair as a result of the inhibited protein synthesis.
Under the electron microscope, neither chromatin condensation, margination, nor nuclear fragmentation is detected in cells incubated with H2O2 in the presence of
cycloheximide. However, numerous cells show vacuoles
accumulating autophagic bodies, increased intracellular
vacuolization, or misformed nuclei indicating necrotic
damage (Fig. 2 G).
To investigate the effect of cycloheximide on yeast cell
survival during oxygen stress, we incubated exponentially
growing wild-type cultures with 15 mg/ml cycloheximide
for 30 min, added various concentrations of H2O2, and incubated the cultures for another 200 min. Survival was determined as the portion of cells forming colonies after 3 d
of incubation on YEPD plates. Cycloheximide considerably increased the cell survival rate in the range of 0.03 to
0.3 mM H2O2 (Fig. 1 O).
To investigate whether cycloheximide affects intracellular glutathione concentration by the inhibition of protein
synthesis, the level of intracellular glutathione was determined as described (Schmidt et al., 1996). Untreated wildtype cells contained 1.55 mM glutathione per gram of wet
twice-washed cells. Incubation with 15 mg/ml cycloheximide for 230 min increased the glutathione level to 140%
of the control. The increase is probably caused by accumulation of cysteine. However, even an increase of the glutathione level to 250% of the wild-type level by overexpression of GSH1 has no significant effect on H2O2
tolerance (Grey, M., unpublished result). Also, after 200
min incubation with 3 mM H2O2, cells retained a glutathione level of 1.24–1.36 mmol/g cells (z80% of the control level) indicating that the intracellular glutathione pool
cell is far from exhaustion. Therefore, the observed increase of glutathione by cycloheximide can not be responsible for its protective effect.
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Figure 3. A yeast lacking glutathione exhibits the typical markers of apoptosis, nuclear breakage, DNA fragmentation, and exposition
of phosphatidylserine. gsh1 mutant (A, C, E) and wild-type control (F shows two cells) grown for 3 d on synthetic medium stained with
DAPI; B and D are phase contrast pictures corresponding to A and C. TUNEL test of gsh1 mutant (G) and wild-type control (H)
grown for 3 d on synthetic medium. Annexin V binding assay of gsh1 mutant (I–K) and wild-type control (M) grown for 3 d on synthetic
medium; L shows the propidium iodide staining corresponding to K. Bars: 10 mm (A–F, I–M); 10 mm (G and H).
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123 fluorescence (Fig. 4 D) of a significantly higher intensity than at 288C. The majority of cells also show intense
fluorescence after incubation with dichlorodihydrofluorescein (Fig. 4 N) or dihydroethidium (Fig. 4 P). The isogenic
wild-type strain shows no increased fluorescence at 378C
with either dye (Fig. 4, M and O).
To verify that the accumulation of ROS is not an effect
of any cell cycle arrest, temperature sensitive mutants in
cell division cycle genes were arrested at 378C for 4 h, incubated with dihydrorhodamine 123 and tested for fluorescence. Neither a non-apoptotic allele of CDC48 (cdc48-3),
nor mutants in cdc2 (arresting as large-budded cells like
cdc48 mutants) or cdc31 (arresting with an abnormal spindle-like cdc48 mutants) show an increase of intracellular
fluorescence (not shown).

Oxygen Radical Scavengers and Anaerobic
Conditions Suppress Temperature Sensitivity and
DNA Fragmentation of Apoptotic cdc48
Mutant KFY437
To discriminate whether the accumulation of ROS is just a
byproduct of the induction of apoptosis in the cdc48 mutant or whether it is essential for the process, oxygen radicals were scavenged with free radical spin traps (Knecht
and Mason, 1993). Strain KFY437 and the corresponding
wild-type strain KFY417 were grown on YEPD with shaking at 288C and then incubated with various concentrations of PBN or TMPO for 4 h at 378C. To evaluate effects
on survival, cell viability was determined as the number of
colonies formed after plating a defined number of cells.
Aliquots of the same sample were used for TUNEL reaction and electron microscopic investigation. 5 mM
PBN (Fig. 5 E) and 0.5 mM TMPO suppress TUNEL
staining dramatically, whereas 0.5 mM PBN and 5 mM
TMPO have less effect (not shown). Electron microscopy shows that the intense chromatin margination of
strain KFY437 at 378C (Fig. 5 J) is prevented almost
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ygen radicals. Strain KFY437 expresses cdc48S565G, a mutated allele of CDC48 responsible for the homotypic fusion of ER-derived vesicles, and spontaneously develops
an apoptotic phenotype during exponential growth at 288C
while other conditional alleles of CDC48 result in cell
death at the restrictive temperature without exhibiting any
of these morphological markers (Madeo et al., 1997).
Strain KFY437 was tested for the production of ROS
during apoptosis by incubation with dihydrorhodamine
123. This substance accumulates in the cell and is oxidized
to the fluorescent chromophore rhodamine 123 by ROS
(Schulz et al., 1996).
Strain KFY437 growing exponentially on YEPD was incubated with 5 mg/ml dihydrorhodamine 123 for 2 h at
288C. More than 50% of the cells show a rhodamine 123
fluorescence (Fig. 4 B). Most of the cells of the corresponding wild-type strain show no fluorescence, appearing
dark against the faint background fluorescence. Marginal
fluorescence occurs in ,1% of the cells (Fig. 4 A). Incubation for 2 h with 10 mg/ml dichlorodihydrofluorescein diacetate, which is deacylated to dichlorodihydrofluorescein
and oxidized by ROS to fluorescent dichlorofluorescein
(Hockenbery et al., 1993), or with 5 mg/ml dihydroethidium for 10 min, which is oxidized specifically by superoxide ions to the fluorescent ethidium (Budd et al., 1997),
gave similar results (not shown). Flow cytometric analysis of dihydrorhodamine 123–stained cells confirms that
strain KFY437 accumulates oxygen radicals. A majority of
the mutants cells show an increased signal (Fig. 4 V), while
all wild-type cells display a low fluorescence (Fig. 4 U).
We found that elevated temperature (378C) induces
apoptotic cell death in most cells of strain KFY437. After 4 h
at 378C, .80% of the KFY437 cells show a strong TUNEL
reaction as well as condensed and fragmented chromatin.
The elevated temperature induces a higher intensity of
TUNEL staining as compared to cells grown at 288C (Fig.
5, B and D). When strain KFY437 is incubated at 378C for
4 h, more than 80% of the cells show a strong rhodamine
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Figure 4. Yeast mutant KFY437 (allele cdc48S565G) and yeast-expressing bax accumulate ROS. Rhodamine 123 fluorescence (A–F) and
the corresponding phase contrast displays (G–L) after 2 h incubation with dihydrorhodamine 123. Wild-type control (A and G) and mutant KFY437 (B and H) grown at 288C, wild-type control (C and I) and mutant KFY437 (D and J) grown at 378C, strain WCG4baxexpressing bax (E and K), strain WCG4bax/bcl-X L expressing bax and bcl-XL (F and L). Fluorescence (M and N) and the corresponding
phase contrast displays (Q and R) of wild-type control (M and Q) and mutant KFY437 (N and R) grown at 37 8C after 2 h incubation
with dichlorodihydrofluorescein diacetate. Fluorescence (O and P) and the corresponding phase contrast displays (S and T) of wild-type
control (O and S) and mutant KFY437 (P and T) grown at 378C after 10 min incubation with dihydroethidium. Flow cytometric analysis
of wild-type control (U) and mutant KFY437 (V) after 2 h incubation with dihydrorhodamine 123.

completely by 5 mM PBN (Fig. 5 K). These observations
correspond to the protective effect of the spin traps on
cell viability at 378C, which is strongest with 0.5 mM
TMPO or 5 mM PBN. Viability of the wild-type control

is inhibited by the spin trap substances, indicating a certain cytotoxicity (Fig. 6 A). At some concentrations of
TMPO, proliferation of the control strain is even lower
than that of the apoptotic strain. This might be due to
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Expression of bax in S. cerevisiae results in cell death with
an apoptotic phenotype that is suppressed by the coexpression of bcl-XL (Ligr et al., 1998). To determine
whether Bax-induced apoptosis in yeast is also accompanied by oxygen stress, strain WCG4bax carrying a bax
gene controlled by the GAL1 promoter was used. Bax expression was induced on galactose medium for 4 h or 13 h.

5 mg/ml dihydrorhodamine were then added and the fluorescence determined after 2 more hours of incubation. After a total of 6 h induction, strain WCG4bax shows little
fluorescence (not shown). After 15 h, .80% of WCG4bax
cells show an intense rhodamine 123 fluorescence (Fig. 4
E), while the control strain (empty vector) shows no detectable fluorescence (not shown). Coexpression of bcl-XL
suppresses the bax-induced accumulation of radicals. The
strain WCG4bax/bcl-XL shows almost no rhodamine 123
fluorescence after 15 h incubation with galactose (Fig. 4
F). Incubation with dichlorodihydrofluorescein diacetate
or dihydroethidium gave similar results (not shown). Flow
cytometric analysis of dihydrorhodamine 123–stained cells
confirms that a majority of bax-expressing cells show an
increased signal, while all control cells display a low fluorescence (not shown).
To determine whether spin traps can prevent Bax-triggered cell death WCG4bax and the corresponding wildtype strain (empty vector) were incubated with the free
radical spin traps PBN or TMPO at 288C on galactose media for 15 h. Viability was determined as the portion of colony-forming units. While spin traps have a toxic effect on
the control strain, WCG4bax survival is partially restored.

The Journal of Cell Biology, Volume 145, 1999

764

neutralization of radicals and spin traps in the apoptotic
cdc48 mutant.
A similar protective effect was observed after incubation in an anaerobic environment. Mutant cultures and
controls were incubated in a nitrogen atmosphere at 288C
for 30 min and further incubated in a 378C waterbath for 4 h
under nitrogen. Their viability was tested in a plating assay. While the control was not affected by the anaerobic
conditions, the mutant strain showed significant survival
after anaerobic conditions (Fig. 6 B). Incubation in a nitrogen atmosphere also prevented accumulation of DNA
strand breaks, as shown by TUNEL staining (Fig. 5 F).

Bax Expression Induces Accumulation of Reactive
Oxygen Species in S. cerevisiae
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Figure 5. DNA strand breakage and chromatin margination in strain KFY437 and in bax-expressing WCG4bax is prevented by free
radical spin traps or anaerobic culture conditions. TUNEL reaction of wild-type control (A) and mutant KFY437 (B) grown at 28 8C, of
wild-type control (C) and mutant KFY437 (D) incubated at 378C for 4 h, of mutant KFY437 incubated at 378C for 4 h in the presence of
5 mM N-tert-butyl-a−phenylnitrone (E), of mutant KFY437 incubated at 378C in a nitrogen atmosphere (F), of bax-expressing
WCG4bax (G), of bax-expressing WCG4bax in the presence of 5 mM N-tert-butyl-a−phenylnitrone (H), of bax-expressing WCG4bax
incubated in a nitrogen atmosphere (I). Electron micrographs of mutant KFY437 incubated at 378C for 4 h without addition (J) or in the
presence of 5 mM N-tert-butyl-a−phenylnitrone (K), and of bax-expressing WCG4bax without addition (L) or in the presence of 5 mM
N-tert-butyl-a−phenylnitrone (M). Bars: (A and J) 10 mm.
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As with the apoptotic cdc48 mutant, 5 mM PBN has the
strongest protective effect on WCG4bax (Fig. 6 C). Accordingly, 5 mM PBN prevents DNA strand breakage
(Fig. 5 H) and chromatin condensation (Fig. 5 M) occurring in bax-expressing WCG4bax in the absence of spin
traps (Fig. 5, G and L).
Anaerobic conditions also strongly reduce cell death
and DNA breakage after induction of bax. Strain
WCG4bax and the vector control strain were incubated in
galactose medium in a nitrogen atmosphere at 288C for 15 h.
Viability of the bax-expressing strain is restored to control
levels under these anaerobic conditions (Fig. 6 D). The
corresponding TUNEL test shows no indication of strand
breaks (Fig. 5 I).

In metazoan apoptosis, ROS have been shown to participate in both early and late steps of the regulatory chain. In
several apoptotic models, for example in ischemia-induced
apoptosis (Maulik et al., 1998), ROS act upstream of bax

and caspases. In these models, radical trapping prevents
the activation of caspases, and an inhibition of ensuing
steps, e.g., with caspase inhibitors, prevents cell death indicating that the radicals act as signal molecules and do not
simply cause lethal damage to DNA, lipids or proteins
(Hara et al., 1997; Boggs et al., 1998; Tan et al., 1998).
However, radicals have also been shown to play a role in
the late steps of apoptosis. K1 deprivation induces apoptosis in cerebellar granule neurons via an accumulation of
ROS. ROS production is prevented by actinomycin D,
cycloheximide, and caspase inhibitors Ac-YVAD-CMK,
suggesting that ROS act downstream of gene transcription, mRNA translation, and activation of caspases
(Schulz et al., 1997, 1996).
Two scenarios connecting yeast with metazoan apoptosis have been described previously. The expression of
some metazoan proapoptotic genes (bak, bax, ced-4) results in cell death (Sato et al., 1994; Hanada et al., 1995;
Greenhalf et al., 1996; James et al., 1997) accompanied by
an apoptotic phenotype (Ink et al., 1997; Ligr et al., 1998).
The mutant allele cdc48S565G induces the appearance of
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Figure 6. Free radical spin traps or anaerobic culture conditions partially suppress temperature sensitivity in strain KFY437 and bax lethality. (A) Strain KFY437 (allele cdc48S565G) and the corresponding wild-type were adjusted to a cell titer of 2 3 106/ml and incubated
with various concentrations of PBN or TMPO for 4 h at 378C in YEPD. The portion of colony-forming units is plotted against spin trap
concentrations. 100% corresponds to the respective strain grown at 288C without spin traps. (B) Strain KFY437 (allele cdc48S565G) and
the corresponding wild-type were adjusted to a cell titer of 2 3 106/ml in YEPD, incubated with aeration or in a nitrogen stream at 288C
for 30 min, and further incubated at 37 or 288C for 4 h. Viability was determined as the portion of colony-forming units. 100% corresponds to the respective strain grown aerobically at 288C. (C) WCG4bax and the corresponding control strain grown on synthetic medium with glucose were transferred to synthetic medium with galactose, diluted to a cell titer of 2 3 106/ml, and incubated for 15 h either
with various concentrations of PBN or TMPO. The portion of colony-forming units is plotted against spin trap concentrations. 100%
corresponds to the respective strain grown without spin traps. (D) WCG4bax and the corresponding control strain grown on synthetic
medium with glucose were transferred to synthetic medium with galactose, diluted to a cell titer of 2 3 106/ml, and incubated for 15 h
with aeration or in a nitrogen stream. Viability was determined as the portion of colony-forming units. 100% corresponds to the aerobically grown control strain. The portion of colony-forming units was determined by incubating YEPD plates with 1,000 cells each for 3 d
at 288C and counting visible colonies. Results were averaged from three experiments each. Standard deviations are below 10% for all
data points.
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Figure 7. ROS participate in the regulation of apoptosis at various levels. Important established regulators of apoptosis. Components and functions present in yeast are marked in red.

during apoptosis of human monocytic cells (Ghibelli et
al., 1995) may be a strategy to enhance ROS signaling–
induced apoptosis. Some apoptotic pathways retain the usage of ROS in early regulatory steps, other pathways still
use it in late steps. In addition, alternative pathways lacking the involvement of ROS developed that cannot be
blocked by radical trapping. But even in the case of the
ROS-independent apoptotic pathway via CD95 (Hug et al.,
1994), the expression of the proapoptotic CD95 ligand is
induced by ROS (Hug et al., 1997).
While none of the established apoptotic proteins are encoded in the S. cerevisiae genome, some of them will perform similar functions when expressed in yeast cells. In
mammals, one of the effects of Bax expression is a
caspase-independent production of ROS (Xiang et al.,
1996). Our finding that the expression of Bax protein in
yeast also results in an accumulation of ROS that is prevented by the coexpression of Bcl-XL indicates a mechanism for the induction of cell death and apoptotic phenotype by Bax in yeast. Anorganic ROS are therefore the
first regulators of apoptosis found to be shared between
yeast and higher animals (Fig. 7). Future research should
address whether the mechanism downstream of this signal
uses conserved elements.
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