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Saccharomyces cerevisiae has been reported to die, under certain conditions, from programmed cell death with apoptotic
markers. One of the most important markers is chromosomal DNA fragmentation as indicated by terminal deoxynucleo-
tidyl transferase dUTP nick-end labeling (TUNEL) staining. We found TUNEL staining in S. cerevisiae to be a conse-
quence of both single- and double-strand DNA breaks, whereas in situ ligation specifically stained double-strand DNA
breaks. Cells treated with hydrogen peroxide or acetic acid staining positively for TUNEL assay stained negatively for in
situ ligation, indicating that DNA damage in both cases mainly consists of single-strand DNA breaks. Pulsed field gel
electrophoresis of chromosomal DNA from cells dying from hydrogen peroxide, acetic acid, or hyperosmotic shock
revealed DNA breakdown into fragments of several hundred kilobases, consistent with the higher order chromatin
degradation preceding DNA laddering in apoptotic mammalian cells. DNA fragmentation was associated with death by
treatment with 10 mM hydrogen peroxide but not 150 mM and was absent if cells were fixed with formaldehyde to
eliminate enzyme activity before hydrogen peroxide treatment. These observations are consistent with a process that, like
mammalian apoptosis, is enzyme dependent, degrades chromosomal DNA, and is activated only at low intensity of death
stimuli.

INTRODUCTION

Programmed cell death (PCD) is an active form of cell death
in which the cell uses specialized cellular machinery to
commit suicide. PCD is found in many different cells of
diverse organisms, the purpose being removal of damaged
cells or cells representing a threat to the integrity of the
organism. Such cells are, for example, virus-infected cells or
cancerous cells. PCD is also a normal part of development of
multicellular organisms and also necessary for the mainte-
nance of cellular homeostasis. Apoptosis, the most common
form of PCD in eukaryotes, is associated with a number of
characteristic markers depending on cell type and organism.
The most common are cell shrinkage and development of
bubble-like blebs on the surface (Kerr et al., 1972). The phos-
pholipid phosphatidylserine, which is normally hidden on
the inside of the plasma membrane, can be exposed on the
cell surface (Fadok et al., 1992). There is also a two-step
degradation of chromatin. The first step, sometimes referred
to as higher order chromatin fragmentation, produces large
fragments, 50–300 kilobases (kb) (Ucker et al., 1992; Ober-
hammer et al., 1993; Rusnak et al., 1996), perhaps reflecting

chromatin higher order structure (Filipski et al., 1990). The
second step is the formation of the characteristic internucleo-
somal DNA ladder of fragments differing in length by �200
base pairs (Wyllie, 1980). A large portion of the fragments
are blunt double-stranded DNA fragments (Staley et al.,
1997; Didenko et al., 2003; Liu et al., 2003). Internucleosomal
DNA laddering is often, but not always associated with
apoptosis; some types of cells only undergo higher order
chromatin fragmentation, without showing any internucleo-
somal DNA laddering (Ucker et al., 1992; Oberhammer et al.,
1993).

One drawback of detecting apoptotic DNA fragmentation
by gel electrophoresis is that the result is necessarily an
average of a large pool of cells, loosing information on
differences within the cell population. The terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay was developed for measuring DNA fragmentation at
the single-cell level by incorporating biotylated or fluores-
cent dUTP at sites of free 3�-OH in DNA (Gavrieli et al.,
1992). A Saccharomyces cerevisiae mutant carrying a temper-
ature-sensitive mutation in the gene CDC48 (Madeo et al.,
1997) has been reported to die at nonpermissive tempera-
ture, showing many of the markers associated with apopto-
sis. One striking observation was positive TUNEL staining,
indicating apoptotic DNA fragmentation.

However, no internucleosomal DNA laddering or other
DNA fragmentation was found in the CDC48 mutant
(Madeo et al., 1997). The lack of specific cleavage of internu-
cleosomal DNA was suggested to be caused by short linker
DNA between nucleosomes (Lowary and Widom, 1989). The
consensus among later reports on apoptosis-like cell death
in yeast seems to be that apoptotic laddering or other apo-
ptotic DNA fragmentation is not seen using normal DNA
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agarose gel electrophoresis, although the cells are TUNEL
positive (Madeo et al., 1997; Yamaki et al., 2001; Chen et al.,
2003; Mazzoni et al., 2003).

TUNEL assay has been used in numerous studies to clas-
sify apoptotic death in yeast. TUNEL assay has been used to
assess DNA damage in yeast as a consequence of death
associated with expression of human BAX (Ligr et al., 1998);
hydrogen peroxide (Madeo et al., 1999); acetic acid
(Ludovico et al., 2001b); replicative ageing (Laun et al., 2001);
overexpression of proteasomal substrate STM1 in a protea-
some-deficient strain (Ligr et al., 2001); high concentrations
of mating pheromone (Severin and Hyman, 2002; Pozniak-
ovsky et al., 2005); salt stress (Huh et al., 2002); UV radiation
(Del Carratore et al., 2002); defective mRNA decapping
(Mazzoni et al., 2003); expression of apoptotic mediator
Nma111 (Fahrenkrog et al., 2004); chronological ageing
(Herker et al., 2004); loss of ubp10 (Orlandi et al., 2004);
loss of yeast tumor suppressor homologue SRO7/SOP1
(Wadskog et al., 2004); exposure to yeast killer toxins (Reiter
et al., 2005), as a consequence of cell death in aging colonies
(Vachova and Palkova, 2005); and hyperosmotic stress by
60% (wt/wt) glucose (Silva et al., 2005).

However, the type of DNA damage that is measured by
TUNEL in S. cerevisiae has not been characterized. TUNEL
assay is inherently unable to distinguish between nicks (sin-
gle-strand breaks; SSBs) and double-strand breaks (DSBs),
leaving the possibility that free 3� ends detected by TUNEL
are due to SSBs in TUNEL-positive S. cerevisiae. Because the
TUNEL assay has turned a widely applied method for clas-
sifying yeast cell death, evaluation of the specificity of the
technique is of critical importance for the meaning of
TUNEL staining of S. cerevisiae and for the future character-
ization of potential apoptotic nucleases in this organism. To
classify the type of DNA damage in TUNEL-positive S.
cerevisiae, we applied the in situ ligation (ISL) assay that is
based on ligation of a small fluorescent piece of double-
stranded DNA to the DSBs in chromosomal DNA. Because it
leaves SSBs undetected, it is a powerful method for finding
DSBs in yeast. We also applied pulsed field agarose gel
electrophoresis (PFGE) in order to determine potential
higher order DNA fragmentation in S. cerevisiae. We report,
for the first time, chromosome fragmentation into large frag-
ments as a probable consequence of programmed cell death
in S. cerevisiae. This fragmentation was evident in TUNEL-
positive cells treated with hydrogen peroxide and acetic acid
as well as in cells subjected to hyperosmotic shock.

MATERIALS AND METHODS

Strains
The yeast S. cerevisiae BY4741 (MATa; his3�1; leu2�0; met15�0; ura3�0) was
used throughout this work. This organism was maintained on YEPD agar
slants containing glucose [2% (wt/vol)], yeast extract [1% (wt/vol)], peptone
[2% (wt/vol)], and agar [2% (wt/vol)]. In experiments, the yeast cells were
grown to mid-exponential phase in liquid synthetic complete (SC) medium
containing 6.7 g/l yeast nitrogen base (Difco, Detroit, MI) with ammonium
sulfate without amino acids, 20 g/l glucose, and 2 g/l amino acid drop-out
mix. The drop-out mix was prepared by mixing 10 g of l-leucine, 0.2 g of
para-aminobenzidine, and 0.5 g of l-adenine with 2 g each of l-arginine,
l-asparagine, l-aspartic acid, l-cysteine, l-glutamic acid, l-glutamine, l-gly-
cine, l-histidine, l-isoleucine, l-lysine, l-methionine, l-phenylalanine, l-pro-
line, l-serine, l-thronine, l-tryptophan, l-tyrosine, l-valine myo-inositol, and
uracil to a total of 50.7 g. All amino acids were purchased from Sigma-Aldrich
(St. Louis, MO). The experiments were performed in 50-ml flasks containing
a 10:1 ratio of air to liquid phase and incubated on a mechanical shaker (200
rpm) at 30°C.

Induction of Apoptosis or Necrosis
Exponential growth-phase cells were harvested and suspended (107 cells
ml�1) in SC containing 10 mM or 150 mM H2O2, 175 mM acetic acid, pH 3.0,

or 60% (wt/wt) glucose. The treatments were carried out for 200 min at 30°C
with mechanical shaking (200 rpm) except for glucose treatment that was
carried out for 10 h.

TUNEL Assay
DNA strand breaks were demonstrated by TUNEL with the In Situ Cell Death
Detection kit, fluorescein, from Roche Molecular Biochemicals (Mannheim,
Germany). Yeast cells were fixed with 3.7% (vol/vol) formaldehyde for 30
min at room temperature, washed three times with phosphate-buffered saline
(PBS), and cell walls were digested with 24 �g/ml Zymolyase 100T (105

units/g; MP Biomedicals, Irvine, CA) at 37°C for 60 min. Ten microliters of
the cell suspension was applied to a microscope slide and allowed to dry for
30 min at 37°C.

The slides were rinsed with PBS, incubated in permeabilization solution
[0.1% (vol/vol) Triton X-100 and 0.1% (wt/wt) sodium citrate] for 2 min on
ice, and rinsed twice with PBS.

For the treatment with endonucleases (DNaseI from Sigma-Aldrich; BsuRI,
HhaI, and Bme1390I from MBI Fermentas, Hanover, MD; and nicking endo-
nuclease N.BbvCIA from New England BioLabs, Beverly, MA), 30 U of the
restriction enzyme were applied to the cells on microscope slides. The slides
were placed in a humidified box for 1 h at 37°C. They were then washed for
15 min twice in PBS.

Slides were subsequently incubated with 10 �l of TUNEL reaction mixture,
containing terminal deoxynucleotidyl transferase and fluorescein isothiocya-
nate dUTP, for 60 min at 37°C. Finally, the slides were rinsed three times with
PBS, and a coverslip was mounted with a drop of antifading agent
VECTASHIELD (Invitrogen, Carlsbad, CA). Observations were carried out
using a Leitz Laborlux epifluorescence microscope equipped with a HBO-100
mercury lamp, filter set 40 (BP360/51, BP485/17, BP560/18) from Carl Zeiss
(Jena, Germany), excitation filter BP 450–490 nm, beam splitter FT510 and
emission filter LP520. Images were acquired with a SONY DXC-9100P camera
using AXIOVISION software (Carl Zeiss).

In Situ ligation Assay
The sequence of the 21-mer fluorescent in situ ligation probe is as follows
5�-GCGCTAGACCXGGTCTAGCGC-3�. The symbol X represents a dTTP
coupled to a fluorescein (fluorescein-dT). The probe was designed to form a
hairpin loop by base pairing between bases 1–10 and 12–21. The probe was
synthesized in 0.01 �mol of synthesis scale and purified with high-perfor-
mance liquid chromatography (MWG, Ebersberg, Germany).

Microscope slides with cells were prepared in the same way as for the
TUNEL assay, until and excluding addition of TUNEL reaction mixture. For
Klenow enzyme treatment, to fill in 5� overhangs, a 10-�l solution containing
70 mM Tris-HCl, pH 7.5, 70 mM MgCl2, 10 mM dithiothreitol, 2.5 mM dATP,
dGTP, dCTP, and dTTP, and 5 U of Klenow enzyme (Roche Molecular
Biochemicals) was added to the cells, incubated at 37°C for 30 min, and then
washed in water two times for 10 min each. To remove 3� overhangs using the
Klenow enzyme, dNTPs were omitted from the reaction mixture.

Subsequently, 10 �l of the ligation buffer (66 mM of Tris-HCl, pH 7.5, 5 mM
MgCl2, 0.1 mM dithioerythritol, 1 mM ATP, and 15% polyethylene glycol,
mol. wt. 8000; Sigma-Aldrich) containing 14 �g/ml probe and 100 U/ml T4
DNA ligase (Roche Molecular Biochemicals) was applied to the cells. The
slides were placed in a humidified box (in the dark) for 16 h at room
temperature (23°C). They were then washed twice in water and once with 100
mM Tris-HCl, pH 9.0, for 10 min to increase the brightness of fluorescein
before observation.

Pulsed Field Gel Electrophoresis
The methods used to prepare cells and agarose plugs were modified from a
method previously published (Schwartz and Cantor, 1984). Untreated and
treated cells were fixed in 3.7% (vol/vol) formaldehyde for 30 min, washed twice
with 0.05 M EDTA, pH 8.0, by centrifugation and suspended at a concentration
of 1.2 � 109 cells/ml in 0.05 M EDTA containing 3 mg/ml Zymolyase 100T for
digestion. Plugs were formed by mixing the suspension of cells with the same
volume of low melting agarose 2% (wt/wt) (SeaPlaque; Cambex Bio Science,
Rockland, ME) at 40°C.

Plugs were incubated overnight in 0.45 mM EDTA, pH 8.0, and 7.5%
(vol/vol) 2-mercaptoethanol at 37°C. Plugs were washed three times in TE (10
mM Tris, pH 8.0, and 1 mM EDTA, pH 8.0) and incubated overnight in 0.5 M
EDTA, 10 mM Tris, pH 8.0, 1 mg/ml proteinase K (Sigma-Aldrich), and 1%
(wt/wt) sodium-N-lauryl sarcosinate at 50°C. After washing five times, 30
min each time, with TE, pH 8.0, at room temperature, samples were stored at 4°C.

Treatment of the plugs before PFGE, with 1 U/ml S1 nuclease (MBI Fer-
mentas), 200 U/ml nicking endonuclease N.BbvCIA (New England BioLabs),
and 200 U/ml DNaseI (Sigma-Aldrich), was done in a final volume of 150 �l
in the appropriate supplied buffer, for 60 min at 37°C.

PFGE was run in a CHEF-DRII Chiller System (Bio-Rad, Hercules, CA).
PFGE gels were run in 0.5% Tris borate-EDTA buffer at 12°C with an angle of
120° with a voltage of 6 V/cm and switch times of 60 s for 15 h and 90 s for
7 h. Thereafter, gels were stained with 0.8% ethidium bromide solution for 45
min and distained for 20 min. Gels were visualized under UV light and analyzed
using the EagleEye II Image Acquisition System (Stratagene, La Jolla, CA).
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RESULTS

Death Induction by Hydrogen Peroxide, Acetic Acid, and
Hyperosmotic Shock
We chose hydrogen peroxide and acetic acid for inducing
PCD and TUNEL-positive phenotype in S. cerevisiae, to de-
termine the nature of the DNA lesions detected by the
TUNEL assay. Apoptosis-like cell death triggered by these
two compounds has been extensively characterized by sev-
eral laboratories (Madeo et al., 1999, 2002; Ludovico et al.,
2001a, 2002; Fabrizio et al., 2004; Wissing et al., 2004; Gian-
nattasio et al., 2005). Hyperosmotic shock by 60% (wt/wt)
glucose has been recently described also to induce TUNEL-
positive phenotype as well as other apoptotic markers (Silva
et al., 2005). Cells were grown in preculture overnight and
then for two generations in fresh medium before treatment
with hydrogen peroxide, acetic acid, or 60% (wt/wt) glu-
cose, as described in Materials and Methods. Samples were
taken at time zero and at various time points, as indicated in
Figure 1. Cells were spread on solid YPD medium and
colony-forming units (c.f.u.) were counted after 3 d of incu-
bation. The survival percentage was calculated as the num-
ber of c.f.u. obtained at each time point divided by the
number of c.f.u. obtained at time 0. Treatment with 10 mM
hydrogen peroxide initiated cell death (Figure 1A) without
lag phase. Cell death by 175 mM acetic acid at pH 3.0
showed an initial lag phase of �30 min, before cell death
was evident (Figure 1B). Treatment for 200 min with 175 mM
acetic acid at pH 3.0 or 10 mM hydrogen peroxide or 60%
(wt/wt) glucose for 10 h (Figure 1C) resulted in �10%
survival, which in our and others’ experience (Madeo et al.,
1999) gives the highest yield of TUNEL-positive cells. Treat-
ment for 20–25 min with 150 mM hydrogen peroxide (Fig-
ure 1D) gave about the same remaining survival as 10 mM
for 200 min, thus representing a cell death induction approx-
imately 10 times faster.

TUNEL Stains Both SSBs and DSBs in S. cerevisiae
Cells grown as described in Materials and Methods were fixed
with formaldehyde and subsequently digested with Zymol-
yase to remove the cell wall. Cells were treated with DNaseI
to generate chromosomal DSBs. DNaseI cleaves both DNA
strands at approximately the same site, producing DNA
fragments with blunt ends or to a lesser extent protruding
termini of one or two nucleotides. The cells were then
stained with TUNEL protocol according to previously pub-
lished protocols (Madeo et al., 1997). The nuclei was in-
tensely stained by TUNEL in cells treated with DNaseI
(Figure 2, DNaseI) This staining does not occur in non-
treated cells (Figure 2, negative control). Positive TUNEL
staining was also obtained by treatment with N.BbvCIA
nicking endonuclease (Figure 2, N.BbvCIA). N.BbvCIA is a
restriction enzyme engineered to cut one DNA strand only.
This result shows that the free 3�-OH exposed in SSBs in S.
cerevisiae is a good substrate for the terminal transferase in
the TUNEL reaction. Cells treated with hydrogen peroxide
or acetic acid (as described in Materials and Methods), but no
added restriction enzymes, did also show TUNEL staining
(Figure 2, hydrogen peroxide and acetic acid). TUNEL stain-
ing is more diffuse and has slightly higher background for
the hydrogen peroxide-treated cells. Nevertheless, nuclei are
clearly visible against the background.

ISL Assay Specifically Stains DSBs in S. cerevisiae
Cells were also subjected to ISL staining with a fluorescent
double-stranded DNA hairpin probe according to the meth-
ods published by Didenko and coworkers (Didenko and

Hornsby, 1996; Didenko et al., 1999). A small double strand
fluorescent DNA probe is ligated to sites of DSBs. It has been
shown to specifically stain mammalian apoptotic cells
(Didenko et al., 2003). The probe cannot ligate to single-

Figure 1. S. cerevisiae BY4741 was incubated with 10 mM hydrogen
peroxide (A) or 175 mM acetic acid, pH 3.0 (B), 60% (wt/wt) glucose
(C) or 150 mM hydrogen peroxide (D). Samples were taken at the
time points indicated and plated on solid YPD media. c.f.u. were
counted after 2 d of incubation at 30°C. Relative survival is plotted
on the x-axis (100% corresponds to the number of c.f.u. at time 0).
Values are mean � SEM of three independent experiments.
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stranded DNA breaks and is therefore in theory more spe-
cific for DSBs than TUNEL staining. Specific ISL staining,
visually similar to staining by TUNEL, was evident in cells
treated with DNaseI and the blunt restriction enzyme BsuRI
(Figure 2, in situ ligation, DNaseI and BsuRI). There was no
detectable staining in the absence of endonucleases (Figure
2, in situ ligation, negative control). ISL does not stain cells
treated with nicking endonuclease N.BbvCIA, confirming
that SSBs do not facilitate ligation of the ISL probe (Figure 2,
N.BbvCIA). These results show that both TUNEL and ISL
procedures are equally efficient at detecting DSBs in S. cer-
evisiae chromosomal DNA, but TUNEL assay also detects
nicked DNA. Cells treated with peroxide or acetic acid did
not show any ISL staining (Figure 2, hydrogen peroxide and
acetic acid), indicating that these cells do not contain blunt
DSBs.

Staggered DSBs Can Be Discriminated by ISL in
Combination with Klenow DNA Polymerase
ISL has been used to distinguish between different types of
staggered DSBs in combination with Klenow DNA polymer-

ase (Didenko et al., 2003). Theoretically, if DSBs with 5�
overhangs are present, the DNA polymerase activity of Kle-
now will synthesize the missing DNA in the presence of
dNTPs and produce blunt ends. In contrast, if DSBs breaks
with 3� overhangs are present, the Klenow 5�-3� exonuclease
activity will degrade the overhang until the DNA is blunt.

To test whether ISL could discriminate between different
types of DSBs in S. cerevisiae, we performed ISL on cells
treated with endonucleases producing 5� or 3� overhang.
Cells were grown, fixed, and Zymolyase treated, as de-
scribed above, and subsequently treated with restriction
endonucleases, creating either 1-base pair 3� overhangs
(HhaI) or 1-base pair 5� overhangs (Bme1390I). None of the
enzyme-treated samples showed any positive staining with
ISL assay (Figure 3, � Klenow). This shows that ISL does not
stain staggered DSBs. ISL staining is restored to cells treated
with HhaI and to cells treated with Bme1390I, by treatment
with Klenow DNA polymerase and Klenow DNA polymer-
ase plus dTNPs, respectively (Figure 3, � Klenow). This
means that different types of staggered double-stranded
DNA ends can be discriminated by the ISL assay in yeast.

Figure 2. Bright field and epifluorescence images of
TUNEL and in situ ligation-stained cells. Left column,
TUNEL staining of exponentially growing cells, fixed
and treated with DNaseI or N.BbvCIA nicking endonu-
clease. Right column, in situ ligation staining of expo-
nentially growing cells, fixed and treated with BsuRI
(blunt endonuclease) or DNaseI and N.BbvCIA (nicking
endonuclease). Row marked negative control shows ex-
ponentially growing cells stained with TUNEL or in
situ ligation staining. Rows marked hydrogen peroxide
and acetic acid show cells incubated for 200 min with 10
mM hydrogen peroxide or 175 mM acetic acid, pH 3.0.
Left, phase-contrast microscopy; right, fluorescence mi-
croscopy of the same cells. Bar, 5 �m.

Figure 3. Bright field and epifluorescence images of in
situ ligation-stained cells. Exponentially growing cells
were treated with HhaI (1-base pair 3� overhang) and
Bme1390I (1-base pair 5� overhang) endonucleases. The
cells in the right column were treated with Klenow (�
Klenow, HhaI) or Klenow � dNTPs (� Klenow,
Bme1390I) before in situ ligation staining. Left, phase-
contrast microscopy; right, fluorescence microscopy of
the same cells. Bar, 5 �m.
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The intensity is lower than for the DNaseI or BsuRI treat-
ment (Figure 2), probably due to incomplete transformation
of staggered DSBs.

We reasoned that the lack of ISL staining of cells treated
with hydrogen peroxide or acetic acid (Figure 2, hydrogen
peroxide, acetic acid) may be that they contain staggered
DSBs that are not detectable by ISL. We added Klenow or
Klenow and dNTPs to cells treated with hydrogen peroxide
or acetic acid in a manner similar to the experiment de-
scribed in Figure 3, but the ISL staining was still negative
(Figure 4). This indicates that hydrogen peroxide- or acetic
acid-treated cells do not contain staggered DSBs with 1-base
pair overhangs.

Chromosomal DNA Is Damaged in Cells Treated with
Hydrogen Peroxide, Acetic Acid, or High Concentrations
of Glucose
In our hands, ISL assay together with Klenow or Klenow �
dNTPs is limited in the overhang length of staggered DSBs
that the method can overcome. We treated cells with en-
zymes creating four-base pair overhangs with subsequent
Klenow transformation to blunt DSBs, and we noted a con-
siderable decrease in the ISL signal (our unpublished data)
compared with the treatments with HhaI and Bme1390I
(Figure 3). This led to the hypothesis that cells treated with
hydrogen peroxide or acetic acid may have staggered DSBs
with long overhangs, undetectable by ISL.

To overcome this difficulty, we analyzed chromosomal
DNA from cells treated with hydrogen peroxide, acetic acid,
or glucose-induced hyperosmotic shock using PFGE (Figure
5A). Samples were taken at six time points between zero and
200 min (hydrogen peroxide, acetic acid) or 10 h (hyperos-
motic shock). DNA from cells treated with hydrogen perox-
ide after 200 min (Figure 5A, hydrogen peroxide, lane 200
min) was completely degraded to a smear of fragments
slightly shorter than S. cerevisiae chromosome I (225 kb) but
still of a considerable size. The DNA from acetic acid-treated
cells showed less degradation but still a visible smear and
chromosomal bands of lower intensity (Figure 5A, acetic
acid, lanes 60–200 min). DNA from cells killed by hyperos-
motic shock showed degradation over 10 h comparable to
that of hydrogen peroxide-treated cells (Figure 5A, glucose
60%, lanes 6–10 h). This is the first time that clear DNA
degradation has been shown in S. cerevisiae associated with
PCD.

DNA Fragmentation by Hydrogen Peroxide Requires
Active Enzymes
Cells were fixed with 3.7% (vol/vol) formaldehyde before
treatment with 10 mM hydrogen peroxide for 200 min or 150
mM for 25 min (Figure 5B) to test whether the presence of
active enzymes is necessary for DNA fragmentation to pro-

ceed. Fixing cells with formaldehyde preserves the structure
of cells and enzymes, but it eliminates enzymatic activity.
The fixed cells treated with hydrogen peroxide show no
DNA damage, indicating that the DNA fragmentation re-
quires some enzymatic activity within the cell and that
fragmentation is not due to a direct chemical reaction be-
tween hydrogen peroxide and DNA (Figure 5B). In addition,
purified yeast chromosomes were not degraded by 10 mM
hydrogen peroxide in vitro for 200 min (our unpublished
data).

DNA Fragmentation by Hydrogen Peroxide Does Not
Occur after Treatment with High Concentrations of
Hydrogen Peroxide
A common observation regarding PCD is that specific mark-
ers of PCD usually only occur within a rather limited win-
dow of treatment intensity. At too high intensity of the
treatment, the cell is presumed to die from complete break-
down (necrosis) before any PCD process can be initiated.
Chromosomal DNA was fragmented during 200-min treat-
ment with 10 mM hydrogen peroxide (Figure 5A). During
this process, the fraction of viable cells decreases from 100 to
�5–10% (Figure 1A). The DNA in S. cerevisiae cells treated
with 150 mM hydrogen peroxide remained intact (Figure
5C) for the 25 min necessary for a decrease from 100 to �1%
surviving cells (Figure 1C). This result shows that cell death
is only associated with DNA fragmentation for treatment of
relatively low intensity.

DNA Damage in Hydrogen Peroxide- or Acetic Acid-
treated Cells Is Primarily Made Up of SSBs
Lack of ISL staining of cells treated with hydrogen peroxide
or acetic acid combined with the finding that TUNEL assay
is not specific for DSBs led us to the hypothesis that the main
type of DNA damage detected by TUNEL in our experi-
ments consists of SSBs. This hypothesis can be tested by
treatment of the DNA with S1 nuclease that will preferably
attack at sites of single-stranded DNA breaks, reducing SSBs
to DSBs, causing the DNA to migrate faster on the gel.
Figure 5D shows a PFGE gel with DNA from cells treated
with hydrogen peroxide or acetic acid, with and without
treatment with S1 nuclease. Untreated DNA (Figure 5D, lane
control) shows little degradation with S1 nuclease treatment
(Figure 5D, lane control S1), indicating that no or few single-
stranded breaks are present in untreated cells. Comparing
the same time points for hydrogen peroxide- and acetic
acid-treated cells without (Figure 5A) and with S1 treatment
(Figure 5D, lanes marked �), there is an enhanced degrada-
tion upon S1 treatment. We conclude that the main form of
DNA damage in hydrogen peroxide- and acetic acid-treated
cells consists of single-stranded DNA breaks.

Figure 4. Bright field and epifluorescence images of in
situ ligation-stained cells. In situ ligation staining of
cells incubated for 200 min with 10 mM hydrogen per-
oxide or 175 mM acetic acid, pH 3.0. The cells were
treated with Klenow (left column) or Klenow � dNTPs
(right column) before in situ ligation staining. Left,
phase-contrast microscopy; right, fluorescence micros-
copy of the same cells, Bar, 5 �m.
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N.BbvCIA Nicking Endonuclease and Hydrogen Peroxide
Treatment Yield Similar DNA Damage
It is evident from the images showing DNA damage (Figure
5A) that although the chromosomes are broken down to the
point of not being visible, the resulting fragments are still
several hundreds of kilobases and do not seem to break
down into smaller fragments. We treated isolated DNA with
DNaseI and N.BbvCIA nicking endonuclease (Figure 5E).
Isolated DNA treated with DNaseI broke down into frag-
ments too small to be visible on the gel (Figure 5E, lane 2),
whereas DNA treated with N.BbvCIA (Figure 5E, lane 1)
revealed DNA fragmentation with the same visual appear-
ance on the gel as cells treated with hydrogen peroxide for
200 min (Figure 5A, lane 200 min). This observation is con-
sistent with the conclusion that DNA damage in hydrogen
peroxide-treated cells are primarily a consequence of accu-
mulation of SSBs.

DISCUSSION

Apoptotic chromosomal DNA fragmentation is often an in-
tegral part of apoptosis in higher organisms. This fragmen-
tation can be detected by gel electrophoresis, but also by in
situ by DNA staining methods such as TUNEL, nick trans-

lation, or ISL. On the contrary, DNA fragmentation in S.
cerevisiae undergoing apoptosis-like PCD has so far only
been evident by TUNEL-positive phenotype. We detected
large DNA fragments (several hundred kilobases) in cells
dying from treatment with acetic acid, hydrogen peroxide,
or from hyperosmotic shock. These fragments are too large
to be detected by normal DNA agarose electrophoresis.

No DNA fragmentation was found in fixed cells treated with
hydrogen peroxide, ruling out unspecific chemical or other
degradation of DNA by hydrogen peroxide. Treatment of cells
with 150 mM hydrogen peroxide (Figure 1D) results in cell
killing approximately 10 times faster than treatment with 10
mM hydrogen peroxide (Figure 1A). DNA breakdown is
nearly undetectable for cells killed with 150 mM hydrogen
peroxide between 100 and �1% survival (Figure 5C). This
means that cells treated with 150 mM hydrogen peroxide die
without DNA fragmentation, supporting that this process only
functions at low intensities of death stimuli. This difference
between high and low intensity treatment has been reported
on numerous occasions (Madeo et al., 1999; Ludovico et al.,
2001b, 2002; Huh et al., 2002; Reiter et al., 2005) and is a further
support for the concept of an active cell death process.

The relatively long DNA fragments (Figure 5A) are likely
formed through the accumulation of SSBs, because no blunt

Figure 5. Genomic DNA analyzed by PFGE from viable cells (A and C–E) or fixed S. cerevisiae cells (B). Cells were exposed to 10 mM
hydrogen peroxide, 175 mM acetic acid, pH 3.0, 60% (wt/wt) glucose, or 150 mM hydrogen peroxide as indicated in the figure. Lanes marked
as control were loaded with DNA isolated from exponentially growing cells without further treatment. Samples were collected after various
periods as indicated (minutes) except for treatment with 60% (wt/wt) glucose, where time points are indicated in hours. (D) Cells were
exposed to 10 mM hydrogen peroxide or 175 mM acetic acid, pH 3.0, and isolated chromosomal DNA was subsequently treated with S1
nuclease to degrade nicked DNA. Lane marked control S1 is similar to control lanes, but the DNA was treated with S1 nuclease before PFGE.
(E) Lanes 1 and 2 show chromosomal DNA from nontreated cells, digested with N.BbvCIA nicking endonuclease (1) or DNaseI (2).
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fragments could be detected by ISL. The formation of these
fragments could be analogous to the high-molecular-weight
DNA (50- to 300-kb) fragmentation in mammalian cells
(Oberhammer et al., 1993), because the latter has been de-
scribed as a gradual accumulation of SSBs in apoptotic thy-
mocytes (Walker et al., 1997), especially after hydrogen per-
oxide treatment (Bai and Konat, 2003; Konat, 2003).

We did not find blunt DSBs in S. cerevisiae, normally
associated with apoptosis in mammalian cells (Staley et al.,
1997; Didenko et al., 2003; Liu et al., 2003) by using ISL. DNA
degradation associated with yeast PCD could be of a differ-
ent nature than DNA degradation in higher organisms.
However, our results do not rule out the existence of DSBs in
S. cerevisiae challenged with other death stimuli or condi-
tions not tested in this work.

Future work will focus on the identification of the nucle-
ase(s) involved in the DNA fragmentation in S. cerevisiae.
Our preliminary results preclude the involvement of the
candidate genes APN1 and RAD1,10, which encode the
nucleases involved in the base excision and the nucleotide
excision repair pathways, respectively. The gene TAT-D was
proposed as a candidate for an apoptotic nuclease in S.
cerevisiae, but because TUNEL-positive phenotype is stron-
ger in the absence of TAD-D it is not an obvious candidate
(Qiu et al., 2005).

Our studies show that the phenotype of yeast PCD differs
in some respects from mammalian apoptosis but also that
there are striking similarities. These similarities will aid in
the further analysis of S. cerevisiae as a model of certain
aspects of apoptosis.
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