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University, S-405 30 Göteborg, Sweden; �Departamento de Biologia-Centro de Biologia, Universidade do
Minho, Campus de Gualtar, 4710-057 Braga, Portugal; and ¶Instituto de Investigação em Ciências da Vida e
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The inositolphosphosphingolipid phospholipase C (Isc1p) of Saccharomyces cerevisiae belongs to the family of neutral
sphingomyelinases that generates the bioactive sphingolipid ceramide. In this work the role of Isc1p in oxidative stress
resistance and chronological lifespan was investigated. Loss of Isc1p resulted in a higher sensitivity to hydrogen peroxide
that was associated with an increase in oxidative stress markers, namely intracellular oxidation, protein carbonylation,
and lipid peroxidation. Microarray analysis showed that Isc1p deficiency up-regulated the iron regulon leading to
increased levels of iron, which is known to catalyze the production of the highly reactive hydroxyl radicals via the Fenton
reaction. In agreement, iron chelation suppressed hydrogen peroxide sensitivity of isc1� mutants. Cells lacking Isc1p also
displayed a shortened chronological lifespan associated with oxidative stress markers and aging of parental cells was
correlated with a decrease in Isc1p activity. The analysis of DNA fragmentation and caspase-like activity showed that
Isc1p deficiency increased apoptotic cell death associated with oxidative stress and aging. Furthermore, deletion of Yca1p
metacaspase suppressed the oxidative stress sensitivity and premature aging phenotypes of isc1� mutants. These results
indicate that Isc1p plays an important role in the regulation of cellular redox homeostasis, through modulation of iron
levels, and of apoptosis.

INTRODUCTION

Sphingolipids have been considered as structural compo-
nents of cellular membranes, but a number of recent studies
revealed that ceramide and other bioactive sphingolipids
play important roles in the regulation of various biological
processes. In mammalian cells, ceramide is generated by
acylation of a long-chain sphingoid base (LCB) derived from
serine and palmitoyl-CoA or is produced by hydrolysis of
complex sphingolipids through the action of sphingomyeli-
nases. Both acid and neutral sphingomyelinases are acti-

vated in response to cellular stress, including ionizing radi-
ation, DNA damage, heat stress, and oxidants. The resulting
ceramide induce cellular responses ranging from apoptosis
and cell cycle arrest to cell survival and proliferation (Han-
nun and Luberto, 2000). Recent studies suggest that cer-
amide formed via de novo biosynthesis or by the sphingo-
myelinase pathway play different regulatory functions
(Jenkins et al., 2002; Cowart et al., 2006).

The LCB species of Saccharomyces cerevisiae and mamma-
lian cells are similar but yeast cells use ceramide to synthe-
size inositolphosphosphingolipids, such as inositolphospho-
ceramide (IPC), mannose-IPC (MIPC), and M(IP)2C, instead
of sphingomyelin (reviewed in Le Stunff et al., 2002). These
complex sphingolipids are hydrolyzed by Isc1p, an inositol-
phosphosphingolipid-phospholipase C. Isc1p also has neu-
tral sphingomyelinase activity and has 30% identity to mam-
malian neutral sphingomyelinase (nSMase2). Isc1p and
nSMase2 share other common features, as both require
Mg2� for optimal activity, are activated selectively by an-
ionic phospholipids, such as phosphatidylserine, cardio-
lipin, and phosphatidylglycerol, and contain a P-loop-like
domain that seems to be essential for catalysis and Mg2�
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binding (Okamoto et al., 2002; Sawai et al., 2000). During
exponential growth, Isc1p localizes to the endoplasmic re-
ticulum, but it is posttranslationally activated in the postdi-
auxic phase by translocation into mitochondria (Vaena de
Avalos et al., 2004). The activation of Isc1p is dependent on
Pgs1p, which catalyzes the committed step in the synthesis
of phosphatidylglycerol and cardiolipin in the mitochon-
dria. Loss of either ISC1 or PGS1 results in down-regulation
of the mitochondrial cytochrome c oxidase subunits Cox3p
and Cox4p, suggesting that Isc1p mediates at least some
functions downstream of phosphatidylglycerol/cardiolipin
(Ostrander et al., 2001; Vaena de Avalos et al., 2005).

Recent studies suggest a link between changes in sphin-
golipid metabolism, oxidative stress resistance, and lifespan
in yeast. The Lag1 ceramide synthase plays a key role in
replicative longevity by modulating metabolism and stress
resistance (Jiang et al., 2004). The LAG1 as well as other genes
associated with sphingolipid metabolism, namely YPC1,
YSR3, LCB5, and IPT1, are differentially expressed in aged
and apoptotic cells (Laun et al., 2005). In addition, the ipt1�
mutants lack M(IP)2C and are more resistant to oxidative
stress and have an increased chronological lifespan, whereas
yeast mutants with increased levels of M(IP)2C are hyper-
sensitive to oxidative stress and display a shorter lifespan
(Aerts et al., 2006).

In this study, we investigated the role of the yeast Isc1p in
oxidative stress resistance and chronological lifespan in the
yeast S. cerevisiae. The results indicate that Isc1p deficiency
increased hydrogen peroxide–induced cell death and cellu-
lar senescence by an apoptotic mechanism associated with
higher levels of oxidative stress markers. Our results also
implicate Isc1p in the regulation of iron homeostasis and
suggest that the oxidative stress hypersensitivity of Isc1p-
deficient mutants may result from an increased production
of the highly reactive hydroxyl radicals catalyzed by iron
(Fenton reaction).

MATERIALS AND METHODS

Yeast Strains, Plasmids, and Growth Conditions
The strains of S. cerevisiae used in this study are listed in Table 1. Wild-type
(BY4741) and isc1� cells were grown in YPD (1% (wt/vol) yeast extract, 2%

(wt/vol) bactopeptone, and 2% (wt/vol) glucose) to early exponential phase
(OD600 � 0.6), or to postdiauxic-shift phase (OD600 � 10 for BY4741; OD600 �
6 for isc1� mutants), in an orbital shaker, at 26°C, and 120 rpm, with a ratio
of flask volume/medium volume of 5:1. For YCA1 disruption, a deletion
fragment containing URA3 and the flanking regions of YCA1 was amplified
by PCR using pYES2 and the following primers: F (GACCGACTAGATTTA-
CAATCATGTATCCAGGTAGTGGACGTGGTAATAACTGATATAATT) and R
(ACGTACACATTCATATATTTCTACATAATAAATTGCAGATTTTGATTCC-
GGTTTCTTTGA). Yeast strains were transformed by electroporation. Gene
disruption was confirmed by PCR analysis and Southern blotting. For ISC1
overexpression, S. cerevisiae BY4741 cells were transformed with GAL1-pro-
moter driven pYES2 (empty vector) or pYES2-ISC1 (kindly provided by Dr. Y.
Hannun, Medical University of South Carolina). For expression of FLAG-
tagged Isc1p, isc1� cells were transformed with pYES2-ISC1-FLAG. Trans-
formed cells were grown in minimal medium-GAL (0.67% [wt/vol] yeast
nitrogen base without amino acids, 2% [wt/vol] galactose) supplemented
with appropriate amino acids (40 mg histidine l�1, 80 mg leucine l�1, 40 mg
methionine l�1). Plasmids containing consensus (pCM64-CTH2-FeRE-CYC1-
LacZ) or mutant (pCM64-CTH2-FeRE-CYC1-LacZ M3) Aft1 binding se-
quences from CTH2 promoter fused to the CYC1 minimal promoter-LacZ
reporter (Puig et al., 2005) were a generous gift from Dr. D. Thiele (Duke
University Medical Center, Durham, NC). BY4741 and isc1� cells expressing
the CTH2-LacZ or CTH2-LacZ M3 were grown in minimal medium-GLC
(0.67% (wt/vol) yeast nitrogen base without amino acids, 2% (wt/vol) glu-
cose) supplemented with appropriate amino acids (40 mg histidine l�1, 80 mg
leucine l�1, 40 mg methionine l�1).

Oxidative Stress and Chronological Lifespan Assay
For the analysis of oxidative stress resistance, yeast cells were grown to
exponential phase (OD600 � 0.6) and treated with H2O2 for 1 h. To test the
effect of iron deprivation on H2O2 resistance, cells were grown to exponential
phase and preincubated with 20 �M bathophenanthroline disulfonic acid
(BPS) for 4 h. Control and treated cells were diluted in YPD medium and
plated on YPD medium containing 1.5% agar (150–180 cells/plate). Colonies
were counted after growth at 26°C for 3 d. Viability was expressed as the
percentage of the colony-forming units. Chronological lifespan was assayed
as previously described (Harris et al., 2003). Cells were centrifuged at 4,000
rpm for 5 min, washed twice with water, resuspended in water, and incu-
bated at 26 or 37°C for the indicated times. Viability was determined as
described for H2O2 stress.

Protein Carbonylation, Lipid Peroxidation and
Intracellular Oxidation
Protein oxidation was determined by immunodetection of protein carbonyls,
as previous described (Costa et al., 2002). Protein content of cellular extracts
was estimated by the method of Lowry, using bovine serum albumin as a
standard. Protein carbonylation assays were performed by slot blot analysis
using rabbit IgG anti-DNP (Dako, Glostrup, Denmark) at a 1:5,000 dilution, as
primary antibody, and goat anti-rabbit IgG-peroxidase (Sigma, St. Louis, MO)
at a 1:5,000 dilution, as secondary antibody. Immunodetection was performed
by chemiluminescence, using a kit from Amersham (RPN 2109). Quantifica-
tion of carbonyls was performed by densitometry. Lipid peroxidation was
determined by quantifying thiobarbituric acid reactive substances, as de-
scribed (Belinha et al., 2007) and expressed as nmol MDA (mg protein)�1. The
oxidant-sensitive probe 2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA)
was used to measure the levels of intracellular oxidation (Davidson et al.,
1996). Fluorescence was measured using a spectrofluorimeter set at an exci-
tation wavelength of 504 nm and an emission wavelength of 524 nm.
H2DCFDA (10 �M) was added to the culture and incubated for 15 min to
allow uptake of the probe. Cells untreated or exposed with H2O2 and aged
cells were cooled on ice, harvested by centrifugation, and washed twice with
50 mM phosphate buffer, pH 6.0. The cell pellets were resuspended in 500 �l
of the same buffer and lysed by vortexing in the presence of glass beads.
Protein concentration was determined in supernatants obtained after centrif-
ugation at 13,000 rpm for 5 min. Fluorescence was measured using 5 �g
protein. Unlabeled controls were prepared and autofluorescence was sub-
tracted.

Northern Blot and Microarray Analysis
RNA was isolated by the acid phenol method as described by Ausubel et al.
(1998). For Northern blot analysis, total RNA (30 �g) was denatured with
glyoxal and dimethyl sulfoxide, blotted onto Hybond N membranes, and
probed as described by Sambrook et al. (1989). The following probes were
used: a 1-kb HindIII-EcoRI fragment of ACT1 gene, a 1.5-kb BglII-BglII
fragment of SSA4 gene, a 1.5-kb BglII-PstI fragment of HSP26 gene, a 1.1-kb
EcoRI-EcoRI fragment of CTT1 gene, a 0.5-kb HindIII- HindIII fragment of
SOD1 gene and a 470-base pair BglII-BglII fragment of SOD2 gene. ACT1 gene
was used as RNA loading control. Band intensities were evaluated by den-
sitometry. For microarray analysis, the synthesis of 33P-CTP-labeled cDNA
and the hybridization, washing, and stripping of Genefilters (Research Ge-
netics, Huntsville, AL) were performed as described previously (Rep et al.,

Table 1. Saccharomyces cerevisiae strains used in this study

Strain Genotype Reference/source

BY4741 Mat�, his3�1, leu2�0,
met15�0, ura3�0

EUROSCARF

yca1� �BY4741� yca1�::KanMx4 EUROSCARF
BY4741 pYES2 �BY4741� pYES2::URA3 This study
BY4741 pISC1 �BY4741� pYES2-ISC1::

URA3
This study

BY4741 CTH2-
LacZ

�BY4741� pCM64-CTH2-
FeRE-CYC1-LacZ

This study

BY4741 CTH2-
LacZ M3

�BY4741� pCM64-CTH2-
FeRE-CYC1-LacZ M3

This study

isc1� �BY4741� isc1�::KanMx4 EUROSCARF
isc1�yca1� �BY4741� isc1�::KanMx4 yca1�::

URA3
This study

Isc1� pISC1-
FLAG

�isc1�� pYES2-ISC1-FLAG::
URA3

This study

isc1� CTH2-
LacZ

�isc1�� pCM64-CTH2-
FeRE-CYC1-LacZ

This study

isc1� CTH2-
LacZ M3

�isc1�� pCM64-CTH2-
FeRE-CYC1-LacZ M3

This study
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2000). A Molecular Imager FX (Bio-Rad, Richmond, CA) was used to obtain a
digital image of the filters. Images were converted to TIFF and imported into
the Pathways4 Software (Research Genetics). Pathways4 was used to compare
gene filter images. Before determination of induction or repression of gene
expression, all spot intensities were normalized, by dividing sampled inten-
sities by the mean sampled intensities of all clones. To determine the -fold
induction or repression, the relative mRNA level was expressed as the ratio
isc1� mutant/wild-type cells. Genes that changed at least twofold by ISC1
disruption were considered for further analysis. All values are means of the
expression profiles of four experiments with similar results, using indepen-
dent cultures grown under the same conditions. Statistical analysis of the
microarray data was performed by using BRB ArrayTools (version 3.3.0
beta 1) developed by Dr. Richard Simon and Amy Peng Lam (http://
linus.nci.nih.gov/BRB-ArrayTools.html). The data were deposited in the mi-
croarray data public repository ArrayExpress (http://www.ebi.ac.uk/
miamexpress/; Parkinson et al., 2005) under the accession number E-MEXP-
1136. Statistical analysis of overrepresentation of functional groups was per-
formed by using FUNSPEC (Robinson et al., 2002). All available databases
were addressed by using a probability cutoff of 1e�4 and the Bonferroni
correction for multiple testing.

Iron Levels
Yeast cells (5 � 108) were washed twice with H2O, resuspended in 0.5 ml of
3% (vol/vol) nitric acid, and incubated 16 h at 98°C. The supernatant (400 �l)
was mixed with 160 �l of 38 mg sodium ascorbate ml�1, 320 �l of 1.7 mg BPS
ml�1 (ethanol:chloroform, 2:1), and 126 �l of ammonium acetate (saturated
solution diluted 1:3). The organic phase was diluted 20-fold in ethanol:
chloroform (2:1), and the absorbance was measured at 535 nm. Iron was
quantified by reference to a standard curve using iron sulfate (Tamarit et al.,
2006).

Glutathione Determination
Yeast extracts were prepared as described (Belinha et al., 2007), and glutathi-
one was assayed by the method of Tietze (1969). The rate of color develop-
ment was monitored at 405 nm. The concentration was determined by refer-
ence to a GSSG standard added to the assay cuvette (internal standard) and
was expressed as nmol glutathione (�g protein)�1.

Enzymatic Activities
For superoxide dismutase and catalase activity, yeast extracts were prepared
in 50 mM potassium phosphate buffer (pH 7.0) and proteases inhibitors, by
vigorous shaking of the cell suspension, in the presence of glass beads, for 5
min. Short pulses of 1 min were used, with 1-min intervals on ice. Protein
content was estimated as described above. Proteins were separated by native
PAGE, using 60 �g protein. Superoxide dismutase activity was determined
in situ, as described by Flohé and Otting (1984). MnSOD activity was
detected in the presence of 2 mM potassium cyanide. Catalase activity was
analyzed in situ, in the presence of 3,3�-diaminobenzidine tetrahydrochloride,
using the H2O2/peroxidase system (Conyers and Kidwell, 1991). For sphin-
gomyelinase activity, yeast extracts were prepared in 25 mM Tris (pH 7.4), 5
mM EDTA, and 1 mM PMSF and cleared by centrifugation at 3000 rpm for 10
min. The supernatant was further centrifuged at 13,000 rpm for 1 h. The pellet
was ressuspendend in 25 mM Tris (pH 7.4), 5 mM EDTA, and 1 mM PMSF
and used for the assay. The protein concentration was measured by the Lowry
method, and neutral sphingomyelinase activity was determined by using the
Amplex Red Sphingomyelinase Assay Kit (Molecular Probes, Eugene, OR).
The fluorescence intensity was measured at 590 nm (excitation at 560 nm)
with a multiwell plate reader (Spectra MAX Gemini XS, Molecular Devices,
Menlo Park, CA) and temperature-controlled to 37°C. For the �-galactosidase
assay, yeast cells expressing consensus or mutant Aft1-LacZ reporter were
grown in minimal medium to exponential phase and treated with 20 �M BPS
for 4 h. The �-galactosidase activity was measured as previously described
(Ausubel et al., 1998), with the following modification: a cellular extract
prepared, as described above, in 100 mM Tris-HCl, 1 mM DTT, 10% (vol/vol)
glycerol, and 40 �g of total protein was used in the assay.

Analysis of Apoptotic Markers
DNA strand breaks were detected by terminal deoxynucleotidyl transferase–
mediated dUTP nick end labeling (TUNEL), using the “In situ cell death
detection kit, fluorescein” (Boehringer Mannheim, Indianapolis, IN). A pro-
tocol modified from Ludovico et al. (2001) was used. Cells were fixed with
3.7% (vol/vol) formaldehyde and applied to poly-lysine–coated slides. Cell
wall was digested with lyticase, and the slides were rinsed with PBS, incu-
bated in permeabilization solution (0.1% (vol/vol) Triton X-100, 0.1% (wt/
vol) sodium citrate) for 2 min on ice, rinsed twice with PBS, and incubated
with 40 �l TUNEL reaction mixture, containing terminal deoxynucleotidyl
transferase and FITC-dUTP, for 60 min at 37°C. The slides were rinsed two
times with PBS and incubated for 20 min with 40 �l of 50 mg propidium
iodide (PI) ml�1 and 12.5 mg RNase ml�1 solution. Slides were rinsed three
times with PBS, and a coverslip was mounted with a drop of antifading agent
Vectashield (Molecular Probes). For image acquisition, an Olympus BX61

microscope (Melville, NY) with filter wheels to control excitation and emis-
sion wavelength, equipped with a high-resolution DP70 digital camera and
DP Manager Software was used. For the quantitative assessment of TUNEL
staining, 150–700 cells were counted per sample.

Caspase-like or ASPase activity was detected using a CaspSCREEN Flow
Cytometric Analysis Kit (Chemicon, Temecula, CA) essentially as described
before (Almeida et al., 2007). Cells were incubated with the nonfluorescent
substrate D2R [(Asp)2-rhodamine 110] at 37°C for 90 min and then analyzed
by flow cytometry. Flow cytometry analysis was performed on an EPICS
XL-MCL (Beckman-Coulter, Hialeah, FL) flow cytometer, equipped with an
argon-ion laser emitting a 488-nm beam at 15 mW. The green fluorescence
was collected through a 488-nm blocking filter, a 550-nm long-pass dichroic
filter, and a 525-nm bandpass filter. Twenty thousand cells per sample were
analyzed. The data were evaluated with the MULTIGRAPH software in-
cluded in the system II acquisition software for the EPICS XL/XL-MCL
version 1.0 (Beckman-Coulter).

Statistical Analysis
Data are expressed as mean values 	 SD of at least three independent
experiments. Values were compared by Student’s t test. The 0.05 probability
level was chosen as the point of statistical significance throughout.

RESULTS

Hydrogen Peroxide Sensitivity of isc1� Mutant Cells
Several previous studies suggested that sphingolipid metab-
olism plays an important role in redox homeostasis (Won
and Singh, 2006). Aiming at investigating the role of the
yeast homologue of mammalian neutral sphingomyelinase
(Isc1p) during oxidative stress, S. cerevisiae isc1� mutant
strain and its isogenic BY4741 parental strain were grown to
the exponential phase and exposed to H2O2. Analysis of
cellular viability showed that cells deficient in Isc1p were
hypersensitive to H2O2: 5% of isc1� mutant cells remained
viable after 1 h exposure to 1.5 mM H2O2, whereas 26% of
wild-type cells survived (Figure 1A). To study oxidative
stress resistance of cells overexpressing ISC1, S. cerevisiae
BY4741 cells were transformed with pYES2 (empty vector)
or pYES2-ISC1 (gene expression under the GAL1- promoter)
and grown in minimal medium with 2% galactose. Cells
grown in this medium were considerably more resistant to
H2O2. Therefore, we used 10 mM H2O2 in these experi-
ments. The data show that ISC1 overexpression did not
increase oxidative stress resistance (Figure 1B).

In yeast, as in other cell types, an oxidative stress response
is triggered when cells are exposed to low concentrations of
H2O2, leading to the acquisition of cellular resistance to a
subsequent lethal stress (Godon et al., 1998). The deficiency
in Isc1p did not impair the acquisition of oxidative stress
resistance by pre-exposure of exponential phase cells to 0.4
mM H2O2 for 30 min before 1.5 mM H2O2 treatment: in the
BY4741 strain, cellular viability increased from 26 	 4 to
49 	 6%, whereas in isc1� mutants it increased from 5 	 2
to 24 	 2%. Postdiauxic phase cells are also known to
display an intrinsically higher stress resistance. The H2O2
resistance of both parental and isc1� mutant cells also in-
creased by growth from the exponential to the postdiauxic
shift phase: 57 	 14% of isc1� mutant cells remained viable
after 1 h exposure to 5 mM H2O2, whereas 84 	 15% of
BY4741 cells survived. In all cases, isc1� mutant cells were
always more sensitive to H2O2.

Hydrogen peroxide promotes intracellular oxidation and
induces DNA damage, lipid peroxidation, and protein car-
bonylation (Cabiscol et al., 2000; Costa et al., 2002). Therefore,
we investigated if the higher sensitivity of isc1� mutant cells
was associated with higher levels of oxidative stress mark-
ers, such as intracellular oxidation, protein carbonylation,
and lipid peroxidation. Intracellular oxidation was deter-
mined using a molecular probe that is sensitive to reactive
oxygen species (ROS), H2DCFDA. The results show that
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intracellular oxidation induced by H2O2 (1.5 mM, 1 h) was
2.1-fold higher in cells lacking Isc1p, compared with paren-
tal cells (Figure 2A). In agreement, under the same condi-
tions, H2O2-induced protein carbonylation increased in
isc1� mutant cells (195%), compared with parental cells
(148%). Notably, isc1� mutant cells showed a small but
statistically significant increase in constitutive carbonyl lev-
els (122% of the observed in parental cells) (Figure 2B). The
analysis of lipid peroxidation showed similar constitutive
levels in the isc1� mutant and parental cells (Figure 2C).
However, lipid peroxidation levels increased to 136% in
isc1� cells treated with 0.4 mM H2O2, a concentration that
did not affect parental cells. Furthermore, the induction of
lipid peroxidation by exposure to 1.5 mM H2O2 was higher
in isc1� mutant cells (185% compared with 168% for paren-
tal cells). The overall results suggest that Isc1p-deficient cells
exhibit a lower resistance to H2O2 associated with an in-
creased accumulation of oxidized proteins and lipids, ex-
ceeding the levels assessed in parental cells, because of a
higher intracellular oxidation.

Transcriptome Analysis in isc1� Mutant Cells
Antioxidant defenses and stress proteins play critical roles in
cellular protection against oxidative damages (Costa and
Moradas-Ferreira, 2001). Aiming to identify genes differen-
tially expressed in Isc1p-deficient cells, we initially analyzed
both constitutive and H2O2-induced mRNA levels of some
antioxidant defense genes (SOD1, Cu,Zn-superoxide dis-
mutase; SOD2, Mn-superoxide dismutase; CTT1, cytosolic
catalase) and heat-shock proteins (HSP26 and SSA4, a
HSP70 family member). These genes were selected based on
the fact that different transcription factors control their in-

duction under oxidative stress. Yap1p and Skn7 regulate
SOD1 and SOD2, whereas Msn2/4p controls the expression
of CTT1, HSP26, and SSA4. Isc1p deficiency did not affect the
constitutive expression of these genes or impaired their in-
duction in response to 0.4 mM H2O2 (Supplementary Figure
S1). These results suggest that the higher sensitivity of isc1�
mutant cells to H2O2 is not due to lower levels of these
antioxidant defenses or heat-shock proteins.

To characterize global changes in the transcriptome of
isc1� mutant cells, a microarray study was performed. The
deficiency in Isc1p led to an increase of the mRNA levels of
72 genes, whereas that of 146 genes (including 75 encoding
ribosomal proteins) was diminished (see Supplementary Ta-
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ble S1). Genes differentially expressed were sorted into func-
tional categories according to MIPS. Although these genes
are associated with diverse functions, our data show that
some categories are significantly more represented in isc1�
mutant cells compared with wild-type cells (Figure 3): genes
associated with protein biosynthesis (66%) and protein fate
(12%) were down-regulated, whereas genes related with cell
rescue, defense and virulence (28%), cell transport, transport
facilitation, and transport routes (24%) were up-regulated by
ISC1 disruption.

To identify biological processes overrepresented, gene
lists were analyzed by using the FUNSPEC software (Rob-
inson et al., 2002). The most important cellular functions
induced include those associated with carbohydrate metab-
olism, cell rescue and defense, iron uptake, and cell wall
(Table 2). Most of the genes related with carbohydrate me-
tabolism (HXK1, GLK1, TDH1, TDH3, PGK1, and ENO1)
were associated with the glycolytic pathway. Disruption of
the ISC1 gene also increased the expression of PDR5, which
encodes an ABC drug efflux pump, which is important for
cellular detoxification (Mamnun et al., 2004), and PUP2,

which encodes a subunit of the 20S proteasome, which is
involved in the degradation of oxidized proteins (Inai and
Nishikimi, 2002; Shringarpure et al., 2003). Several genes
up-regulated in the isc1� mutant cells that were associated
with cell rescue and defense encode cell wall proteins (Table
2), namely TIR2-4, which are induced under anaerobic con-
ditions (Abramova et al., 2001), and YGP1, which is induced
by nutrient starvation (Destruelle et al., 1994), as well as
proteins involved in cell wall stress signal transduction
(MTL1) or cell wall biogenesis (GSC2 and ROM1; see Sup-
plementary Table S1). The up-regulation of YGP1 and PDR5
in cells lacking Isc1p was also observed in another yeast
strain (Cowart et al., 2006). Interestingly, loss of Isc1p in-
creased the expression of six genes associated with iron
uptake: FIT2 and FIT3 gene products are involved in the
retention of siderophore-iron in the cell wall; ARN1, ARN2,
ARN3/SIT1, and ARN4/ENB1 encode transporters of sid-
erophore-iron (Kosman, 2003).

Isc1p Deficiency Increase Iron Levels
Iron uptake genes are up-regulated under iron deprivation
conditions (Philpott et al., 2002). However, the induction of
these genes in iron replete medium may lead to iron over-
load. Thus, we investigated if iron levels were altered in
isc1� mutant cells. The results show that Isc1p deficiency
increased iron levels 50% in the exponential phase, when
compared with the parental strain (Figure 4A). This increase
was even higher (3–4-fold) in the postdiauxic phase. In both
parental and isc1� cells, iron content increased during
growth from the exponential to the postdiauxic phase.

Iron overload in mitochondria of cells lacking frataxin, a
yeast model of Friedreich ataxia, results in MnSOD defi-
ciency and increases oxidative stress sensitivity (Desmyter et
al., 2004; Irazusta et al., 2006). However, the analysis of
MnSOD showed that its activity was similar in parental and
isc1� cells (Figure 4B). Thus, it seems unlikely that excess
iron in isc1� cells accumulates within mitochondria.

The Aft1p transcription factor is a key regulator of the iron
regulon (Rutherford et al., 2005). Under iron-sufficient con-
ditions, Aft1p remains inactive because of its cytoplasmic
localization. It was recently shown that the nuclear mono-
thiol glutaredoxins Grx3p and Grx4p are critical for iron
inhibition of Aft1p (Ojeda et al., 2006). Notably, our microar-
ray analysis showed that GRX3 gene expression decreases in
isc1� mutants (see Supplementary Table S1). To investigate
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Figure 3. Functional categories of genes differentially expressed in
isc1� mutant cells. S. cerevisiae BY4741 and isc1� mutant cells were
grown to exponential phase, and RNA was isolated as described in
Materials and Methods. Whole changes in the transcriptome were
analyzed using Genefilters (Research Genetics). Genes up- or down-
regulated in isc1� cells were sorted in groups according to Munich
Information Center for Protein Sequences (MIPS) database. Down-
regulated genes associated with protein biosynthesis (n � 87) were
not included. See Supplementary Table S1 for all data.

Table 2. Functional categories overrepresented in the microarray data of isc1� mutants

Up-regulated
Database/Annotation p-value Genes in category from cluster
MIPS functional classification

Glycolysis and gluconeogenesis 2.14e�06 GLK1 PGK1 HXK1 TDH3 ENO1 TDH1
Cell rescue, defense and virulence 5.61e�05 SIT1 PUP2 ARN1 ARN2 TIR3 GTT1 YGP1 ENB1 YOL161C TIR4 TIR2 PDR5

GO Biological Process
Siderochrome transport 2.23e�07 SIT1 ARN1 ARN2 ENB1
Carbohydrate metabolism 8.97e�05 GLK1 PGK1 HXK1 GSC2 TDH3 ENO1 TDH1 TSL1 IDH2

GO Cellular Component
Cell wall 7.92e�06 BGL2 TIR3 SIM1 YGP1 TIR4 TIR2 FIT2 FIT3

Down-regulated
Database/Annotation p-value Genes in category from cluster
MIPS Functional Classification

Ribosome biogenesis 1.00e�14 78 genes
GO Biological Process

Protein biosynthesis 1.00e�14 85 genes

See Supplementary Table S1 for all data.
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if Isc1p deficiency activates Aft1p, both parental and isc1�
mutant cells were transformed with plasmids containing the
consensus (CTH2-LacZ) or mutant (CTH2-LacZ M3) Aft1
binding sequences from CTH2 promoter fused to a LacZ
reporter (Puig et al., 2005). The constitutive �-galactosidase
activity was similar in isc1� and the parental strain, both in
exponential phase (Figure 4C) and postdiauxic phase cells
(data not shown), suggesting that the induction of iron
uptake genes in the mutant strain is not regulated by Aft1p.
It should be noted, however, that the activation of the Aft1p
reporter by treatment with the iron chelator BPS was con-
siderably more enhanced in cells lacking Isc1p than in the
parental strain (Figure 4C). As expected, �-galactosidase
activity was not detected in cells transformed with the mu-
tant (CTH2-LacZ M3) reporter (data not shown).

Iron is a redox active metal ion that promotes the conver-
sion of H2O2 into the highly reactive hydroxyl radicals.
Excess iron may therefore contribute to oxidative stress sen-

sitivity of cells lacking Isc1p. To test this hypothesis, we
analyzed the effect of the BPS on intracellular oxidation
(using H2DCFDA probe) and oxidative stress–induced cell
death. Under iron deprivation conditions, H2O2 sensitivity
and H2O2-induced intracellular oxidation were significantly
reduced and were similar in both parental and isc1� cells
(Figure 4, D and E): 70% cells remained viable and intracel-
lular oxidation increased only twofold upon exposure to 1.5
mM H2O2 for 1 h (in comparison to an increase of about
four- and ninefold for the parental and isc1� cells, respec-
tively, in the absence of BPS; Figure 2). The overall results
suggest that the lower resistance to H2O2 of cells deficient in
Isc1p is associated with a higher intracellular oxidation due
to iron overload.

Cells Lacking Isc1p Show Premature Ageing Associated
with Oxidative Stress Markers
Ageing is characterized by the progressive loss of function
over time that has been associated with the accumulation of
oxidatively damaged molecules. In agreement, studies in
yeast and other model organisms showed that failure to
prevent oxidative damages in antioxidant-deficient cells and
to repair or degrade damaged molecules reduces lifespan
(Longo et al., 1996, 1999; Chen et al., 2004, 2005; Marques et
al., 2006), and the overexpression of antioxidant defenses
delays aging (Sun et al., 2002; Harris et al., 2003, 2005). In
yeast cells, chronological lifespan has been studied by mea-
suring the capacity of postmitotic cells to maintain viability
over time. The increased sensitivity of isc1� mutant cells to
oxidative stress led us to investigate the role of Isc1p on
chronological lifespan. Yeast cells were grown to exponen-
tial (fermentative) phase or to postdiauxic (respiratory)
phase, transferred into water, and incubated at 26°C (Figure
5). In the parental strain, respiration-adapted cells displayed
a longer chronological lifespan, as previously described
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Figure 5. Isc1p deficiency decreases chronological lifespan by a
Yca1p-dependent mechanism. BY4741 (f), isc1� (�), yca1� (Œ) and
isc1� yca1� (E) cells were grown to the exponential (a) or postdi-
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Figure 4. Iron overload contributes to oxidative stress sensitivity
of Isc1p-deficient cells. S. cerevisiae BY4741 (f) and isc1� (�) cells
were grown on YPD media to exponential (log) or postdiauxic shift
(PDS) phase. (a) Iron levels were quantified as described in Materials
and Methods. (b) Cell lysates were separated by native PAGE, and
MnSOD activity was detected in situ as described in Materials and
Methods. (c) S. cerevisiae BY4741 CTH2-LacZ (f) and isc1� CTH2-
LacZ (�) cells, expressing the consensus Aft1 binding sequences
from CTH2 promoter fused to a LacZ reporter, were grown on
minimal media to the log phase. �-galactosidase activity was mea-
sured in cells untreated or treated with BPS for 4 h. (d) H2O2
resistance. S. cerevisiae BY4741 and isc1� cells grown on YPD media
to exponential phase and preincubated with 20 �M BPS for 4 h were
treated with 1.5 mM H2O2 for 1 h. Cell viability was expressed as the
percentage of the colony-forming units (H2O2 treated cells vs. non-
stressed cells). (e) Intracellular oxidation. Cells pretreated with BPS
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(MacLean et al., 2001). Yeast cells lacking Isc1p showed a
premature aging phenotype: in fermentation-adapted cells,
cellular viability at day 2 was 57 and 0.4% for parental and
isc1� mutant cells, respectively (Figure 5A); in respiration-
adapted cells, cellular viability at day 10 was 94% for paren-
tal cells and 11% for isc1� mutant cells (Figure 5B). As
observed for H2O2 resistance, ISC1 overexpression did not
affect chronological lifespan (Supplementary Figure S2). It is
possible that there is no gain of function by ISC1 overex-
pression. Isc1p is regulated posttranslationaly (Vaena de
Avalos et al., 2004), and when endogenous Isc1p is activated,
it may not be a limiting factor for ceramide generation.

We postulated that the decreased chronological lifespan of
isc1� mutant cells could be associated with higher levels of

oxidative stress markers. Indeed, the results showed that
Isc1p deficiency increased 2.4- to 2.8-fold protein carbony-
lation and lipid peroxidation levels during aging of respira-
tion-adapted cells (Figure 6). Notably, the constitutive levels
of intracellular oxidation were higher in isc1� mutant cells,
which are correlated with higher basal protein carbonyl
content. Intracellular oxidation further increased in cells
aged 3 d, but it returned to basal levels thereafter. However,
during cell aging, intracellular oxidation in isc1� mutant
cells was always higher than the observed in parental cells.
The progressive accumulation of oxidative damaged mole-
cules may result from an age-dependent decline in the levels
of antioxidant defenses. Aiming at investigating if ISC1 de-
letion exacerbated this process, we measured glutathione
levels and the activity of the cytosolic superoxide dismutase
and catalase. In BY4741 cells, we observed a decrease in
glutathione and catalase T, but not CuZn-superoxide dis-
mutase, during chronological aging. Similar changes were
observed in isc1� cells, suggesting that the premature aging
of Isc1p-deficient cells is not associated with altered levels of
these antioxidant defenses (Figure 7). Interestingly, the de-
crease in catalase T activity was associated with a shift in the
mobility of the enzyme on a native gel.

Because isc1� mutant cells contain 3–4-fold higher levels
of iron (Figure 4A), and iron is known to catalyze the pro-
duction of hydroxyl radicals, we raised the hypothesis that
iron depletion may exert a protective effect. To test this
hypothesis, isc1� mutant cells were grown overnight with 0,
20, or 100 �M BPS before the lifespan assay. Our data show
that chronological lifespan was not increased by iron chela-
tion. A dose-dependent decrease was even observed (Sup-
plementary Figure S3). The detrimental effects of iron deple-
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Figure 6. Intracellular oxidation and oxidative damages during
chronological aging. Yeast cells were grown to postdiauxic phase,
washed twice with H2O, and kept in H2O at 26°C. (a) Intracellular
oxidation. S. cerevisiae BY4741 (f) and isc1� mutant (�) cells were
labeled with the molecular probe H2DCFDA and lysed as described
in Materials and Methods. Data are expressed in arbitrary units at
indicated time. (b) Protein carbonylation. Protein extracts were pre-
pared from S. cerevisiae BY4741 (f) and isc1� mutant (�) cells,
derivatized with DNPH and slot-blotted into a PVDF membrane.
Immunodetection was performed using an anti-DNP antibody, as
described in Materials and Methods. Quantitative analysis of total
protein carbonyl content was performed by densitometry using data
taken from the same membrane. (c) Lipid peroxidation. Cellular
extracts were prepared and MDA was determined as described in
Materials and Methods. Values are means 	 SD of three independent
experiments. **p 
 0.01.
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tion on lifespan can be due to the fact that ATP production
in aging cells is dependent on mitochondrial respiration that
requires iron as part of the iron-sulfur clusters.

Isc1p Levels Decrease during Ageing
To characterize age-related changes in Isc1p, we quantified
the enzyme activity and protein levels during aging of pa-
rental cells grown to postdiauxic phase. As shown in Figure
8, Isc1p specific activity decreased 70% during the first 2 d of
aging, and remained at low levels (15%) up to day 10. It is
unlikely that this decrease is due to oxidative inactivation,
because Isc1p activity was not affected in cells treated with
1.5 mM H2O2 (data not shown). Changes in Isc1p protein
levels were determined using yeast cells expressing a FLAG-
tagged Isc1p and an anti-FLAG antibody. S. cerevisiae isc1�
cells were transformed with pYES2-ISC1-FLAG (Vaena de
Avalos et al., 2004) and grown in minimal medium with 2%
galactose. The results show that Isc1p protein levels de-
creased in aged cells at a rate similar to the observed for
enzyme activity (Figure 8). The overall results indicate a
correlation between cell aging and the decrease in Isc1p
activity.

Isc1p Deficiency Increases Apoptosis during Oxidative
Stress and Ageing
Yeast apoptosis is induced by oxidative stress and during
aging (Madeo et al., 1999, 2002; Fabrizio et al., 2004; Herker et
al., 2004), and sphingolipids have been implicated in the
regulation of this process in mammalian cells (Hannun and
Luberto, 2000). Therefore we postulated that Isc1p defi-
ciency might increase cell death by apoptosis. To test this
hypothesis, we analyzed DNA fragmentation by the TUNEL

assay in BY4741 and isc1� cells treated with H2O2. As shown
in Figure 9, the number of TUNEL-positive isc1� cells was
significantly higher (73%) compared with parental strain
(32%). Under these conditions, treated unfixed cells, like
untreated, remained PI negative (data not shown). The DNA
fragmentation and maintenance of membrane integrity ob-
served in isc1� mutant cells treated with H2O2, as observed
in parental cells, support the hypothesis that these mutant
cells die by apoptosis. These results were further supported
by data showing that disruption of YCA1 gene, which en-
codes the yeast metacaspase, in the isc1� strain increased
H2O2 resistance to levels observed in parental cells (Figure
1A). A previous study has shown that yca1� mutant cells
display a higher resistance to H2O2 (Madeo et al., 2002). In
the BY4741 background, we did not observe a higher toler-
ance to H2O2 in yca1� mutants. This may be explained by a
decrease in caspase activation along cell growth in response
to H2O2, as observed for acetic acid (Pereira et al., 2007).
Thus, the unperceptible effect in cell survival in absence of
Yca1p only became apparent in the high sensitive isc1�
mutant.

To further test the hypothesis that the loss of ISC1 gene
might accelerate the process of cell death by apoptosis, we
also analyzed DNA fragmentation and caspase activity dur-
ing chronological aging (Figure 10). In the parental strain,
we observed an increase in TUNEL-positive cells and
caspase activity with aging (Figure 10). The increase in these
apoptotic markers was significantly higher in isc1� cells
(Figure 10), and the premature aging of these mutants was
suppressed in isc1�yca1� double mutants that lack the
Yca1p metacaspase (Figure 5B). These results implicate Isc1p
in the regulation of apoptotic cell death during oxidative
stress and cell aging.
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DISCUSSION

Sphingolipids such as ceramide, sphingosine, and sphin-
gosine-1-phosphate are important signaling molecules con-

served during evolution, with roles in differentiation, senes-
cence, cell cycle arrest, apoptosis, and stress responses
(Hannun and Luberto, 2000; Ohanian and Ohanian, 2001).
Data published in recent years have established a link be-
tween sphingolipid signaling and redox regulation. Sphin-
golipids regulate cellular redox homeostasis, and the activity
of sphingomyelinases and ceramidase can be modulated by
ROS and glutathione levels (Won and Singh, 2006). In As-
pergillus nidulans, LCBs induce apoptosis associated with the
accumulation of ROS, although ROS scavenging does not
impair the induction of apoptosis (Cheng et al., 2003). In
mammalian cells, ceramide has also been shown to increase
the production of ROS, by directly inhibiting the mitochon-
drial complex III (Gudz et al., 1997) and via inhibition of Bcl2
mediated by the ceramide-activated protein phosphatase 2A
(Ruvolo et al., 1999). The present study showed that Isc1p,
the budding yeast neutral sphingomyelinase homologue,
plays a key role in oxidative stress resistance and chrono-
logical lifespan. Isc1p deficiency increased H2O2- and aging-
induced intracellular oxidation, protein carbonylation, and
lipid peroxidation. In agreement, Isc1p protects the fungus
Cryptococcus neoformans from the oxidative stress environ-
ment of macrophages (Shea et al., 2006). Interestingly, isc1�
cells accumulate IPC and M(IP)2C (Sawai et al., 2000), and
other yeast mutants showed an inverse correlation between
oxidative stress resistance or chronological lifespan and
M(IP)2C levels (Aerts et al., 2006). Our results support the
hypothesis that M(IP)2C levels influence oxidative stress
resistance and chronological lifespan in yeast. These com-
plex IPS are yeast specific. Mammalian cells form sphingo-
myelin, which contains a choline group instead of the ino-
sitol moiety of yeast IPS. The expression of mouse
sphingomyelin synthase increases H2O2 resistance in yeast
cells (Yang et al., 2006). Therefore, M(IP)2C and sphingomy-
elin may play distinct roles during oxidative stress.

Studies in yeast and other model organisms have shown a
correlation between oxidative stress resistance and longevity
(Sun et al., 2002; Harris et al., 2003, 2005; Chen et al., 2004,
2005; Marques et al., 2006). Our studies showed that the
premature aging phenotype of isc1� cells with increased
levels of oxidative stress markers was not associated with
changes in antioxidant defenses. In parental cells and isc1�
cells, the decrease in glutathione levels and catalase activity
during aging was similar. It has been proposed that a de-
crease in the levels of glutathione, an inhibitor of neutral
sphingomyelinases, increases sphingomyelin hydrolysis,
leading to the generation of excessive amounts of ceramide
(Won and Singh, 2006). Despite glutathione depletion, we
observed a decrease in Isc1p activity during chronological
aging of parental cells that was correlated with a reduction
in protein levels.

Loss of Isc1p also did not impair the induction of genes
encoding major antioxidant defenses and heat-shock pro-
teins by exposure to sublethal H2O2 doses or during growth
to postdiauxic phase. These results further support the lack
of correlation between isc1� mutant phenotype and defi-
ciency in stress defenses. Global changes in the transcriptome
showed that carbohydrate metabolism and siderochrome
transport were the most significantly overrepresented biologi-
cal processes up-regulated in isc1� mutants. Microarray anal-
ysis also showed the up-regulation of genes encoding cell
wall proteins. This is consistent with a previous report
showing that the S. pombe Isc1p homologue, Ccs1p, is im-
portant for cell wall organization as it coordinates cell wall
formation and division (Feoktistova et al., 2001). The induc-
tion of the glycolytic pathway probably aims to compensate
for a decreased production of ATP in the mitochondria, as

Figure 10. Apoptotic markers during chronological aging. S. cer-
evisiae BY4741 (f), isc1� (�), and isc1�yca1� (o) cells were grown to
the postdiauxic phase, washed twice with H2O, and kept in H2O at
26°C. (a) DNA fragmentation was detected by the TUNEL assay as
described in Materials and Methods. The nucleus was stained with PI.
(b) Quantification of TUNEL-positive cells. (c) Caspase-like or AS-
Pase activity. Percentage of cells displaying caspase-like or ASPase
activity was assessed by flow cytometric quantification of cells
incubated with D2R, as described in Materials and Methods. A rep-
resentative experiment for control (0 d) and 10-d old cells is shown
in d. Values are means 	 SD of three independent experiments.
**p 
 0.01 (isc1� vs. BY4741). Bar, 5 �m.
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isc1� mutants have a decreased capacity to grow by respi-
ration (Vaena de Avalos et al., 2005). In agreement with the
increased expression of four genes encoding components of
the nonreductive iron uptake system (ARN1, ARN2, ARN3,
and ARN4), and two genes encoding cell wall mannopro-
teins involved in the retention of siderophore-iron in the cell
wall (FIT2 and FIT3; Philpott et al., 2002), iron levels in-
creased. The intracellular localization of excess iron is an
important issue to be characterized. It seems unlikely to be
in the mitochondria because the accumulation of iron within
this organelle was recently associated with a decrease in
MnSOD activity in the yeast model of Friedreich ataxia
(Irazusta et al., 2006), and we did not measure any change in
this antioxidant defense due to Isc1p deficiency. Iron is an
essential metal ion used in iron sulfur clusters, hemes, and
diiron-oxo metal clusters in enzymes. However, excess iron
can promote the conversion of H2O2 into the highly reactive
hydroxyl radicals (Halliwell and Gutteridge, 1999). The
present study also showed that iron overload contributes to
the hypersensitivity to H2O2 and to the increased levels of
oxidative stress markers in isc1� cells (Figure 11). Indeed,
iron deprivation significantly reduced H2O2 sensitivity and
H2O2-induced intracellular oxidation in isc1� cells to the
levels observed in parental cells.

The iron regulon is transcriptionally activated in response
to iron deprivation by the iron-dependent transcription fac-
tors Aft1/2p (Rutherford et al., 2005). Despite the constitu-
tive up-regulation of iron uptake genes, Aft1p was not con-
stitutively activated in isc1� mutants. In postdiauxic phase
cells, iron overload was even higher, but Aft1p activity was
similar in isc1� and parental cells. How lack of Isc1p induces
iron accumulation remains unknown, but our results sug-
gest that another regulator is probably involved. Interest-
ingly, Isc1p deficiency significantly increased Aft1p activa-
tion upon iron chelation. Aft1p functions as an iron sensor
responding to a signal connected to mitochondrial iron-
sulfur cluster biogenesis (Rutherford et al., 2005). The iden-
tification of this signal and whether it increases to higher
levels in iron depleted isc1� cells is an important issue for
future studies.

In response to oxidative stress and during aging, yeast
cells die by an apoptotic-like and Yca1p-dependent mecha-
nism. Yca1p exhibits proteolytic activity analogous to mam-
malian caspases, key proteases in the execution phase of
apoptosis, and is activated by oxidative stress and aging
(Madeo et al., 2002). During replicative aging and in apopto-
tic cells, a core of genes commonly induced includes five
genes in the sphingolipid metabolism functional category
(Laun et al., 2005). This is consistent with an unbalance in
sphingolipid levels being a causing factor of apoptosis.
Here, we showed that Isc1p deficiency increased H2O2-in-
duced cell death and accelerated cell aging with apoptotic
features: membrane integrity was maintained, DNA frag-
mentation increased, and the phenotype of isc1� cells was
suppressed by disruption of the YCA1 gene. In addition,
caspase activation was significantly higher in isc1� aged
cells.

In summary, our data show that Isc1p plays a key role in
maintaining cellular redox homeostasis through modulation
of iron levels. Loss of Isc1p decreased H2O2 resistance and
chronological lifespan. In both conditions, the increased cell
death was associated with apoptotic and oxidative stress
markers (Figure 11). Interestingly, the neutral sphingomy-
elinase 2, the mammalian orthologue of Isc1p, has been
implicated in H2O2- and TNF-induced apoptosis (Luberto et
al., 2002; Levy et al., 2006). However, it has also been sug-
gested that ceramides containing different fatty acids may
have distinct impacts in cell physiology, by differentially
affecting the biophysical properties of the membrane lipid
bilayer or by interacting with specific downstream compo-
nents in signaling pathways (Cutler and Mattson, 2001). The
characterization of Isc1p-dependent changes in sphingolipid
levels during oxidative stress and cell aging and the identi-
fication of protein targets modulated by specific sphingolip-
ids will contribute to our understanding of the molecular
mechanisms underlying oxidative stress resistance, longev-
ity, and apoptosis.
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