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a b s t r a c t

Glutathione (GSH) is considered the most important redox buffer of the cell. To better characterize its
essential function during oxidative stress conditions, we studied the physiological response of H2O2-
treated yeast cells containing various amounts of GSH. We showed that the transcriptional response of
GSH-depleted cells is severely impaired, despite an efficient nuclear accumulation of the transcription
factor Yap1. Moreover, oxidative stress generates high genome instability in GSH-depleted cells, but does not
activate the checkpoint kinase Rad53. Surprisingly, scarce amounts of intracellular GSH are sufficient to
preserve cell viability under H2O2 treatment. In these cells, oxidative stress still causes the accumulation of
oxidized proteins and the inactivation of the translational activity, but nuclear components and activities are
protected against oxidative injury. We conclude that the essential role of GSH is to preserve nuclear
function, allowing cell survival and growth resumption after oxidative stress release. We propose that
cytosolic proteins are part of a protective machinery that shields the nucleus by scavenging reactive oxygen
species before they can cross the nuclear membrane.

& 2013 Elsevier Inc. All rights reserved.

Introduction

Organisms growing in an aerobic environment must cope with
reactive oxygen species (ROS) such as superoxide (O2

d�), hydro-
gen peroxide (H2O2), and hydroxyl radical (HOd). In particular,
mitochondria generate O2

d� that is dismutated to H2O2 by the
manganese superoxide dismutase [1–3]. In a process known as the
Fenton reaction, H2O2 reacts with Fe2þ and produces HOd, one of
the most reactive oxidants in nature [4]. ROS damage all the
cellular macromolecules, especially proteins, because they can
introduce modifications in the side chain of amino acids. These
modifications can be irreversible, such as the introduction of
carbonyl groups into the side chain of particular amino acids
(i.e., arginine, lysine, proline, and threonine). The so-called carbo-
nylation process causes protein dysfunction [5] and protein
aggregation, leading to their accumulation during oxidative stress
[6,7]. Because carbonylated amino acids are now easily detectable,
protein carbonylation has emerged as a general biomarker of
protein oxidation [8,9]. The consequences of in vivo protein
carbonylation have been studied in many different organisms,

and it is well established that their accumulation is tightly
associated with numerous diseases (e.g., Alzheimer and Parkinson
diseases, diabetes, and cancer) and is linked to aging processes
[10–12]. Importantly, recent reports have suggested that protein
carbonylation could be a cause, rather than a consequence, of
cellular death [13]. In particular, it was proposed that γ and UV
irradiation would induce cellular mortality of bacteria through the
carbonylation of enzymes involved in DNA repair [14].

ROS also play a central role in a range of biological processes,
including signaling [15], which requires a tight control of their
abundance. Redox homeostasis is achieved by antioxidant systems
that scavenge or degrade the ROS produced endogenously at low
levels during cell growth [16]. In the yeast Saccharomyces cerevi-
siae, H2O2 homeostasis involves a large collection of enzymes [4]:
two catalases (Ctt1 and Cta1), five peroxiredoxins (Tsa1, Tsa2,
Ahp1, Dot5, and Prx1), and three glutathione peroxidases (Gpx1,
Gpx2, and Gpx3). However, these constitutive antioxidant machi-
neries can be rapidly overwhelmed by exogenous oxidative con-
ditions, and cells have developed mechanisms of response that
lead to the induction of oxidative stress-responsive enzymes. In
S. cerevisiae, oxidative stress sensing triggers the nuclear accumu-
lation of transcription factors, some being stress specific (e.g., Yap1
[17]), others being activated under a wide variety of stress
conditions (e.g., Msn2/4 [18]). The physiological response to
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H2O2 treatment changes the expression of at least 167 proteins
[19]: antioxidant enzymes are highly induced, whereas expression
of the majority of other proteins is strongly downregulated. This
deep reorganization of genomic expression allows a dedicated
response to rapid changes in the cellular environment.

In addition to the enzymatic protection against ROS, cells also
contain small antioxidant molecules, such as glutathione (GSH).
With an intracellular concentration between 1 and 10 mM, GSH is
the most abundant nonprotein thiol in the cell and is considered
the major redox buffer of the cell [20–22]. This tripeptide is
synthesized via a two-step process [23]: the γ-glutamylcysteine
synthetase (Gsh1) generates γ-glutamylcysteine (γ-GC) from
cysteine and glutamate, and the glutathione synthetase adds a
glycine on the γ-GC to form a molecule of GSH [24]. We have
shown that, in S. cerevisiae, the intracellular concentration of GSH
is not exclusively controlled at the synthesis level, because GSH
degradation also plays a major role. In particular, during sulfur
starvation, degradation of GSH into cysteine, from which are
synthesized the sulfur-containing compounds required for cellular
growth, is strongly increased [25]. However, a high concentration
of GSH is not strictly essential for yeast cell division. For instance,
Δgsh1 mutant cells, unable to synthesize GSH, can grow in the
absence of additional GSH in the culture medium for 8 to 10
generations [26,27]. This demonstrates that a very low concentra-
tion of GSH is sufficient for cell viability. It is noteworthy that the
essential role of GSH is not to buffer the redox equilibrium of the
cell. Indeed, anaerobia does not improve the growth of Δgsh1
mutant cells depleted of GSH [27]. Sipos et al. [28] provided the
first evidence that GSH is involved in the maturation of cytoplas-
mic Fe/S-containing proteins. More recently, it has been shown
that GSH is required for the maintenance of mitochondrial DNA
and that GSH depletion in Δgsh1 cells triggers an iron starvation-
like response [29]. This observation was confirmed by Kumar et al.
[30], who suggested that a high concentration of GSH serves as a
backup to the thioredoxin pathway, whereas scarce amounts of
GSH are required to ensure its vital function in iron metabolism.

GSH-depleted Δgsh1 cells are hypersensitive to H2O2 treatment
[20,31], but the consequence of GSH depletion during oxidative
stress has never been clarified. To address this question, we used S.
cerevisiae to characterize the physiological response to H2O2

treatment both in wild-type (WT) cells grown under sulfur
starvation and in Δgsh1 cells grown under GSH depletion. We
observed that a very low concentration of GSH led to the
accumulation of carbonylated proteins and cell lethality during
oxidative stress. We identified a minimal GSH concentration that
preserved cells from H2O2-induced death without protecting
proteins against oxidative damage. In these cells, the translational
activity was strongly repressed by H2O2 treatment, suggesting that
the induction of stress-responsive enzymes was not strictly
required to maintain cell viability. In contrast, further analyses
revealed that this minimal concentration of GSH was sufficient to
protect nuclear DNA and nuclear function against oxidative damage.
This protection appeared to be an essential parameter of cell survival
during H2O2 treatment.

Materials and methods

Strains and growth conditions

Yeast strains used in this study derived from the BY4742
background (Euroscarf) (Supplementary Table SI). Primers used
to construct the YAP1-GFP chimeric chromosomic gene were
designed according to Longtine et al. [32] (Supplementary Table SII).
BY4742 (WT) cells were grown at 30 1C to A600 nm¼0.4 (midexpo-
nential phase, 1.7�107 cells/ml) in an S100 minimal medium

containing 100 mM (NH4)2SO4 [25] and supplemented with the
appropriate amino acids. To induce sulfur starvation, yeast cells were
grown in S100 medium, centrifuged (4000 rpm, 5 min, 30 1C), and the
pellet was suspended for an extra hour in S0 medium, which is S100
medium without (NH4)2SO4 [25]. Δgsh1 cells were grown in S100
medium, supplemented with the appropriate amino acidsþ100 mM
GSH (Sigma–Aldrich) to A600 nm¼0.4 (midexponential phase,
1.7�107 cells/ml). For GSH depletion, Δgsh1 cells were grown in
S100þ100 mM GSH medium to A600 nm¼0.4. After centrifugation
(4000 rpm, 5 min, 30 1C), the pellet was diluted in S100 medium
and the growth was resumed for three to eight generations.

For all experiments, oxidative stress was induced by adding
400 mM H2O2 (Sigma–Aldrich) to the culture medium.

For survival assays, cells were grown under normal or deprived
conditions before addition of 400 mM H2O2. At t¼0, 20, and
60 min, cells were harvested and diluted samples were plated
onto S100þ100 mM GSHþ0.8% agarose solid medium. Viability
was assessed by counting the colony-forming units after 3 days at
30 1C.

Fluorescence microscopy experiments

Yeast cells (8.5�107), grown under the various conditions,
were harvested by centrifugation and fixed for 5 min at room
temperature in 5 ml of 4% formaldehyde in phosphate-buffered
saline (PBS). Cells were washed with PBS and nuclei were stained
by adding 4,6-diamidino-2-phenylindole (DAPI) to a final concen-
tration of 50 mg/ml. Microscopy observations were done using a
DMIRE2 Leica microscope (63� /1.4 oil immersion objective).

Iron and GSH quantification, H2O2 consumption rate

Iron quantification were performed on 42.5�107 yeast cells as
previously described [33].

For estimation of the labile iron pool, calcein was used as
described [34]. Cell fluorescence was assessed using a DMIRE2 Leica
microscope (63� /1.4 oil immersion objective) and the fluorescence
level was measured by image quantification using the ImageJ public
software.

For total GSH quantification, 8.5�107 yeast cells grown under
the various conditions were harvested, washed with ice-cold
water, suspended in 0.1% perchloric acid, and boiled for 5 min at
95 1C. After centrifugation (13,000 rpm, 1 min, room temperature),
7 ml of the supernatant was diluted three times in 0.1 M potassium
phosphate buffer, pH 7.5, 5 mM EDTA. GSH was then quantified
according to Rahman et al. [35]. GSH concentration was calculated
by assuming that the volume of an individual cell is 4.5�10�14 L [30].

Hydrogen peroxide degradation rate was assessed as described
[36]. The first-order rate constants were deduced from values of
H2O2 remaining in the culture medium fitted with exponential
curves. Results are given in min�1 for 1.7�107 cells/ml.

RNA extraction and RT-PCR

Total RNA extraction and RT-PCR were performed as described
[37] using iQ5 real-time PCR detection systems and MESA Green
qPCR Master Mix Plus for SYBR Assay (Eurogentec). Gene expres-
sion was calculated as described [38]. See Supplementary Table SII
for primer sequences.

Protein analyses

For carbonylated protein detection, 25.5�107 yeast cells were
harvested from the various growth conditions. They were washed
twice in water and suspended in 200 ml lysis buffer (50 mM Hepes,
100 mM KCl, 10% glycerol, 1.25 mM phenylmethanesulfonyl
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fluoride, and 1� Complete EDTA-free; Roche). Two hundred
microliters of glass beads (Sigma–Aldrich) was added and the
cells were lysed by vortexing (45 min, 4 1C). After centrifugation
(15,000 rpm, 15 min, 4 1C), supernatants were collected and pro-
tein concentration was determined. For derivatization [39], the
volume of 25 mg of proteins was adjusted to 60 ml in 1� PBS and
6% sodium dodecyl sulfate. 2,4-Dinitrophenylhydrazine (DNPH)
solution (60 ml; 4 mM DNPH (Sigma–Aldrich) in 5% trifluoroacetic
acid) was added and samples were incubated for 30 min at 20 1C.
The reaction was stopped by adding 120 ml Stop solution (0.6 M
Tris-base, 5.5% 2-mercaptoethanol) and proteins were precipitated
for 45 min by adding 4 volumes of ice-cold acetone. After cen-
trifugation (14,000 rpm, 15 min, 4 1C), the protein pellet was
washed with ice-cold acetone and dried and proteins were
suspended in Laemmli buffer [40]. Twelve micrograms of each
sample was analyzed by SDS–PAGE and derivatized proteins were
revealed by Western blot using a rabbit anti-DNP antibody
(Sigma–Aldrich). Semiquantitative analyses were performed with
the Odyssey scanner (Li-Cor).

Rad53 phosphorylation was analyzed as previously described
[41] using a goat anti-Rad53 antibody (RAD53 (yC-19); Santa Cruz
Biotechnology).

Histones were purified from 1 L of Δgsh1 cell culture as
described [42].

Polysome profiling

For each condition, 25.5�108 yeast cells were harvested by
centrifugation (4000 rpm, 5 min, 30 1C). The pellet was suspended
in 15 ml growth medium containing 50 mg/ml cycloheximide
(Sigma–Aldrich) for 5 min at 30 1C, and 35 ml ice-cold water was
added. After centrifugation (4000 rpm, 5 min, 4 1C), cells were
suspended in 600 ml lysis buffer (10 mM Tris–HCl, pH 7.5, 100 mM
NaCl, 30 mM MgCl2, and 50 mg/ml cycloheximide) and incubated
for 5 min on ice. Glass beads (200 ml; Sigma–Aldrich) were added
and the cells were lysed by vortexing (four times, 1 min, 4 1C). The
lysates were clarified by centrifugation (10,000 rpm, 10 min, 4 1C).
Ten A260 nm units was loaded onto a 10.5-ml linear sucrose
gradient (7–47%) in 50 mM Tris–acetate, pH 7.0, 50 mM NH4Cl,
12 mM MgCl2, 1 mM dithiothreitol. Ribosomes were sedimented
by centrifugation (38,000 rpm, 2 h, 4 1C) using a Beckman SW41
rotor and the polysome profile was obtained by measuring A254 nm

with a density gradient fractionator (Teledyne ISCO).

Analysis of protein neosynthesis rate

Yeast cells (8.5�107) grown under the various conditions were
labeled for 4 min with 20 mCi [35S]methionine (PerkinElmer) at
different time points of H2O2 treatment. Cells were harvested,
washed with 1 ml ice-cold water, and suspended in 200 ml of 20%
trichloroacetic acid (TCA). Five microliters was withdrawn to
measure [35S]methionine incorporation into the cells. Glass beads
(200 ml) were added and cells were disrupted by vortexing (two
times, 1 min, 4 1C). Supernatant and washes with 5% TCA were
combined before centrifugation (3000 rpm, 10 min, room tem-
perature). The protein pellet was suspended in 100 ml Laemmli
buffer, boiled for 5 min, and centrifuged (3000 rpm, 10 min, room
temperature). The soluble proteins were transferred into a new
tube and the radioactivity of 10 ml was measured by scintillation
counting. The values were normalized to the radioactivity present
into the cells.

Nuclear DNA mutation frequency

The occurrence of Canr mutationwas measured as described [43],
with minor modifications. For each growth condition, more than five

cultures of Δgsh1 cells were treated with 400 mM H2O2 for 60 min,
harvested by centrifugation, and plated onto S100þ100 mM GSHþ
0.8% agarose solid medium, to determine the total number of viable
cells, and onto S100þ100 mM GSHþ0.8% agarose solid medium
containing 60 mg/L L-canavanine sulfate salt (Sigma–Aldrich), to
determine the number of Canr mutants. Plates were counted after
4 days incubation at 30 1C. The mutation frequency and the value of
the 95% confidence interval were calculated using the MSS–max-
imum likelihood estimator method through the fluctuation analysis
calculator (FALCOR) available at http://www.keshavsingh.org/proto-
cols/FALCOR.html [44].

Results

GSH protects proteins against carbonylation under oxidative stress

To investigate the role of GSH during oxidative stress, we used
two different strategies that depleted yeast cells of intracellular
GSH before H2O2 treatment. The first strategy consisted in shifting
exponentially growing WT cells from a culture medium containing
100 mM sulfate (S100) to a culture medium deprived of all sources
of sulfur (S0) [25]. Under these conditions, cells strongly increase
GSH degradation to use it as a source of sulfur [25]. Accordingly,
intracellular concentration of total GSH dropped from nearly 1 mM
to less than 0.03 mM in 60 min (Fig. 1A). The second strategy used
a Δgsh1 strain, which is unable to synthesize GSH and requires low
doses of GSH in the culture medium to grow [20]. Δgsh1 cells were
able to grow in the absence of additional GSH for more than eight
generations (8G), as already described [26,27], but with a slight
increase in the doubling time (Supplementary Fig. S1). Under
these conditions, the intracellular concentration of total GSH
dropped from approximately 4 mM to less than 0.03 mM (Fig. 1A).

Because GSH is considered a central redox buffer [21], we
investigated the consequences of GSH depletion on protein oxidation.
To this purpose, we first used semiquantitative Western blot analyses
to measure the amount of carbonylated proteins in total protein crude
extracts [39]. Protein carbonylation signals were nearly identical in
S100 and S0 crude extracts (S100/S0¼0.9270.08; Fig. 1B, lane 1 vs 3),
suggesting that GSH depletion had no impact on the carbonylation
level of WT cells. The same observation was made with Δgsh1 cells
(þGSH/8G¼1.0170.095; Fig. 1B, lane 5 vs 7). However, when cells
were submitted to a mild H2O2 treatment (400 mM for 60 min),
proteins of deprived cells (cells grown under sulfur starvation or GSH
depletion) were significantly more oxidized than proteins of nonde-
prived cells (Fig. 1B, and quantifications). Next, we monitored the
effect of GSH depletion on protein-thiol oxidation by using the redox-
sensitive yellow fluorescent protein (rxYFP) [45,46]. Redox Western
blot analyses revealed that protein-thiols were not affected inWT cells
grown under sulfur starvation and only slightly more oxidized in 8G
GSH-depleted Δgsh1 cells (Supplementary Fig. S2). In agreement with
the protein carbonylation signal, the rxYFP probe was fully oxidized by
H2O2 treatment in cells grown under depleted conditions (WT S0 and
Δgsh1 8G), whereas it remained essentially reduced in cells grown
under nonstarved conditions (S100 and þGSH) (Supplementary Fig.
S2). These results demonstrated that in addition to its role in
preserving protein-thiols from oxidation, GSH also protects intracel-
lular proteins against carbonylation under oxidative stress.

GSH preserves cell survival under oxidative stress

Because accumulation of carbonylated proteins has been asso-
ciated with a severe decrease in cell viability [13,14], we mon-
itored the impact of GSH depletion on the survival of H2O2-treated
cells. When WT cells were grown in S100 medium, H2O2 mildly
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affected cell survival, which decreased to 43% after a 60-min
treatment (Fig. 2A), consistent with previous reports [47,48].
But when WT cells were under sulfur starvation, H2O2 had a
dramatic effect on the survival rate, which decreased to 1.8 and
0.1% after a 20- and 60-min treatment, respectively (Fig. 2A).
Of note, growth in S0 medium did not affect the viability of WT
cells (Supplementary Fig. S3A). Similar results were obtained with
Δgsh1 cells: the survival rate of cells submitted to 60 min of

400 mM H2O2 dropped to 40.7%, when they were grown in
presence of GSH (þGSH), and to 7.8%, when they were prelimi-
narily GSH-depleted for 8G (Fig. 2B and Supplementary Fig. S3B).
These results demonstrated that cells containing a very low
concentration of GSH (o0.03 mM) were not protected against
oxidative stress, as exemplified by the high accumulation of
carbonylated proteins, the complete oxidation of the rxYFP probe,
and the low survival rate.

Fig. 1. GSH protects cellular proteins against carbonylation under H2O2 treatment. (A) The cellular content of total glutathione was measured in WT cells grown under
normal conditions (S100) or after 60 min of sulfur starvation (S0) (left). For the Δgsh1 strain (right), cells were harvested from culture grown in S100 medium supplemented
with 100 mM GSH (þGSH) or after 8 G of GSH depletion in S100 medium. Values are the mean7standard deviation (SD) of at least three independent experiments.
(B) Analysis of protein carbonylation in WT and Δgsh1 cells grown under normal or deprived conditions before being treated, or not, with 400 mM H2O2 for 60 min. Total
protein crude extracts were derivatized with DNPH, and the levels of carbonylated proteins were quantified by Western blot analysis using anti-DNP antibodies. Signals were
normalized to the basal carbonyl content before H2O2 treatment (set to 1) and plotted as fold of carbonylation. Values are the mean7SD of at least three independent
experiments. *Po0.05 and **Po0.01, Student's t test, compared to nondeprived conditions.
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To identify the minimal concentration of GSH required to preserve
cell viability, we grew Δgsh1 cells in a culture medium without GSH
for different amounts of time before treating themwith H2O2. Analysis
of cell survival revealed that three generations (3G) of GSH depletion
had no significant impact on cell viability under H2O2 treatment
(Fig. 2C). Under these conditions, the intracellular concentration
of total GSH dropped to 0.08 mM70.023. However, Western blot
analyses revealed that proteins of 3G-depleted cells were highly
sensitive to H2O2 treatment, as shown by the accumulation of
carbonylated proteins (Fig. 2D) and the redox profile of the rxYFP
probe (Supplementary Fig. S2). We concluded that a low concentration
of intracellular GSH (0.08 mM) is sufficient to preserve cell viability
under oxidative stress and that accumulation of carbonylated proteins
does not systematically correlate with cell mortality.

GSH-depleted cells are not preadapted to oxidative stress conditions

We wondered whether the higher viability of Δgsh1 cells
during H2O2 treatment, compared to WT cells (7.8% vs 0.1%, see
above), could be due to cell adaption to depleted conditions.
Indeed, 60 min of sulfur starvation may not be sufficient for WT
cells to set up an adaptive response to oxidative stress, whereas
GSH depletion of Δgsh1 cells for more than 16 h (8G) could lead to

the induction of enzymes involved in the oxidative stress
response. To evaluate this hypothesis, we first analyzed protein
neosynthesis in WT cells grown under S0 conditions and in 3G and
8G GSH-depleted Δgsh1 cells. The proteomes were radiolabeled
with [35S]methionine and compared by two-dimensional gel
electrophoresis [49]. Overall analyses of radioactive labeling and
Coomassie blue staining showed that protein neosynthesis and
protein abundance were very similar in deprived and nondeprived
cells (Supplementary Figs. S4 and S5). However, spot-by-spot
analysis revealed that, as expected [50], WT cells grown under
sulfur starvation displayed an increased synthesis of proteins
involved in the yeast sulfur metabolism (Supplementary Fig. S4).
This induction was not observed in Δgsh1 cells grown under
GSH-depleted conditions. Nevertheless, these cells showed a very
faint accumulation of oxidized Tsa1 (Supplementary Fig. S5), but
surprisingly none of the other proteins accumulated in their
oxidized form. This observation confirmed that, as suggested by
the mild oxidation of the rxYFP probe, some protein-thiols might
be slightly oxidized by the GSH depletion in Δgsh1 cells.

Finally, we performed RT-PCR analysis and confirmed that
oxidative stress-responsive genes were not (CCP1 and CTT1) or
were only poorly (TRX2) induced in Δgsh1 cells during GSH
depletion (Supplementary Fig. S6A). We also showed that catalase

Fig. 2. GSH is essential for cell survival under H2O2 stress conditions. (A) To determine cell survival, WT cells were grown in S100 medium before being submitted, or not, to
sulfur starvation and treated with 400 mM H2O2. At t¼0, 20, and 60 min, cells were harvested and colony-forming units were determined after 3 days incubation on
S100þGSH plates. Percentage of viability was calculated compared to viability at t¼0 (set to 100%). Values are the mean7SD of at least three independent experiments.
(B) Same experiment as in (A) with Δgsh1 cells grown in S100þGSH medium or after 8 G of GSH depletion in S100 medium. **Po0.01, Student's t test, compared to
nondepleted conditions. (C) Same experiment as in (A) except that Δgsh1 cells were grown in the absence of GSH for 3G. (D) The level of carbonylated proteins in Δgsh1 cells
grown under normal conditions (þGSH) or in the absence of GSH for 3G before being treated, or not, with 400 mM H2O2 for 60 min was assessed as in Fig. 1B. Values are the
mean7SD of at least three independent experiments. **Po0.01, Student's t test, compared to nondepleted conditions.
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activity of GSH-depleted Δgsh1 cells remained at the same low
level as catalase activity of Δgsh1 cells grown in the presence of
GSH (Supplementary Fig. S6B). We concluded from these experi-
ments that the survival rate of H2O2-treated Δgsh1 cells was not
due to the induction of oxidative stress-responsive proteins during
GSH depletion.

GSH depletion increases the labile iron pool and impedes H2O2

degradation machineries

Protein carbonylation is mostly due to hydroxyl radicals pro-
duced through the Fenton reaction from iron and H2O2 [7]. Upon
exposure to H2O2, the increase in carbonylated proteins measured
in GSH-depleted cells could thus be attributed to an increase in
intracellular iron and/or an increase in intracellular H2O2. As
shown in Fig. 3A, the whole-cell iron concentration of WT and
Δgsh1 cells remained constant, whatever the growth conditions.
This result was unexpected, as previous reports described an
accumulation of iron in Δgsh1 cells grown under GSH depletion
in SD minimal medium (SD-MM) [29]. Accordingly, we observed
that intracellular iron concentration increased with GSH depletion
when cells were grown in SD-MM (Fig. 3A), suggesting that iron
accumulation under GSH depletion is dependent upon the com-
position of the growing medium. These observations were con-
firmed by the very poor induction of FET3 transcription in S100
medium (Fig. 3B), a typical gene controlled by Aft1, the transcrip-
tion factor that regulates iron uptake [51]. Disruption of iron
homeostasis in GSH-depleted Δgsh1 cells is also considered to be
responsible for mitochondrial genome instability, leading to the
irreversible loss of respiratory competency [29]. We thus assessed
the respiratory competency of Δgsh1 cells grown in the presence
of GSH or under 3G and 8G GSH-depleted conditions. We observed
that the proportion of respiratory incompetent cells remained
almost constant, whatever the growth conditions (Supplementary
Fig. S7). Altogether, these results demonstrated that WT cells
grown under sulfur starvation and Δgsh1 cells grown under GSH
depletion did not initiate an iron starvation-like response. Alter-
natively, it was possible that GSH depletion led to an increase in
the labile iron pool, which could be released from inactivated
Fe/S-containing enzymes [34]. We addressed this question by mon-
itoring the fluorescence of calcein, a metal-sensitive probe whose
fluorescence decreases when it binds to the labile iron pool [34].
As shown in Fig. 3C, calcein fluorescence was significantly lower in
GSH-depleted Δgsh1 cells (3G and 8G) than in þGSH Δgsh1 cells,
indicating an increase in the labile iron pool in GSH-depleted Δgsh1
cells. This variation of the labile iron pool could explain the accumula-
tion of carbonylated proteins in GSH-depleted Δgsh1 cells submitted
to H2O2 treatment, because it might become available to promote the
Fenton reaction.

Nevertheless, the high level of carbonylated proteins measured
in cells grown under GSH depletion could also be due to the
accumulation of intracellular H2O2. Because all cultures received
the same initial amount of H2O2, this hypothesis implied that GSH
depletion would impair H2O2 detoxification machineries and, as a
consequence, H2O2 degradation capacity. To address this question,
we monitored the evolution of H2O2 concentration in the super-
natant of H2O2-treated cultures. We observed that the degradation
rate of H2O2 was significantly higher in WT cells grown under the
S100 condition compared to WT cells grown under sulfur starva-
tion (Fig. 4). Similarly, we observed a higher degradation rate of
H2O2 in Δgsh1 cells grown in the presence of GSH, compared to
cells grown under 3G and 8G GSH depletion (Fig. 4). We concluded
that sulfur starvation and GSH depletion affected the efficiency of
H2O2 detoxification machineries under oxidative stress conditions,
suggesting that the accumulation of carbonylated proteins in cells

grown under depleted conditions results from both an increase in
the labile iron pool and a decrease in H2O2 degradation capacity.

Only high GSH concentrations preserve translational activity during
oxidative stress

Because we demonstrated that sulfur starvation and GSH
depletion did not induce an oxidative stress response before
H2O2 treatment, the defect of H2O2 detoxification in deprived cells
was probably due to either a dysfunction in the induction of

Fig. 3. Sulfur starvation and GSH depletion do not affect iron homeostasis but
impair H2O2 degradation. (A) Dosage of whole-cell iron concentration in WT and
Δgsh1 cells grown under normal conditions (S100 or þGSH, white bars) or under
deprived conditions (sulfur starvation (S0) or GSH depletion for 3G and 8G, black
bars). The same experiment was performed with Δgsh1 cells grown in SD minimal
medium (SD-MM). Values are the mean7SD of at least three independent
experiments. (B) WT and Δgsh1 cells were grown as in (A). Total RNAs were
extracted and FET3 and ACT1 mRNAs were quantified by RT-PCR. FET3 expression
was normalized to ACT1 and the ratio to the corresponding nondeprived condition
is represented. Values are the mean7SD of two independent experiments, each
experiment analyzed in triplicate. (C) Δgsh1 cells were grown as in (A) and 5 mM
calcein was added to the cultures. After 2 h of incubation, the calcein fluorescence
was assessed by fluorescence microscopy (see Materials and methods). The
fluorescence signal was measured by image quantification and represented as a
percentage of the signal measured in Δgsh1 cells grown in S100þGSH (set to 100%).
Values are the mean7SD of four independent experiments. **Po0.01, Student's
t test, compared to nondeprived conditions.
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stress-responsive proteins or an impairment of the activity of H2O2

detoxifying enzymes.
To assess protein neosynthesis in H2O2-treated cells, we mon-

itored the evolution of [35S]methionine incorporation into pro-
teins. As previously reported [1,52], we observed that in the

absence of deprivation, WT and Δgsh1 cell translational activities
were inhibited by oxidative stress (Fig. 5A). Indeed, the transla-
tional activity of WT cells was totally abolished before being
restored, after 30 min of H2O2 treatment, to 18% of the initial
activity; and the translational activity of Δgsh1 cells decreased to
reach a plateau at 28.5% of the initial activity. Under all other
conditions, incorporation of [35S]methionine into proteins was
close to zero (Fig. 5A). This suggested that the translational activity
of WT cells grown under sulfur starvation, and of GSH-depleted
Δgsh1 cells, was abolished by oxidative stress.

To confirm these results, we performed polysome profiling [1].
When WT and Δgsh1 cells were grown under normal conditions
(WT S100 and Δgsh1 þGSH), we observed that oxidative stress led
to a small decrease in polysomal peaks and to an increase in the 80S
peak (Fig. 5B), reflecting a global downregulation of translational
activity [1]. When WT cells were grown under sulfur starvation,
oxidative stress had a dramatic impact: polysomal peaks disap-
peared in favor of the 80S peak (Fig. 5B). We observed the same
phenomenon, to a lower extent, for 3G and 8G GSH-depleted Δgsh1
cells (Fig. 5B), thus confirming that GSH depletion of Δgsh1 cells led
also to the shutdown of protein synthesis during oxidative stress.

Altogether, our observations demonstrated that a high concen-
tration of GSH was required to maintain the global translational
activity of H2O2-treated cells. These results explained the low
efficiency of H2O2 degradation machineries in deprived cells.
Furthermore, because the 3G GSH-depleted Δgsh1 cells had the

Fig. 4. WTand Δgsh1 cells were grown under normal conditions (S100 or þGSH, white
bars) or under deprived conditions (sulfur starvation (S0) or GSH depletion for 3G and
8G, black bars) and 400 mMH2O2 was added to induce oxidative stress. H2O2 remaining
in the culture medium was measured at different time points during 60 min and the
H2O2 degradation rates were deduced from exponential fitting of the curves (see
Materials and methods). Values are the mean7SD of at least three independent
experiments. *Po0.05, Student's t test, compared to nondeprived conditions.

Fig. 5. GSH is required for protein synthesis during oxidative stress. (A) Protein neosynthesis was measured by [35S]methionine pulse labeling. WT and Δgsh1 cells were
grown under normal or deprived conditions before being treated with 400 mM H2O2. At different time points of H2O2 treatment, cells were incubated with [35S]methionine
for 4 min before being harvested. [35S]Methionine incorporation into the cells and into proteins was measured by liquid scintillation. The signal from radioactive proteins
was normalized to the rate of [35S]methionine incorporated into the cells and represented as a percentage of incorporation in absence of treatment (t¼0, set to 100%). (B) WT
and Δgsh1 cell translational activities were assessed by polysome profiling. Cells were grown under normal or deprived conditions before being treated or not with 400 mM
H2O2 for 60 min. Cells were harvested in the presence of cycloheximide and ribosomal particles were separated on sucrose gradient from total lysate. The polysome profile
was obtained by measuring the A254nm of fractions collected from the gradient. Peaks of 40S and 60S ribosomal subunits as well as 80S ribosomes are indicated. The
polyribosome peaks are also marked.
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same survival rate as GSH-replete cells, we concluded that the
maintenance of the cellular translational activity during mild
oxidative stress was not essential to preserve cell viability.

A minimal concentration of GSH is essential to maintain the
transcriptional response to oxidative stress

Oxidative modifications of cytosolic proteins, in particular carbo-
nylation of the translational machinery [53], were likely to be
responsible for the lack of translational activity in H2O2-treated cells
grown under deprivation. However, this lack could also be due to an
inhibition of the transcriptional response in GSH-depleted cells.
To test this hypothesis, we measured the induction of stress-
responsive genes by RT-PCR. We focused our analyses on genes that
are highly induced in response to oxidative conditions, such as those
controlled by the Yap1 transcription factor (e.g., CCP1 and TRX2 [17])
and those controlled by the Msn2 transcription factor (e.g., CTT1 and
HSP12 [47]). As expected, the transcriptional response of Δgsh1 cells
grown in the presence of GSH was fully efficient (Fig. 6A). In contrast,
gene induction of 8G GSH-depleted Δgsh1 cells was severely
impaired (Fig. 6A). We obtained the same results for WT cells grown
in S0 medium (Supplementary Fig. S8A). The RT-PCR experiments
also revealed that although some attenuation and delay could be
noticed, the transcriptional activation of stress-responsive genes was
not markedly affected in 3G GSH-depleted cells (Fig. 6A). We
concluded that a minimal concentration of GSH, such as 0.08 mM

(3G condition), was required to preserve the transcriptional response
in H2O2-treated cells. However, our results strongly suggested that
transcriptional activity, per se, was not directly responsible for the
survival of 3G GSH-depleted Δgsh1 cells, as the strong inhibition of
the translational machinery made the translation of mRNAs into
proteins impossible. In this context, the transcriptional response
observed in 3G GSH-depleted Δgsh1 cells could simply reflect the
fact that a low concentration of GSH (such as 0.08 mM) was essential
to preserve nuclear function.

Because the nuclear accumulation of stress-responsive transcrip-
tion factors is considered to be the first step in the transcriptional
response, we analyzed the nuclear accumulation of a Yap1–GFP
fusion protein expressed in Δgsh1 cells. Fluorescence microscopy
showed an efficient nuclear accumulation of Yap1–GFP both in Δgsh1
(Fig. 6B) and in WT (Supplementary Fig. S8B) cells, independent of
the growth conditions. Thus, under a very low concentration of
intracellular GSH (o0.03 mM), the cell transcriptional activity was
inhibited, despite the proper nuclear accumulation of the dedicated
transcription factor.

GSH is required to preserve nuclear DNA and nuclear function during
oxidative stress

Nuclear oxidation has many deleterious consequences. In parti-
cular, it causes DNA damage, leading to a broad spectrum of
mutations [43]. To study the consequences of GSH depletion on

Fig. 6. GSH depletion affects gene transcription but does not alter Yap1 nuclear accumulation in response to H2O2 treatment. (A) Transcriptional induction of Yap1-controlled
genes (CCP1 and TRX2) and Msn2-controlled genes (CTT1 and HSP12) was monitored by RT-PCR. Δgsh1 cells were grown in S100 medium under normal conditions (þGSH) or
under GSH depletion for 3G or 8G. Cells were harvested after 0, 15, 30, and 60 min of the subsequent H2O2 treatment (400 mM). Total mRNAs were extracted and the
expression of CCP1, TRX2, CTT1, and HSP12 was quantified by RT-PCR. Ln2 of induction fold compared to t¼0 (set to 0) was calculated after normalization to ACT1 signals.
Values are the mean7SD of two independent experiments, each experiment analyzed in triplicate. (B) Yap1 nuclear accumulation was monitored in Δgsh1 cells carrying a
Yap1–GFP fusion protein. Cells were grown in S100 medium under normal conditions (þGSH) or under GSH depletion for 3G or 8G before being treated, or not (NT), with
400 mM H2O2 for 30 min. Cells were harvested, nuclei were DAPI-stained, and Yap1–GFP localization was assessed by fluorescence microscopy. Percentage of cells displaying
a Yap1–GFP nuclear accumulation is indicated. Values are the mean of three independent experiments. BF, bright field.
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H2O2-induced DNA damage, we monitored the nuclear genome
stability by using a Canr mutation assay [46]. In the absence of H2O2

treatment, the stability of the nuclear genome of Δgsh1 cells was
not affected by any of the depleting conditions (mutation frequency
o1.0�10�7, Fig. 7A). When H2O2 treatment was applied on Δgsh1
cells grown in the presence of GSH or after 3G of GSH depletion, we
observed a mild increase in the mutation frequency, which reached
3.3�10�7 and 7�10�7 (Fig. 7A). But when Δgsh1 cells were GSH-
depleted for 8G, mutation frequency increased to 17�10�7, show-
ing that nuclear DNA stability is strongly affected by H2O2 treatment
under very low GSH concentrations. Genome instability measured
with the Canr assay is a result of a balance between the presence of
DNA-damaging agents and the DNA repair processes. As Rad53 is an
essential checkpoint kinase that is a key player in the DNA damage
response [54,55], we used Western blot analyses to investigate its
activation (i.e., phosphorylation [56]) in Δgsh1 cells. As shown in
Fig. 7B, H2O2 treatment induced a slight Rad53 phosphorylation in
Δgsh1 cells grown in the presence of GSH, whereas Rad53 phos-
phorylation was marked in 3G GSH-depleted cells. But strikingly,
Rad53 activation was totally abolished in 8G GSH-depleted Δgsh1
cells (Fig. 7B). This result suggested that under very low GSH
concentration (o0.03 mM), essential nuclear activities, such as
transcription and DNA damage signaling, were impaired during
H2O2 treatment. To assess the specificity of this inhibition, we
performed the same experiment but replaced the oxidative stress
by a treatment with hydroxyurea (HU), a drug that inhibits DNA
replication and activates Rad53 [56,57]. We observed that Rad53
was markedly activated by HU treatment, demonstrating that
Rad53 activation was still efficient under very low concentrations
of GSH and that Rad53 inhibition was specific to H2O2 treatment
under GSH depletion.

Altogether, these results showed that nuclear components of
GSH-depleted cells were highly sensitive to oxidative damage.
This suggested that nuclear proteins of GSH-depleted Δgsh1 cells
could also be prone to carbonylation. To test this hypothesis, we
monitored the carbonylation of histones purified from Δgsh1 cells
grown under the various conditions, before or after being sub-
mitted to H2O2 treatment. Similar to the mutation frequency data,
semiquantitative Western blot analyses showed that histones of
8G GSH-depleted Δgsh1 cells were highly carbonylated under
oxidative stress (Fig. 7C), whereas the carbonylation level of histones
from both of the other growth conditions remained significantly
lower. We concluded that nuclei of 8G GSH-depleted Δgsh1 cells
were highly oxidized during H2O2 treatment, demonstrating that
GSH had an essential role in preserving nuclear function from
deleterious oxidative modifications.

Discussion

Although GSH is known as the major redox buffer of the cell
[20–22], several reports suggested that the essential role of GSH is
not to protect the cells against ROS produced endogenously
[26,27,29,30]. In agreement with these studies, we observed that
a decrease in intracellular GSH concentration had a weak impact
on cell physiology when cells were not submitted to exogenous
oxidative stress. Moreover, our results confirmed that only a very
low intracellular concentration of GSH was required to allow
normal cell growth. We also found that the iron starvation-like
response previously described in GSH-depleted cells [29,30] was
dependent upon the composition of the growth medium. Indeed,
under our growth conditions, we observed an increase in the labile
iron pool, but we did not find evidence of an accumulation of the
intracellular iron or an activation of Aft1-controlled genes (Fig. 3).
Moreover, GSH depletion of Δgsh1 cells grown in S100 medium

did not increase the frequency of respiratory-incompetent cells
(Supplementary Fig. S7). Thus, the S100 growth medium was
particularly adapted to study the consequences of GSH depletion,

Fig. 7. GSH is required to preserve nuclear function during oxidative stress.
(A) H2O2-induced DNA mutations were assessed using the Canr assay [43]. Δgsh1
cells were grown in S100 medium under normal conditions (þGSH) or under GSH
depletion for 3G or 8G. They were submitted (black bars), or not (white bars), to
oxidative stress for 60 min and were plated on solid medium with or without
60 mg/L of L-canavanine. After 3 days of growth at 30 1C, colony-forming units were
determined and the Canr mutation frequency was calculated as described under
Materials and methods. The 95% confidence interval values are indicated (error
bars). (B) Rad53 phosphorylation pattern was analyzed in Δgsh1 cells grown in
S100 medium under normal conditions (þGSH) or under GSH depletion for 3G or
8G. Cells were treated with either 400 mM H2O2 or 0.2 M HU and harvested at
different time points. Protein crude extracts were prepared and Rad53 phosphor-
ylation pattern was revealed by Western blot analysis. Positions of the bands
corresponding to nonphosphorylated (Rad53) and phosphorylated (Rad53-P) forms
of Rad53 are indicated. (C) Δgsh1 cells were grown in S100 medium under normal
conditions (þGSH) or under GSH depletion for 3G or 8G. They were treated, or not,
with 400 mM H2O2 for 60 min and histone purification was performed as described
under Materials and methods. Pure histones were derivatized with DNPH, and the
levels of carbonylated histones were quantified by Western blot analysis using anti-
DNP antibodies. The signals were normalized to the basal carbonyl content (before
H2O2 treatment, set to 1) and plotted as fold of carbonylation. Values are the
mean7SD of at least three independent experiments. *Po0.05, Student's t test, 3G
GSH depletion compared to 8G condition.

E. Hatem et al. / Free Radical Biology and Medicine 67 (2014) 103–114 111



because it did not generate other cellular stress that would be
evidenced by an iron starvation-like response.

Repression of translational activity is a common feature of
many stress conditions [58]. In the context of a global down-
regulation of protein synthesis, induction of specific proteins leads
to rapid and selective changes in protein levels [58,59]. This
phenomenon is an important aspect of proteome plasticity and
allows a rapid response to environmental changes. As previously
reported [1,3], we showed that when WT or Δgsh1 cells were
grown under nondeprived conditions, H2O2 treatment led to a
strong decrease in translational activity. Former studies have
demonstrated that this inhibition is mainly controlled at the
initiation level of translation and is regulated by the Gcn2-
mediated phosphorylation of eIF2α, the α subunit of the eukar-
yotic initiation factor 2 (for review, see [60]). This translational
downregulation was only transitory, because the translational
activity resumed to a significant level after several minutes of
H2O2 treatment. The precise characterization of 3G GSH-depleted
Δgsh1 cells revealed unexpected results: these cells had the same
survival rate as Δgsh1 cells grown in the presence of GSH (Fig. 2C),
but displayed a complete inhibition of their translational activity
upon H2O2 treatment (Fig. 5). Thus, synthesis of stress-responsive
proteins is not a key parameter for the maintenance of cell
viability during mild H2O2 treatment. In a previous work, we
characterized a thermosensitive mutant strain containing a dele-
tion of RPB4, a gene encoding an RNA polymerase II subunit [61].
Incubation of Δrpb4 cells at restrictive temperature led to the
inhibition of mRNA synthesis and, thus, to a strong decrease in the
translation of stress-responsive proteins during H2O2 treatment.
Interestingly, we observed that WT and Δrpb4 cells had the same
survival rate upon H2O2 treatment. More recently, Fomenko et al.
[62] showed that a yeast strain in which the genes encoding the
eight thiol-peroxidases have all been deleted is unable to activate
or repress gene expression in response to H2O2. Again, viability of
this mutant strain was not affected by a mild H2O2 treatment.
Altogether, these observations demonstrate that the induction of
stress-responsive proteins is not required to maintain cell viability
under mild H2O2 treatment, strongly suggesting that the H2O2

detoxification machinery present in the cells before H2O2 treat-
ment is sufficient to sustain cell viability.

Under oxidative stress, 3G GSH-depleted Δgsh1 cells display the
same cytosolic characteristics as WT cells grown under sulfur
starvation and 8G GSH-depleted Δgsh1 cells: proteins are highly
oxidized (Fig. 2D), translational activity is impaired (Fig. 5), and H2O2

degradation rate is low (Fig. 4). In contrast, 3G GSH-depleted Δgsh1
cells display the same nuclear characteristics as GSH-replete cells, as
exemplified by the transcriptional induction of stress-responsive
genes (Fig. 6A), the low DNAmutation frequency (Fig. 7A), the Rad53
activation (Fig. 7B), and the moderate carbonylation of histones
(Fig. 7C). Altogether, these observations demonstrate that a minimal
GSH concentration is essential to protect the nucleus against
oxidative damage and that maintaining nuclear function during
mild H2O2 treatment is the key parameter of cell survival. As
summarized in Fig. 8, when GSH concentration is high (41 mM),
all cell functions are preserved from oxidative inhibition. As a result,
enzymes of the detoxification machinery are induced after Yap1
nuclear accumulation, and intracellular H2O2 is rapidly degraded. At
a lower concentration (around 0.1 mM), GSH loses its cytosolic
protective effect but is still efficient for the protection of the nucleus
against oxidative damage. Despite the transcriptional induction of
stress-responsive genes, the detoxification machinery remains at a
low level, because of the inhibition of translation. Therefore, H2O2 is
slowly degraded and oxidized proteins accumulate in the cytosol.
But upon stress release, the functional nucleus can support growth
resumption. When GSH concentration drops under 0.03 mM, both
nuclear and cytosolic components become highly sensitive to

oxidative damage, leading to cell death. Our results highlight an
apparent difference between eukaryotic and prokaryotic cells, as it
was proposed that accumulation of carbonylated proteins is quanti-
tatively related to low survival of irradiated bacteria [14,63]. But as
our results showed that oxidative inhibition of cytosolic proteins is
not deleterious to cell survival, only nuclear oxidation should be
taken into account for the prediction of cell death during oxidative
stress. The low survival of 8G GSH-depleted Δgsh1 cells during H2O2

treatment correlates with the accumulation of nuclear carbonylated
proteins, as suggested by the high level of carbonylated histones
(Fig. 7C). In contrast, the moderate carbonylation of nuclear proteins
in 3G GSH-depleted Δgsh1 cells does not impede cell viability,
despite high levels of cytosolic oxidized proteins. In this context,
we propose that cytosolic proteins are part of a protective machinery
that shields the nucleus by scavenging ROS before they can cross the
nuclear membrane.

It remains to understand how GSH preserves the nucleus
against lethal oxidative modifications. A first hypothesis is that
under 3G GSH-depleted conditions, GSH still acts as a ROS-
scavenging antioxidant in the cell nucleus, protecting proteins
and DNA. Interestingly, Ayer et al. [29] found that the cytosol is
more severely and rapidly affected by GSH depletion than the
mitochondrial matrix and the intermembrane space. Consistently,
several studies in animal and plant cells provide evidence for the
existence of functionally distinct nuclear pools of GSH/GSSG that
are dynamically regulated during the cell cycle [64–66]. Further-
more, studies on 3T3 fibroblasts have shown that addition of
L-buthionine sulfoximine (BSO), the γ-glutamylcysteine synthetase
inhibitor, significantly decreases the total cellular GSH pool,
whereas the nuclear GSH pool is much more resistant than the
cytosolic pool to BSO-mediated depletion [67]. In line with these
observations, one can imagine that under depleted conditions,
salvage mechanisms lead to a general accumulation of GSH in
subcellular compartments such as the nucleus and the mitochon-
dria. Two GSH transporters have been identified in yeast: the high-
affinity GSH transporter Hgt1 [68,69] and the yeast cadmium
factor 1 Ycf1 [70]. But neither Hgt1 nor Ycf1 has been implicated

Fig. 8. GSH is essential for maintaining the nuclear function during mild H2O2

treatment. Under high GSH concentration (41 mM), both cytosolic and nuclear
functions are preserved from oxidative damage, leading to high survival rates (left).
A 10-fold decrease in intracellular GSH concentration (E0.1 mM) still protects the
nucleus against oxidative damage, but the cytosolic function is severely impaired.
In absence of induction of the H2O2 detoxification machinery, nuclear activity is
sufficient to maintain cell viability and to support growth resumption once the
oxidative stress is released (middle). Under lower GSH concentration (o0.03 mM),
all cell functions are damaged by mild H2O2 stress conditions, thus leading to high
mortality (right).
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in GSH nuclear accumulation, and none has been specifically
localized at the nuclear membrane. Thus, validation of this
hypothesis will need additional studies. In particular, the devel-
opment of a reliable method to investigate GSH subcellular
localization, especially under low GSH concentrations, would
greatly facilitate future analyses. However, our results demon-
strate that protein protection needs a high concentration of GSH,
on the order of 1 mM. The nuclear yeast volume has been
estimated to be approximately 7% of the cell volume [71]. If most
of the GSH of 3G GSH-depleted Δgsh1 cells concentrates into the
nucleus, the nuclear concentration of GSH could reach more than
1 mM, which would be sufficient to protect nuclear proteins
against oxidative damage.

The second hypothesis is that a minimal, low concentration of
GSH could be required to preserve the activity of some nuclear
enzymes. However, this does not necessarily imply that GSH
accumulates in the nucleus of 3G GSH-depleted Δgsh1 cells.
In favor of this hypothesis, we obtained two unexpected results
suggesting that under very low GSH concentration, the cell
nucleus becomes dysfunctional during oxidative stress. First,
H2O2 stress-responsive genes are not induced in WT cells grown
under sulfur starvation or in 8G GSH-depleted Δgsh1 cells, despite
Yap1 nuclear accumulation (Fig. 6). Previous reports have already
observed that nuclear accumulation of transcription factors does
not systematically correlate with the transcriptional activation of
their target genes. For instance, in a Δmsn5 mutant strain, the
transcription factor Msn2 accumulates in the nucleus, but tran-
scriptional induction of Msn2-target genes remains dependent
upon stress [72]. The same observation was made with the activity
of the transcriptional repressor Maf1 [73]. Thus, activation of both
transcriptional effectors requires additional modifications (e.g.,
phosphorylation) that take place in the nucleus. A similar mechan-
ism of activation could also apply to Yap1 and could be impaired
by oxidative stress in GSH-depleted cells. Our study provided a
second intriguing result that concerns Rad53 activation. Under
oxidative stress, Rad53 is activated through a complex process
requiring a cascade of kinase activities [74]. The fact that Rad53
was not phosphorylated in 8G GSH-depleted Δgsh1 cells during
H2O2 treatment, but remained fully activated under HU treatment
(Fig. 7B), strongly suggests that H2O2 treatment also impaired
activities that are required for Rad53 activation. Thus, GSH could
be essential for functions that become critical during oxidative
stress, such as the activation of DNA-repair and detoxification
machineries. In this context, it has been shown that GSH is
required for many processes of protein folding. In particular, under
GSH depletion, the cytosolic iron–sulfur protein assembly (CIA)
machinery might be disturbed. As CIA activity is involved in the
biogenesis of nuclear iron–sulfur proteins [75], one can assume
that vital nuclear activities are missing for cell survival during
oxidative stress. Sorting between these two hypotheses will be an
important step forward in understanding the mechanisms respon-
sible for minimal GSH requirement during oxidative stress.

In summary, the role of GSH has been recently reassessed under
normal growth conditions, raising important questions about its
essential function under oxidative stress. In this study, we character-
ized the physiological response of H2O2-treated yeast cells containing
different amounts of GSH. We showed that H2O2 treatment of GSH-
depleted cells leads to an accumulation of carbonylated proteins and
an inhibition of the translational activity, correlating with a dramatic
decrease in cell viability. A low amount of GSH is sufficient to rescue
cell viability but, surprisingly, does not protect proteins and transla-
tional activity against oxidative injuries. A more extensive character-
ization of cells containing minimal amounts of GSH revealed that
GSH is essential to preserve nuclear DNA and nuclear function
against oxidative damage, as exemplified by low mutation frequency,
moderate histone carbonylation, and activation of the checkpoint

kinase Rad53 and of the H2O2 transcriptional response. We conclude
that the essential role of GSH is to shield nuclear function, allowing
cell survival and growth resumption after oxidative stress release.
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