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Abstract 

The tripeptide y-L-glutamyl+cystinylglycine (glutathione) is one of the major antioxidant molecules of cells and is thought 
to play a vital role in buffering the cell against reactive oxygen species and toxic electrophiles. We wished to determine the role 
of glutathione in the protection of the yeast Succharomyces cerevisiue against oxidative stress. This study shows that 
glutathione is an important antioxidant molecule in yeast, with y-glutamylcysteine synthetase (gshl) mutants, deficient in 
glutathione synthesis, being hypersensitive to Hz02 and superoxide anions in both exponential- and stationary-phase cultures. 
Despite this, these mutants are still able to induce adaptive stress responses to oxidants. 
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1. Introduction 

The yeast Succharomyces cerevisiae has been 
shown to possess distinct inducible protective oxida- 

tive stress responses to both hydrogen peroxide and 

superoxide anion generators, such as menadione [l- 
51. Other yeast species, such as Cundidu albicans [6] 

and Schizosaccharomyces pombe [7,8], have also re- 
cently been shown to have inducible oxidative stress 
responses. 

In addition to enzymatic defences such as catalase 
and superoxide dismutase, all cells possess non-enzy- 
matic defence systems to protect their cellular con- 
stituents against free radicals and reactive oxygen 
species, and to maintain cellular redox state. The 
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most important example of these is glutathione 
(GSH), a tripeptide y-L-glutamyl+cystinylglycine 

[9]. This molecule acts as a radical scavenger, with 
the redox-active sulfhydryl group reacting with oxi- 

dants to produce oxidised gluthathione (GSSG). Sur- 
prisingly, in Escherichia coli, glutathione appears to 

be a dispensible antioxidant [lo]. In the yeast Sac- 
charomyces cerevisiae, mutants deficient in y-gluta- 

mylcysteine synthetase (gshl) have been isolated 
and the gene cloned [11,12]. 

Recently, we have examined the role of oxidants in 

regulating the expression of GSHl (encoding y-glu- 
tamylcysteine synthetase) in yeast, and have demon- 
strated that the steady-state level of the GSHI 
mRNA is increased by exposure of cells to oxidants, 
particularly by superoxide anion generating agents, 
such as menadione [13]. Basal expression of the 
GSHl gene has been shown to be, at least partially, 
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H2’32 mM 

Fig. 1. Comparison of the degree of resistance to HsOs shown 

between adapted and non-adapted exponential cultures of S150- 

2B, and DJY144 (Ag&). Exponential phase cultures, growing 

aerobically at 30°C in SD medium supplemented with 1% (w/v) 

casamino acids to ODsss =0.15 (ca 2.5X lo6 cells per ml) were 

divided into two aliquots, treated for 1 h at 30°C with 0.4 mM 

Hz02 and a control which was not treated with any oxidant. 

The cells were then exposed to increasing levels of HzOz. Data 

represent the mean of three independent experiments and the 

standard error was routinely less than IO%, with the exception of 

the DJY144 1 mM HzOs point where the standard error was 

50%. 

dependent upon the transcription factor Yap1 

[13,14]. 
We wished to extend these studies and were inter- 

ested in determining the role of glutathione in the 

protection of yeast against oxidative stress. This 
study shows that glutathione is an important antiox- 

idant molecule in yeast and that y-glutamylcysteine 
synthetase deficient mutants still possess inducible 

HzOz- and superoxide anion-responsive adaptive 

stress responses. 

2. Materials and methods 

2.1. Yeast strains and techniques 

Standard yeast methods and growth media were as 
described by Rose et al. [15]. SD media were supple- 
mented with 1% (w/v) casamino acids (Difco Ltd) or 
40 l.tg/ml glutathione. The following yeast strains 
were used: S150-2B, MATa leu2-3,112 ura3-52 

trpl-289 hisjldl; the diploid strain DJY84, MATal 
MATa ura3-52/ura3-52 his34200lhis3-Al ade2-1011 

ADE2 lys2401lLYS2 trpl-Alltrpl-289 leu2-3,112l 

LEU2 was derived from a cross between S150-2B 
and KY118 [16], DJY 144, MATa ura3-52 

gshl:: TRPI his3-Al trpl-289. Disruption of the 

GSHI gene was by the method of Rothstein [17]. 
Strain DJY84 was transformed, using lithium acetate 
[18], with a linearised EcoRIIHindIII fragment of 
pDJ69, containing the gshl : : TRPI gene disruption. 

The resulting Trp+ transformants were sporulated 

and a haploid disruptant (DJY144) isolated by tetrad 

analysis. To confirm that the GSHI gene was dis- 

rupted, the transformants were checked by polymer- 
ase chain reactions (PCR) on genomic DNA isolated 

from Ura+ and Trp+ transformants, using the prim- 
ers described below, and by Southern blot analysis. 
In all cases only the fragments corresponding to the 

disrupted genes were observed. Total and reduced 

glutathione levels were determined by the method 
of Tietze [19]. Menadione (bisulfite salt) and plum- 
bagin were obtained from Sigma. Hz02 (30% w/v) 

solution was obtained from BDH, Poole, Dorset. 
Media components were obtained from Difco Lab- 
oratories. All other chemicals were of analytical 

grade. 

2.2. Plasmid construction 

The gshl insertion mutation was constructed by 

amplifying an 1.68 kb fragment of the GSHI gene, 
which includes a portion of the coding sequence, 
from genomic DNA using the following oligonucleo- 

tide primers in a PCR reaction; 5’-TCCCTGTTTA- 

TAAACGGCGGC-3’ and 5’-CACGGAATACGC- 
AGCGTTCTC-3’. The amplified fragment (from 

nucleotide -215 to +1463) was cloned into pT7- 
Blue T (Novagen Ltd), then excised as an EcoRI- 

Hind111 fragment and ligated to the EcoRI-Hind111 
digested pTZ19r (Pharmacia Ltd). The 0.83 kb BglII 
fragment from pFL35 [20], containing the TRPI 

gene, was inserted into the BarnHI site in the 
GSHI coding sequence, creating plasmid pDJ69. 
The positions of the PCR primers are given relative 

to the ATG codon. 

2.3. Menadione and Hz02 adaptation experiments 

To determine the degree of protection against cell 
killing afforded by menadione and Hz02 pretreat- 
ment, exponential cultures of yeast strains were 
grown aerobically in SD media supplemented with 
casamino acids [15] at 30°C in the presence or ab- 
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sence of either Hz02 (0.1 mM) or menadione (0.5 
mM) for 1 h. Cells were collected by centrifugation 

and washed once in distilled Hz0 prior to resuspen- 
sion in an equal volume of fresh pre-warmed SD 
medium. 1 ml aliquots of these cells were then incu- 

bated for 1 h at 30°C with increasing levels of either 
plumbagin or H20s, after which time cells were 

washed once in distilled HsO, plated out at appro- 
priate dilutions on YPD plates and incubated at 

30°C. 

3. Results and discussion 

3.1. Sensitivity of a gshl mutant towards oxidants 

During our characterisation of the oxidative stress 

responses of the yeast S. cerevisiae we decided to 

investigate the role of glutathione as an antioxidant. 
This was prompted by work in E. coli which sug- 

gested that glutathione was a dispensible antioxidant 
molecule [lo]. To determine whether this was also 

the case for S. cerevisiae we constructed a yeast 
strain containing an insertion mutation in the 

GSHI gene, which encodes y-glutamylcysteine 
synthetase, the rate limiting enzyme in the biosyn- 

thetic pathway of glutathione [9]. To confirm that 
this strain (DJY144) was defective in y-glutamylcys- 
teine synthetase activity extracts of both wild-type 

and mutant cells grown under a variety of different 
conditions were assayed to determine the level of 
glutathione in the mutant. The results confirm that 

DJY144 has extremely low levels of cellular glu- 

tathione (Table 1). The data also show that exposure 
of wild-type cells to oxidants, particularly mena- 

dione, results in only a modest depletion of the total 

glutathione levels of up to 27% compared to un- 
stressed cells. We found that the gshl insertion mu- 

Table 1 

Effect of oxidants on intracellular glutathione levels 

10- 
3 
.2 

% 
* ?.150-28 
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z l- 
U DJY14-l Idgshl) 

Fig. 2. Comparison of the degree of resistance to plumbagin 

shown between wild-type (SlSO-2B) and adapted and non- 

adapted exponential cultures of DJY144 (AgrW). Exponential 

phase cultures, growing aerobically at 3O’C in SD medium sup- 

plemented with 1% (w/v) casamino acids to ODem =0.15 (ca. 

2.5 X lo6 cells per ml) were divided into two aliquots, treated for 

1 h at 30°C with 0.1 mM menadione and a control which was 

not treated with any oxidant. The cells were then exposed to in- 

creasing levels of plumbagin. Data represent the mean of three 

independent experiments and the standard error was routinely 

less than 10%. 

tant grew normally in YPD media and failed to grow 

in minimal medium; normal growth rates were re- 
stored by supplementation of the medium with glu- 

tathione or acid digested casein (data not shown). 

3.2. Eflect of gshl mutation on the inducible Hz02 

and 02’ adaptive stress responses 

We have shown that yeast possesses separate 

adaptive stress responses towards both Hz02 and 
superoxide anions [l]. Because of the important anti- 

oxidant role for glutathione in mammalian cells [9], 
we were interested in determining the effect that a 

gshl insertion mutation would have on the two oxi- 

dant adaptive stress responses of S. cerevisiae. Cul- 
tures of the gshl mutant and wild-type yeast were 

Strain Conditions 

No stress Menadione 

S150-2B (wild-type) 39.3 k9.4 31.3 +2.2 28.7 k3.3 

DJY 144 (Agshl) 0.44 + 0.02 0.44 f 0.09 0.36 f 0.04 

Cultures of the wild type (S150-2B) and the gshl mutant (DJY 144) were grown to early exponential phase ODsm - 0.15 and exposed to HzOz 

(0.4 mM) or the superoxide anion generating compound menadione (1 mM) for 1 h. After this time extracts were prepared and assayed for 

glutathione. The results are presented as pm01 ghrtathione per lo6 cells. Values shown are from three independent cultures. 
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grown aerobically to early exponential phase in YPD 
media and exposed to various concentrations of 

HsOs for 1 h, after which time the viability of the 
cells was determined. Surprisingly, despite the nor- 

mal growth of the mutant in YPD medium, the gshl 

mutant was much more sensitive than the wild type 
to the levels of HsOs used, even when grown in YPD 

medium (data not shown). 

To examine the presence of the HsOs-adaptive 
stress response cultures of DJY144 (gsh-) were 

grown in SD plus casamino acids to early exponen- 

tial phase and treated with a sub-lethal dose of HsOs 
(0.1 mM HsOs) for 1 h to induce the adaptive re- 

sponse. Aliquots of the treated and untreated cells 

were then exposed to increasing concentrations of 
HsOs for a further hour, whereupon the cells were 
collected and viability determined. These results 

demonstrate that exposure to sub-lethal levels of 

Hz02 still induces an adaptive response in the gshl 

mutant (Fig. 1). 

In view of the effect that redox cyclers such as 

menadione have on the expression of the GSHI 

gene [13] we were particularly interested in determin- 

ing the effect of the gshl insertion mutation on the 
superoxide sensitivity and the superoxide anion in- 

ducible stress response. To investigate this, exponen- 
tially growing cultures of DJY144 (gshl : : TRPI) 

were exposed to 0.5 mM menadione for 1 h (to in- 
duce the adaptive stress response) then treated with 

increasing concentrations of another redox-cycling 
agent, plumbagin. We have previously determined 

that the toxicity of plumbagin (which is structurally 

similar to menadione) is due to the production of 
superoxide anions [4]. The results show that the 
gshZ deficient mutant is hypersensitive to plumbagin 
compared to the wild type (Fig. 2). Despite the hy- 
persensitivity of the gshl mutant this strain is still 
capable of inducing an adaptive stress response to 

superoxide anions (Fig. 2). 
Our results show that glutathione is an important 

antioxidant molecule in the yeast S. cerevisiae, with 
gsh insertion mutants being hypersensitive to oxi- 
dants, particularly HsOs, but also to the superoxide 
anion generators menadione and plumbagin. This is 
in sharp contrast to the results obtained with E. coli 

[lo] and is in keeping with the results obtained from 
work in higher eukaryotes [21], reinforcing the utility 
of S. cerevisiae as an ideal eukaryotic model system 
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Fig. 3. Effect of HsOs and plumbagin on stationary-phase cul- 

tures of wild-type (S150-2B) and DJY144 (Agshl). Cells were 

grown aerobically in SD medium supplemented with 1% (w/v) 

casamino acids at 30°C to saturation to give stationary-phase 

cultures. Aliquots of cells were then treated with increasing levels 

of either HsOs (A) or plumbagin (B). Data represent the mean 

of two independent experiments and the standard error was rou- 

tinely less than 10%. 

to study the cellular responses to oxidative stress. 
The defects of the gshl insertion mutant can all be 

reversed by the addition of GSH to the growth me- 
dium. Interestingly, growth of the mutant in YPD or 
casamino acids supplemented minimal medium, 
without added glutathione, is normal yet the mutant 
still remains hypersensitive towards oxidants. This 
suggests that at least some of the functions of glu- 

tathione can be provided by peptides and or amino 
acids but not all. 

3.3. Role of glutathione in conferring resistance 
towards oxidants seen in stationary-phase 

cultures 

We have previously demonstrated that S. cerevi- 
siae cells grown past the diauxic shift point are con- 
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siderably more resistant towards oxidants than expo- 

nentially growing cells [l]. We were interested to de- 

termine what role glutathione played in this pheno- 
type. We therefore examined the resistance of 

stationary-phase cultures of DJY144 towards both 
H202 and the superoxide anion generator plumba- 
gin. Cultures of wild type and the gshl mutant were 

grown aerobically in casamino acids supplemented 
minimal medium to saturation and aliquots exposed 

to oxidants. We found that the gshl mutation re- 

sulted in greater sensitivity towards both Hz02 and 
redox-cycling compounds compared to that observed 
for wild-type yeast (Fig. 3). However, despite this, 

stationary-phase cultures of the gshl mutant were 
still more resistant to both Hz02 and plumbagin 
than exponentially growing cultures, suggesting that 
glutathione level is not the only factor involved in 

conferring resistance towards oxidants in stationary- 

phase cells. 
We initiated this study as we are interested in de- 

termining how cells sense and react towards oxida- 
tive stress and were curious to determine what role 
GSH played in sensing this stress. Given the rela- 

tively abundant nature of GSH in cells and the pres- 

ence of redox-active sulfhydryl groups we postulated 
that either changes in GSH levels or in the ratio of 

GSH/GSSG could be sensed by the cell and used as 
a signal to induce the adaptive stress responses. The 
presence of the oxidant adaptive stress responses in 

the gshl deficient mutant (which contains no glu- 
tathione) implies that the signal for induction of 

both the peroxide and superoxide stress responses 
cannot be a glutathione conjugate of menadione or 

other compound, nor is it likely to be glutathione 
levels or the ratio of oxidised to reduced glutathione. 

However, as the levels of Hz02 resistance induced in 

the gshl mutant are considerably lower than that 
observed with the wild type it is possible that there 
exists a glutathione-regulated stress response in addi- 

tion to a glutathione independent one. Further work is 
required to determine whether this is indeed the case. 
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