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Glutathione (GSH) is an important factor in determining tolerance against oxidative stress in living
organisms. It is synthesized in two sequential reactions catalyzed by γγγγ-glutamylcysteine synthetase
(GCS) and glutathione synthetase (GS) in the presence of ATP. In this work, the effects of three dif-
ferent oxidative stresses were examined on GSH content and GSH-related enzyme activities in the fis-
sion yeast Schizosaccharomyces pombe. GSH content in S. pombe was significantly enhanced by
treatment with hydrogen peroxide, ββββ-naphthoflavone (BNF) and tert-butylhydroquinone (BHQ).
Simultaneously, they greatly induced GCS and GS activity. However, they did not have any effects on
glutathione reductase activity. These results suggest that GCS and GS activities in S. pombe are up-reg-
ulated by oxidative stress.
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The tripeptide glutathione (γ-L-glutamyl-L-cysteinyl-gly-
cine, GSH), which is widely distributed in most living
cells, is a principal antioxidant and a low-molecular-
weight non-proteinous thiol compound. GSH plays an
important role in maintaining the intracellular thiol redox
state and protecting cells against oxidative damage, xeno-
biotic organic chemicals, and heavy metals (Meister et al.,
1989). GSH is synthesized in the cell cytosol via two
ATP-requiring enzymatic steps: the formation of γ-
glutamylcysteine from L-glutamate and L-cysteine, and
the formation of GSH from γ-glutamylcysteine and gly-
cine. The first step is catalyzed by γ-glutamylcysteine syn-
thetase (EC 6.3.2.2, GCS), whereas the second step is
catalyzed by glutathione synthetase (EC 6.3.2.3, GS). The
first step of GSH biosynthesis is generally regarded as the
rate-limiting step and is regulated by feed-back competi-
tive inhibition by GSH and the availability of L-cysteine
(DeLeve et al., 1991). The regulation of the expression of
the GCS genes has been relatively well documented. GCS
subunits in higher cells are up-regulated transcriptionally
by β-naphthoflavone (Moinova et al., 1998), the com-
monly used hepatocarcinogen thioacetamide (Lu et al.,

1999), cadmium (Dormer et al., 2000; Shukla et al.,
2000a; Shukla et al., 2000b), tumor necrosis facto
(Morales et al., 1997), butylated hydroxytoluene (Tu et
al., 1998), tert-butylhydroperoxide (Stover et al., 2000)
and nitric oxide (Moellering et al., 1998). Only a few
findings have been reported on the regulation of the G
genes. Mouse GS was reported to be induced by 1, 
phenanthroline, a typical metal chelating agent, althou
its induction was not sufficient to cause apoptosis (Su
1997). In the budding yeast Sacchromyces cerevisiae, the
expression of the GS gene was found to be increased
heat-shock stress in a Yap1p-dependent fashion and c
sequently intracellular GSH content was increased (S
iyama et al., 2000). However, little more is known abou
the regulatory mechanisms of GSH biosynthesis in ye
cells. 

The reactive oxygen species (ROS), such as supero
anions (O2

−), hydrogen peroxide (H2O2), and hydroxy rad-
icals (OH·), are produced by the normal aerobic meta
lism and by environmental agents, and these can dam
intracellular components such as DNA, proteins, and
membrane lipids (Ross et al., 2000; Smirnova et al.,
2000). β-Naphthoflavone (BNF) and tert-butylhydro-
quinone (BHQ) are known to produce ROS, and are u
as detoxifying enzyme inducers in several organis
(Stephensen et al., 2002; Jiang et al., 2003). Before inves-
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tigating the regulatory mechanism of GSH biosynthesis in
Schizosaccharomyces pombe, we examined the effects of
oxidative stresses, such as hydrogen peroxide, β-naph-
thoflavone and tert-butyhydroquinone, on GSH content
and GSH-related enzyme activities.

Total GSH content was determined by measuring absor-
bance at 412 nm (Sies and Akerboom, 1984) using oxi-
dized GSSG as a standard. In a final volume of 0.5 ml, the
reaction mixture contained; 100 mM phosphate buffer
(pH 7.0), 1 mM EDTA, 0.24 mM NADPH, 0.0756 mM
5,5�-dithio-bis(2-nitrobenzoic acid) (DTNB), and 0.06
units glutathione reductase (GR). Then, 100 µl of the
appropriate GSSG standard or 100 µl of the crude extract
was added to each reaction mixture. The absorbances of
known concentrations of GSSG were used to construct a
standard curve. γ-Glutamylcysteine synthetase (GCS)
activity was determined as previously described (Seelig
and Meister, 1985). Enzyme activity was determined at
37oC in a reaction mixture (final volume, 1.0 ml) con-
taining 0.1 M Tris-HCl buffer, 150 mM KCl, 5 mM ATP,
2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10 mM
L-α-aminobutyrate, 20 mM MgCl2, 2 mM EDTA, 0.2
mM NADH, 17 µg of pyruvate kinase and 17 µg of lac-
tate dehydrogenase. The reaction was initiated by the
addition of the yeast extract, and absorbance at 340 nm
was monitored. Glutathione synthetase (GS) activity was
determined by measuring the formation of ADP in the
reaction mixtures containing the enzyme and its substrates
(Meister, 1985). The reaction mixture contained 100 mM
Tris-HCl buffer (pH 8.2 at 37oC), 50 mM potassium chlo-
ride, 5 mM L-γ-glutamyl-L-α-aminobutyrate, 10 mM
ATP, 5 mM glycine, 20 mM magnesium chloride, 2 mM
EDTA, and extract in a final volume of 0.1 ml. The assay
mixture was incubated for 2.5-30 min at 37oC. To deter-
mine ADP, the reaction mixtures were treated with 0.02
ml of 10% sulfosalicylic acid and 0.9 ml of a solution
containing 0.5 mM phosphoenolpyruvate, 0.2 mM
NADH, pyruvate kinase (1 unit), 40 mM magnesium
chloride, 50 mM potassium chloride, and 250 mM potas-
sium phosphate buffer (pH 7.0). The amount of ADP
formed was calculated from the change in absorbance at
340 nm induced by adding 0.1 ml (1 unit) of lactate dehy-
drogenase. Glutathione reductase (GR) activity was spec-
trophotometrically assayed during the oxidation of
NADPH at 340 nm (Carlberg and Mannervik, 1985). The
reaction mixture (0.2 ml) contained 0.1 M phosphate
buffer (pH 7.0), 1 mM GSSG, and 0.1 mM NADPH. The
reaction was initiated by adding the enzyme.

 Reactive oxygen species and other harmful compounds
are produced during the normal growth of aerobic cells,
and these may inhibit cell growth. Defense systems such
as antioxidant and redox enzymes are required for the nor-
mal growth of the cells. GSH, known as a major antiox-
idant, is present in high concentrations (up to 10 mM in
the liver) in most living cells, from microorganisms to

humans, and is known to be involved in cellular respon
to various stresses (Penninckx, 2000). Moreover, end
enous GSH concentrations can alter cellular response
oxidative stress, and increases in GSH have been p
posed as a potential mechanism for enhancing cellu
antioxidant defense (Mollering et al., 1998). Various
agents modulate the transcription of the γ-glutamylcys-
teine synthetase genes and GSH levels in different 
types.

The wild-type S. pombe KP6 (972h−) cells were grown
in rich media (Lee et al., 2001), and the S. pombe culture
was split at the early exponential phase. Hydrogen p
oxide (100 µM), β-naphthoflavone (10 µM) and tert-
butylhydroquinone (50 µM) were added to the yeast cul-
tures. After 6 h shaking, the yeast cultures were harves
and their extracts were used to determine GSH cont
and GSH-related enzyme activities. Treatment of S.
pombe cultures with hydrogen peroxide (100 µM), β-
naphthoflavone (10 µM) and tert-butylhydroquinone (50
µM) did not give rise to changes in growth rates (data n
shown). Hydrogen peroxide, which is generated predo
inantly in mitochondria, is transformed into the highl
reactive hydroxyl radical, which damages virtually a
macromolecules (Gosslau and Rensing, 2002). Hydrog
peroxide (100 µM) strongly enhanced the levels of GSH
and GSH-synthesizing enzyme activity in S. pombe (Fig.
1). The GSH level was increased 3.14-fold by hydrog
peroxide (100 µM). GCS and GS activities were also
enhanced 3.13 and 3.82-fold by treatment with hydrog
peroxide, respectively, which corresponded with t
observed increase in GSH content. However, GR activ
was unaffected by hydrogen peroxide treatment. Stea
state levels of the mRNAs corresponding to the heavy a
light subunits of GCS, have been reported to be eleva
after exposing cells to various xenobiotics (Mulcahy et

Fig. 1. Effect of hydrogen peroxide (100 µM) on total glutathione con-
tent (GSH), γ-glutamylcysteine synthetase (GCS), glutathione sy
thetase (GS) and glutathione reductase (GR) activities in the fiss
yeast Schizosaccharomyces pombe. Experiments were performed in
triplicate.
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al., 1997). It was recently found that the expression of the
S. cerevisiae GCS gene is regulated at the level of tran-
scription by oxidants such as hydrogen peroxide and heavy
metals (Dormer et al., 2002). The up-regulation of the
GCS gene could be mediated by Yap1p, a critical tran-
scription factor of oxidative stress response in the budding
yeast (Sugiyama et al., 2000). However, the involvement
of the Pap1 protein, an S. pombe analogue of Yap1p, in the
up-regulation of the GCS and GS genes remains to be elu-
cidated. The GCS transcript in S. cerevisiae was greatly
induced after exposure to cadmium, which was shown
using a DNA microarray (Momose and Iwahashi, 2001).
Treatment of the fission yeast S. pombe with BNF (10 µM)
increased the GSH content and GSH-synthesizing enzyme

activities (Fig. 2). The GSH content was increased 1.6
fold, and GCS and GS activities were increased 1.18- a
1.34-fold, respectively. Their enhancement also cor
sponded with the increase in GSH content. In other wor
increases in the activities of glutathione-synthesizi
enzyme result in a higher GSH content in S. pombe. BHQ
is a monofunctional Phase II enzyme inducer and one
the major metabolites of butylated hydroxyanisole, a sy
thetic antioxidant. Pretreatments of rat lung epithelial 
cells with sublethal concentrations of BHQ were found 
increase the intracellular GSH content in a concentrati
and time -dependent manner, due to the up-regulation
both β-glutamyltranspeptidase and GCS (Tian et al.,
1997). Treatment of BHQ (50 µM) was found to elevate
the GSH content and GSH-synthesizing enzyme activit
in S. pombe (Fig. 3), the GSH content was increased 2.22-
fold, and the GCS and GS activities were enhanced 2
and 5.83-fold, respectively. Interestingly, GS activity wa
dramatically increased by BHQ treatment. The regulati
of the GCS and GS genes might be largely dependen
the oxidant species and concentration, which will be futu
examined. Treatment with BNF and BHQ did not alter G
activity (Fig. 2, Fig. 3). However, the expression of the S.
cerevisiae GR gene was significantly induced by exposu
to menadione (Cyrne et al., 2003). This suggests that th
GR genes in S. cerevisiae and S. pombe are subject to dif-
ferent regulatory processes. Collectively, the levels of GS
and GSH-synthesizing enzyme activities are up-regula
by hydrogen peroxide, BNF and BHQ, which indicate
that GCS and GS are regulated by oxidative stress in
fission yeast S. pombe. These results encourage gene-lev
studies to elucidate the precise regulatory mechanism
GCS and GS in S. pombe.

This work was supported by the Korea Research Fo
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