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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 Kyglutamylcysteine 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 pomb&SH content in S. pombewas significantly enhanced by
treatment with hydrogen peroxide, B-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 activitiesSinpombeare up-reg-
ulated by oxidative stress.
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The tripeptide glutathioneHL-glutamyl-L-cysteinyl-gly- 1999), cadmium (Dormeet al, 2000; Shuklaet al,
cine, GSH), which is widely distributed in most living 2000a; Shuklaet al, 2000b), tumor necrosis factor
cells, is a principal antioxidant and a low-molecular- (Moraleset al, 1997), butylated hydroxytoluene (Bi
weight non-proteinous thiol compound. GSH plays an al., 1998),tert-butylhydroperoxide (Stoveet al, 2000)
important role in maintaining the intracellular thiol redox and nitric oxide (Moelleringet al, 1998). Only a few
state and protecting cells against oxidative damage, xenofindings have been reported on the regulation of the GS

biotic organic chemicals, and heavy metals (MeBtel, genes. Mouse GS was reported to be induced by 1, 10-
1989). GSH is synthesized in the cell cytosol via two phenanthroline, a typical metal chelating agent, although
ATP-requiring enzymatic steps: the formation gf its induction was not sufficient to cause apoptosis (Sun,

glutamylcysteine from L-glutamate and L-cysteine, and 1997). In the budding yeaSacchromyces cerevisjatae

the formation of GSH frony-glutamylcysteine and gly- expression of the GS gene was found to be increased by

cine. The first step is catalyzed Ypglutamylcysteine syn-  heat-shock stress in a Yaplp-dependent fashion and con-

thetase (EC 6.3.2.2, GCS), whereas the second step equently intracellular GSH content was increased (Sug-

catalyzed by glutathione synthetase (EC 6.3.2.3, GS). Théyamaet al, 2000). However, little more is known about

first step of GSH biosynthesis is generally regarded as thehe regulatory mechanisms of GSH biosynthesis in yeast

rate-limiting step and isegulated by feed-back competi- cells.

tive inhibition by GSH and the availability of L-cysteine  The reactive oxygen species (ROS), such as superoxide

(DeLeveet al, 1991). The regulation of the expression of anions (Q), hydrogen peroxide (}@,), and hydroxy rad-

the GCS genes has been relatively well documented. GC&als (OH-), are produced by the normal aerobic metabo-

subunits in higher cells are up-regulated transcriptionallylism and by environmental agents, and these can damage

by B-naphthoflavone (Moinovat al, 1998), the comr - intracellular components such as DNA, proteiasd

monly used hepatocarcinogen thioacetamide €Lal, membrane lipids (Rosst al, 2000; Smirnovaet al,
2000). B-Naphthoflavone (BNF) andert-butylhydro-
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tigating the regulatory mechanism of GSH biosynthesis inhumans, and is known to be involved in cellular responses
Schizosaccharomyces pombe examined the effects of to various stresses (Penninckx, 2000). Moreover, endog-

oxidative stresses, such as hydrogen peroxdegph- enous GSH concentrations can alter cellular responses to
thoflavone andtert-butyhydroquinone, on GSH content oxidative stress, and increases in GSH have been pro-
and GSH-related enzyme activities. posed as a potential mechanism for enhancing cellular

Total GSH content was determined by measuring absorantioxidant defense (Molleringt al, 1998). Various
bance at 412 nm (Sies and Akerboom, 1984) using oxi-agents modulate the transcription of taglutamylcys-
dized GSSG as a standard. In a final volume of 0.5 ml, theeine synthetase genes and GSH levels in different cell
reaction mixture contained; 100 mM phosphate buffer types.

(pH 7.0), 1 mM EDTA, 0.24 mM NADPH, 0.0756 mM The wild-typeS. pombeKP6 (972h) cells were grown
5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), and 0.06 in rich media (Leeet al, 2001), and th&. pombeulture
units glutathione reductase (GR). Then, 3@0of the was split at the early exponential phase. Hydrogen per-
appropriate GSSG standard or 30®f the crude extra™ oxide (100 puM), B-naphthoflavone (1QuM) and tert-

was added to each reaction mixture. The absorban:t s dfutylhydroquinone (5@M) were addedo the yeast cul-
known concentrations of GSSG were used to construct dures. After 6 h shaking, the yeast cultures were harvested
standard curve.y-Glutamylcysteine synthetase (GCS) and their extracts were used to determine GSH content
activity was determined as previously described (Seeligand GSH-related enzyme activities. Treatment Sof
and Meister, 1985). Enzyme activity was determined atpombe cultures with hydrogen peroxide (1QM), B-

37C in a reaction mixture (final volume, 1.0 ml) con- naphthoflavone (1@M) and tert-butylhydroquinone (50
taining 0.1 M Tris-HCI buffer, 150 mM KCI, 5 mM ATP, puM) did not give rise to changes in growth rates (data not
2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10 mM shown). Hydrogen peroxide, which is generated predom-
L-a-aminobutyrate, 20 mM MgGl 2 mM EDTA, 0.2 inantly in mitochondria, is transformed into the highly
mM NADH, 17 ug of pyruvate kinase and 1ig of lac- reactive hydroxyl radical, which damages virtually all
tate dehydrogenase. The reaction was initiated by themacromolecules (Gosslau and Rensing, 2002). Hydrogen
addition of the yeast extract, aatbsorbance at 340 nm peroxide (10QuM) strongly enhanced the levels of GSH
was monitored. Glutathione synthetase (GS) activity wasand GSH-synthesizing enzyme activitySn pombgFig.
determined by measuring the formation of ADP in the 1). The GSH level was increased 3.14-fold by hydrogen
reaction mixtures containing the enzyme and its substrateperoxide (100uM). GCS and GS activities were also
(Meister, 1985). The reaction mixture contained 100 mM enhanced 3.13 and 3.82-fold by treatment with hydrogen
Tris-HCI buffer (pH 8.2 at 3T), 50 mM potassium chlo-  peroxide, respectively, which corresponded with the
ride, 5 mM Ly-glutamyl-L-a-aminobutyrate, 10 mM  observed increase in GSH content. However, GR activity
ATP, 5 mM glycine, 20 mM magnesium chloride, 2 mM was unaffected by hydrogen peroxide treatment. Steady-
EDTA, and extract in a final volume of 0.1 ml. The assay state levels of the mRNAs corresponding to the heavy and
mixture was incubated for 2.5-30 min at’@7To deter-  light subunits of GCS, have been reported to be elevated
mine ADP, the reaction mixtures were treated with 0.02after exposing cells to various xenobiotics (Mulcagty

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 GSH
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 ¢ G€3
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 compound: 0 100 200 300 400
are produced during the normal growth of aerobic cells,
and these may inhibit cell growth. Defense systems suct
as antioxidant and redox enzymes are required for the nor
mal growth of the cells. GSH, known as a major antiox- thetase (GS) and glutathione reductase (GR) activities in the -

Idant_’ IS p_resent n _h_lgh Concentrat'ons_‘ (up to 1_0 mM Inyeast Schizosaccharomyces pombexperiments were performed
the liver) in most living cells, from microorganisms to ipiicate.

3 Control
Hydrogen peroxide

Relative Content/Activity

Fig. 1. Effect of hydrogen peroxide (1Q0M) on total glutathione col
tent (GSH), y-glutamylcysteine synthetase (GCS), glutathione
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activities (Fig. 2). The GSH content was increased 1.67-
fold, and GCS and GS activities were increased 1.18- and
1.34-fold, respectively. Their enhancement also corre-
sponded with the increase in GSH content. In other words,
increases in the activities of glutathione-synthesizing

enzyme result in a higher GSH contenSirpombeBHQ

is a monofunctional Phase Il enzyme inducer and one of
the major metabolites of butylated hydroxyanisole, a syn-
thetic antioxidant. Pretreatments of rat lung epithelial L2

GSH |

GCS |

i g:r:rol _ceIIs with sub_lethal concentrations of BHQ were found_ to
H increase the intracellular GSH content in a concentration-
and time -dependent manner, due to the up-regulation of
: : ; both B-glutamyltranspeptidase and GCS (Tiat al,
° % 1.00 190 o 200 250 1997). Treatment of BHQ (50M) was found to elevate
Relative Content/Activity the GSH content and GSH-synthesizing enzyme activities
Fig. 2. Effect of B-naphthoflavone (BNF, 1QiM) on total glutathion: in S. pombé€Fig. 3), the GSH content was increale2R-

content (GSH)y-glutamylcysteine synthetase (GCS), glutathione  n- fold, and the GCS and GS activities were enhanced 2.01
thetase (GS) and glutathione reductase (GR) activities in the l..siongnd 5,83-fold, respectively. Interestingly, GS activity was
yeast Schizosaccharomyces pomtiexperiments were performed in gramatically increased by BHQ treatment. The regulation
triplicate. of the GCS and GS genes might be largely dependent on
the oxidant species and concentration, which will be future
examined. Treatment with BNF and BHQ did not alter GR
activity (Fig. 2, Fig. 3). However, the expression of $he
cerevisiaeGR gene was significantly induced by exposure
to menadione (Cyrnet al, 2003). This suggests that the
GR genes irs. cerevisiaandS. pombeare subject to dif-
ferent regulatory processes. Collectively, the levels of GSH
and GSH-synthesizing enzyme activities are up-regulated
by hydrogen peroxide, BNF and BHQ, which indicates
that GCS and GS are regulated by oxidative stress in the
fission yeast. pombeThese results encourage gene-level
studies to elucidate the precise regulatory mechanisms of
‘ ‘ ‘ K ‘ ‘ GCS and GS irs. pombe
0 100 200 300 400 500 600 700
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Fig. 3. Effect of tert-butylhydroquinone (BHQ, 5@M) on total glu- dation Grant (KRF-2002-070-C00062)
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GSH [ Control

BHQ

tathione synthetase (GS) and glutathione reductase (GR) activities in References
the fission yeasBchizosaccharomyces pomixperiments were per-
formed in triplicate. Carlberg, 1. and B. Mannervik. 1985. Glutathione reductsdesh-

) odsEnzymal 113, 484-490.
al., 1997). It was recently found that the expression of thecyrne, L., L. Martins, L. Fernandes, and H.S. Marinho. 2003. Reg-

S. cerevisiagGCS gene is regulated at the level of tran- ulation of antioxidant enzymes gene expression in the yeast
scription by oxidants such as hydrogen peroxide and heavy Saccharomyces cerevisidaring stationary phaséree Radic.
metals (Dormeret al, 2002). The up-regulation of the Biol. Med. 34, 385-393.

GCS gene could be mediated by Yap_’]_p' a critical tran-DelLeve, L. and N. Kaplowitz. 1991. Glutathione metabolism and
scription factor of oxidative stress response in the budding  its role in hepatotoxicityPharmacol Ther 52, 287-305.

yeast (Sugiyamat al, 2000). However, the involvement DOrmer, U.H., J. Westwater, N.F. McLaren, N.A. Kent, J. Mellor,
of the Pap1 protein, . pombanalogue of Yaplp, in the and D.J. Jamieson. 2000. Cadmium-inducible expression of the

. : yeastGSH1 gene requires a functional sulfur-amino acid reg-
up-regulation of the GCS and GS genes remains to be elu- ulatory network.J. Biol. Chem 275, 32611-32616.

_Cidated' The GCS transcript & C_ereViSiae_Was greatly Dormer, U.H., J. Westwater, D.W.S. Stephen, and D.J. Jamieson.
induced after exposure to cadmium, which was shown 2002, Oxidant regulation of th&accharomyces cerevisiae

using a DNA microarray (Momose and Iwahashi, 2001). GSH1gene.Biochim. Biophys. Actd576, 23-29.
Treatment of the fission yedSt pombeavith BNF (10uM) Gosslau, A. and L. Rensing. 2002. Oxidative stress, age-dependent
increased the GSH content and GSH-synthesizing enzyme [correction of age-related] cell damage and antioxidative mech-



Vol. 41, No. 3 Glutathione content and the activities of glutathione-synthesizing enzymes in fission yeast 251

anisms.Z. Gerontol. Geriatr. 35(2), 139-150. Ross, S.J., VJ. Findlay, P. Malakasi, and B.A. Morgan. 2000.
Jiang, Z.-Q., C. Chen, B. Yang, V. Hebbar, and A.-N.T. Kong. 2003. Thioredoxin peroxidase is required for the transcriptional
Differential responses from seven mammalian cell lines to the response to oxidative stress in budding yddsi. Biol. Cell

treatments of detoxifying enzyme inducdrie Sci.72, 2243- 11, 2631-2642.

2253. Seelig, G.F. and A. Meister. 1985. Glutathione biosynthgsis;
Lee, Y.-J., K. Kim, E.-H. Park, K.-S. Ahn, D. Kim, and C.-J. Lim. Glutamylcysteine synthetase from rat kidniyethodsEnzy-

2001. Cloning and regulation &chizosaccharomyces pombe mol 113, 379-390.

gene encoding ribosomal protein S20Microbiol. 39, 31-36. Shukla, G.S., J.-F. Chiu, and B.A. Hart. 2000a. Enhanced expres-
Lu, S.C., Z.-Z. Huang, H. Yang, and H. Tsukamoto. 1999. Effect of sion of pulmonary-glutamylcysteine synthetase heavy subunit

thioacetamide on the hepatic expression-glutamylcysteine in rats exposed to cadmium aeros@tsicol. Appl. Pharmacol

synthetase subunits in the réoxicol. Appl. Pharmacol159, 163, 249-259.

161-168. Shukla, G.S., J-F. Chiu, and B.A. Hart. 2000b. Cadmium-induced
Meister, A. 1985. Glutathione synthetase from rat kidiathods elevations in the gene expression of the regulatory subuyit of

Enzymal 113, 393-399. glutamylcysteine synthetase in rat lung and alveolar epithelial

Meister, A. 1989. Metabolism and function of glutathione, p. 367- cells. Toxicol 151, 45-54.
474.In D. Dolphin, R. Poulson and R. Auramovic (eds.), Glu- Sies, H. and T.P. Akerboom. 1984. Glutathione disulfide (GSSG)
tathione: chemical, biochemical, and medical aspects, John  efflux from cells and tissueMethodsEnzymal 105, 445-451.

Wiley and Sons, New York, NY. Smirnova, G.V., N.G. Muzyka, M.N. Glukhovchenko, and U.N.
Moellering, D., J. McAndrew, R.P. Patel, T. Cornwell, T. Lincoln, Oktyabrsky. 2000. Effects of menadione and hydrogen perox-
X. Cao, J. L. Messina, H.J. Forman, H. Jo, and V.M. Darley- ide on glutathione status in growirlgscherichiacoli. Free

Usmar. 1998. Nitric oxide-dependent induction of glutathione Radic Biol. Med 28, 1009-1016.
synthesis through increased expression~gfutamylcysteine Stephensen, E., J. Sturve, and L. Forlin. 2002. Effects of redox

synthetaseArch. Biochem. Biophys858, 74-82. cycling compounds on glutathione content and activity of glu-
Moinova, H.R. and R.T. Mulcahy. 1998. An electrophile responsive tathione-related enzymes in rainbow trout liv€omp. Bio-

element (EpRE) regulatg$-naphthoflavone induction of the chem. Physiol. Part 33, 435-442.

humany-glutamylcysteine synthetase regulatory subunit gene. Stover, S.K., G.A. Gushansky, J.J. Salmen, and C.S. Gardiner.

J. Biol. Chem 273, 14683-14689. 2000. Regulation of-glutamate-cysteine ligase expression by
Momose, Y. and H. lwahashi. 2001. Bioassay of cadmium using a  oxidative stress in the mouse preimplantation embigricol.

DNA microassay: genome-wide expression patterr&aotha- Appl. Pharmacal 168, 153-159.

romyces cerevisiagesponse to cadmiunknviron. Toxicol. Sugiyama, K., S. Izawa, and Y. Inoue. 2000. The Yaplp-dependent

Chem 20, 2353-2360. induction of glutathione synthesis in heat shock response of
Morales, A., C. Garcia-Ruiz, M. Miranda, M. Mari, A. Colell, E. Saccharomyces cerevisiak Biol. Chem 275, 15535-15540.

Ardite, and J.C. Fernandez-Checa. 1997. Tumor necrosis factoiSun, Y. 1997. Induction of glutathione synthetase by 1,10-phenan-

increases hepatocellular glutathione by transcriptional regula- throline. FEBS Lettersi08, 16-20.

tion of the heavy subunit chain gfglutamylcysteine syn- Tian, L., M.M Shin, and H.J. Forman. 1997. Increased transiption

thetaseJ. Biol. Chem 272, 30371-30379. of the regulatory subunit of gamma-glutamylcysteine syn-
Mulcahy, R.T., M.A. Wartman, H.H. Bailey, and J.J. Gipp. 1997. thetase in rat lung epithelial L2 cells exposed to oxidative stress

Constitutive and beta-naphthoflavone-induced expression of the  or glutathione depletiorArch. Biochem. Biophy842(1), 126-

human gamma-glutamylcysteine synthetase heavy subunit gene  133.

is regulated by a distal antioxidant response element/TRETu, Z. and M.W. Anders. 1998. Up-regulation of glutamate-cysteine

sequencel. Biol. Chem 272, 7445-7454. ligase gene expression by butylated hydroxytoluene is mediated
Penninckx, M. 2000. A short review on the role of glutathione in by transcription factor AP-Biochem. Biophys. Res. Commun
the response of yeasts to nutritional, environmental, and oxi- 244, 801-805.

dative stressed€£nzymeMicrob. Technol 26, 737-742.



	NOTE
	Glutathione Content and the Activities of Glutathione-Synthesizing Enzymes in Fission Yeast are M...
	Yuk-Young Lee1, Su-Jung Kim1, Eun-Hee Park2, and Chang-Jin Lim1,*
	1Division of Life Sciences, Kangwon National University, Chuncheon 200-701, Korea 2College of Pha...
	(Received March 28, 2003�/�Accepted June 12, 2003)


	References


