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Several chemical agents have been used to exert oxidative stress in the study of stress
response, but differences in the effects of different reagents have received little atten-
tion. To elucidate whether such differences exist, the response of Schizosaccharomyces
pombe to menadione (MD), 1-chloro-2,4-dinitrobenzene (CDNB), hydrogen peroxide and
cumene hydroperoxide (CHP), which are frequently used to exert oxidative stress, was
investigated. Sensitivity to these reagents differed among mutants deficient in genes
involved in oxidative stress resistance. N-Acetylcysteine restored resistance to MD,
CHP and hydrogen peroxide but did not change sensitivity to CDNB. The induction
kinetics of genes induced by oxidative stress differed for each reagent. MD, CDNB and
hydrogen peroxide caused a transient induction of genes, but the peak times of induction
differed among the reagents. CHP gave quite different kinetics in that the induction
continued for up to 2 h. The c##1" gene was not induced by CHP. GSH rapidly decreased
in the cells treated with high concentrations of these reagents, but at alow concentration
only CDNB decreased GSH. These results indicated that S. pombe responded differently

to the oxidative stress exerted by these different reagents.

Key words: gene induction, GSH depletion, mutants, oxidant sensitivity,

Schizosaccharomyces pombe.

Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene; CHP, cumene hydroperoxide; Cu,Zn-SOD, superoxide
dismutase with cupper and zinc as cofactors; MD, menadione; NAC, N-acetylcysteine; ROS, reactive

oxygen species.

Aerobic organisms use oxygen to generate energy through
the complete oxidation of food molecules but the incomplete
reduction of oxygen generates highly active molecules
called reactive oxygen species (ROS) such as superoxide
radical, hydrogen peroxide, and hydroxyl radical. ROS
readily oxidize cellular components and severely damage
cells. Unless this damage is repaired properly, it causes
such diseases as cancer, diabetes, atherosclerosis, and pre-
mature aging (I—4). Cells protect themselves from the toxic
effects of ROS by various mechanisms. Cells have enzymes
and low-molecular-weight scavenging compounds that
degrade ROS, repair or degrade damaged molecules, and
exclude pro-oxidant molecules from the intracellular envir-
onment (5-9). The expression of many genes implicated in
these processes is induced by oxidative stress (10-13).
The defensive machinery for oxidative insults by ROS
has been studied extensively. Superoxide dismutase with
copper and zinc as cofactors (Cu,Zn-SOD) is a ubiquitous
enzyme that catalyzes the dismutation of the superoxide
radical to hydrogen peroxide and oxygen. It is located
mainly in the cytosol but also in the intermembrane
space of mitochondria and in other organelles (714-18).
The importance of this enzyme for oxidative stress
resistance has been shown by reports that mutants of

*To whom correspondence should be addressed. Tel: +81-568-88-
0811, Fax: +81-568-88-0829, E-mail: normutoh@inst-hsc.jp

Vol. 138, No. 6, 2005

microorganisms deficient in the enzyme are hypersensitive
to oxidative stress (19—24). Metazoa lacking activity of this
enzyme also show some deficiency (25, 26). GSH, which is
the most abundant thiol-containing low-molecular-weight
substance in the cell, is another molecule which effectively
eliminates ROS. GSH is synthesized from its constituent
amino acids by two consecutive reactions catalyzed by
v-glutamylcysteine synthetase and glutathione synthe-
tase. The elimination of ROS occurs through the oxidation
of GSH to GSSG and subsequent regeneration by glu-
tathione reductase. GSH is also used to cope with oxidative
stress by conjugating with oxidants, which is catalyzed by
glutathione S-transferase, for detoxification. An important
role for GSH in cellular resistance to oxidative stress has
been verified by many studies (5, 27-28). Catalase and
glutathione peroxidase are the enzymes that decompose
hydrogen peroxide (5). Superoxide dismutase with manga-
nese as a cofactor (29, 30) and thioredoxin (6, 31) also work
to protect cells from ROS.

The fission yeast Schizosaccharomyces pombe is phylo-
genically distant from the budding yeast Saccharomyces
cerevisiae and is often used for the study of cell biology or
molecular biology. As in other organisms, oxidative stress
activates transcription factors of S. pombe to induce the
expression of ROS defensive genes. One pathway to acti-
vate a transcription factor by oxidative stress is the main
stress response pathway of S. pombe in which Spcl/Styl
MAP kinase activates the transcription factor Atfl (32, 33).
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Activation of another transcription factor Papl by
oxidative stress is regulated by nuclear localization of
the factor (10) with the modification of cysteine residues
in the protein (34, 35). Prrl is a transcription factor
involved in the response to oxidative stress (36) with
homology to the transcription factor Skn7p of S. cerevisiae,
but the regulatory mechanism of this factor is not well
understood.

Many chemical agents are used to exert oxidative stress
on cells. Since oxidative stress is a state in which the intra-
cellular environment becomes oxidized, differences in
agents exerting the stress have not attracted much atten-
tion. We examined the difference in the response of
S. pombe to several reagents that exert oxidative stress
on the cell. We report here that menadione (MD),
1-chloro-2,4-dinitrobenzene (CDNB), hydrogen peroxide
and cumene hydroperoxide (CHP), which are commonly
used to exert oxidative stress on cells, had different effects
on S. pombe. Care should be taken when interpreting
the results obtained from an experiment where a specific
oxidant is used.

MATERIALS AND METHODS

Yeast Strains and Growth Conditions—The S. pombe
strains used in this study are listed in Table 1. The con-
struction of mutants was as follows. MN475, which is a
mutant deficient in gshl (the gene that encodes -
glutamylcysteine synthetase) and has the same genetic
background as wild-type JY741, was constructed by cross-
ing MN55 (38) with JY746 and then JY741 and selected
based on hypersensitivity to cadmium. The GSH content of
the mutant is less than 1/40 that of JY741. Deletion
mutants of atfI (encodes a transcription factor involved
in general stress response), cttl (encodes catalase) and
papl (encodes a transcription factor involved in oxidative
stress response) were constructed by transfecting DNA
fragments containing deletions of genes (deletion between
two HindIII sites for atf1, two Mscl sites for ctt1, and two
BglII sites for papl) into corresponding strains in which
these genes disrupted by ura4* gene [CN803 (40) for atfl,
CN513 (39) for cttl and TP108-3C (41) for papll, and
5-fluoroorotic acid-resistant clones were selected. The

Table 1. Strains used in this work.

. Reference
Strain Genotype or source
JY741 h™, ade6-M216, ura4-D18, leul Laboratory

stock
JY746 h*, ade6-M210, ura4-D18, leul Laboratory
stock
MN415 &7, ade6-M216, ura4-D18, leul, Asod1 37
MN55 h~, leul, gshl 38
MN475  h™, ade6-M216, ura4-D18, leul, gshl This study

CN513 h~, ade6-M216, ura4-D18, leul, cttl::ura4 39
MN407 k™, ade6-M216, ura4-D18, leul, Acttl This study
CN803 h™, ade6-M216, ura4-D18, leul, atf1::ura4 40

MN508 A7, ade6-M216, ura4-D18, leul, Aatf1 This study
TP108-3C A, ura4, leul, papl::ura4 41
MN602 A, ura4,leul, Apapl This study
DP1 h™, ade6-M216, ura4-D18, leul, prrl:ura4d 36
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deletion of genes was confirmed by PCR using primers
flanking the deletion sites. Primers used were AGCCGT-
TATTACTTCTGTCTTG and AACGGAGGGAAAGTC-
AAAGGGA for atfl, TGCGACTGAAAAGTCTAGCT and
AAGCTTCCTAAGATTACAAA for ctt1, and TGTTAATTA-
ATTGATAATTATG and TGCCTTTGGTCGACGAATAT
for papl. Cells were grown in YE (0.5% yeast extract,
3% glucose) with vigorous shaking at 30°C for most experi-
ments. EMM (42) supplemented with the necessary nutri-
ents at 50 pg/ml was used for selecting auxotrophic strains
in the construction of mutants. ME (3% malt extract) was
used to induce mating and sporulation for genetic crossing.
For solid media, 1.5% agar was added.

Assay for Sensitivity to Oxidants—For the assay of
sensitivity on plates, cells grown to the mid-logarithmic
phase in YE were diluted sequentially and spotted onto
plates containing reagents at the appropriate concentra-
tion. For the assay of antioxidative action, N-acetylcysteine
(NAC) was added to the plates at a concentration of 400 uM.
Plates were incubated at 30°C for 4 days. For the assay of
survival in liquid culture, reagents were added to the cul-
ture at the mid-logarithmic phase (2 x 107 cells/ml) in 5 ml
of YE. After 30 min of incubation at 30°C, cells were appro-
priately diluted with sterile water and spread onto YE
plates. Plates were incubated at 30°C for 4 days. The num-
ber of colonies that appeared on the plate was counted to
estimate the number of viable cells in the culture. To score
growth at a low concentration of reagents, reagents were
added to the culture at the mid-logarithmic phase in 5 ml of
YE. Aliquots were appropriately diluted and spread onto
YE plates at the time indicated. Plates were incubated at
30°C for 4 days. The number of colonies that appeared on
the plate was counted to estimate the number of viable cells
in culture.

Hybridization Analysis of RNA—Cells grown to the mid
logarithmic phase in 40 ml of YE were treated with
reagents for a specific period. Total cellular RNA was iso-
lated by the method of Elder et al. (43). Aliquots of 40 pg of
total cellular RNA were electrophoresed in 0.8% agarose
gel containing formaldehyde. RNA was transferred to
nitrocellulose membranes and hybridized with 32P-labeled
probe (44) prepared by the random priming method 45.
A probe for the leul gene (46) of S. pombe was used as
an internal control for hybridization. A BAS 1800 image
analyzer was used to analyze the results of hybridization.

Determination of GSH Content—Cells grown to the mid
logarithmic phase in 25 ml of YE were treated with
reagents for an appropriate period and harvested by
centrifugation. Harvested cells were washed with ice-
cold 50 mM Na-phosphate buffer pH 7.0 and frozen at
—80°C. Frozen cell pellets were mechanically disrupted
with a Cool Mill (Tokken, Japan) and extracted with
200 pl of ice-cold 50 mM Na-phosphate buffer, pH 7.0.
Unbroken cells were removed by centrifugation at
2,000 x g for 1 min. Protein content in the cell extract
was determined by the method of Lowry et al. (47) using
bovine serum albumin as a standard. To estimate cellular
GSH content, cell extract was deproteinized with 5% tri-
fluoroacetic acid and separated by ODS80 Tm (Tosoh,
Japan) reverse-phase HPLC as described previously (48).
The thiol content of the fraction in which GSH was eluted
was determined by the method of Ellman (49) to estimate
GSH content.
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RESULTS

Sensitivity of S. pombe Mutants to the Reagents Tested
on Plates—Spotting cells on a plate containing a reagent is
a convenient way to test the sensitivity of the cell to the
reagent. Four reagents, MD, CDNB, hydrogen peroxide
and CHP, were used to test the sensitivity of S. pombe
mutants defective in systems to destroy ROS. MD is a
quinone that produces superoxide radical by redox cycling
in the cell. CDNB exerts oxidative stress by depleting
intracellular GSH. Hydrogen peroxide, a ROS, oxidizes
cellular components and is converted to highly active
hydroxyl radical by the Harber-Weiss reaction in the pre-
sence of transition metals. CHP is an organic hydroperox-
ide that initiates radical reaction in the presence of
transition metals. S. pombe MN415, MN475 and MN407,
which have a mutation in the sod1, gshl, and cttl genes,
respectively, and JY741 (wild type) were sequentially
diluted and spotted onto plates containing these reagents
at the concentration indicated (Fig. 1). MN415 (sod1
mutant, deficient in Cu,Zn-SOD) was more sensitive to
all reagents tested than JY741. MN475 (gshl mutant,
deficient in GSH biosynthesis) was more sensitive to the
reagents tested except for CHP than JY741 but more resis-
tant to all reagents tested than MN415. MN407 (ctt1
mutant, deficient in catalase) was very sensitive to hydro-
gen peroxide and slightly sensitive to MD. Concentrations
of the reagents used here were the highest at which JY741
could grow at the highest dilution and the lowest at which
sensitive mutants showed growth inhibition. Twice this
concentration of the reagents completely inhibited the
growth of JY741 on the plate even without dilution and
sensitive mutants grew well at half of this concentration of
the reagents in many cases (data not shown). When the
anti-oxidant NAC was included in the plate containing
reagents, resistance to MD and CHP recovered dramati-
cally. Resistance to hydrogen peroxide recovered slightly
but sensitivity to CDNB did not change. The weak recovery
of resistance to hydrogen peroxide might be caused by the
high concentration of hydrogen peroxide used (2 mM) com-
pared to the concentration of NAC used (400 pM). Lower
concentration of NAC (100 uM) was enough to restore resis-
tance to MD and CHP (data not shown). Mutants defective
in transcription factors involved in the response to oxida-
tive stress were examined for their sensitivity to the
reagents on the plate. Mutants used were strains defective
in the atf1, papl or prrl gene. As shown in Fig. 2, these
strains each had a different spectrum of sensitivity. DP1
(prrl1 mutant) was sensitive to CDNB, CHP and hydrogen
peroxide and slightly sensitive to MD. MN602 (papl
mutant) was sensitive to all reagents used. MN508 (atf1
mutant) was sensitive to MD and hydrogen peroxide but
was not as sensitive as MN602 to MD or as DP1 or MN602
to hydrogen peroxide. These results revealed that differ-
ent gene products were implicated in resistance to these
reagents and that these reagents acted differently on
S. pombe cells in spite of their action as oxidants.

Sensitivity of S. pombe Cells to the Reagents in Liquid
Culture—The rate of survival of S. pombe at higher con-
centrations of oxidants in liquid culture was examined. The
assay in which survival after treatment with reagents for
30 min was scored showed that 500 pM MD killed more
than 90% of cells, whereas 4 mM CDNB was required to kill
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dilution 100 1071 1021073 100 10-1 10-210-3
JY741
MN415
MN475
MN407
YE 400 uM NAC
JY741
MN415
MN475
MN407
50 u(MMD 50 uM MD + 400 uM NAC

IY741
MN415
MN475
MN407

25 uM CDNB 25 uM CDNB + 400 pM NAC
JY741
MN415
MN475
MN407

2mMH202 2 mM H,y0; + 400 uM NAC
JY741
MN415
MN475
MN407 n

150 uM CHP

150 uM CHP + 400 uM NAC

Fig. 1. Sensitivity of S. pombe mutants deficient in ROS
resistant genes to CDNB, MD, hydrogen peroxide and
CHP on plates and recovery of resistance on addition of
NAC. JY741 (wild type), MN415 (sod1), MN475 (gshl), and
MN407 (cttl) were serially diluted 10-fold, and 2.5 pl aliquots
were spotted onto YE plates containing MD (50 uM), CDNB
(25 uM), hydrogen peroxide (2 mM) or CHP (150 puM) with or with-
out NAC (400 pM). Plates were incubated at 30°C for 4 days.

a comparable number of cells (Fig. 3). This result reversed
the result of the spotting assay, where CDNB worked at a
lower concentration than MD. CHP worked in liquid cul-
ture at a concentration two to three times higher than that
at which CDNB worked, but CHP worked at a six times
higher concentration than CDNB in spotting assay. Hydro-
gen peroxide required a much higher concentration than
other reagents to kill S. pombe cells in liquid culture, as
was found in the assay on the plate shown in Fig. 1. To test
the effects of low concentrations of the reagents in liquid
culture, the growth curve of JY741 with a low concentra-
tion of the reagents was examined (Fig. 4). MD, CDNB, and
hydrogen peroxide stopped the growth of cells but did not
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dilution 100 10-! 1072 10°3 109 10°1 102 10-3
JY 741

MNS508

MN602
DP1

100 10°1 102 10-3
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Fig. 2. Sensitivity of S. pombe mutants
deficient in genes of transcription factors
involved in oxidative stress resistance to
CDNB, MD, hydrogen peroxide and CHP
on plates. JY741 (wild type), MN508 (atfI)
MNG602 (papl) and DP1 (prrl) were serially
diluted 10-fold and 2.5 pl aliquots were spot-
ted onto YE plates containing MD (50 pM),
CDNB (25 pM), hydrogen peroxide (2 mM) or
CHP (150 uM). Plates were incubated at 30°C

for 4 days.
IY741
MNS508
MN602
DP1
25 uM CDNB 150 uM CHP
CHP(m) and CDNB(e) Hy02 Fig. 3. Survival assay of JY741 treated with
100 100 10014 high concentrations of MD (left panel)
CDNB (closed circle) and CHP (closed
80 80 801 square) (center panel) and hydrogen
peroxide (right panel). MD, CDNB, hydrogen
601 60 601 peroxide and CHP were added to JY741 culture
grown in YE to mid logarithmic phase at the
40+ 40+ 401 concentrations indicated. After 30 min incuba-
tion at 30°C, cells were diluted appropriately
201 207 20 and spread onto YE plates to count viable
cells in the culture. Plates were incubated at

0 —
0 25 5 7.5 10
concentration (mM)

0 T T L} 1 T
0 0102030405
concentration (mM)

decrease their viability. However, when CHP was added to
the culture, viability did not decrease in the first 2 h but
rapidly decreased thereafter.

Induction of Oxidative Stress Related Genes by
Oxidants—S. pombe adapts to oxidative stress by rapidly
inducing defensive genes. We examined the induction of
cttl”, gpx1*, and apt1* after administration of a non-lethal
concentration of oxidant (50 pM MD, 50 yM CDNB, 0.1 mM
CHP, and 0.3 mM hydrogen peroxide) by hybridization
assay (Fig. 5). Expression of aptI® is controlled by Papl
(10, 41), while expression of gpx1* is controlled by Atf1 (50).
Expression of cttI" is controlled both Atfl and Papl (40,
51), and Prrl is also involved in ctt1* expression (36).
Although the induction kinetics of ctt1* and gpxI™ by
MD, CDNB and hydrogen peroxide was that of a typical
stress-responsive gene, a difference in the peak of induc-
tion was observed. The peak for these genes was 30 min for
MD and hydrogen peroxide and 60 min for CDNB. The
amount of mRNA of these genes rapidly decreased after
the peak. Kinetics of aptI™ induction was a little different
from that of ctt1" and gpxI" induction. Some delay in the
induction of aptI” was observed. The peak of induction by
MD and CDNB occurred at 90 min, though hydrogen per-
oxide showed a peak of induction at 30 min as found in ct¢1*
and gpxI* genes. In the case of MD and hydrogen peroxide,

0 — —
0 50 100150 200
concentration (mM)

30°C for 4 days. The absolute value correspond-
ing to 100% is 2 x 107 cells/ml. The data pre-
sented here are results representative of three
independent experiments.

E 108-

N—’

2

E control

FC?S /

en MD(100 uM)

g 107 H,0, (5 mM)

5 CDNB(50 uM)

(e

2

=

S 106 ' ' m CHP(100 uM)
0 1 2 3 4

time (h)

Fig. 4. Growth curve of JY741 treated with low concentra-
tions of MD, CDNB, hydrogen peroxide and CHP.MD (100 M)
(open circle), CDNB (50 uM) (closed circle), hydrogen peroxide
(5 mM) (open square) and CHP (100 pM) (closed square) were
added to cells grown in mid logarithmic phase in YE and incubation
was continued. As a control, a culture without reagents (closed
triangle) was used. Cells were diluted appropriately and spread
onto YE plates to count viable cells in the culture. Plates were
incubated at 30°C for 4 days. The data presented here are results
representative of three independent experiments.
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Fig. 5. Hybridization analysis of induction
kinetics of genes by the reagents. Induction
of apt1™ (left panel), gpx1* (center panel), and ctt 1™
(right panel) genes by 50 M MD (open circle),
50 uM CDNB (closed circle), 300 uM hydrogen
peroxide (open square) and 100 uM CHP (closed
square) was examined. Total cellular RNA of
JY741 was prepared from cells treated with the
reagents for the time indicated and analyzed
by Northern blot hybridization. The amount of
mRNA was estimated by use of a BAS 1800
Image analyzer. The induction rate was calcu-
lated from the amount of each mRNA relative
to leul mRNA. The data presented here are
results representative of three independent
experiments.

aptl™ gpxIt cnl™

_
w
.
—
o
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cup 801
CDNB

601
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induction ratio
wn
0
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Hy0) 25 H,0, 207
MD '

H—
0 30 60 90120
time (min)

0 —
0 30 60 90120
time (min)

00 30 60 90 120

time (min)

Fig. 6. Consumption of GSH by oxidant. Cell
extract obtained from JY741 treated with MD
(open circle), CDNB (closed circle) hydrogen
peroxide (open square) and CHP (closed square)
at non-lethal (left panel) and lethal (right panel)
concentrations was deproteinized with 5% tri-
fluoracetic acid and separated by reverse phase
HPLC. Thiol contents of the fraction in which
GSH was eluted were determined to estimate
GSH content. Concentrations used were 50 pM
(non-lethal) and 4 mM (lethal) CDNB,
100 uM (non-lethal) and 500 pM (lethal) MD,
500 puM (non-lethal) and 10 mM (lethal) CHP,
and 10 mM (non-lethal) and 200 mM (lethal)
hydrogen peroxide.

non-lethal concentration lethal concentration

D (100 uM) 60

H>07 (10 mM)

407 CHP (10 mM)

(mM/mg protein)

20+

GSH concentration

CDNB (50 uM)

0 CDNB (4 mM)
0 20 40 60 0 20 40 60

time (min) time (min)

the amount of apt1* mRNA did not decrease rapidly. These
differences might be caused by a difference in the tran-
scription factors involved in induction of the genes. CHP
gave different induction kinetics. Both aptl™ and gpxI™
mRNA levels began to rise 30 min after administration
of CHP and continued to increase up to 2 hours after
administration of CHP. Surprisingly, ct¢1* was not induced
at all by CHP. MN407 (ctt1 mutant) was resistant against
CDNB in the plate assay (Fig. 1), though the ctt1 gene was
found to be highly expressed after CDNB treatment (Fig. 5).
This indicated that some genes responsible for resistance
to a reagent are not always inducible by the reagent.
Consumption of GSH by Oxidant—GSH is a thiol com-
pound present in large amounts in cells and plays an
important role in maintaining the reductive environment
of the cell. Since GSH is used to detoxify ROS because of its
strong reducing power and itself is oxidized to glutathione
disulfide, the intracellular GSH concentration was
expected to decrease in the cells treated with an oxidant.
The consumption of GSH in S. pombe treated with the four
reagents was examined (Fig. 6). When JY741 was treated
with the reagents at the concentration at which the survi-
val rate of cells at 30 min is less than 10%, the intracellular
concentration of GSH decreased rapidly. CDNB, MD and
hydrogen peroxide reduced the cellular GSH content to less
than 10% of the original level but CHP did not reduce the
cellular GSH content as much. About 40% of the original
level of GSH was detected in cells treated with a high
concentration of CHP. At lower non-lethal concentrations
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of reagents, only treatment with CDNB markedly
decreased the cellular GSH content. MD, CHP and hydro-
gen peroxide did not decrease cellular GSH level signifi-
cantly at non-lethal concentrations. Since CDNB is a good
substrate for glutathione S-transferases of S. pombe (52),
the reduction of GSH at low concentrations of CDNB was
probably caused by the conjugation of GSH with CDNB
catalyzed by this enzyme.

DISCUSSION

MD, CDNB, hydrogen peroxide and CHP, which are fre-
quently used to induce oxidative stress in the study of
cellular stress response, were examined for their effects
on S. pombe. MN415 (sodl mutant) and MN475 (gshl
mutant) were more sensitive to these reagents than
JY741 (wild type) and the resistance was restored by the
antioxidant NAC, though resistance to CDNB was not
restored. This indicated that they worked as oxidants as
expected. However, their effects on S. pombe differed.
Among the four reagents, CHP was most different. The
induction kinetics of genes by CHP was very different
from the typical induction kinetics of genes induced by
oxidative stress. Expression of the cttI” gene was not
induced by CHP in spite of the extensive induction of
the gene by other reagents tested. aptI* and gpx1™ showed
some delay in their induction and a high level of expression
for up to 2 h after the administration of CHP. In contrast
the induction of these genes by other reagents peaked at
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30 to 90 min post-administration. GSH consumption at
a high concentration of CHP was also different from
other reagents. GSH content was not reduced much in
S. pombe treated with a high concentration of CHP, in
contrast to S. pombe treated with other reagents at high
concentrations.

NAC restored resistance to MD and CHP but did not
change sensitivity to CDNB. The restoration of MD resis-
tance occurred in MN475 (gsh1 mutant) as well as the wild
type. This indicated that NAC, which is used frequently as
a precursor of GSH, did not need to be converted to GSH to
cope with oxidants, and a high concentration of thiol in the
cell was enough to protect S. pombe against MD toxicity.
The reason why NAC did not restore resistance to CDNB is
not clear. One possibility is that 400 uM NAC might not
give enough thiol to restore oxidant resistance in S. pombe,
since the cellular GSH level decreased at the low concen-
tration of CDNB used in the spot assay.

Hydrogen peroxide required a much higher concentra-
tion than other reagents to act on JY741 both on plates and
in the liquid culture. A catalase-deficient mutant showed
sensitivity to hydrogen peroxide at a micromolar concen-
tration in liquid culture (32), which is a similar concentra-
tion to other oxidants in liquid culture (Fig. 3). This
indicated that efficient decomposition of hydrogen peroxide
by catalase makes S. pombe cells resistant to higher con-
centrations of hydrogen peroxide. Rapid decomposition of
hydrogen peroxide in the wild-type cell (53) could be the
cause of the rapid decline in induction of the apt1* gene
shown in Fig. 5.

Mutants defective in transcription factors involved in
oxidative stress resistance were differently resistant to
the reagents. This means different genes were involved
in resistance to the reagents. Resistance to MD was mainly
determined by the gene whose transcription is controlled
by Papl, and the gene whose transcription was controlled
by Atfl and Prrl is also involved in MD resistance. Resis-
tance to CDNB was determined by the gene whose tran-
scription is controlled by Prrl and Papl. All mutants of one
of the three transcription factors were sensitive to hydro-
gen peroxide. This is consistent with the expression of
catalase, an important enzyme for hydrogen peroxide resis-
tance, being controlled by these three transcription factors
(32, 33, 36, 40). Both MN602 and DP1 were sensitive to
CHP. This means that the gene whose expression is con-
trolled by both Papl and Prrl is involved in resistance to
CHP. Since sod1 was expressed at similar levels in these
mutants as the wild type (22), though weak induction of
sod1 by MD or hydrogen peroxide was not observed in the
mutants (22), genes other than sod1 should be responsible
for sensitivity in the mutants of transcription factors.
Thorpe et al. (54) showed that distinct mechanisms work
to maintain protection against different reagents generat-
ing ROS in S. cerevisiae by using a complete set of viable
deletion mutants. Two phylogenically different species
showed similar phenomena indicating that distinct genes
are involved in resistance to reagents exerting oxidative
stress. This indicates that a difference in cellular response
to reagents used to exert oxidative stress could be widely
observed in living cells.

At lower concentrations of CDNB, the cellular GSH con-
tent rapidly decreased, but S. pombe remained viable. The
induction of oxidative stress defensive genes occurred at
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the concentration at which GSH depletion did not occur in
cells treated with MD, hydrogen peroxide or CHP (Fig. 5).
These results indicated that GSH depletion was neither
the cause of loss of viability in oxidatively stressed
S. pombe nor involved in the induction of genes by oxida-
tive stress. Modification of cysteine residues in Papl by
oxidants, which is important for nuclear localization and
activation of Papl, occurs without GSH depletion. This
indicated that cysteine residues involved in oxidative mod-
ification to activate Papl should be more reactive to oxi-
dants than GSH, at least in the case of MD and hydrogen
peroxide.

In the survival assay, MD killed S. pombe cells at the
lowest concentration of the reagents tested. However, in
the spot assay, CDNB acted at the lowest concentration.
These results might indicate that CDNB worked as a fun-
gistatic agent at a wide range of concentrations, while MD
acted as a fungicidic agent at relatively low concentrations,
though it functioned as a fungistatic agent at 100 uM
(Fig. 4). Otherwise, cells grown on plates and cells
grown in liquid culture might differ in physiological
state, giving rise to different responses to these reagents.

Oxidative stress has attracted much attention because it
causes several diseases and aging. In the study of oxidative
stress, several agents are used to exert oxidative stress on
cells. However, the difference in cellular responses derived
from the use of different reagents has not attracted much
attention. The results presented here showed that cellular
response differs according to the reagents causing oxida-
tive stress. These differences should be considered care-
fully when interpreting the results obtained in an
experiment using a specific reagent. What causes these
differences is an interesting problem. One possibility is
that these reagents generate ROS at different places in
the cell. The generation of ROS in the cell was microsco-
pically investigated. S. pombe cells treated with these
reagents were stained with dihydrofluorescein diacetate
(55) to visualize where the ROS were generated. S. pombe
cells treated with these reagents produced brighter fluor-
escent images than untreated cells, but in any case the
fluorescent signal was observed in the cytoplasm, and no
distinctive structure with strong fluorescence was found
(data not shown). Another possibility is that the different
reagents generate ROS by different mechanisms. Since
MN415 (a sodl mutant) was hypersensitive to these
reagents, superoxide radical generated in the cell should
be one of the causes of toxic effects of these reagents. MD
produces superoxide radical by redox cycling. CHP is a
organic peroxide that produces superoxide radical by initi-
ating radical reaction in the presence of transition metals.
CDNB shifts intracellular redox balance to a more oxidized
state by lowering GSH level, which favors production of
superoxide radical. Hydrogen peroxide is a ROS that does
not directly produce superoxide radical but oxidizes cellu-
lar components and makes the intracellular environment
favorable to superoxide radical production. Hydrogen per-
oxide is also converted to the more active hydroxyl radical
in the presence of transition metals by the Harber-Weiss
reaction. Indirect production of superoxide radical could
be the reason that NAC did not restore the resistance to
CDNB. MD and CHP produce superoxide radical in parts
of the cell where these molecules are distributed. On the
other hand, superoxide radical could be generated over a
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wider area in the cells treated with CDNB, which lowers
GSH level and makes a wider area of the cell more oxidized.
In cells treated with MD and CHP, superoxide radical
might be produced in areas that exogenously added NAC
could easily reach, but in CDNB-treated cells, superoxide
radical was generated over a wider area including parts
where exogenously added NAC did not reach, though
microscopically no difference in the area of ROS generation
was detected as described above. Restoration of hydrogen
peroxide resistance by NAC, though hydrogen peroxide
produces superoxide radical indirectly, was probably
because NAC reacted directly with hydrogen peroxide
and reduced the concentration of hydrogen peroxide.
Direct oxidation of cellular components by hydrogen per-
oxide or hydroxyl radical produced from hydrogen peroxide
by the Harber-Weiss reaction could be the main basis of
toxicity of hydrogen peroxide, and superoxide radical was
produced secondarily by oxidation of cellular components.
This might be why MN415 was less sensitive to hydrogen
peroxide but very sensitive to CDNB, which produces
superoxide radical indirectly.

Elucidation of the precise mechanisms by which these
reagents work is required to clarify the basis of differences
of cellular responses to these reagents. This work is now
under way in our lab.
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