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ABSTRACT

Using superoxide dismutase (SOD)-deficient mutants of Saccharomyces cerevisiae, the oxygen toxicity
induced by paraquat was studied. In aerobic culture condition, yeasts lacking MnSOD (mitochondrial
S0D) showed more significant growth retardation than CuZnSOD (cytoplasmic SOD)-deficient yeasts.
However, not so big differences in growth pattern of those mutants compared with wild type were ob-
served under anaerobic condition. When exposed to paraquat, the growth of yeasts lacking CuZnSOD
was severely affected by higher than 0.01mM of paraguat in culture medium. By the analysis of several
cellular components involved in free radical generating and scavenging system, it was found that,
under aerobic condition, the content of lipid peroxides in cell membrane as well as cellular activity of
glutathion peroxidase of CuZnSOD-deficient mutants was increased in the presence of paraquat,
although significant decrease of catalase activity was observed in those strains. In MnSOD-deficient
yeast, however, increment in cellular activity of glutathion peroxidase and catalase by paraquat was
observed without any deterioration of membrane lipid. It implies that the lack of mitochondrial SOD
could be compensated by both of glutathion peroxidase and catalase, but that only glutathion peroxi-
dase might act for CuZnSOD in cytoplasm. In contrast, all of SOD-deficient mutants showed a signifi-
cant decrease in catalase activity, but slight increase in the activities of glutathion peroxidase, when
cultivated anaerobically in the medium containing paraquat. Nevertheless, any significant changes of
lipid peroxides in cell membranes were not observed during anaerobic cultivation of SOD-deficient mu-
tants. It suggests that a little amount of free radicals generated by paraquat under anaerobic condition
could be sufficiently overcome by glutathion peroxidase but not by catalase.

INTRODUCTION enzymes in most aerobic organisms and many an-
aerobic ones (1). This enzyme catalyzes the dis-
proportion of the toxic superoxide radicals to give
dioxygen and hydrogen peroxide (20, +2H* —
0.+ 2H,0,), which is assumed to provide in vivo

The free radical scavenging enzyme, superox-
1de dismutase(SOD), is one of the most important
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protection against superoxide radicals generated
by oxidative metabolism. A lot of works have
been focussed on its protective roles in eucaryotic
cells from DNA damage, protein denaturation,
lipid peroxidation, aging and carcinogenesis, par-
ticularly in mammalian animals (2). However,
the in vivo experimental results did not give an
accurate, consistent and quantitative data due to
the complexicity of animal bodies.

As one of the simplest eucaryotic organism,
yeast strains are also known to have 2 different
SODs; one is CuZnSOD having Cu** and Zn**
at an active site in the cytoplasmic fraction, the
other is MnSOD having Mn™* in the mitochondri-
al part, as likely as other eucaryotes (3). Fur-
thermore, yeasts are capable of growing both in
aerobic and in anaerobic conditions. It means that
yeast cells are able to be subjected to a model
system in oxygen toxicity experiments instead of
mammalian animals.

Recently, the genes for these 2 SODs have been
cloned and characterized successfully in yeast
systems by Bermingham-McDonogh et al. (4)
and van Loon et al. (5-6). Following the gene
cloning, SOD-deficient yeast strains have been
constructed by Insertional inactivation of the
genes by 2 different groups (7-8), in order to elu-
cidate the role of SOD genes in cellular metabo-
lism and oxygen radical toxicity.

In this paper, we report the effect of paraquat,
one of well-known free radical generating agent,
on the cellular enzymes and metabolites in SOD-
deficient yeasts, especially catalase, glutathion
peroxidase, and lipid peroxides in cell membrane,
which have been known to involve in free radical
generating or scavenging processes.

MATERIALS AND METHODS

Microorganisms and Culture Condition

Throughout this work, four yeast strains were
used; Saccharomyces cerevisiae EG103 (MAT leu2
-3, 11 his3A1 trpl-28%e ura3-52 gal*) as wild
type, EG110 (same except sod2A..TRPI) lack-
ing mitochondrial MnSOD, EG118 (same except
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sodl AA:URA3) lacking cytoplasmic CuZnSOD,
and EG133 (same except sodIAA. URA and
sod2A 1! TRPI) deficient of both SOD enzymes,
which were kindly provided by Dr. Edith B.
Gralla at University of California, Los Angeles,
CA, U. S. A. The yeast strains were maintained
in YPD media, which consists of 1% yeast ex-
tract, 2% peptone, and 2% glucose.

In aerobic cultivation, 1% of seed cultures (ODgy
=4~5) were inoculated iIn YPD media, and culti-
vated for 16 hrs at 30°C with vigorous shaking at
150rpm on a rotary shaker. In order to generate
the oxygen toxicity in yeasts, 0.001lmM of para-
quat was added into culture medium.

On the other hand, the tightly closed capped Er-
lenmeyer flasks with side arm of spectrophoto-
metric cuvette were employed for the anaerobic
cultivation. In order to keep the culture media
anaerobically, 0.03% sodium thioglycollate was
supplemented in YPD medium with 1 ppm of
resazurin as an indicator. After inoculating 1%
of seed culture (ODgy=4~5), yeasts strains
were cultivated for 16 hrs at 30°C with shaking
at 100rpm on a rotary shaker.

Analytical Procedures

The yeast cells were harvested by centrifuga-
tion at 5,000 rpm after 16 hrs-cultivation,
washed twice and resuspended in 50mM phos-
phate buffer (pH 7.5) containing 0.lmM ethyl-
enediamine tetraacetate (EDTA), and then dis-
rupted by sonication for 5 min using Ultrasonic
Processor (Model No. XL2010, Heat Systems,
NY, U. S. A.). After centrifuging the resulting
suspension at 15,000 rpm, the supernatant was
used as enzyme sources for SOD, catalase and
glutathion peroxidase. A part of sonicated suspen-
sion (0.4ml) was extracted with 1-butanol:pyri-
dine (15:1) for the analysis of the degree of lipid
peroxidation.

The activity of SOD was examined by staining
the gel with 2.4mM nitroblue tetrazolium (NBT)
and 28uM riboflavin after running 10%
nondenaturated polyacrylamide gel electrophore-
sis, following the procedure of Beauchamp and
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Fridovich (9). The catalase activity was assayed
by the method of Aebi (10), and expressed as z
mole of hydrogen peroxide decomposed/min/mg
of protein. The activity of glutathion peroxidase
was analyzed by the procedure of Paglia and Val-
entine (11), and described as nmole of NADPH
consumed 1n the reduction of oxidized glutathion/
min/mg of protein. As an indicator for cellular
deterioration by oxygen radical, the amount of
lipid peroxides in cell membrane was determined
from 1-butanol/pyridine(15:1) extracts by mea-
suring malondialdehyde content according to the
procedure of Ohkawa et al. (12).

The cell mass of yeasts was measured spectro-
photometrically at 600nm, and converted to dry
cell weight using standard curve. The protein con-
tent in samples was analyzed by Folin-Lowry
method (13) using bovine serum albumin as stan-
dard.

RESULTS AND DISCUSSION

Growth Behavior of SOD-deficient Yeasts

At first, the growth kinetics of yeast strains
lacking SOD genes were investigated under aero-
bic and anaerobic conditions, and compared with
wild yeast strain. As seen in Fig. 1, SOD-defi-
cient yeast strains showed the growth retardation
compared to wild strain (EG103) during aerobic
cultivation, whereas not so big differences in
growth kinetics were observed in anaerobic cul-
ture. Especially in aerobic condition, the retarded
growth patterns as well as low achievement of
cell masses of SOD-deficient strains imply that
these strains could not overcome the oxygen tox-
icity due to their loss of SOD activity, the most
important enzyme in oxygen radical scavenging
system. From the fact that yeasts lacking
MnSOD gene (EG110 and EG133) were more se-
verely affected than CuZnSOD-deficient strain
(EG118) in aerobic condition, it could be also as-
sumed that MnSOD (mitochondrial SOD) could
play more important roles than cytoplasmic
CuZnSOD in protecting cells from oxygen radical.
In contrast, a little oxygen radical could be gene-
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Fig. 1. Growth profiles of SOD-deficient yeasts
under aerobic or anaerobic cuture condi-
tion
A; aerobic cultivation, B; anaerobic culti-
vation.

rated In anaerobic condition, and this amount of
free radicals was likely not to give any severe ef-
fects on cell growth of SOD-deficient yeasts.

Effect of Paraquat Concentrations on Cell Growth

In order to investigate the effect of paraquat,
one of well-known free radical generating a-
gents, the growth patterns of SOD-deficient
strains were examined on YPD media added with
the different concentrations of paraquat under
aerobic cultivation condition. Although the wild
strain (EG103) could grow at the concentration
above 0.5mM, as reported by Lee and Hassan
(14), the growth of SOD-deficient strains could
not be observed at higher than 0.1mM, as seen in
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Fig. 2. Growth inhibition of SOD-deficient yeasts by different concentrations of paraquat.
Yeast strains were cultivated on YPD media without paraquat (A), or supplemented with
0.001mM (B), 0.0ImM (C) or 0.ImM of paraquat (D). 1; Saccharomyces cerevisice EG103, 2; S.
cerevisiae EG 103, 3; S. cerevisiae EG 118, 4; S. cerevisiae EG110.

Fig. 2. The result that EG118 and EG133 strains
respended more significantly to the paraquat con-
centration (Fig. 3) suggests that paraquat might
generate free radicals mainly in cytoplasmic frac-
tion, but not In mitochondrial fraction. In the
other word, the yeast strains lacking CuZnSOD
enzyme (EG118 and EGI133) could get more se-
verely damaged than MnSOD-deficient strain

(EG110) by free radicals generated by paraquat.

Oxygen Toxicity in SOD-deficient Yeasts

The changes of several enzyme activities and
lipid peroxidation were carefully investigated to
examine the effects of SOD deficiency In yeasts
on intracellular adaptation to free radicals gene-
rated by paraquat.
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First of all, the activity of SOD of yeast mu-

¥ tants was examined by activity staining on 10%

g nondenaturated polyacrylamide gels, as shown in

or \' Fig. 4. By supplementing paraquat in culture

g 3 media, CuZnSOD activities in wild yeast

e (EG103) and MnSOD-deficient yeast (EG110)

3 4r were not only significantly increased under aero-

s bic culture condition, but also slight increment of

activities was found under anaerobic condition.

B N Eg:?g However, CuZnSOD-deficient yeasts (EG113 and

v EG118 \ EG118) did not show any remarkable changes in

v EeN MnSOD activities.

o o0 o Oj In case of catalase converting hydrogen perox-

ide to water, its cellular activity was significanly

Concentration of Paraquat(mM) decreased in CuZnSOD -deficient mutants, wh-

Fig. 3. Cell growth of SOD-deficient yeasts in the ereas slightly higher activity was observed in

presence of paraquat during aerobic culti- MnSOD - deficient strains, when exposed to
vation.
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Fig. 4. Total cellular activities of SOD in wild yeast strain and its SOD-deficient mutants during aerobic
or anaerobic cultivation in the medium containing paraquat.
After sonication of yeast cells, the supernatants were subjected to 10% nondenaturated polyacryl-
amide gel electrophoresis, and the activities of SOD was stained as described in Materials and
Methods.
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Fig. 5. Total cellular activities of catalase in wild
yeast strain and its SOD-deficient mutants
when cultivated aerobically or anaero-
bically in the presence of paraquat.
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Fig. 6. Total cellular activities of glutathion per-
oxidase in wild yeast strain and its SOD-
deficient mutants when exposed to
paraquat under aerobic or anaerobic cul-
ture condition.

paraquat during aerobic cultivation (Fig. 5). On
the other hand, the cellular activity of glutathion
peroxidase, one of the alternative radical sca-
venging systems, was significantly increased in
yeast strains lacking CuZnSOD in the presence of
paraquat when cultivated aerobically (Fig. 6). It
strongly suggests that the free radical scavenging
system might shift to glutathion peroxidase rath-
er than catalase when cytoplasmic CuZnSOD is
inactivated. The same phenomenon was also ob-
tained during anaerobic cultivation. In that case,
all of SOD-deficient yeasts showed decrease pro-
files of catalase activity, but an increase pattern
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Fig. 7. The content of lipid peroxides, determined
as malondialdehyde, in wild yeast strain
and its SOD-deficient mutants cultured

aerobically or anaerobically in the pres-
ence of paraquat.

of the activity of glutathion peroxidase in culture
media containing paraquat.

In contrast, the significant increment in the
content of lipid peroxides as malondialdehyde was
observed in CuZnSOD-deficient mutants (EG118
and EG133) when exposed to paraquat, whereas
the cell membrane lipids of wild type (EG103)
and MnSOD-deficient mutant (EG110) were not
severely deteriorated by paraquat under aerobic
condition (Fig. 7). It implies that the glutathion
peroxidase activated in the absence of CuZnSOD
could not remove perfectly the free radicals gen-
erated in cytoplasm to cause membrane damage,
whereas MnSOD could be compensated by slight-
ly increased amount of catalase and glutathion
peroxidase. However, not so significant effects
appear in anaerobic culture, although slight in-
crease of malondialdehyde content in wild yeast
strain was recognized. It means that small
amount of free radicals generated under anaero-
bic condition could not give the severe damage on
membrane lipids by detoxication through
glutathion peroxidase, in spite of the absence of
SOD enzymes.

It could be concluded that paraquat could in-
duce oxygen toxicity in SOD-deficient yeasts, es-
pecially CuZnSOD-deficient yeasts. It was also
an Interesting finding that glutathion peroxidase
could be activated for scavenging radicals from
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cytoplasm rather than catalase even though this
enzyme could not replace of SOD and catalase
activities perfectly.
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