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SUMMARY

Two strains of Saccharomyces cerevisiae were used to study the synthesis of superoxide dismutase. One
strain (cytochrome c-deficient) contained 5-10% of the normal amounts of total cytochrome ¢, while the
other strain was a wild type. The cytochrome c-deficient mutant had lower specific growth rate, growth yield,
and oxygen uptake than the wild type. The superoxide dismutase and catalase activities, in both strains, were
significantly lower under anaerobic than under aerobic conditions. Furthermore, under aerobic conditions
the mutant contained higher levels of superoxide dismutase than the wild type which may be attributed to
the higher intracellular flux of superoxide radicals caused by the cytochrome ¢ deficiency. The mutant also
showed a lower level of catalase which was due to glucose repression.

INTRODUCTION

Superoxide dismutases (SOD) catalyze the dis-
mutation of the superoxide radical (O,7), to gen-
erate hydrogen peroxide (H,0O,) and oxygen (O,).
The presence of catalase or peroxidase then dispos-
es of the H,0, generated. It is important to keep
the concentrations of O, and H,0, very low in
order to minimize the risk of forming even more
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toxic products such as the hydroxyl radical (OH")
[11].

There are three classes of superoxide dismutase:
those containing manganese (MnSOD), iron (Fe-
SOD) or both copper and zinc (CuZnSOD). Gen-
erally, the MnSOD and FeSOD are characteristic
of procaryotes while the CuZnSOD is characteristic
of eucaroytes. MnSOD is also found in the mito-
chondria of eucaryotes and shows a high degree of
homology with procaryotic MnSOD [11]. Recent
studies have shown that CuZnSOD is also found in
some procaryotes [14,24]. At the present time, it is
not clear how these procaryotes acquired the
CuZnSOD.

The antioxidant properties of superoxide dis-
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mutase have been recognized; it has been patented
for use to increase oxidative stability of biological
materials, tissue transplants and food-stuffs [19,20].
In the pharmaceutical field, superoxide dismutase
has been developed as a potential anti-inflamma-
tory agent [17] and radiotherapy drug {21,23]. Cur-
rently, there is increasing interest in the commercial
production and the utilization of superoxide dis-
mutases.

Superoxide dismutase found in Saccharomyces
cerevisiae is similar to that found in bovine blood
(i.e., CuZnSOD), which is presently used for its
commercial production. In this study, two strains
of S. cerevisiae were used to study the biosynthesis
of the antioxidant enzymes, SOD and catalase. One
strain lacks the ability to synthesize cytochrome ¢
and has a lower rate of oxidative metabolism [16].
Data are presented to show the effect of this mu-
tation (cytochrome ¢ deficiency), compared to the
wild type strain, on the specific growth rate, growth
yield, oxygen uptake, cyanide-resistant respiration
and on the biosynthesis of superoxide dismutase
and catalase under anaerobic and aerobic condi-
tions.

MATERIALS AND METHODS

Microorganisms. Saccharomyces cerevisiae Var.
ellipsoidens ATCC 18790 (wild type) and ATCC
18789 (cytochrome c-deficient) [16] were obtained
from the American Type Culture Collection.

Media. The basal growth medium contained (per
liter): glucose 50.0 g, MgSO, 7TH,0 0.5 g, KH,PO,
1.0 g, (NH,),S0, 5.0 g, CaCl, 0.1 g, NaCl 0.1 g
and yeast extract 7.0 g (BBL). Solid medium con-
tained 2.0% agar (Difco). When the yeasts were to
be grown anaerobically, the medium was supple-
mented with 1 g of Tween 80 and 30 mg of ergos-
terol per liter in order to compensate for the ina-
bility of these cells to synthesize sterols in the ab-
sence of oxygen [22]. For measurements of the mo-
lar growth yield, the medium was changed to (per
liter): yeast nitrogen base 7 g (Difco), and different
concentrations of glucose were added as indicated
in the text. The pH of the medium was adjusted to
6.0 before sterilization.

Growth conditions. Aerobic conditions were
achieved by oscillation of 100 mi cuiture in 500 ml
Bellco culture flasks at 30°C, 160 rpm, in a con-
trolled environment incubator shaker (New Bruns-
wick). Anaerobic conditions were performed inside
a Coy anaerobic chamber where O, was kept at less
than 3 ppm and temperature at 30°C.

Chemicals. Bovine serum albumin and xanthine
were purchased from Sigma Chemical Co. Hydro-
gen peroxide (30%) and potassium cyanide were
obtained from Fisher Scientific Co. Xanthine oxi-
dase was prepared from fresh cream according to
Wand et al. [25].

Growth and pH measurement. Growth was mea-
sured in terms of absorbancy at 600 nm (A4g0o) us-
ing a Gilford spectrophotometer model 2000. The
pH was measured by a glass electrode using a Fish-
er pH meter model 620.

Dry weight and growth yield measurements. Cell
mass was determined from Agqq measurements us-
ing standard curves relating A¢q¢ to dry weight, or
gravimetrically after drying washed cells to a con-
stant weight at 105°C. Gravimetrically determined
dry weights were found to be essentially the same
as those estimated from the standard curves relat-
ing Agoo to dry weight.

Late log phase cells were used for determining
the standard curves relating Agq0 to dry weight. The
organisms were grown in yeast-nitrogen base me-
dium using glucose, and cells were separated by
centrifugation at 4°C for 20 min in a refrigerated
centrifuge at 16 000 x g. The cells were resuspend-
ed and washed twice in volumes of 0.1 M potassium
phosphate buffer (pH 7.0) equal to that of the origi-
nal growth medium. Different amounts of the
washed cells were suspended in the same buffer,
Agoo was measured, and a known volume (= 25-30
ml) of each dilution was placed in a preweighed
dish. These samples were dried to constant weights
at 105°C. Agoo values were plotted against dry
weights (mg/ml), and regression analysis was used
to determined the best fit lines. The relationships
between Ago0 and dry weight were the same for the
two strains. One Aggo unit is equal to 213 + 2 ug
dry weight cells per ml.

Growth yields on glucose were determined by
growing the cells to stationary phase in 100 ml of



0.7% yeast-nitrogen base medium containing dif-
ferent concentrations of glucose. Cells, from 25 ml
of cultures aliquots, were harvested by centrifuga-
tion and washed twice in 0.1 M phosphate buffer
as outlined above. The washed cells were resus-
pended in 25 mi of the same buffer, A¢q0 were mea-
sured, and the dry weights were determined from
the standard curves relating Ago0 to dry weights.
Specific glucose molar growth yield values (Yg)
were calculated as grams of dry weight cells pro-
duced per mol of glucose used.

Cell-free extract preparation. Cells were collect-
ed at 4°C by centrifugation at 12 000 x g for 20
min and washed in 50 mM potassium phosphate
buffer containing 0.1 mM EDTA, pH 7.8. The cells
were disrupted for a total of 6 min using a Heat
System W-370 Sonicator, operated at an output of
55 W. The temperature was kept at 4°C by immer-
sion in an ice/salt bath with sonication applied at
45-s intervals intermittently. Cell debris was re-
moved by centrifugation and cell-free extracts were
dialyzed against the same buffer (2 x 4 liter) for
36-48 h to prevent interference of low-molecular-
weight compound in the enzyme assays. The di-
alyzed cell-free extracts were clarified by centrifu-
gation at 27 000 x g for 30 min.

Assays. Enzyme assays were performed on di-
alyzed cell-free extracts. Superoxide dismutase was
assayed according to McCord and Fridovich [18]
with the modification that KCN (107° M) was
added to the reaction mixture in order to inhibit
cytochrome oxidase, which otherwise would have
interfered with the assay. Catalase was assayed as
described by Beers and Sizer [3]. Cell-free extracts
were subjected to electrophoresis in 10% polyacry-
lamide disc gels by the method of Davis [5]. Super-
oxide dismutase isoenzymes were visualized on the
gel using an activity stain {1] and were distinguished
by adding | mM KCN to inhibit the CuZnSOD [2].
The different SOD isozymes were quantitated on
the gels by linear scanning densitometry at 560 nm
using a Gilford Model 2600 spectrophotometer [8].
Protein was estimated by the method of Lowry et
al. [13] using bovine serum albumin as a standard.

Oxygen uptake was measured at 30°C, in the ab-
sence and in the presence of 1.0 mM cyanide, using
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a Clark Polarographic Electrode. Reaction mix-
tures contained 5% glucose and cell suspension suf-
ficient to give an Aggo = 1.0-1.5. The final reaction
volume was 5 ml which was buffered at pH 7.0 with
50 mM potassium phosphate.

Residual glucose was measured in the growth
medium using a glucose kit based on glucose oxi-
dase/peroxidase coupled assay (Sigma Chemical
Co.).

RESULTS

Growth and molar growth yields

The effects of cytochrome ¢ deficiency on the
specific growth rate (k-h~!) and the molar growth
yield on glucose (Y¢) are presented in Figs. 1 and
2. Data in Fig. 1 show that the wild type grew at
a slightly faster rate than the mutant. The specific
growth rate for the wild type and the mutant were
0.58 h™! and 0.43 h}, respectively. This corre-
sponded to generation times equal to 72 min for the
wild type and 97 min for the mutant. The wild type
was also more efficient in utilizing glucose (Fig. 1)
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Fig. 1. Kinetics of growth and changes in pH and residual glu-
cose for wild type (WT) and mutant strains. Cells were grown
in the basal growth medium containing 5% glucose 4ggo, PH,
and glucose were determined at the specified time intervals. O
@, 4600: A A, pH; [ B, glucose concentrations; open symbols,
wild type; close symbols, mutant strain.
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Fig. 2. Specific glucose molar growth yields for wild type (WT)
and mutant strains. Cells were grown to stationary phase in
0.7% yeast-nitrogen base medium containing the specified con-
centrations of glucose. Cell dry weight and ¥ were determined
as described in Materials and Methods.

and in making cell materials (Fig. 2). Thus, the
molar growth yields on glucose (Yg) were 90 and
75 g dry wt. cells per mol glucose utilized by the
wild type and the mutant, respectively.

Table 1

Oxygen uptake

The mutant used in this study is about 90% de-
ficient in its cytochrome ¢ content [16], and there-
fore is able to respire and use oxygen as a terminal
electron acceptor. Cyanide is known to inhibit oxy-
gen uptake by inhibiting cytochrome oxidase. A
positive correlation between the rate of cyanide-re-
sistant respiration and the fluxes of O, and H,O0,
in living cells has been documented and been taken
as an indirect index for superoxide and hydrogen
peroxide generated in the cells [9,11]. It was
reasoned that, since the mutant is largely deficient
in its cytochrome ¢ content, it might have a higher
percent cyanide-resistant respiration than its coun-
terpart (the wild type). Data in Table 1 show the
rates of oxygen uptake for the wild type and the
mutant cells taken from late log phase and station-
ary phase cultures. It is interesting to note that cells
taken from late log phase cultures respired at a low-
er rate than cells taken from stationary phase cul-
tures. This is due to the presence of glucose which
inhibits the reconstitution of the mitochondria [15].
Data in Table 1 also indicate that the mutant res-
pired at a lower rate than the wild type. At late log
phase, the mutant was 21.5% lower than the wild
type; however, the difference was much greater

Oxygen uptake and cyanide-resistant respiration in two strains of Saccharomyces cerevisiae

Two strains of S. cerevisiae were grown under the conditions described in Materials and Methods. Cells were taken at late log phase
and stationary phase for oxygen uptake measurements. Cyanide was added to | mM final concentration. Cyanide-resistant respiration

(%) values were calculated as:

O, uptake in presence of CN™
O, uptake in absence of CN™

x 100

O, uptake (nmol/min per mg dry wt.)

Strains —CN~ +CN~™
late log stationary late log stationary
Wild type 38.87 96.59 6.65 6.78
(17.1%) (7.0%)
Mutant 30.52 47.43 49 4.51

(16.1%) (9.5%)
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Effect of oxygen on superoxide dismutase and catalase biosynthesis in two strains of Saccharomyces cerevisiae

Two strains of S. cerevisiaze were grown in the glucose basal medium in the presence and the absence of oxygen. Cell-free extracts were

prepared and assayed as described in Materials and Methods.

Strains Growth condition SOD (U/mg protein) Catalase (U/mg protein)
Wild type Anaerobic 0.88 0.18

Acrobic 11.8 £ 2.0 174 £ 1.0
Mutant Anaerobic 093 0.20

Aerobic 224 + 52 6.7 £ 2.0

(51%) for cells taken from stationary phase. This
again indicates that the wild type is able to recon-
stitute its mitochondrial respiratory system during
stationary phase (i.c., after removal of the glucose
effect) better than the mutant. The percent cyani-
de-resistant respiration was about the same in the
wild type and in the mutant cells taken from the

late log phase of growth, but was 36% higher in the
mutant cells taken from the stationary phase of
growth.

Effect of oxygen on superoxide dismutase and cata-
lase biosynthesis
Previous studies have shown that the levels of
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Fig. 3. Densitometric scans of polyacrylamide gel electropherograms stained for SOD activity. The cultures were grown in the absence
or in the presence of air, and cell-free extracts were prepared as in the Materials and Methods. Samples (100 pug) were applied to 10%
gels and after electrophoresis and staining for SOD activity the gels were scanned at 560 nm. (A) wild type, (B) cytochrome c-deficient

mutant.
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SOD in procaryotes are regulated by the rate of
O, (the substrate for SOD) generated intracellu-
larly and that the synthesis of SOD is not under a
catabolite repression type of regulation [8,9]. How-
ever, catalase biosynthesis has been shown to be
regulated by catabolite repression (glucose effect),
both in procaryotes and eucaryotes [4,10,12]. Data
in Table 2 clearly show that both strains responded
to the presence of molecular oxygen by increasing
their intracellular levels of both SOD and catalase.
These findings correlate with previous studies that
have shown that these enzymes are important in
protecting the cells against oxygen toxicity
[6,7,9,11]. The level of SOD in the mutant cells ex-
posed to oxygen was about twice that seen in the
wild type. This might indicate that the intracellular
flux of O, ~ in the mutant cells is significantly higher
than that experienced in the wild type cells. On the
other hand, catalase levels were much higher in the
wild type than in the mutant cells which may be
explained by the persistent presence of glucose in
the culture of the mutant.

Disc-gel electrophoresis of extracts prepared
from both strains grown in the absence and pres-
ence of oxygen demonstrated the presence of five
SOD activity bands (Fig. 3). Two bands were cy-
anide insensitive and were identified as MnSOD,
while three bands were cyanide sensitive and were
identified as CuZnSOD. Both types of SOD (i.e.
MnSOD and CuZnSOD) were induced by the pres-
ence of oxygen. However, when grown in the pres-
ence of oxygen, the CuZnSOD accounted for 90%
of the total SOD activity present in the cells.

DISCUSSION

During the oxidation of a metabolite, electrons
are released and must be accepted by an oxidizing
agent. In aerobic metabolism, oxygen serves as the
preferred electron acceptor where a stepwise elec-
tron carrier system (the respiratory chain) mediates
the transfer of electrons to oxygen to generate
water. In S. cerevisiae, cytochrome ¢ is an impor-
tant component of the respiratory chain and a de-
ficiency in cytochrome ¢ biosynthesis is known to

affect oxidative metabolism [15,16]. In the absence
of a fully functional electron transport chain, re-
duced electron carriers have the potential to react
spontaneously with molecular oxygen and generate
the partially reduced oxygen intermediates (O,
H,0, and OH) [11].

In this paper, we demonstrated that a deficiency
in cytochrome ¢ biosynthesis in S. cerevisiae caused
decreases in the specific growth rate, specific glu-
cose molar growth yield, and total oxygen uptake.
On the other hand, this deficiency correlates with
increases in superoxide dismutase. This is likely due
to an increase in the intracellular flux of O, ~ caused
by the cytochrome ¢ deficiency.

S. cerevisiae, grown in the presence of glucose,
is subjected to the glucose effect also known as the
Crabtree effect [15]. The presence of excess glucose,
therefore, inhibits the synthesis of the mitochondria
and of the respiratory enzymes [15]. The cyto-
chrome c-deficient mutant is expected to be under
the influence of the Crabtree effect longer than the
wild type strain because of its slow metabolism of
glucose (Fig. 1). The synthesis of catalase has been
shown to be under catabolite repression [4,10,12],
and data presented in Table 2 clearly show that,
under aerobic conditions, the mutant synthesized
less catalase than the wild type. In conclusion, the
cytochrome c-deficient mutant increased the level
of CuZnSOD in response to increased intracellular
flux of superoxide anion.
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