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Abstract. After a short period of tolerance, living cells
of Saccharomyces cerevisiae were irreversibly damaged
by low concentrations of sulfite. The length of the
period of tolerance and the rate of the damaging effect
depended on the concentration on sulfite, pH-value,
temperature, the physiological state of the cells, and
incubation time.

Inhibitors of protein synthesis and mitochondrial
ATP synthesis did not alter the deleterious effect of
sulfite on living cells. Furthermore, cell damage leading
to inhibition of colony formation occured under aer-
obic as well as under anaerobic conditions.

Prior to cell inactivation sulfite induced the for-
mation of respiratory deficient cells.

The active agent was shown to be SO,.

Key words: Sulfur dioxide — Sulfite — Air polluting
substances — Saccharomyces cerevisiae — Active agent
of irreversible cell inactivation.

SO, is one of the most frequently occurring air pollu-
tant substances. While uncontaminated air contains
about 1.3x107% pg SO, x17Y, in polluted air
20— 65x 1073 pgx17', sometimes even 650 x 103 ug
x 17! were measured (Fishbein, 1976). Furthermore,
50, is widely used as antimicrobial agent and anti-
oxidant in food preservation. It is rather important
therefore, to know the possible dangerous effect of SO,
on living cells.

The effect of sulfite on animals and man has been
investigated (Hotzel et al., 1966; Pfleiderer et al., 1968;
Hotzel et al.,, 1969; Cohen et al., 1973; Leivestadt and
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Muniz, 1976; O'Sullivan, 1976). In these organisms a
sulfite oxidase rapidly converts sulfite to sulfate. Thus
below certain concentrations — which are specific for
each organism — no damaging effect of sulfite could be
detected.

The effect of sulfite on plants (Ziegler, 1975) and
bacteria (Babich and Stotzky, 1978 a) has been reviewed
recently. These organisms are more sensitive towards
sulfite.

Some work has been done on the mechanism of
sulfite action. Modification of nucleic acids (Hayatsu
and Miller, 1972; Shapiro et al., 1974) and proteins
(Cole, 1967; Yang, 1970) as well as reactions of sulfite
with some cofactors (Adams, 1969; Leichter and
Joslyn, 1969; Hevesi and Bruice, 1973; Tuazon and
Johnson, 1977) have been reported.

Since these experiments were done with very high
sulfite concentrations it is not certain whether these
reactions can be primarily responsible for damage
through air pollution.

In vitro investigations on enzyme inhibition by low
concentrations of sulfite revealed competitive inhi-
bition of reactions that are concerned with HCO;
fixation (Liberaetal., 1975; Mukerji, 1977; Schimz and
Holzer, 1977). Furthermore, competitive inhibition of
a-glucan-phosphorylase from potatoe and rabbit mu-
scle with regard to phosphate has been shown by
Kamogawa and Fukui (1973).

The present work deals with the influence of sulfite
concentrations comparable to those found in polluted
air on intact eucaryotic cells. Experiments on the
influence of sulfur dioxide on photosynthesis in chlo-
roplasts led to the assumption that the physiological
effect of 520 —780 ng SO, x 1™ * air equals that of 1 mM
sulfite in aqueous solution (Ziegler, 1975).

The experiments reported here try to explain the
mechanism by which irreversible inhibition of colony
formation in Saccharomyces cerevisiae cells by sulfite
occurs.
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Materials and Methods

Materials

Cycloheximide, Carbonyleyanide-m-chlorophenylhydrazone and
Chloramphenicol were purchased from Carl Roth, Karlsruhe (FRG),
from Sigma Chemie GMBH.,, Minchen (FRG) and from Boehringer
Mannheim, Mannheim (FRG), respectively.

All other substances used were from the usual commercial
sources of the purest grade available.

Organisms

Saccharomyces cerevisine strain X2180 (2n) was received from the
Yeast Genetic Stock Center, Berkeley/Calif. (USA) (R. Mortimer),
and strain S288¢ (1n) o as well as strain 4450-1 A (1 n) a was from the
stock of G. R. Fink, Cornell University, [thaka/N.Y. (USA), kindly
provided by Dr. D. Wolf, Biochemisches Institut der Universitit,
Freiburg (FRG).

Medin
1. YEPD Medium for Cultivation

Ammmonium sulfate 6 g/l, potassium dihydrogenphosphate 6.8 g/l,
disodium hydrogenphosphate - 2 H,0 8.9 g/l, Bacto Peptone (Difco)
5 g/i, Yeast Exiract (Difco) 25 g/l and p-glucose 20 g/l were dissolved
in destilled water (final pH 6.8) and sterilized for 30 min at 120°C.
After cooling, separately sterilized calcium chloride - 2 H,0,
0.214 g/l, and magnesium sulfate - 7 H,0, 0.122 g/l, were added.
YEPD medium plates were prepared by adding 20 g/l Difco Agar.

2. Medium for Incubation of Cells with Sulfite

Mcllvain buffer (disodium hydrogenphosphate/citric acid) of the
desired pH value, prepared according to Bates and Paabo (1970), was
mixed with water or YEPD medium (without Ca?¥ and Mg**)
respectively as will be described below.

Methods

Cultivation Conditions and Preparation of Cell Suspensions for
Incubation Experiments

Cells (1/2 size of match head taken from solid YEPD medium, at most
10 days old) were cultivated at 30°C on a reciprocal shaker in 11
Erlenmeyer flasks containing 0.2 1 YEPD medium. Cells were grown
for 5h (early-log-phase), 13 h (late-Jog-phase), 24 h (stationary-
phase) and 48 h (late-stationary-phase) respectively. Cells were
harvested at times indicated by centrifugation (15 min, 5°C, 27,000
x g), washed with sterile 0.2 M sodium potassium phosphate buffer
pH 6.8 and water respectively and resuspended in sterile water,
Concentration of cells was about 2 to 6 x 10% cells/ml suspension.

Incubarion Procedure

At tiME £ g5 gy 3 Ml of cell suspension was inoculated in 100 ml
Brlenmeyer flask containing 17.5 ml incubation medium and 1.5 ml
of YEPD-medium or destilled water (c.f. legends to figures). This
incubation mixture was incubated at 30°C on a reciprocal shaker. At
time 1, the following steps were carried out:

a) Na,SO; salt was added up to the desired final concentration
(c.f. legends to figures);

B) 0.5 mi of this incubation mixture was dituted with 4.5 ml
sodium potassium phosphate buffer (0.2 M, pH 6.8), further dilution
steps were performed immediately before plating some minutes later;

¢) pH value was corrected if necessary.

Incubation under anaerobic conditions was performed with
incebation mixtures which had been made free of oxygen by
degassing and subsequent washing with pure nitfrogen repeated three
times each for S min. Anaerobic conditions were verified by using a
discolored methyleneblue solution.

Arch. Microbiol,, Vol. 125 (1980}

Incubations in presence of inhibitors of protein biosynthesis were
performed by using 100 pg per ml incubation mixture of cyclohe-
ximide, and chloramphenicol, respectively. Mitochondrial ATP
synthesis was inhibited by addition of 10 pg per ml incubation
mixture of carbonylcyanide-m-chlorophenylhydrazone. Bach sub-
stance was applied as dry powder.

Determination of Colony Formation

After incubation of cells with Na,SOj; as described above aliquots of
0.5 ml were taken and appropriately deluted with 0.2 M sodium
potassium phosphate buffer pH 6.8. Aliquots of 0.1 ml were taken
and plated on YEPD agar-medium. Colonies appearing after 2—3
days of incubation at 30°C were counted {diameter of colonies about
1.5 2.0 mm). The very small colonies (diameter about 0.2~ 0.4 mm)
appearing 2— 3 days later were assumed to be respiratory deficient
mutants and counted separately. These mutants should be unable to
form colonies on YEP-glycerol agar medium {containing glycerol,
20 g/l, instead of glucose). Replica plating therefore was used as an
assay for these mutants. In fact 92% (1 = 36) of the very small
colonies did not grow on glycerol and could therefore be assumed to
be deficient in respiration.

From these counts concentrations of colony-forming cells per ml
of incubation mixture were calculated.

Determination of Sulfite Concentration

To get some information on the stability of sulfite under the
incubation conditions sulfite concentrations were determined in
parallel using the pararosaniline reagent according to Tate et al.
(1970).

Results and Discussion
Sulfur Dioxide in Aqueous Solutions

Sulfur dioxide is readily soluble in water. The aqueous
solution contains H;0™*, SO, (sulfur dioxide), HSOy
(bisulfite), SO~ (sulfite), and S,0:” (pyrosulfite)
(Schmidt and Siebert, 1973).

Sulfurous acid (H,SQ,) is not present in detectable
amounts (Jones and McLaren, 1958); furthermore,
pyrosulfite is formed in equilibrium with bisulfite

_exclusively when concentrations about 10 mM (and

higher) are used (Golding, 1960).
Therefore during this work the term “sulfite” is
defined by the following reactions:

1. SO,+H,0 = HSO; + H;0"
2. HSO; +H,0= SO}~ + H,0°

with pK values of pK, = 1.81 and pK, = 691,
respectively (Weast, 1974).

Using mass-action relations one can calculate the
ratios of “sulfite” species present in an agueous so-
lution at a given pH value and a given concentration of
e.g. disodium sulfite. From pH 3.6—5.6 the con-
centration of SO, decreases and the concentration of
SO; increases both about 100fold, whereas the con-
centration of HSOJ remains approximately constant at
a given concentration of Na,SOj5 salt {c.f. Table 1).
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Fig. 1. Influence of Na, SO, concentration on colony formation at various pH values: pH 3.33 (+), pH 3.68 (%), pH 4.05 (@), pH 4.44 (v)
(+0.02). Conditions of incubation: 30°C , aerobic, late-log-phase cells, YEPD-medium, reciprocal shaker, 6 h

Fig. 2. Influence of different “sulfite”” concentrations on the time dependent decrease of colony forming capacity of yeast cells: mM Na,S0; 10
(%), 0.5 (+), 0.1 (0}, 0.05 (). Conditions of incubation: 30°C, pH 3.7, acrobic, early-log-phase cells, reciprocal shaker, YEPD-medium

The concentration of “sulfite” can be determined
unequivocally even in the presence of sulfate and sulfide
(not shown in a figure) according to Tate et al. (1970).
“Sulfite” concentration decreases slightly in the pre-
sence of oxygen. pH value and the composition of the
aqueous solution did not influence the stability of
“sulfite”, provided that the solutions were buffered.
Within 6 h at 30°C on a reciprocal shaker an about
159 decrease of “sulfite” concentration was measured
(data not shown).

Influence of pH Value on Cell Inactivation
by “Sulfite”

The influence of the pH value and “sulfite” con-
centration on colony formation is shown in Fig. 1.
Control experiments were performed with Na,SO,
instead of Na,SO,.

Decreasing pH values raised sensitivity of cells
towards a given concentration of “sulfite”. Significant
reduction of colony formation could be found below
pH 6.0 in the presence of 10 mM “sulfite” and below
pH 4.5 with 1 mM “sulfite”. The same results (not
documented) were obtained under anaerobic con-
ditions. Even in the presence of 10 mM “sulfite”, no
inhibition of colony formation occured at pH values
above 6.0. Therefore, dilution of the incubation mix-

ture with 0.2 M sodium potassium phosphate buffer
pH 6.8 was sufficient to stop the action of “sulfite”
immediately. It can be seen from these experiments,
that concentrations of “sulfite” in the range of those
found in polluted atmosphere led to an irreversible
inhibition of colony formation of the yeast Sac-
charomyces cerevisice X2180.

The time dependence of this inhibitory effect in the
presence of different “sulfite” concentrations is shown
in Fig. 2. Increasing incubation times and increasing
concentrations of “sulfite” led to increasing inhibition
rates of colony formation at a given pH value.

Influence of the Physiological State of the Cells
on the Inactivation by “Sulfite”

The sensitivity of cells towards “sulfite” was shown to
depend on their physiological state (Fig. 3). A phase of
msensitivity against “sulfite” was visible, which was
found to be prolonged when late-stationary-phase cells
underwent “sulfite” treatment. Macris (1972) who has
done his experiments with a different yeast strain —
Saccharomyces cerevisiae var. ellipsoideus — did not
find this phase of insensitivity. This may be due to
differences between the strains compared. However, it
has been shown (Schimz and Holzer, 1979) that the
length of this phase of insensitivity is of importance for
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Influence of “sulfite” concentration on colony
formation of yeast cells from different growth
phases. a Early-log-phase cells 10 mM Na,SO,
(®); early-log-phase cells 1 mM Na,S0, (©).

b Late-stationary-phase cells 10 mM Na,SO, (®);
late-stationary-phase cells 1 mM Na, SO, (O).
Conditions of incubation: 30°C, pH 3.35, aerobic,
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the ability of the strain to overcome the deleterious
effect of “sulfite” (see below for further discussion).

The rate of inhibition of colony formation was
greatly reduced at low “sulfite” concentrations {1 mM)
when late-stationary-phase cells were treated. At high
concentrations of “sulfite” (10 mM) the inibiton rate
was roughly equal in log-phase and stationary-phase
cells.

Influence of Temperature on Cell Inactivation
by “Sulfite”

The effect of temperature on the irreversible inhibition
of colony formation is shown in Fig4. Rising the
temperature from 18° C to 28 C caused a 4.5—5-fold
shortened period of insensitivity of cells against “sul-
fite” treatment which decreased from 180 —200 min to
30 —40 min (Fig. 4). This points to catalytic processes
rather than to non-catalytic processes. Probably trans-
port or enzyme activation or inactivation phenomena
are involved in irreversible inhibition of colony
formation.

Previous in vitro experiments showing that “sulfite”
accelerates hydrolysis of ATPin the particulate fraction
of a yeast cell extract support this suggestion (Schimz
and Holzer, 1978). Further indirect evidence for the
involvement of a surface located system in inhibition of
colony formation by “sulfite” came from experiments
with diploid and haploid strains, which are known to
have different surface areas and different amounts of
proteins located at the surface (Weiss et al., 1975).
Small differences could be found in the periods of
insensitivity of these strains (data not shown in a
figure), the diploid organism, which has a bigger surface
area being slightly more sensitive towards “sulfite”.

reciprocal shaker, YEPD-medium
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Fig. 4. Influence of temperature on the inhibition effect of “sulfite™ at
pH 3.6:28°C(0), 18°C(x ). Further conditions of incubation: 5 mM
Na,S80,, aerobic, carly-log-phase cells, reciprocal shaker, YEPD-
medium

Influence of Intact Protein Biosynthesis and Oxidative
Phosphorylation on Cell Inactivation by ““Sulfite”

The effect of inhibitors of protein biosynthesis as well as
of mitochondrial phosphorylation on the “sulfite”
effect has been studied (Fig. 5). In the presence of
growth promoting nutrients (e.g. YEPD) the rate of
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Fig. 5

Influence of “sulfite” on colony formation under

various conditions.
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inhibition of colony formation after “sulfite” treatment
was much higher than in the absence (Fig. 5a).
Inhibitors of protein synthesis and oxidative phospho-
rylation did net alter the “sulfite”-induced inhibition
rate of colony formation significantly.

During the first 50 min of incubation “sulfite”
induced the production of respiratory deficient mu-
tants; i.e. mutants defective in oxidative phosphory-
lation. Once having been induced these mutants were
impaired in their growth potential by “sulfite” in the
same way as the respiratory competent wild type strain
{Fig. 6).

These finding further supports the suggestion that
oxidative phosphorylation is not necessary for the
inhibitory effect of “sulfite” on colony formation.

The Active Species of “Sulfite”

As concentrations of the different species of “sulfite”
can be calculated using mass action relations at given
concentrations of Na,SO; and at a given pH value
correlation of pH change with colony forming capacity
under “sulfite” treatment should uncover the active
agent.

Table 1 shows that increasing concentrations of
SO, led to decreased capacity of colony formation,
while the concentration of SO3™ falls and the con-
centration of HSOJ remains constant. No change in
the concentration of colony forming cells could be seen
in the presence of increasing HSO; and SO% con-
centrations, when the concentration of SO, was kept
constant. These results show that SO, is the most likely
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Fig. 6. Effect of “sulfite” on the increase of respiratory deficient
mutants in wild type populations of yeast.

Strains used 4450 1A S288c¢ X2180
{Ploidy} (in) (1n) (2n)
Total number of

colony forming cells per ml [ ] [ ] X
Number of respiratory

deficient mutants per ml O [m} +

Conditions of incubation: pH 3.7, 30°C, aerobic, 5 mM Na,SO0,,
early-log-phase cells, reciprocal shaker, YEPD-medium
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Table 1. Influence of pH value and concentrations of SO,, HSO3 , SO27 and Na,SO; on colony forming capacity of the yeast Sgccharomyces
cerevisige. Conditions of incubation: 30°C, aerobic, late-log-phase cells, reciprocal shaker, YEPD-medium

Concentration of “sulfite” species (mM)

Colony forming cells/ml after incubation time (min)

pH S0, HSO; SO3” Na,S0; 0 60 90 120 180
Constant HSO3 concentration

4.0 0.025 391 (.004 3.95 1.0x 107 0.3x107 1.0%10° 1.0x 10t -

4.6 0.006 391 0.019 3.94 0.9x% 107 0.5% 107 2.1 x10° 1.0x 10! -

52 0.0016 3.92 0.076 4.0 1.1 x107 1.0x 107 0.7 % 107 2.7x10° -

5.8 0 3.92 0.48 4.4 0.9 %107 1.0 x 107 0.8 %107 8.0% 108 -
Constant SO}~ concentration

4.0 0.102 15.752 0.018 15.873 1.4%107 1.4% 107 - - 3.0x 10t
44 0.015 5.786 0.018 5.819 1.3% 107 1.2x 107 - - 1.1x 108
5.0 0.00087 1.426 0.018 1.444 1.4% 107 1.4x107 - - 1.8%107
5.6 0 0.358 0.018 0.375 1.4x 107 1.6 x 107 - - 1.9x 107
Constant SO, concentration

4.0 0.0102 1.575 0.00175 1.587 1.5 % 107 2.0% 107 - - 1.4x108
4.4 0.0102 4.041 0.0122 4.064 1.7 % 107 2.4% 107 - - 1.6 x10°
5.0 0.0102 16.713 0.205 16.93 1.1 %107 1.8x107 - - 1.1x108

candidate as the active agent responsible for the
deleterious effect on colony formation. Similar results
have been obtained by Macris (1972) using another
yeast, and by Carr et al. (1976) who used lactic acid
bacteria from fermented apple juice.

The deleterious effect of SO, isin fact the result of a
series of reactions:

1. inafastreaction SO, activates an ATP hydrolyz-
ing enzyme system — presumably located in the cell
membrane — and causes a rapid decrease of ATP
concentration within the cells (Schimz and Holzer,
19793,

2. secondly, SO, penetrates the cell membrane,
most probably still in the uncharged form;

3. once having entered into the cell, SO, may
possibly be transformed into a charged species again. In
this way the cells may act as a “sulfite”-trap, and a
charged species of “sulfite” may be responsible for
intracellular actions either with metabolites or with
DNA by acting as mutagen (Dorange and Dupuy,
1972) which causes primarily C-G to T-A transitions
(Mukai et al., 1970; Hayatsu and Miura, 1970).

If the influence of SO, and the other species of
“sulfite” on cell metabolism is not stopped within a
certain period of time (i.e. during the phase of in-
sensitivity) ATP depletion (Chapman et al., 1971)
together with further events leads to cell death both in
wild type and mutant strains.

Babich and Stotzky (1978b) did not find “sulfite”
induced cell death in Escherichia coli. This may be due
to the fact that their turbidity measurements were not
able to discriminate between viable cells and irrever-
sibly damaged but not yet lyzed cells.

Since there are many targets for “sulfite” attack in
living cells, its action can certainly not be described by a
simple model mechanism. Besides cell death and muta-
genesis some adaptation phenomena have been re-
ported even in higher organisms like plants (Ziegler,
1975; Horsman et al., 1978).

Sulfite producing and tolerating wine yeasts (Dott
and Triiper, 1978) should be specially well suited for
further investigations of the molecular events of “sul-
fite” action.

Acknowledgement. | thank Prof. Dr. Helmut Holzer and Dr. D. Wolf
for valuable discussions, and Dr. Angelika Schimz for help with the
manuscript. This work was sponsored by a grant from the
Wissenschaftliche Gesellschaft Freiburg, Freiburg.

References

Adams, E.: Reaction of dithionite and bisulfite with pyridoxal and
pyridoxal enzymes. Anal. Biochem. 31, 484492 (1969}

Babich, H., Stotzky, G.: Atmospheric sulfur compounds and
microbes. Environm. Res. 15, 513531 (19784a)

Babich, H., Stotzky, G.: Influence of pH on inhibition of bacteria,
fungi and coliphages by bisulfite and sulfite. Environm. Res, 15,
405—417 (1978b)

Bates, R. G., Paabo, M.: Measurement of pH. In: Handbook of
Biochemistry, 2nd Ed. (H. A. Sober, ed.), pp. J227-7233,
Cleveland: The Chemical Rubber 1970

Carr, I. G., Davies, P. A., Sparks, A. H.: The toxicity of sulfur
dioxide towards lactic acid bacteria from fermented apple juice.
J. Appl. Bateriol. 40, 201212 (1976)

Chapman, A. G., Fall, L., Atkinson, D. E.: Adenylate energy charge
in Escherichia coli during growth and starvation. J. Bacteriol.
108, 10721086 (1971)



K.-L. Schimz: Effect of Sulfite on Living Cells of Yeast

Cohen, H. J., Drew, R. T., Johnson, J. L., Rajagopalan, K. V.:
Molecular basis of the biological function of molybdenum. The
relationship between sulfite oxidase and the acute toxicity of
bisulfite and sulfur dioxide. Proc. Natl. Acad. Sci. USA 70,
36553659 (1973)

Cole, R. D.: Sulfitolysis: In: “Methods of Enzymology”, Vol. 11
(Hirs, C. H. W, Ed.; Colowick, S. P., Kaplan, N. O, eds. in
Chief), pp. 206—208. New York, London: Academic Press
1967

Dorange, I.-L., Dupuy, P.: Mise en évidence d’une action mutagéne
du sulfite de sodium sur la levure. C. R. Acad. Sci. Paris, Série D
274, 2798 —2800 (1972)

Dott, W, Triiper, H. G.: Sulfite formation by wine yeasts. VL
Regulation of biosynthesis of NADPH- and BV-dependent
sulfite reductases. Arch. Microbiol. 118, 249251 (1978)

Fishbein, L.: Atmospheric mutagens. [. Sulfur oxides and nitrogen
oxides, Mut. Res. 32, 309330 (1976)

Golding, R. M.: UV absorption studies of the bisulfite pyrosulfite
equilibrium. J. Chem. Soc. 3711 ~3716 (1960)

Hayatsu, H., Miura, A.: The mutagenic action of sodium bisulfite.
Biochem. Biophys. Res. Commun. 39, 156160 (1970)

Hayatsu, H., Miller, R. C.: The cleavage of DNA by the oxygen
dependent reaction of bisulfite. Biochem. Biophys. Res.
Commun. 46, 120124 (1972)

Hevesi, L., Bruice, T. C.: Reaction of sulfite with isoalloxazines.
Biochemistry 12, 290—297 (1973)

Hotzel, D., Muskat, E., Cremer, H. D.: Toxizitdt von schwefliger
Sdure in Abhdngigkeit von Bindungsform und Thiamin-
versorgung. Z. Lebensm. Unters. Forsch. 130, 25— 31 (1966)

Hétzel, D., Muskat, E., Bitsch, 1., Aign, W, Althoff, J. D., Cremer,
H. D, Hensel, H., Kasper, P., Kunze, K., Szasz, G.: Thiamine
deficiency and harmlessness of sulfite administration to man, Int.
Z. Vitaminforsch. 39, 372383 (1969)

Horsman, D. C., Roberts, T. M., Bradshaw, A. D.: Evolution of SO,
tolerance in perennial ryegrass. Nature 276, 493 —494 (1978)

Jones, L. H., McLaren, E.: Infrared absorption spectra of SO, and
CO, in aqueous solution. J. Chem. Phys. 28, 995 (1958)

Kamogawa, A., Fukui, T.: Inhibition of a-glucan phosphorylase by

bisulfite competition at the phosphate binding site. Biochim.

Biophys. Acta 302, 158 —166 (1973)

Leichter, J., Joslyn, M. A.: Kinetics of thiamine cleavage by sulfite.
Biochem. J. 113, 611 — 615 (1969)

Leivestad, H., Muniz, 1. P.: Fish kill at low pH in a norwegian river.
Nature 259, 391 392 (1976)

Libera, W., Ziegler, I., Ziegler, H.: The action of sulfite on the
HCOj; -fixation pattern of isolated chloroplasts and leaf tissue
slices. Z. Pflanzenphysiol. 74, 420—433 (1975)

Magcris, B.: Transport and toxicity of sulfur dioxide in the yeast
Saccharomyces cerevisige. Ph. D. Thesis, University of Michigan
(1972)

95

Mukai, F., Hawryluk, 1., Shapiro, R.: The mutagenic specificity of
sodium bisulfite. Biochem. Biophys. Res. Commun. 39,
983988 (1970)

Mukerji, S. K.: Corn leaf phosphoenolpyruvate carboxylase: in-
hibition of *CQ, fixation by SO~ and activation by glucose-6-
phosphate. Arch. Biochem. Biophys. 182, 360365 (1977)

O’Sullivan, D. A.: Norway : victim of other nations’ pollution. Chem.
Eng. News 54, {5~16 (1976)

Pfleiderer, G., Stock, A., Oetting, F., Diemair, W.: Metabolism of
sulfite in animals. Photometric determination of sulfite with 2,6-
dichloroindophenol. Fresenius® Z. Anal. Chem. 239, 225233
(1968)

Schimz, K.-L., Holzer, H.: In vitro effects of sulfite on enzymes of
eucaryotic organisms. Hoppe-Seyler’s Z. Physiol. Chem. 358,
1274 (1977)

Schimz, K.-1.., Holzer, H.: Low concentrations of sulfite lead to a
rapid decrease of ATP concentration in Saccharomyces cere-
visiae X2180 by activating an ATP hydrolyzing enzyme system
located on the cell surface. Abstr, Intern. Congr. Microbiol. XII,
Abstr. No. G 51, p. 164, Miinchen 1978

Schimz, K.-L., Holzer, H.: Rapid decrease of ATP content in intact
cells of Saccharomyces cerevisive after incubation with low
concentrations of sulfite. Arch. Microbiol. 121, 225229 (1979}

Schmidt, M., Siebert, W.: Sulphur, In: Comprehensive Inorganic
Chemistry, Vol. 2 (Trotmann-Dickenson, A. F., ed.), pp. 795~
934. Oxford, New York, Paris, Frankfurt: Pergamon Press 1973

Shapiro, R., DiFate, V., Welcher, M.: Deamination of cytosine
derivatives by bisulfite. Mechanism of the reaction. J. Am.
Chem. Soc. 96, 906912 (1974)

Tate, S. S, Novogrodsky, A., Soda, K., Miles, E. W, Meister, A.: L-
Aspartate-f-decarboxylase (dlcaligenes faecalis). In: Methods
of Enzymology, Vol. XVII A (Tabor, H., Tabor, C. W, Eds.;
Colowick, S. P, Kaplan, N. O,, eds. in Chief), pp. 681 —688.
New York, London: Academic Press 1970

Tuazon, P. T., Johnson, S. L.: Free radical and ionic reaction of
bisulfite with NADH and its analogues. Biochemistry 16, 1183 —
1188 (1977)

Weast, R. C. (ed.): Dissociation Constants of Inorganic Acids in
Agqueous Solutions (0.1-—-0.01 N), In: Handbook of Chemistry
and Physics, 55th Ed., p. D 130. Cleveland: CRC Press Inc., 1974

Weiss, R. L., Kukra, J. R., Adams, I.: The relationship between
enzyme activity, cell geometry and fitness in Saccharomyces
cerevisize. Proc. Natl. Acad. Sci. USA 72, 794798 (1975)

Yang, S. F.: Sulfoxide formation from methionine or its sulfide
analogues during aerobic oxidation of SO%~. Biochemistry 9,
5008 —5014 (1970)

Ziegler, I The effect of SO, pollution on plant metabolism. Residue
Rev. 36, 79—105 (1975)

Received September 24, 1979



