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Abstract. Concentrations of m-Cl-peroxy benzoic acid
(CPBA) higher than 0.1 mM decrease the ATP-content of
Saccharomyces cerevisige in the presence of glucose in 1 min
to less than 10% of the initial value. In the absence of
glucose, 1.0 mM CPBA is necessary for a similar effect. After
the rapid loss of ATP in the first min in the presence of
glucose caused by 0.2 mM CPBA, the ATP-content recovers
to nearly the initial value after 10 min. Aerobic glucose
consumption and ethanol formation from glucose are both
completely inhibited by 1.0 mM CPBA. Assays of the activi-
ties of nine different enzymes of the glycolytic pathway as
well as analysis of steady state concentrations of metabolites
suggest that glyceraldehyde-3-phosphate dehydrogenase is
the most sensitive enzyme of glucose fermentation. Phospho-
fructokinase and alcohol dehydrogenase are slightly less
sensitive. Incubation for 1 or 10 min with concentrations of
0.05 to 0.5mM CPBA causes a) inhibition of giyceral-
dehyde-3-phosphate dehydrogenase, b) decrease of the ATP-
content and c) a decrease of the colony forming capacity.
From these findings it is concluded that the disturbance of
the ATP-producing glycolytic metabolism by inactivation
of glyceraldehyde-3-phosphate dehydrogenase may be an
explanation for cell death caused by CPBA.
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Organic peroxy acids and their derivatives, such as peracetic
acid, diacetylperoxide or peroxyacetyl nitrate (PAN) are
known to be strong skin and eye irritants for animals (Patty
1970; Moeschlin 1980) and to be toxic to plants (Heath
1980). Oxidation of cysteine residues to disulfides or cysteic
acid and the oxidation of methionine residues have been
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suggested as possible molecular mechanisms of action of
peroxides on enzymes (Knight and Mudd 1984).

To obtain information on the mechanisms of the action
of peroxy acids on basic metabolic processes, studies with
yeast as a model organism were undertaken. m-Chloro-
peroxy benzoic acid (CPBA) was used as a model peroxide.
We observed drastic effects of low concentrations of CPBA
on the ATP-content of yeast and therefore studied effects of
CPBA on the ATP-producing glycolysis. It is shown in the
present paper that glyceraldehyde-3-phosphate dehydroge-
nase and phosphofructokinase are the most CPBA-sensitive
enzymes in the glycolytic pathway of yeast. The concentra-
tions of CPBA which inhibit these enzymes are about the
same as those which decrease the ATP-content and the col-
ony forming capacity, i.e. the viability of yeast.

Materials and methods

Materials. The m-chloro-peroxybenzoic acid of 80—90%
purity (10—20% m-Cl benzoic acid) was purchased from
EGA-Chemie (Steinheim, FRG). Reagents for the assays of
ATP, enzymes and metabolites were purchased from
Boehringer (Mannheim, FRG). All yeast growth media were
from Difco (Schmid, Minchen, FRG) and all other
chemicals from E. Merck (Darmstadt, FRG).

Yeast strain and growth condition. Strain X 2180 B (wild
type) was kindly provided by Prof. Dr. D. H. Wolf (Bio-
chemisches Institut der Universitit Freiburg, FRG). Yeast
cells were grown to the stationary phase (24 h) on complete
YEPD medium, containing 1% yeast extract, 2% peptone,
2% glucose at 30°C under aerobic conditions. Cells were
harvested by centrifugation, washed twice with ice cold dis-
tilled water and wet weight was determined on a 4,500 x g,
15 min pellet.

Stock solution of CPBA. The required quantities of CPBA
(for 20 mM or 100 mM) were dissolved in 0.5 ml methanol
and then diluted with 0.5 ml distilled water. Stock solutions
were prepared 5 min before the start of incubation and were
stored at room temperature.

Conditions of incubation with CPBA. Cells were preincubated
under air without or with 2 or 4% glucose for 1 h at 30°Cin
0.1 M potassium phosphate buffer pH 7.0 in an Erlenmeyer
flask on a reciprocal water bath shaker. The incubation
procedure was then started by the addition of CPBA stock
solution. Shaking was continued during incubation with
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Fig. 1. ATP-content of yeast cells incubated under air with CPBA
in the presence of glucose. A 2% yeast suspension (w/v) in 0.1 M
phosphate buffer pH 7.0 was preincubated 1 h in the presence of
4% glucose (w/v) at 30°C. At zero time stock solution of CPBA
(final concentration as indicated) was added to the yeast suspension.
Samples were analyzed for ATP at the times indicated (for details
see Materials and methods). The initial concentration of ATP was
2.2 umol ATP/g yeast wet weight
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Fig. 2. ATP-content of yeast cells incubated under air with CPBA

in the absence of glucose. For details see legend to Fig. 1. The initial
concentration of ATP was 1.8 wmol ATP/g yeast wet weight

CPBA. Samples for the zero time were taken just before the
addition of CPBA or similar amount of 50% methanol/
water (v/v) to the control experiment.

Assay of ATP. At the times indicated, 0.1 ml aliquots of the
incubation mixtures were added to the same volume of ice-
cold 35% (v/v) perchloric acid. After 20 min incubation at
0°C with occasional shaking, the extraction procedure was
stopped by adding 0.54 ml of 2 M potassium hydrogen
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Fig. 3. Effect of CPBA on glucose consumption (Q) and ethanol
formation from glucose ( x ). 2% yeast in 100 mM phosphate buffer
pH 7.0 was shaken under air in the presence of 2% glucose at 30°C.
The indicated concentrations of CPBA were added at zero time. For
assays of glucose and ethanol see Materials and methods

Table 1. ATP in sediment and/or supernatant of a yeast suspension
incubated with toluene or CPBA. The 5.0ml of 2% yeast
suspensions in phosphate buffer pH 7.0 were preincubated 1 h at
30°C with 4% glucose. A 0.2 ml of 50% toluene/ethanol mixture
(v/v, final concentration 2%) or 25 mM CPBA stock solution in
50% ethanol/buffer (v/v, final concentration 1.0 mM) was added at
zero time. At the indicated times 0.2 ml aliquots of incubation
mixture were centrifuged (10,000 x g, 4 min) and in the supernatant
ATP was assayed. The sediment was suspended in 0.4 ml 17%
perchloric acid. After 20 min on ice the samples were processed and
assayed for ATP as described in Materials and methods

umol ATP/50 ml yeast suspension (2%)

Sediment Supernatant Suspension
(1.0g (49 ml) (50 mt)
Incubation time
(min) 0 10 0 10 0 10
Control 1.6 1.6 0.002 0003 1.9 1.8

+2% Toluene 1.6 0.5
+1.0mM CPBA 1.6 0.02

0.002 01 1.9 1.2
0.002 0005 1.9 0.03

carbonate to obtain a final pH of about 7.0. After 10 min of
further incubation on ice, the potassium perchlorate formed
was centrifuged for 4 min at 10,000xg at 4°C. The
supernatants were diluted 1:200 with quartz-distilled water.
Aliquots of 0.2 ml of these samples were added to 0.2 ml
of luciferin/luciferase reagents solution and the bio-
luminescence was measured with a Biolumat LB 9500 T
(Berthold, Wildbad, FRG). Standard ATP solutions of
5%107° M concentration were added for calibration in
parallel analysis.

Assay of enzyme activities. A 2% yeast suspension (50 ml) in
0.1 M phosphate buffer pH 7.0 was preincubated by shaking
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Table 2. Effect of CPBA on enzyme activity in yeast cells. Incubation of 2% yeast was in the presence of 2% glucose. For other details see

Materials and methods

Enzyme Concentration Enzyme activity in percent of a control without
of CPBA (mM) CPBA after incubation with CPBA for
1 min 30 min
Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) 0.2 8 15
1.0 <1 <1
Alcohol dehydrogenase (EC 1.1.1.1) 0.2 10 16
1.0 <1 <1
6-Phosphofructokinase-1 (EC 2.7.1.11) 0.2 55 59
1.0 <1 <1
Glutamate dehydrogenase (NAD *) (EC 1.4.1.2) 0.2 94 100
1.0 8 7
Pyruvate decarboxylase (EC 4.1.1.1) 0.2 87 88
1.0 21 15
Glutamate oxalacetate transaminase (EC 2.6.1.1) 0.2 97 106
1.0 67 91
Hexokinase (EC 2.7.1.1) 0.2 97 101
1.0 83 80
Glutamate dehydrogenase (NADP*) (EC 1.4.1.4) 0.2 95 95
1.0 92 100
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) 0.2 94 94
1.0 85 82

for 1 hin the presence of 2% glucose at 30°C. After addition
of CPBA, 10 ml samples were withdrawn at the times in-
dicated and poured into ice cold tubes containing ice,
followed by immediate centrifugation (6,000x g, 5min).
After washing with ice cold buffer (2.0 ml) the pellet was
suspended in 2.0 ml buffer. Crude extract was prepared by
passing this suspension twice through a French pressure cell
(Aminco Silver Spring) at a pressure of 137,895.2 kN/m?.
The supernatant obtained after centrifugation of the
homogenate at 10,000 x g for 4 min was used for determina-
tion of enzyme activities. Activities of glyceraldehyde-3-
phosphate dehydrogenase, alcohol dehydrogenase, glu-
tamate dehydrogenase (NAD), glutamate dehydrogenase
(NADP), pyruvate decarboxylase, glutamate oxalacetate

transaminase and hexokinase were assayed as described by
Bergmeyer et al. (1974 a). Phosphofructokinase and glucose-
6-phosphate dehydrogenase were assayed according to
Afting et al. (1971) and Lohr and Waller (1974), respectively.

Glucose consumption and ethanol formation. Solutions of 2%
glucose in 0.1 M phosphate buffer pH 7.0 were preincubated
for 20 min at 30°C. After addition of CPBA glycolysis was
started by addition of yeast suspension (2% final concentra-
tion). At times indicated, 0.1 ml samples were mixed with
0.1 ml ice cold 35% perchloric acid. The extraction was
performed as described for ATP-determination. Glucose and
ethanol were determined enzymatically in the supernatant
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Fig. 5A, B. Effect of CPBA on ATP-content, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) activity and colony forming
capacity of yeast cells. A Yeast (2%) with the indicated concentra-
tions of CPBA was shaken under air at pH 7.0 and 30°C for 1 min
or B 10 min. For other details see Materials and methods. Results
are expressed as percent of the contro] without CPBA
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according to Bergmeyer et al. (1974b) and Bernt and
Gutmann (1974), respectively.

Determination of colony forming capacity. A 2% yeast
suspension in 0.1 M phosphate buffer pH 7.0 containing 4%
glucose was preincubated for 1 h at 30°C. At the indicated
times after addition of CPBA, 0.5 ml samples were diluted
1:10° and 1:5x10° with sterilised 0.9% NaCl solution.
Aliquots of 0.1 m! from both dilutions were plated in dupli-
cate on sterilised YEPD agar-medium. The colonies were
counted after 48 h at 30°C.

Assay of metabolites. Yeast was preincubated and incubated
with CPBA as described for the assay of enzyme activities.
At the times indicated 100 ml samples were transferred to ice
cold tubes containing ice and were immediately centrifuged
(6,000 x g, 5 min). The pellet was suspended in 2.0 ml of 35%
perchloric acid, incubated for 20 min on ice and centrifuged
(4,500 x g, 5 min). The supernatant was neutralized with
2 M potassitum hydrogen carbonate solution. After 10 min
of further incubation at 0°C the potassium perchlorate
formed was separated by centrifugation (10,000 x g, 4 min)
and the supernatant assayed for metabolites as described by
Lang and Michal (1974), Michal and Beutler (1974) and
Czok and Lamprecht (1974).

Assay of protein. Protein was determined by the method of
Lowry et al. (1951) using crystalline bovine serum albumin
as standard.
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Results and discussion

The time-dependence of the effect of m-chloro peroxy
benzoic acid (CPBA) on the ATP-content of yeast incubated
with glucose is shown in Fig. 1. A significant effect was seen
at concentrations >0.1 mM CPBA. With 0.1 to 0.4 mM
CPBA 70 —90% of the ATP disappeared in less than 1 min.
After 10 min, however, a partial recovery of the ATP-level
was observed. With 1.0mM CPBA the ATP-content
decreased in the first minute to about 5% of the initial value,
with no subsequent recovery. In contrast, in the absence of
glucose, CPBA effected smaller changes in the ATP-level
with no subsequent increase in the levels of ATP (Fig. 2).
m-Chlorobenzoic acid (15 mM), an impurity in the prepara-
tion of CPBA used, had no effect on the ATP-level (data not
shown). The more pronounced effects of 1 min incubation
with CPBA in the presence of glucose as compared to in-
cubation without glucose, is evident from Figs. 1 and 2. The
reason might be a different conformation and therefore a
different sensitivity of protein attacked by CPBA caused for
example by different intracellular pH-values (Nicolay et al.
1982; Gillies et al. 1981) under the different metabolic
situations.

After 1 min incubation of 0.2 or 1.0 mM CPBA with
intact yeast in the presence or absence of glucose as described
in the legends to Figs. 1 and 2, the supernatant exhibits no
more ATP-decreasing activity when incubated with fresh
yeast (data not shown). In contrast, in the absence of yeast,
0.2 mM CPBA retained 97% of its ATP-decreasing activity
after 1 min. Metabolic intactness of yeast was not necessary
to cause disappearance of the ATP-decreasing activity of
CPBA. Yeast heated for 10 min at 90°C had the same effect
as intact yeast.

The data shown in Fig. 1 demonstrate a recovery of the
ATP-content between 1 and 10 min after incubation with
CPBA. The recovery phenomenon is not observed in the
absence of glucose (cf. Figs. 1 and 2). A functioning respira-
tory system was not necessary for ATP recovery after treat-
ment of yeast cells with 0.2 mM CPBA because addition of
1.0 mM cyanide had no decreasing effect on the ATP re-
covery in the presence of glucose (data not shown). Ethanol
was considerably less effective than glucose for the recovery
of ATP (data not shown). Therefore, we assume that the
ATP-recovery is the consequence of a glucose dependent
repair of the ATP-generating system damaged by CPBA in
the first min of its influence. The glucose-dependence of the
repair system concerns the metabolism of glucose insensitive
against 1 mM cyanide, i.e. anaerobic fermentation.

Effects of peroxides on the permeability properties of
membranes are well known (Frew et al. 1983). We have
studied if the decrease of intracellular ATP may be the conse-
quence of increased permeability of the yeast cell membrane
for ATP.

This would lead to the appearance of ATP in the
suspension medium. As demonstrated in Table 1, toluene, a
yeast permeabilizing agent (Murakami et al. 1980) decreased
intracellular ATP to about 30% and caused a significant
increase of the ATP-concentration in the supernatant. In
contrast, with 1.0 mM CPBA, which decreased the ATP-
content in the cells more than 95%, ATP in the supernatant
was similar to the control without toluene or CPBA. It is
evident that the decrease in the ATP-content in yeast cells
observed after incubation with CPBA is not a consequence
of permeabilization of the cell membrane for ATP.
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As illustrated in Fig. 3, 1.0 mM CPBA which decreased
the ATP-confent of yeast (cf. Fig. 1) inhibited completely
glucose consumption as well as ethanol formation from
glucose. To localize the effect of CPBA on the carbohydrate
metabolism, activities of different enzymes in extracts from
yeast cells treated with 0.2 or 1.0 mM CPBA were assayed.
As shown in Table 2, glyceraldehyde-3-phosphate dehydro-
genase, NAD-alcobol dehydrogenase and 6-phosphofructo-
kinase-1 were most sensitive. m-Chloro benzoic acid
(10 mM) showed no effect on these three enzymes (data not
shown). The results of assays of intracellular concentrations
of glycolytic metabolites and of the activities of the three
enzymes most sensitive to CPBA, after incubation of yeast
cells with 0.2 or 1.0 mM CPBA are shown in Fig. 4. Incuba-
tion of yeast in the presence of glucose with CPBA, under
the conditions which resulted in a drastic decrease of the
ATP-content led to an inhibition of carbohydrate degrada-
tion at the metabolic steps catalyzed by 6-phosphofructo-
kinase-1, glyceraldehyde-3-phosphate dehydrogenase and
alcohol dehydrogenase.

To find if the observed effects of CPBA on yeast cell
metabolism may be related to cell death the colony forming
capacity was measured. Figure 5 summarizes the observed
effects of different concentrations of CPBA after 1 or 10 min
incubation with yeast. From comparison with the cor-
responding effects of CPBA on the ATP content and on
glyceraldehyde-3-phosphate dehydrogenase activity, it
becomes evident that for all three parameters depicted in
Fig. 5 distinct effects are seen at 0.05 mM CPBA and are
almost maximal at 0.5 mM CPBA. Considering also the
results summarized in Fig. 4, it may be postulated that under
conditions where the energy metabolism is dependent on
glycolysis, cell death (measured as colony forming capacity)
caused by CPBA may be a consequence of disturbance of
the ATP producing glycolytic metabolism by inactivation of
glyceraldehyde-3-phosphate dehydrogenase. The respira-
tory ATP production (all experiments were done under
aerobic conditions) is not able to prevent or to overcome
the CPBA-caused ATP depletion. This suggests that an in-
hibitory attack of CPBA on the mitochondrial oxidative
system, i.e. on respiratory chain phosphorylation (Lynen
and Holzer 1949), takes place at concentrations of CPBA
similar or less than those inhibiting glyceraldehyde-3-
phosphate dehydrogenase. Studies on interactions of CPBA
with the yeast respiratory system are in progress in our
laboratory.
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