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Abstract. After addition of 5 mM sulfite or nitrite to glucose- 
metabolizing cells of Saccharomyces cerevisiae a rapid 
decrease of the ATP content and an inversely proportional 
increase in the level of inorganic phosphate was observed. 
The concentration of ADP shows only small and transient 
changes. Cells of the yeast mutant pet 936, lacking mito- 
ehondrial F1ATPase, after addition of 5 mM sulfite or nitrite 
exhibit changes in ATP, ADP and inorganic phosphate very 
similar to those observed in wild type cells. They key enzyme 
of glucose degradation, glyceraldehyde-3-phosphate dehy- 
drogenase was previously shown to be the most sulfite- 
or nitrite-sensitive enzyme of the glycolytic pathway. This 
enzyme shows the same sensitivity to sulfite or nitrite in cells 
of the mutant pet 936 as in wild type cells. It is concluded that 
the effects of sulfite or nitrite on ATP, ADP and inorganic 
phosphate are the result of inhibition of glyceraldehyde-3- 
phosphate dehydrogenase and not of inhibition of 
phosphorylation processes in the mitochondria. Levels of 
GTP, UTP and CTP show parallel changes to ATP. This is 
explained by the presence of very active nucleoside mono- 
phosphate kinases which cause a rapid exchange between 
the nucleoside phosphates. The effects of the sudden inhibi- 
tion of glucose degradation by sulfite or nitrite on levels of 
ATP, ADP and inorganic phosphate are discussed in terms 
of the theory of Lynen (1942) on compensating 
phosphorylation and dephosphorylation in steady state 
glucose metabolizing yeast. 
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Previous work (Schimz and Holzer 1979; Schimz 1980; 
Hinze and Holzer 1985a) has shown that 0.1 mM sulfite or 
nitrite causes a rapid decrease in the ATP concentration of 
yeast cells. Cell death, i.e. the drastic decrease of the cell 
forming capacity, caused by sulfite or nitrite is probably a 
consequence of the ATP-depletion (Schimz 1980). Inhibition 
of the ATP producing degradation of carbohydrate at the 
step of glyceraldehyde-3-phosphate dehydrogenase has 
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shown to be responsible for the decrease in ATP (Hinze and 
Holzer 1985b). In the case of sulfite, in addition to the 
inactivation of glyceraldehyde-3-phosphate dehydrogenase, 
formation of an aldehyde-bisulfite complex with glyceralde- 
hyde-3-phosphate, which slows down the rate of the dehy- 
drogenase reaction by lowering the concentration of free, 
uncomplexed glyceraldehyde-3-phosphate, may also 
contribute to the observed depletion of ATP (Hinze and 
Holzer 1985b). For further analysis of the effects of sulfite 
or nitrite on the energy metabolism of yeast, levels of ATP, 
ADP and inorganic phosphate as well as of non-adenosine 
nucleoside phosphates were analyzed. Furthermore, the 
effects of sulfite and nitrite on the yeast mutant pet 936 
lacking an intact respiratory chain phosphorylation, were 
studied to elucidate a possible role of the mitochondrial 
ATP-synthesizing system in the observed effects on the ATP- 
levels. 

Materials and methods 

Chemicals. The reagents for the assays of ATP, ADP and 
enzyme activities were purchased from Boehringer (Mann- 
helm, FRG) and Sigma (Mfinchen FRG);  bactopeptone and 
yeast extract were from Difco (Detroit, MI, USA). All other 
chemicals were obtained from Merck (Darmstadt, FRG). 

Organisms. Saccharomyces cerevisiae strain X 2180 B (wild 
type) was kindly provided by Prof. Dr. Dieter H. Wolf, 
Biochemisches Institut der Universit/it Freiburg, FRG. The 
nuclear Fl-deficient mutant pet 936 (pet +) was a generous 
gift of Prof. Dr. G. Schatz, Biozentrum, Basel, Switzerland. 

Conditions of cultivation. Cells were grown to the stationary 
phase (24 h wild type; 20 h pet 936) at 30~ under aerobic 
conditions on complete medium containing 1% yeast ex- 
tract, 2% bactopeptone and 2% glucose. Details for the 
growth conditions of the mutant are described by Ebner et 
al. (1973). 

Incubation of yeast and preparation of crude extracts for 
enzyme activities. Incubation of yeast and crude extract prep- 
aration is described by Hinze and Holzer (1985b). 

Determination of ATP and ADP. The method used for the 
assay of ATP is described by Hinze and Holzer (1985 a) and 
for ADP by Schimz et al. (1981). 

Assays of enzyme activities. Glyceraldehyde-3-phosphate de- 
hydrogenase was assayed according to Bergmeyer et al. 
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Fig. 1. ATP, ADP and P~ on incubation ofSaccharomyces cerevisiae 
X 2180 B with 5 mM sulfite in the presence of glucose. A 2% (wet 
weight/vol) yeast suspension, preincubated for I h with 2% (w/v) 
glucose at 20~ was treated with 5 mM sulfite at pH 3.6 and 20~ 
At the times indicated, samples were taken and analyzed for ATP-, 
ADP- and P~. Full symbols: with sulfite; open symbols: control 
without sulfite 

(1974), glucose-6-phosphate dehydrogenase according to 
L6hr and Waller (1974). 

Determination of inorganic phosphate. Pa was measured in 
the perchloric acid extracts according to Ames (1966) with 
0.2 mM disodium hydrogen phosphate as standard. 

Determination of ribonucleoside phosphate pools in yeast. 
A 2% (wet weight/vol) suspension of stationary cells of  the 
wild type yeast in 0.15 M sodium citrate buffer pH 3.6 was 
preincubated at 20~ for 1 h in the presence of 2% (w/v) 
glucose. After withdrawing a control sample, the cells were 
incubated for a further 10 rain in the presence of 5 mM 
nitrite. For ribonucleoside phosphate determinations 1 ml 
samples were centrifuged at 8,000 x g for 4 min at 4 ~ C. The 
sediments, containing 20 gg cells, were treated with 80 gl 
ice-cold 20% (w/v) perchloric acid and neutralized after 
20 min storage on ice (with occasional mixing) by drop- 
wise additions of  140 gl ice-cold 2 M potassium hydrogen 
carbonate (final pH about 6.8). The suspension was kept at 
0~ for 10 rain and precipitated potassium perchlorate was 
removed by eentrifugation for 4 rain at 10,000 x g at room 
temperature. The supernatant was then lyophilized. The 
ribonucleoside phosphate were analyzed by high-perfor- 
mance liquid chromatography as described by Holstege et 
al. (1982). 

Results 

It may be seen from Figs. I and 2 that sulfite and nitrite 
show similar kinetics in decreasing the ATP-content and 
increasing the content of inorganic phosphate in yeast cells. 
Changes in the contents of  ATP and inorganic phosphate 
are faster in the presence than in the absence of glucose. This 
may be a consequence of the preferential role of glycolysis, 
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Fig. 2. ATP, ADP and Pi on incubation of Saccharomyces cerevisiae 
X 2180 B with 5 mM nitrite in the presence of glucose. Experimental 
conditions are described in the legend to Fig. 1. Full symbols: with 
nitrite; open symbols: control without nitrite 
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ATP-content of Saccharomyces cerevisiae X2180B or 
mutant pet 936 cells after 10 min incubation with sulfite or nitrite 
in the presence of glucose. A 2% (wet weight/vol) yeast suspension, 
preincubated for 1 h with 2% (w/v) (wild type cells) or 3% (w/v) 
(mutant cells) glucose at 20 ~ C, was treated with 5 mM sulfite or 
5 mM nitrite for 10 min at pH 3.6 and 20~ The measured ATP- 
content is expressed in % of the values without sulfite or nitrite. 
The data for X 2180 B are taken from Hinze and Holzer (1985a) 

which is inhibited by sulfite or nitrite, in the maintenance of 
a steady state ATP level. As shown in Fig. 3 the ATP content 
of the mutant pet 936, defective in the mitochondrial F1- 
ATPase (Ebner and Schatz 1973) exhibits a similar sensitivity 
to sulfite or nitrite as does the wild type X 2180 B: at 1.5 to 
2.0 mM sulfite or nitrite almost 100% inhibition is effected. 
As seen in Table 1 the sensitivity to sulfite or nitrite of the 
ATP-level and of the glyceraldehyde-3-phosphate dehydro- 
genase activity is the same in the mutant pet 936 and the 
wild type cells. 

The mutant pet 936 shows a similar time course of dis- 
appearance of ATP and appearance of inorganic phosphate 
after addition of sulfite or nitrite (Figs. 4 and 5) as observed 
with the wild type (Figs. I and 2). It may be concluded that 
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Table 1. Activities of enzymes in crude extracts from wild type 
X 2180 B or mutant pet 936 ceils, incubated with 1 mM sulfite or 
1.5 mM nitrite in the presence of 2% (w/v) (wild type cells) or 3% 
(w/v) (mutant cells) glucose at pH 3.6 and 20~ For details of 
incubation and assays of enzyme activities see "Materials and 
methods". Enzyme activities are presented in % of controls in- 
cubated without addition of sulfite or nitrite 

X 2180 B a pet 936 

Sulfite Nitrite Sulfite Nitrite 
1 mM 1.5 mM 1 mM 1.5 mM 
(%) (%) (%) (%) 

Glyceraldehyde-3- 
phosphate dehydro- 
genase (EC 1.2.1.12) 17 1 13 

Glucose-6-phosphate 
dehydrogenase 
(EC 1.1.1.49) 100 100 96 98 

Data taken from Hinze and Holzer (1985a) 
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Fig. 4. ATP, ADP and P~ on incubation of mutant cells pet 936 with 
5 mM sulfite in the presence of glucose. The experiment was done 
as described for Fig. t, except 3% (w/v) instead of 2% (w/v) glucose. 
Full symbols: with sulfite; open symbols: control without sulfite 
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Fig. 5. ATP, ADP and P~ on incubation of mutant pet 936 yeast 
cells with 5 mM nitrite in the presence of glucose. The experiment 
was done as described for Fig. 1, except 3% (w/v) instead of 2% 
(w/v) glucose. Full symbols: with nitrite; open symbols: control 
without nitrite 

Table 2. Decrease ofATP (--ATP), increase of inorganic phosphate 
(+Pi), and quotient (+Pi/-ATP) after 10rain incubation of 
Saccharomyces cerevisiae X2180B or mutant pet 936 with 5 mM 
sulfite or nitrite in the presence of 2% (w/v) (wild type cells) or 3% 
(w/v) (mutant cells) glucose at pH 3.6 and 20~ 

Incubation + Pi - ATP (+ Pi)/ 
mixture (gmol/g yeast) (p.mol/g yeast) (-ATP) 

X 2180 B 
+ 5 mM sulfite 14.04 2.92 4.8 
+ 5 mM nitrite 9.30 2.10 4.4 

pet 936 
+ 5 mM sulfite 8.39 1.50 5.6 
+ 5 mM nitrite 5.05 2.05 2.5 

the mitochondrial processes of respiratory chain phospho- 
rylation and ATP-dephosphorylation by ATPase do not par- 
ticipate significantly in the observed changes of ATP and 
inorganic phosphate. The experiments with the mutant pet 
936 are therefore in accordance with the previously 
formulated idea (Hinze and Holzer 1985 b) that an inhibition 
of glyceral-dehyde-3-phosphate dehydrogenase is respon- 
sible for the ATP-depletion caused by sulfite or nitrite. 

The steady state levels of ATP and inorganic phosphate 
are the result of balanced "phosphorylation" (formation 
of ATP) and "dephosphorylation" (liberation of inorganic 
phosphate) (Lynen 1942; Lynen and Koenigsberger 1950; 
1951). When synthesis of ATP is blocked, dephosphoryla- 
tion of ATP continues according to equation (1): 

ATP --+ AMP + 2 P~. (1) 

Lynen and Koenigsberger ( 1950; 1951) stopped phosphoryla- 
tion by addition of 1 mM cyanide. From the rate of P~ 
formation extrapolated to the time of addition of cyanide, 
they calculated the steady state rate of"dephosphorylation", 
which is identical to the steady state rate of "phosphoryla- 
tion". Similar to the experiments of Lynen and 
Koenigsberger with cyanide we studied the effects of sulfite 
or nitrite on "dephosphorylation" as shown in Figs. 1, 2, 4 
and 5. 

In Table 2 the ratios of increase in inorganic phosphate 
and of decrease in ATP after 10 min incubation with sulfite 
or nitrite are depicted. The ratios observed in the absence of 
glucose are somewhat higher than expected from equation 
(1): 2.4 instead of 2.0. In the presence of glucose ratios of 
up to 4 - 5  have been observed. The higher quotients of 
phosphate/ATP are explained by the presence of non-adeno- 
sine nucleotides which are in enzymatic equilibrium with the 
adenosine nucleotides. Therefore, the formation of in- 
organic phosphate is not only the results of degradation of 
ATP according to Eq. (1) but also to the degradation of 
GTP, CTP and UTP as summarized in Eq. (2): 

XTP ~ XMP + 2 Pi. (2) 

When the concentration of GTP, CTP and UTP which 
almost completely disappear under the influence of nitrite 
(Table 3) or sulfite (Maier et al. 1985) are included for 
calculation of the appearance of inorganic phosphate in 
relation to the disappearance of ATP, ratios in the range of 
3 -  5 are obtained. The higher quotient (+  P0 / ( -ATP)  in 
the presence than absence of glucose may be the result of 
higher concentrations of phosphorylated metabolites in the 
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Table 3. Effect of 5 mM nitrite on the nucleoside phosphate pools 
in wild type X 2180 B yeast cells. Incubation of yeast and determina- 
tion of ribonucleoside phosphates were performed as described in 
"Materials and methods" 

Nucleoside- Initial value 
phosphate (nmol/g) 

After 10 min of incubation 

without with 5 mM 
nitrite nitrite 
(nmol/g) (nmol/g) 

ATP 1440 1470 16 
ADP 290 240 61 
AMP 34 31 1360 

GTP 256 251 < 8 
GDP n.d. n.d. 197 
GMP < 10 < 10 147 

UTP 223 207 < 9 
UDP n.d. n.d. n.d. 
UMP n.d. n.d. 191 

CTP 96 101 < 13 
CDP < 10 < 10 < 10 
CMP n.d. n.d. n.d. 

presence of glucose which are in rapid enzymatic equilibrium 
with ATP. 

Discussion 

Lynen (1942) and Lynen and Koenigsberger (1950; 1951) 
have shown that addition of cyanide to glucose-metabolizing 
yeast cells initiates a rapid liberation of inorganic phosphate. 
They postulated that the formation of inorganic phosphate 
by "dephosphorylation" is in the steady state compensated 
by "phosphorylation", i.e. disappearance of inorganic 
phosphate as a consequence of ATP synthesis. If  this 
assumption is correct rate of "dephosphorylation", extra- 
polated to the time of inhibition of "phosphorylation" by 
addition of cyanide, is a measure for the steady state rate of 
"phosphorylation". In the present work, this technique of 
Lynen et al. has been used to get information about the 
effects of sulfite or nitrite on "phosphorylation" and 
"dephosphorylation" in yeast. In addition to measurements 
of the rate of appearance and disappearance of inorganic 
phosphate as done by Lynen and Koenigsberger (1950, 1951) 
the rates of appearance and disappearance of ATP and ADP 
were also measured. Our observations lead to the following 
conclusions: the synthesis of ATP from inorganic phosphate 
(and ADP) is stopped immediately on addition of sulfite and 
nitrite by inhibition of glyceraldehyde-3-phosphate dehy- 
drogenase. The ATP-degrading and inorganic phosphate 
liberating processes of "dephosphorylation" continue after 
addition of sulfite or nitrite. They have been measured and 
tabullated as the ratio (+  Pi)/(-ATP). When equilibration 
of the adenosine nucleotides with non-adenosine nucleotides 
of the purine and pyrimidine nucleotide series is taken into 
consideration, quotients of ( + Pi) / ( -  ATP) = 2.5 - 5 are ex- 
pected. This is in accordance with the observations 
summarized in Table 2. Synthesis of ATP in the course of 
"phosphorylation" may be the result of "substrate 
phosphorylation", i.e. phosphorylation at the level of 
glyceraldehyde-3-phosphate dehydrogenase, and/or "respi- 
ratory chain phosphorylation", i.e. "oxidative phos- 
phorylation" (Holzer 1951). As shown in the present work, 

the yeast mutant pet 936, which is characterized by a defect 
in the F1-ATPase and is therefore deficient in respiratory 
chain phosphorylation, shows the same rate of decrease of 
ATP after addition of sulfite or nitrite as does the wild type 
X 2180 B. This is strong evidence that an inhibition of the 
"substrate phosphorylation" at the level of glyceraldehyde- 
3-phosphate dehydrogenase causes the observed changes in 
the concentrations of ATP, ADP and inorganic phosphate 
after addition of sulfite or nitrite. This is also in agreement 
with our previous work (Hinze and Holzer 1985b) showing 
that the concentrations of sulfite or nitrite which cause a 
rapid decrease in the ATP-level also inhibit glyceraldehyde- 
3-phosphate dehydrogenase. It may, however, be that in 
yeast cells, containing intact mitochondria in addition to 
the inhibition of substrate phosphorylation at the level of 
glyceraldehyde-3-phosphate dehydrogenase, the respiratory 
chain phosphorylation is also damaged by sulfite or nitrite. 
In vitro experiments with purified ATPase from yeast 
mitochondria demonstrate sensitivity of this system to sulfite 
(Maier et al. 1985). In summary, it is concluded that the 
drastic decrease in the ATP-level of yeast cells observed after 
incubation with sulfite or nitrite is a consequence of the 
inhibition of ATP synthesis linked to the glycolytic degrada- 
tion of glucose. 
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