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Summary: Addition of glucose tO glucose-derepressed yeast cells 
causes disappearance of 60 % of the activity of fructose-1,6-bis- 
phosphatase within 3 to 5 min. Reversibility of this "catabolite 
inactivation" reaction in a glucose-free medium is independent on 
de novo protein synthesis. The pH-optima of fructose-l,6-bisphos- 
phatase activity in gel-filtrated crude extracts were shown to be 
8.25 for the enzyme from derepressed cells and 8.8 for the enzyme 
from cells treated with glucose for 4 min. In studies with 13HI - 
leucine labelled glucose-derepressed cells the protein cross reac- 
ting with antibodies against fructose-1,6-bisphosphatase did not 
disappear within the first 10 min after addition of glucose. These 
findings suggest that the glucose induced rapid inactivation of the 
enzyme is the result of a covalent modification which decreases the 
fructose-1,6-bisphosphatase activity and changes the pH-activity 
profile of the enzyme, but does not change its immunological reacti- 
vity to antibodies. It is concluded that the covalent modification 
renders the enzyme susceptible to proteinases and thereby initiates 
its selective proteolysis. 

Introduction: In a preceding paper it was shown that the kinetics 

of the glucose induced catabolite inactivation of fructose-1,6-bis- 

phosphatase (1,2) shows two phases. In the first phase, which we 

called "short term inactivation" about 60 % of the activity of the 

enzyme disappears rapidly within 3 min. A second phase, called 

"long term inactivation" follows which leads to an almost complete 

disappearance of the enzyme activity within 60 min (3). Transfer 

of the yeast cells incubated in glucose into a glucose-free, ace- 
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tate containing medium leads to reversibility of the "short term 

inactivation" in the presence of cycloheximide. Reactivation is 

therefore independent from de novo protein synthesis (3). In con- 

trast to this , no reversibility of the inactivation reaction can 

be observed in the presence of cycloheximide after "long term in- 

activation" (I). These findings were discussed as an indication 

for a rapid glucose-dependent covalent interconversion of the ac- 

tive fructose-1,6-bisphosphatase to an only 40 % active form of 

the enzyme, followed by proteolytic degradation of the less active 

form. In the present paper, it is demonstrated that different 

forms of the enzyme exist, which exhibit different pH optima for 

activity. This is further evidence for the existence of two dif- 

ferent stable forms of fructose-1,6-bisphosphatase. Furthermore 

it is shown, that the concentration of antibody cross reacting ma- 

terial of fructose-1,6-bisphosphatase does not decrease during the 

"short term inativation" reaction but only during the "long term 

inactivation" process. These findings are discussed as evidence 

for a glucose induced metabolic interconversion of the active form 

of fructose-1,6-bisphosphatase to a less active form, preceding the 

proteolytic degradation of the enzyme. 

Materials and Methods: The reagents for the enzyme assays were 
obtained from Boehringer (Mannheim). All yeast growth media were 
obtained from Difco (Detroit, MI) . Phenylmethylsulphonyl fluoride 
and Triton X-IOO were from Serva (Heidelberg), DEAE-Sephadex A-50 
from Pharmacia (Uppsala, Sweden), L-14,5-3HIleucine (48 Ci/mmole) 
and NCS tissue solubilizer from Amersham (Braunschweig), toluene 
scintillator Rotiszint 11 from Roth (Karlsruhe), pepstatin A and 
DL-dithiothreitol from Sigma (M0nchen). All other chemicals were 
obtained from Merck (Darmstadt). 
The rabbit antiserum against fructose-1,6-bisphosphatase (cf. 4 ) 
was a gift of Drs. Carlos and Juana Maria Gancedo (Madrid). 

The diploid yeast Saccharomyces cerevisiae M I (supplied by Dr.A.W. 
Linnane, Monash Uni--v-e~i-~,C-iayton, Australla) was used in these 
experiments. Growth conditions, cell collection and resuspension 
in media were done as previously reported (3). For quantitative 
immunoprecipitation of radioactive fructose-1,6-bisphosphatase 
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protein was labelled by adding 15 ~Ci L-14,5-3Hlleucine per ml 
of culture fluid to a cell culture undergoing release from re- 
pression by glucose (7 h of growthS. Inactivation of the enzyme 
by 2 % glucose was performed at 30-C using a cell suspension 
(2 % wet wt/vol) in O.1M potassium phosphate buffer pH 6.0 which 
had been preincubated for 5 min without glucose. At different 
times of inactivation 13.6 ml samples were collected, washed, re- 
suspended (12 % wet wt/vol) and passed through a French pressure 
cell as previously described (3) . The cell extract supernates ob- 
tained from the homogenate after 30 min centrifugation at 120,000 
x g were used for determination of enzyme activity, protein and 
for quantitative immunoprecipitation. Fructose-1,6-bisphosphatase 
activity was assayed as described in (5) except that fructose-1,6- 
bisphosphate was 0.2 mM. Protein was determined according to 
Lowry et al. (6) using bovine serum albumin as standard. 

Antiserum against fructose-1,6-bisphosphatase precipitated uniden- 
tified labelled proteins in addition to fructose-1,6-bisphospha- 
tase from crude cell extracts. Thus, to remove contaminating an- 
tibodies, 0.8 ml portions of the antiserum were mixed several times 
with 0.8 mg of protein of a concentrated extract from cells in 
which fructose-1,6-bisphosphatase was glucose-repressed. After each 
addition the antiserum was incubated 24 h at 4°C in the presence of 
2 mM NaN 3 and the precipitate that had been formed was discarded. 
Additions of protein to the antiserum were continued until no fur- 
ther precipitation was seen any more (usually about 15 times). The 
IgG fraction of the antiserum was subsequently purified by ammonium 
sulfate precipitation and DEAE-Sephadex A-50 chromatography as des- 
cribed in (7). Such treatment of the antiserum remarkably improved 
the specificity of the immunoprecipitation, as shown in fig. I. 

For quantitative immunoprecipitation 0.2 - 0.3 ml samples of the 
crude extracts (equivalent to 0.25 units of fructose-1,6-bisphos- 
phatase at zero time of glucose inactivation) were incubated 2 h 
at 4°C in 0.15 M NaCI with a twofold excess of purified antiserum 
with respect to the zero time sample. 1.5 mM EDTA, I mM phenylme- 
thylsulphonyl fluoride and 5 ~g/ml pepstatin A were added in addi- 
tion. The final volume of the incubation mixture was about 1.2- 
times of the sample volume. The immunoprecipitation of fructose- 
1,6-bisphosphatase was complete under these conditions (not shown). 
Collection of fructose-1,6-bisphosphatase-CRM, washing, solubili- 
zation and SDS-disc electrophoresis of the immunoprecipitates on 
rod gels, Coomassie staining and destaining as well as slicing of 
the gels and radioactivity counting were carried out as reported 
in (7). 

Results and Discussion: The dependency of fructose-1,6-bisphospha- 

tase hydrolysing activity of pH was measured in diethylamine/HCl- 

buffer using extracts of derepressed cells and "short term" (4 min) 

glucose-inactivated cells. The results are shown in fig. 2. The 

activity profiles show distinct differences. The enzyme of dere- 

pressed cells exhibits its maximum of activity at pH 8.25 whereas 
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Figure I: SDS-polyac~lamidegel electrophoresis of precipitates 
formed by addition of antiserum against fructose-1,6-bisphospha- 
tase to extracts of 13HIleucine labelled derepressed yeast. 
Cell extract pretreated ~-A) and untreated ~-~) antiserum were 
used in this experiment. The location of the peak of radioactivi- 
ty with pretreated antiserum was identical with the peak obtained 
when purified fructose-1,6-bisphosphatase was precipitated and 
submitted to gel electrophoresis (not shown). Preparation of ex- 
tracts, immunoprecipitation, solubilization, electrophoresis, gel 
slicing and radioactivity counting were carried out as described 
in Materials and Methods. Ordinate: cpm per slice. 

the enzyme from inactivated cells shows its maximum of activity at 

pH 8.80. Therefore the glucose initiated "short term inactivation" 

of fructose-1,6-bisphosphatase can only be observed if one com- 

pares the enzyme activity at pH values below 8.9. At higher pH va- 

lues no "inactivation" of fructose-1,6-bisphosphatase would be ob- 

served. When measuring the pH activity profiles of the active and 

the short term inactivated fructose-1,6-bisphosphatase one has to 

take into account that these profiles strongly depend on the buf- 

fer used (not shown). The enzyme preparations used for pH optimum 

measurements have been prepared by gel-filtration of extracts on 

Sephadex G-25. Thus the characteristic differences of the activity 
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Figure 2: Activity vs. pH profiles of derepressed (m) and 4 min 
glucose inactivated (A) fructose-1,6-blsphosphatase. 
Cells were suspended in 0.1M diethanolamine buffer pH 6.0 at 
28oc and an aliquot was inactivated for 4 min by addition of glu- 
cose as described previously (3). Crude extracts were prepared 
from 50 % cell suspension (wet wt/voL) in O.1M diethanolamine 
buffer pH 7.0 using a French pressure cell as described in (3). 
The centrifuged (27,OOO x g) extract was filtrated through Sepha- 
dex G-25. The pH was adjusted to the desired values by addition 
of I N HCI. The optical tests for activity at I = 366 nm and d = 
I cm were carried out in a reaction mixture (total vol. 1.5 ml) 
which contained: 50 mM diethanolamine buffer, 10 mM MgCI2, 0.76 
mM NADP +, 1.17 units phosphoglucose-isomerase, 0.58 units glucose- 
6-phosphate dehydrogenase, 0.2 mM fructose-1,6-bisphosphate and 
10 or 20 ~i of extract, respectively. 

profiles are most likely not the result of influences of loosely 

bound low molecular weight effectors on the enzyme, but indicate 

the existence of different stable forms of fructose-1,6-bisphos- 

phatase. Differences in the profiles of activity vs. pH have been 

observed previously for the different forms of glutamine synthe- 

tase from Escherichia coli and for other enzymes with different 

covalently modified forms (8). It should be emphasized, however, 

that interaction with a high molecular weight "modifying protein" 

which firmly binds to the fructose-1,6-bisphosphatase and which is 

degraded in vivo in the presence of glucose could also explain the 

differences in the pH/activity profiles shown in fig. 2. 

The results shown in fig. 3 clearly demonstrate that the "short 
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Figure 3: Immunological cross reacting material (cpm per slice, 
A) and specific catalytic activity of fructose-1,6-bisphosphatase 
(U/mg protein,,) after addition of glucose to derepressed yeast 
cells. 13Hlleucine-labelled cells were washed and resuspended 
in O.1M potassium phosphate buffer pH 6.0. At zero time glucose 
at a final concentration of 2 % was added and the cells were fur- 
ther incubated at 30°C. At the indicated times yeast samples were 
collected by centrifugation, extracts prepared and specific cata- 
lytic activity and radioactivity in cross reacting material de- 
termined as described in Materials and Methods. The values at 
zero time were set to 1OO %. 

term" (5 min) glucose-inactivated fructose-1,6-bisphosphatase pro- 

tein, which is the "less active enzyme" still exhibits full anti- 

genic reactivity. This represents strong evidence for the idea 

that "short term inactivation" does not consist in a proteolytic 

degradation of the enzyme but only in a minor change in structure. 

This change leads to a decrease of about 60 % of the fructose-1,6- 

bisphosphatase activity, when assayed either at pH 8.25 in dietha- 

nolamine buffer or at pH 7.0 in imidazole/HCl buffer, which can be 

reversed in the presence of cycloheximide, i.e. without de novo 

protein synthesis (3). When preparing fructose-1,6-bisphosphatase 

from cells grown on a medium containing 32p-orthophosphate, pre- 

liminary experiments show that in contrast to the "active form" 

the "less active form" of the enzyme contains firmly bound 32p, 
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which is not released into the supernatant by treatment with tri- 

chloroacetic acid ((9), Doris MHller: unpublished experiments). 

This points to a covalent modification by a phosphorous containing 

group (phosphorylation, adenylation etc.) as the chemical mechanism 

of "short term inactivation". 

It may be seen from fig. 3 that about 10 min after the addition of 

glucose a rapid decrease of the antigenic reactivity of fructose- 

1,6-bisphosphatase is observed. In accordance with the observation 

from Funayama et al. (10) this finding indicates proteolytic degra- 

dation of the enzyme. We assume that the covalent modification of 

the enzyme occuring in the first minutes after addition of glucose 

renders the enzyme susceptible to proteinases and thereby initiates 

selective proteolysis. Covalent modification of enzymes by the re- 

spective modifying enzymes upon the occurence of metabolic effectors 

is known to be highly specific under biological conditions (8). It 

might therefore well be that the initiation of proteolysis by co- 

valent modification as proposed in the present paper for fructose- 

1,6-bisphosphatase represents a more generally occuring mechanism 

for selective proteolysis (11). 

Acknowledgments: We thank Dr. Dieter H. Wolf for critical reading 
of the manuscript. Paolo Tortora was a F.F.Nord fellow during the 
course of the investigations. This work was supported by the 
Deutsche Forschungsgemeinschaft, Sonderforschungsbereich 46, and 
the Verband der Chemischen Industrie e.V. (Fonds der Chemischen 
Industrie), The authors are grateful to Dr.Maria Jesus Maz6n and 
Drs. Carlos and Juana Maria Gancedo, Madrid, for the generous gift 
of rabbit antiserum against yeast fructose-1,6-bisphosphatase. 

References 

I. Gancedo, C. (1971) J. Bacteriol. 107, 401-405. 
2. Holzer, H. (1976) Trends Biochem. Sci. I, 178-181. 
3. Lenz, A.G., and Holzer, H. (1980) FEBS-Letters 109, 271-274. 
4. Funayama, S., Molano, J., and Gancedo, C. (1979) Arch. Biochem. 

Biophys. 197, 170-177. 

694 



Vol. 100, No. 2, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

5. Gancedo, J.M., and Gancedo, C. (1971) Arch. Microbiol. 76, 
132-138. 

6. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. 
(1951) J. Biol. Chem. 193, 265-275. 

7. M~ller, M., MUller, H., and Holzer, H. (1981) J. Biol. Chem. 
256, 723-727. 

8. Holzer, H., and Duntze, W. (1971) Ann. Rev. Biochem. 40, 
345-374. 

9. Maz~n, M.J., Gancedo, J.M., and Gancedo, C. (1981) Titisee- 
Conference on "Metabolic Interconversion of Enzymes 1980" 
(Holzer, H., ed.) Springer-Verlag, Heidelberg, in press. 

10. Funayama, S., Gancedo, J.M., and Gancedo, C. (1980) Eur. J. 
Biochem. 109, 61-66. 

11. Holzer, H., and Heinrich, P.C. (1980) Ann. Rev. Biochem. 49, 
63-91. 

695 


