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Summary: Phosphorylation of purified yeast fructose-1,6- 
bisphosphatase was studied using purified preparations from 
yeast of two different cyclic AMP-independent protein kinases 
and a cyclic AMP-dependent protein kina-se. Incorporation of 
32P into fructose-1,6-bisphom could be demonstrated 
bnly with the cyclic AMP-dependent protein kinase. Phosphory- 
lation of fructose-1,6-bisphosphatase was stimulated by 3 uM 
fructose-2,6-bisphosphate and inhibited by 1 mM 5'-AMP. 

Introduction: The addition of glucose to glucose-dere- 

pressed yeast cells causes a disappearance of 60% of 

Fru-P2ase activity within 3 to 5 min (1). During this 

rapid inactivation, phosphorylation of serine residues 

of the enzyme was demonstrated in experiments with intact . 

yeast cells (2,3j. It was further shown that an increase 

in the intracellular concentration of cyclic AMP preceeds 

the phosphorylation (4). The inactivation of Fru-P2ase was 

also observed in a cell free extract after the addition 

of ATP, Mg 2+ and cyclic AMP (4,5). These findings strongly 

suggest an involvement of a cyclic AMP-dependent protein 

Abbreviations: 
Fru-2,6-P 

Fru-P2ase, fructose-1,6-bisphosphatase; 

lz' 
fructose-2,6-bisphosphate; SOS, sodium dodecyl 

sulfate; ES, 2-(N-morpholino) ethanesulfonic acid; TCA, 
trichloroacetic acid; Tris, Tris(hydroxymethyl)aminomethane 
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kinase in the catabolite inactivation of Fru-P2ase. We 

now show that highly purified cyclic AMP-dependent protein 

kinase from baker's yeast catalyzes the phosphorylation 

of yeast Fru-P2ase when incubated with (y- 32P)ATP, and 

that the phosphorylation is stimulated by Fru-2,6-P*. 

Materials and Methods: Enzymes: 
klnase (6), caseln kinase (1) 

Glycogen phosphorylase 
d cyclic AMP-dependent 

protein kinase (8) were isolatt! from commercial baker's 
yeast (Deutsche Hefe Werke, Hamburg, FRG). Fru-P2ase was 
purified from commercial baker's,yeast (Pleser, Darmstadt, 
FRG) according to a modification of the procedure described 
by Funayama et al. (9). 
Phosphorylation assay: The measurement of incorporated 
phosphatey done according to Corbin and Reimann 
(IO). After incubation at 25°C for various times, aliquots 
of 10 I.I~ were taken from the reaction mixture, applied to 
Whatman GF/C filters (4 2.5 cm) and immediately immersed 
into 10% TCA to stop the phosphorylation reaction. Further 
washing of the papers was performed in 5% TCA, 2 times, 20 
minutes each. After another wash in water and acetone, fil- 
ters were dried and radioactivity was checked in a Packard 
scintillation counter. The reaction mixture (total volume 
80 ~1) contained 10 ug of cyclic AMP-dependent pr ein 
kinase, 40 mM Mes pH 6.0, 12 mM MgC12, 0.1 mM (u- Sh 
(3.6 x 106 

P)ATP 
cpm/nmol) with addition of 13 erg of Fru-P2ase, 

6 PM cyclic AMP, 1 mM 5'-AMP, 3 I.IM Fru-2,6-P*, respectively, 
Gel electrophoresis and autoradiography: Reaction mixtures 
were incubated for 30 minutes, boiled in SDS-solution and 
subjected to SDS-polyacrylamide slab gel electrophoresis 
as described by King and Laemmli (11). Gels were stained 
for protein with Coomassie brilliant blue R-250, dried and 
applied to autoradiography. 
Materials: Whatman GF/C filters were purchased from Whatman 
-(Springfield Mill, UK). X-ray films (XAR-5) were a product 
of Kodak (Rochester, USA). All chemicals were of analytical 
purity and obtained from Sigma (Miinchen, FRG) or Boehringer 
(Mannheim, FRG). 

Results: A purified preparation of cyclic AMP-dependent 

protein kinase from baker's yeast (8) was incubated with 

purified Fru-P2ase in the presence of (y- 32P)ATP and Mg*'. 

The radioactivity of trichloroacetic acid-insoluble 32P 

was measured. Incubation of the protein kinase alone leads 

to some incorporation of 32 P (Table I), probably due to 

' T. Noda , H. Hoffschulte and H. Holzer: manuscript in 
preparation 
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Table 1 Incorporation of 
32 

P from (Y-32P)AT~ into 
trichoacetic acid-insoluble material 

Incubation mixture Incorporation (cpm) 

Kinase alone 

+ CAMP 

t Fru-P2ase 

t Fru-P2ase t CAMP 

t Fru-P2ase t CAMP t AMP 

t Fru-P2ase t CAMP t Fru-2,6-P2 

t Fru-Pease t CAMP 

t Fru-2,6-P2 t AMP 

520 

613 

470 

2100 

310 

3600 

720 

Assays of incorporated 
32 

in Materials and Methods. 
P were performed as described 

For concentrations of the 
additions indicated in the table see Materials and Methods. 
Values represent net incorporation after 6 min of incubation. 
Zero time values of 600 
observed incorporations. 

- 1000 cpm were subtracted from the 

autophosphorylation of the kinase. The addition of Fru- 

P2ase does not increase the level of 
32 

P-incorporation, 

however, further addition of 6 uM cyclic AMP doubles the 

incorporation of 32P. When 3 uM Fru-2,6-P2 is added 

together with cyclic AMP, another significant increase 

of 32 P-incorporation is observed. The addition of 1 mM 

5'-AMP completely prevents the increase of 
32 

P-lncorpo- 

ration by cyclic AMP and Fru-2,6-P2. The inhibitory 

effect of 5'-AMP does not appear to be the result of 

competition with cyclic AMP because a 30-fold increase 

of cyclic AMP concentration in the reaction mixture 

failed to reverse the inhibitory action of 5'-AMP (data 

not shown). The levels of 32P-incorporation in Table 1 

include a significant background of autophosphorylation. 

Thus, as will be shown later in Fig. 2, the added Fru-P2ase 

is in fact phosphorylated although the total incorpora- 

tion does not increase with the addition of the enzyme 

itself. 
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Fig. 1 
kinases. 

Phosphorylation of Fru-P2ase by yeast protein 

Incubation of Fru-Pease was performed for 30 min with 
casein kinase (lane l), phosphorylase kinase (lane 2) and 
cyclic AMP-dependent protein kinase (lane 3), all purified 
from baker's yeast. Reaction mixtures (total volume 120 ul) 
contained 40 mM Tris-Cl pH 7.5, 25 ug Fru-Pease, 0.1 mM 
(T-~~P)ATP (3.6 x lo6 cpm/nmol) in addition to 5 mM MgC12 
and 1 uM cyclic AMP for cyclic AMP-dependent protein kinase, 
5 mM MgC12 for casein kinase, 
lase kinase. 

and 20 mM MgC12 for phosphory- 
The protein kinases were added in loo-fold 

concentration as compared to the concentration in the res- 
pective standard assays (6,7,8). Electrophoresis and auto- 
radiography were carried out as described in Materials and 
Methods. 

We next examined if Fru-P2ase could also be phosphory- 

lated by incubation with cyclic AMP-independent yeast 

glycogen phosphorylase kinase (6) or yeast casein kinase 

(7). No phosphorylation could be demonstrated by either 

of these cyclic AMP-independent protein kinases (cf. 

lanes 1 and 2 in Fig. 1) even though we used 100 times 

the amount of enzymes that is sufficient to phosphory- 

iate their respective substrates. 
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32 

wpendent protein kinase from yeast. 
P-incorporation into Fru-Pease by cyclic 

Incubation mixtures with cyclic AMP-dependent protein 
kinase, (Y-~~P)ATP and MgC12 were performed as described 
in Materials and Methods. Lane 3 and 4 show incubations 
of the kinase alone in the presence (lane 3) and absence 
(lane 4) of cyclic AMP. Lane 1 and 2 show incubations with 
added Fru-P ase 

k 
in the presence (lane 1) and absence (lane 2) 

of cyclic A P. Lane 5 shows the incubation of Fru-P2ase 
in the presence of cyclic AMP and Fru-2,6-P2. Electrophoresis 
and autoradiography were carried out as described in Materials 
and Methods 

Aliquots of the incubation mixtures with cyclic AMP- 

dependent protein kinase (cf. Table I), were submitted 

to SDS-slab gel electrophoresis and autoradiography. 

As shown in Fig. 2 incubation of the kinase alone gave 

several faint bands of 32P-incorporation (lanes 3 and 4 

in Fig. 2) whereas the incubation with Fru-P2ase gave 

rise to an appearance of a distinct band at 40 kd (lane 

2 in Fig. 2). The labelling was significantly increased 

321 



Vol. 115, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

by the addition of 6 uM cylic AMP (lane 1 in Fig. 2) and 

further increased by the addition of 3 uM Fru-2,6-P2 

(lane 5 in Fig. 2). 

Discussion: Cyclic AMP-dependent phosphorylation of 

serine residues of Fru-P2ase was previously shown in intact 

yeast cells (2,3). The present work demonstrates that the 

phosphorylation of Fru-P2ase with (y- 32 P)ATP is catalyzed 

by cyclic AMP-dependent protein kinase purified from yeast. 

Among three different protein kinases characterized in 

yeast (6,7,8), only the cyclic AMP-dependent protein 

kinase, which was isolated as a glycogen phosphorylase 

phosphorylating kinase, was found to be active against 

Fru-P2ase. Evidence for regulatory phosphorylation of 

other yeast enzymes has been presented for glycogen 

phosphorylase (12,13), glycogen synthetase (14), NAD- 

dependent glutamate dehydrogenase (15) and trehalase 

(16). We found that Fru-2,6-P2 stimulates phosphorylation 

of Fru-P,ase by cyclic AMP-dependent protein kinase. The 
L 

concentrations of Fru-2,6-P2 (3 uM) and cyclic AM P (6 CIM) 

used in the present experiments correspond to the con 

centrations of these effecters found in yeast ccl 1s 

immediately after the addition of glucose (17,4). As imi- 

lar effect of Fru-2,6-P2 on phosphorylation of yeast 

Fru-P2ase catalyzed by a commercially available protein 

kinase from bovine heart muscle was reported by M.J. 

Mazbn, J.M. Gancedo and C. Gancedo (7th International 

Symposium on Metabolic Interconversion of Enzymes, 

May 16-18, 1983, Avila, Spain). 

Fru-P2ase from S. cerevisiae exhibits a molecular 

weight of 115.000 consisting of two 56 kd subunits (9). 

Similar results have been obtained with purified Fru-P2ase 
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from baker's yeast in this laboratory'. When highly puri- 

fied Fru-P2ase or immunoprecipitates of Fru-P2ase are 

submitted to SDS-polyacrylamide gel electrophoresis, 

the bulk of the protein appears at 40 kd'. Most probably 

SDS-activated limited proteolysis by traces of proteinases 

firmly bound to Fru-P2ase degrades the native 56 kd 

subunits to 40 kd material'. This explains why the 

labelling with 32P shown in Figs. 1 and 2 is observed 

at 40 kd. 

Acknowledgements: This work was supported by the Deutsche 
torschungsgemeinschaft, Sonderforschungsbereich 206, and 
the Verband der Chemischen Industrie e.V. (Fonds der 
Chemischen Industrie). The author thanks Dr. J.W. Phillips 
and Prof. Y. Natori for discussions and critical reading 
of the manuscript. Thanks are also due to W. Fritz and 
Ulrike Eitel for help with the figures and for typing the 
manuscript. 

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Lenz, A-G., and Holzer, H. (1980) FEBS Lett. 109, 

271-274. 

Miller, D., and Holzer, H. (1981) Biochem. Biophys. 

Res. Commun. 103, 926-933. 

Mazc5n, M.J., Gancedo, J.M., and Gancedo, C. (1982) 

J. Biol. Chem. 257, 1128-1130. 

Purwin, C., Leidig, F., and Holzer, H. (1982) Biochem. 

Biophys. Res. Commun. 107, 1482-1489. 

Londesborough, J. (1982) FEBS Lett. 144, 269-272. 

Pohlig, G., Wingender-Drissen, R., and Becker, J.U. 

(1983) Biochem. Biophys. Res. Commun., in press. 

Lerch, K., Muir, L.W., and Fischer, E.H. (1975) 

Biochemistry 14, 2015-2023. 

Wingender-Drissen, R. (1982) Doctoral thesis, Botani- 

sches Institut der Universitat Bonn. 

Funayama, S., Molano, J., and Gancedo, C. (1979) Arch. 

Biochem. Biophys. 197, 170-177. 

Corbin, J., and Reimann, E.H. (1974) in Methods in 

Enzymology (eds. Hardman, J.G., O'Malley, B-W.) 

Academic Press, New York, Vol. 38, part C., pp. 287-299. 

323 



Vol. 115, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

King, J., and Laemmli, U.K. (1971) J. Mol. Biol. 62, 

465-477. 

Fosset, M., Muir, L.W., Nielsen, L.D., and Fischer, 

E.H. (1971) Biochemistry 10, 4105-4113. 

Becker, J.U., Wingender-Drissen, R., and Schiltz, J. 

(1983) Arch. Biochem. Biophys., in press. 

Huang, K.P., and Cabib, E. (1974) J. Biol. Chem. 249, 

3851-3857. 

Hemmings, B.A. (1982) Biochem. Sot. Trans. 10, 328-329. 

Van Solingen, P., and van der Plaat, J.B. (1975) 

Biochem. Biophys. Res. Commun. 62, 553-560. 

Lederer, B., Vissens, S., van Schaftingen, E., and Hers, 

H.G. (1981) Biochem. Biophys. Res. Commun. 103, 1281- 

1287. 

324 


