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Treatment of the glucose-starved yeast cells (Succharomyces cerevisiae) with 1% glucose or 2-deoxyglucose induced a rapid increase in a protein 
kinase activity in cell extracts that phosphorylated microtubule-associated protein 2 (MAP2) in vitro. Addition of 0.5% ammonium sulfate to the 
nitrogen-starved yeast cells also stimulated the kinase activity toward MAP2. The stimulated MAP2 kinase activities had the following common 
properties: (i) Activation was rapid and transient in response to stimuli; (ii) The kinase activity was serine/threonine-specific; and (iii) The kinase 
activity was inhibited by micromolar concentrations of free Ca2+. These properties are very similar to those of the mitogen-activated, Ca*+-sensitive 
MAP2 kinase we have recently found in mammalian fibroblastic cells. The MAP2 kinase activation may be involved in initiation of proliferation 

of yeast cells. 
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1. INTRODUCTION 

Recent studies have shown that stimulation of mam- 
malian cultured cells with various growth factors ac- 
tivates several serinejthreonine-specific protein kinases 
which may play important roles in the signal transduc- 
tion [l-4]. We have found that in quiescent fibroblastic 
cells, a variety of mitogens stimulate in common a 
Ca2+-sensitive protein kinase which catalyzes 
phosphorylation of microtubule-associated protein 2 
(MAP2) in vitro [5]. Ray and Sturgill have reported a 
similar (but Ca2+ -insensitive) protein kinase toward 
MAP2 in insulin-stimulated 3T3-Ll adipocytes [6]. In- 
terestingly, this MAP2 kinase is shown to 
phosphorylate and activate ribosomal protein S6 kinase 
in vitro [7]. Moreover, several data suggest that MAP2 
kinase itself is activated by phosphorylation in cells 
[7,8]. These studies suggest a kinase cascade, i.e. se- 
quential activation of protein kinases, as a likely 
mechanism for transmission of growth factor signals in 
mammalian cells. 

tion of cell proliferation. Furthermore, glucose and 
other nutrients induce inositolphospholipid turnover, 
Ca2+ mobilization, and increase in intracellular CAMP 
levels in a manner similar to the effect of various 
growth factors on mammalian cells [9,10]. Thus, it is of 
great interest to see whether these nutrients activate a 
specific protein kinase in arrested yeast cells. In this 
paper, we show that glucose and nitrogen activate in 
common a Ca’+-inhibitable, serine/threonine-specific 
protein kinase which is similar to the mitogen-activated 
MAP2 kinase we have previously found in mammalian 
cells. 

2. MATERIALS AND METHODS 

2.1. Purification of MAP2 
MAP2 was purified from the heat-stable microtubule-associated 

protein fraction of porcine brains by DEAE-cellulose 
chromatography [ll-131. 

2.2. Glucose or nitrogen stimulation of arrested yeast cells and 
preparation of extracts 

In yeast, incubation in very low levels of glucose or 
nitrogen leads to the arrest of the cell cycle at the Go/G2 
phase, and readdition of these nutrients results in initia- 
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The Saccharomyces cerevisiae cells (SM201: MATa, Leu2, Ura3, 
Trpl) grown to the late logarithmic phase in minimal medium con- 
taining 0.67% yeast nitrogen base without amino acids (Difco) and 
1% glucose supplemented with L-leucine, L-tryptophan and uracil to 
30 mg/l each, were transferred to the minimal medium containing 
0.02% glucose and further incubated for 48 h at 30°C. These glucose- 
starved cells were then exposed to 1% glucose or deoxyglucose for the 
indicated times. Nitrogen-starved cells were prepared by incubating 
the late-log cells in minimal medium containing I % glucose without 
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ammonium sulfate for 48 h at 30°C, and then subjected to 0.5% am- 
monium sulfate for various times. These cells (about 2 x 10’ cells) 
were harvested by centrifugation and washed twice with 1 ml of ice- 
cold saline. The cells were suspended in 500 pl of an extraction buffer 
solution containing 20 mM Tris-Cl, pH 7.5, 5 mM EGTA, 0.5% 
Triton X-100, 50 mM &glycerophosphate, 1 mM PMSF, 2% 
aprotinin, 6 mM DTT, and 1 mM sodium orthovanadate. Glass 
beads (diameter, 400/m) were added to each sample, and the cells 
were broken by vortexing. Broken cells were centrifuged first at 
1000 x g for 3 min and then at 400000 x g for 15 min. The superna- 
tant was used immediateIy as cell extracts. 

2.3. Assay of protein kinase activity 
Assays were performed at 25°C in a final volume of 50 pl contain- 

ing MAP2 (60 pg/ml), 25 PM [r-.‘*P]ATP, 40 mM Mes, 10 mM 
Hepes, 10 mM Tris, pH 7.0, 1.6 mM EGTA, 11 mM MgC12, 50 mM 
KC], 0.1% Triton X-100, 12 mM &glycerophosphate, 0.25 mM 
PMSF, 0.5% aprotinin, 1.4 mM DTT, 0.25 mM sodium or- 
thovanadate, and the cell extract (12.5 ~1). The reaction was ter- 
minated by the addition of Laemmli’s sample buffer 1141. The 
samples were boiled for 3 min and then electrophoresed in SDS- 
polyacrylamide gels followed by autoradiography. The bands cor- 
responding to MAP2 were excised from the gels, and the radioactivity 
was counted using a scintillation counter. 

3. RESULTS AND DISCUSSION 

Yeast cells in late logarithmic phase were arrested at 
the Go/G1 phase by incubation in a very low level of 
glucose (0.02%) for two days, and then the arrested 
cells were stimulated by 1% glucose. The kinase activity 
of cell extracts prepared from these cells to 
phosphorylate exogenous MAP2 was examined. As 
shown in fig. 1 (0), 1% glucose stimulated the kinase 
activity toward MAP2 by about 2-fold. The kinase ac- 
tivity reached a maximum 2 min after the addition of 
1% glucose, and then decreased to the basal level after 
15 min. It has been demonstrated that the addition of 
glucose to the arrested yeast cells triggers an increase in 
CAMP levels [9,15-l 83, inositolphospholipid turnover 
and Ca2+ mobilization [lo]. The addition of non- 
metabolizable derivatives of glucose, such as 2-deoxy- 
glucose, also triggers an increase in CAMP level, but 
does not trigger inositolphospholipid turnover or Ca2+ 
mobilization [lo]. We have then examined whether 
2-deoxyglucose activates the kinase activity toward 
MAP2. Treatment of the glucose-starved cells with 1% 
2-deoxyglucose also activated the kinase activity toward 
MAP2 by about 2-fold (fig.1, A). The time course of 
the 2-deoxyglucose-induced MAP2 kinase activation 
was essentially the same as that of the glucose-induced 
activation, Therefore, the yeast MAP2 kinase activa- 
tion does not seem to require inositolphosphate turn- 
over or Caz+ mobilization. 

Next, we have examined whether nitrogen activates 
the MAP2 kinase activity in the nitrogen-starved yeast 
cells. As shown in fig.2 (0), the addition of 0.5% am- 
monium sulfate to the cells induced a rapid and tran- 
sient activation of the MAP2 kinase activity in cell ex- 
tracts. 

The m~malian MAP2 kinase has a unique property 
of being inhibited by micromolar concentrations of free 
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Fig. 1. Time course of activation of the protein kinase activity toward 
MAP2 by glucose or 2-deoxyghrcose. Glucose-starved yeast cells were 
treated with 1% glucose (O,O) or 1% 2-deoxyglucose (A, A) for the 
indicated time at 30°C and then cell extracts were prepared as 
described under section 2. MAP2 was phosphorylated by these ex- 
tracts for 15 min at 25°C in the presence (0, A) or absence (0, A) of 
4 pM free Ca”. The kinase activities are expressed as -fold increases 
in “P radioactivity incorporated into MAP2. The kinase activity of 

untreated cell extracts in the absence of Ca2+ is expressed as 1. 

Ca2+ [5,8]. We found that free Ca2+ at 4 ,uM inhibited 
the glucose- or 2-deoxyglucose-activated MAP2 kinase 
activity in yeast to the basal level (fig.1 0, A). The 
nitrogen-activated MAP2 kinase activity was also in- 
hibited strongly by Ca2+ (fig.2,O). Phosphoa~no acid 
analysis revealed that phosphorylation of MAP2 by the 
glucose- or nitrogen-activated kinase activity occurred 
mainly on serine and faintly on threonine residues 
(fig.3). 

It is essential to distinguish the activated MAP2 
kinase activity from CAMP-dependent protein kinase 
activity. When 7 /IM CAMP was added to cell extracts 
from unstimulated cells, the kinase activity toward 
histone (type III-S, Sigma) was activated by about 
4-fold (fig.4B). This kinase activity was inhibited to the 
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Fig.2. Time course of activation of the protein kinase activity toward 
MAP2 by nitrogen. Nitrogen-starved yeast cells were treated with 
0.5% ammonium sulfate (0,O) for the indicated time at 3O”C, and 
then cell extracts were prepared as described under section 2. MAP2 
was phosphorylated by these extracts for 15 mitt at 25°C in the 
presence (e) or absence (0) of 4 FM free Ca*+. The data are express- 

ed as in fig. 1. 
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Fig.3. Phosphoamino acid analysis of MAP2 phosphorylated by ex- 
tracts from stimulated yeast cells. Glucose-starved yeast cells were 
treated for 5 min at 30°C with 1% glucose or 1% 2-deoxyglucose. 
Nitrogen-starved yeast cells were treated for 5 min at 30°C with 0.5% 
ammonium sulfate. Then, extracts were prepared from these cells, 
and MAP2 was phosphorylated by the extracts from glucose- (lane a), 
2-deoxyglucose- (lane b) or ammonium sulfate- (lane c) treated cells. 
Phosphoamino acid analysis of the MAP2 band excised from the 
SDS-polyacrylamide gels was performed as described previously 

[19,20]. 

basal level by 50 /cg/ml synthetic peptide inhibitor of 
CAMP-dependent protein kinase (rabbit sequence, 
Sigma) (fig.4B, b and c). Therefore, this kinase activity 
represented the CAMP-dependent protein kinase. The 
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Fig.4. The nitrogen-activated protein kinase activity toward MAP2 is 
distinct from CAMP-dependent protein kinase. (A) Nitrogen-starved 
yeast cells were treated with 0.5% ammonium sulfate for 3 min, and 
then cell extracts were prepared as described under section 2. MAP2 
(60 pg/ml) was phosphorylated by these extracts for 15 min at 25°C 
in the absence (lane b) or presence of 50 pg/ml synthetic peptide in- 
hibitor of CAMP-dependent protein kinase (PKI, rabbit sequence, 
Sigma) (lane c), or in the presence of 4 FM free Ca2+ (lane d). The 
kinase activity of extracts from untreated cells is expressed as 1 (lane 
a). (B) In order to examine CAMP-dependent protein kinase activity 
in cell extracts, histone (type III-S, Sigma, lOOpg/ml) was 
phosphorylated by extracts from untreated cells in the absence (lane 
a) or presence of CAMP (7 CM) (lanes b,c,d). The synthetic peptide in- 
hibitor of CAMP-dependent protein kinase (PKI, final 50pg/ml) 
(lane c) or Ca ‘+ (final 4 FM) (lane d) was present in the kinase assay 
mixture. The kinase activity of untreated cell extracts in the absence 

of CAMP is expressed as 1 (lane a). 

CAMP-dependent protein kinase activity was insensitive 
to 4 PM free Ca2+(fig.4B, b and d). On the other hand, 
extracts from nitrogen (3 min)-stimulated cells still had 
an about 2-fold higher MAP2 kinase activity than 
unstimulated cell extracts in the presence of 50/1g/ml 
synthetic peptide inhibitor of CAMP-dependent protein 
kinase (fig.4A, b and c ). The nitrogen-activated MAP2 
kinase activity was inhibited by 4 ,uM free Ca2+ to the 
basal level (fig.4A, b and d), as shown in fig.2. These 
results strongly suggest that the yeast MAP2 kinase is 
distinct from CAMP-dependent protein kinase. 

In summary, we have found that yeast, glucose, 
2-deoxyglucose and nitrogen activate in common a 
Ca2+-inhibitable serineithreonine-specific, MAP2 
kinase, which is ‘different from CAMP-dependent pro- 
tein kinase. Activation of the yeast MAP2 kinase does 
not require inositolphosphate turnover or Ca2+ 
mobilization. The properties of the yeast MAP2 kinase 
so far revealed are very similar to those of the mitogen- 
activated MAP2 kinase we have found recently in mam- 
malian fibroblastic cells [5], although further analysis 
of the yeast MAP2 kinase is difficult at the present time 
because of the instability of the kinase activity. It is 
possible that in yeast, the Ca’+-sensitive MAP2 kinase 
plays a role in the mitogenic signal transduction. 

Acknowledgement: This work was supported in part by a Grant-in- 
Aid from the Ministry of Education, Science and Culture of Japan 
(60065005). 

REFERENCES 

111 

121 

131 

(41 

[51 

M 

171 

PI 

[91 
[lOI 

1111 

WI 

[I31 

[I41 
1151 

Tabarini, D., Heinrich, J. and Rosen, O.M. (1985) Proc. Natl. 
Acad. Sci. USA 82, 4369-4373. 
Yu, K.-T., Khalaf, N. and Czech, M.P. (1987)Proc. Natl. Acad. 
Sci. USA 84, 3972-3976. 
Yu, K.-T., Khalaf, N. and Czech, M.P. (1987) J. Biol. Chem. 
262, 16677-16685. 
Novak-Hofer, I. and Thomas, G. (1984) J. Biol. Chem. 259, 
59956000. 
Hoshi, M., Nishida, E. and Sakai, H. (1988) J. Biol. Chem. 263, 
5396-5401. 
Ray, L.B. and Sturgill, T.W. (1987) Proc. Natl. Acad. Sci. USA 
84, 1502-1506. 
Sturgill, T.W., Ray, L.B., Erikson, E. and Maller, J.L. (1988) 
Nature 334, 715-718. 
Hoshi, M., Nishida, E. and Sakai, H. (1989) Eur. J. Biochem. 
in press. 
Eraso, P. and Grancedo, J.M. (1985) FEBS Lett. 191, 51-54. 
Kaibuchi, K., Miyajima, A., Arai, K. and Matsumoto, K. (1986) 
Proc. Natl. Acad. Sci. USA 83, 8172-8176. 
Nishida, E., Kumagai, H., Ohtsuki, I. and Sakai, H. (1979) J. 
Biochem. 85, 1257-1266. 
Kotani, S., Nishida, E., Kumagai, H. and Sakai, H. (1985) J. 
Biol. Chem. 260, 10779-10783. 
Hoshi, M., Akiyama, T., Shinohara, Y., Miyata, Y., Ogawara, 
H., Nishida, E. and Sakai, H. (1988) Eur. J. Biochem. 174, 
225-230. 
Laemmli, U.K. (1970) Nature 227, 680-685. 
Purwin, C., Leidig, F. and Holzer, H. (1982) Biochem. Biophys. 
Res. Commun. 107, 1482-1489. 

69 



Volume 258, number I FEBSLETTERS November 1989 

iI61 Mazon, M.J., Gancedo, J.M. and Gancedo, C. (1982) Eur. 3. 
Biochem. 127,605~608. 

[17] Tortora, P., Burlini, N., Honozet, G.M, and Guerritore, A. 
(1982) Eur. J. Biochem. 126, 617-622. 

fl81 Thevelein, J.M. and Beufiens, M. (1985) J. Gen. Microbial. 131, 
3l99-3209. 

1191 Hunter, T. and Sefton, B.M. (1980) Proc. Natl. Acad. Sci. USA 
77, 1311-1315. 

[2OJ Akiyama, T,, Nishida, E., Ishida, J., Saji, N., Ggawara, H., 
Hoshi, M., Miyata, Y. and Sakai, H. (f986) J. Biol. Chem. 261, 
15648-15651. 

70 


