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SWY: The mitogens phorbol 12,13-dibutyrate, bombesin and 
vasopressin stimulate the phosphorylation of an acidic bir 80000 
cellular protein, a specific substrate of protein kinase C, in intact 
Swiss 3T3 cells. Phosphorylation of this substrate was rapidly 
reversed upon the removal of each of these agents. Dephosphorylation 
occurred with a similar half-life in each of the cases studied (2.2, 
1.5 and 2 minutes for phorbol 12,13-dibutyrate, bombesin and 
vasopressin respectively) and agreed closely with the dissociation of 
the ligands from their specific high-affinity binding sites in Swiss 
3T3 cells. 0 1986 Academic Press, Inc. 

Protein kinase C which serves as a major receptor for tumour 

promoting phorbol esters is implicated in signalling a variety of both 

short and long-term cellular responses including cell growth (l-4). 

The enzyme is activated in vivo by membrane diacylglycerol transiently 

generated by the receptor-mediated breakdown of inositol phospholipids 

(1,3): diacylglycerol returns to basal levels within seconds or 

minutes after stimulation. However, transient activation of protein 

kinase C is not sufficient for the generation of a proliferative 

response (5). Recently, it has been proposed that the persistance of 

the effects of protein kinase C activation might be due to the 

stability of the phosphate group attached to the substrate protein 

(3). Since very little is known about the rate of dephosphorylation 

of substrates of protein kinase C in cells stimulated to proliferate, 

this hypothesis remains untested. 

Abbreviations: DME, Dulbecco's modifiyd Eagle's2mediue\; PBt2, Phorbol 
12,13-dibutyrate; SP, substance P; Pmp -O-Me-Tyr -[Arg lvasopressin, 
[l-(8-Mercap$o+, 8-cyclopentamethylene propionic acid), 2-(O-methyl) 
tyrosineldrg -vasopressin; 80X, an acidic cellular protein of Mr 80000. 
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Recently, an acidic cellular protein of Mr 80000 (termed 80K) has 

been identified as a major and specific substrate for protein kinase C 

in cultured cells (2,6-17). The phosphorylation of 80K is markedly 

and rapidly increased in response to phorbol 12,13-dibutyrate (PBt2) 

(2,6) and to the mitogenic peptides bombesin (9.11) and vasopressin 

(13). The findings presented here demonstrate that this protein 

kinase C substrate is rapidly dephosphorylated in intact Swiss 3T3 

cells in response to the removal of PBt2, bombesin or vasopressin. 

MATERIALS AND METHODS 

Cell culture procedures (18,19), labelling of cells with 
and two-dimensional polyacrylamide gel electrophoresis using 

32Pi (6) 

isoelectric focusing in the first dimension and SDS-PAGE (8% 
polyacrylamide) in the second dimension were as previously described 
(10,11,20). The 80K and the Mr 60000 reference spot from the 
autoradiograms were scanned using a Joyce-Loebl double beam 
densitometer. The area of the peaks were measured 3it.h a 
Hewlett-Packard digitizer and the incorporation of Pi into the 80K 
protein was determined 85 the ratio between the two peak areas. 

Materials: PBt Arg vasopressin and bombesin were from Sigma 
Chemical Co., St L&s, MO.; [1-(8-Mercapto@, 8-cyclopentsmethylene 
propjonic acidk, 2-($-Methyl) tyfosine] Arg -vasopressin 
(Pmp -0-Me-Tyr -[Arg ] vasppressin&, was ffog Penif7ul.a Laboratories, 
Inc. (Belmont, CA); (D-Arg , D-Pro , D-Trp ' , Leu ) substance P 12s 

d from Bachem Fine Chemicals (Saffron Walden, Essex, UK). Pi 
I-gastrin relf3asing peptide3were fgom the Radiochemical Centre 

(Amershsm, UK) and [ HI-PBt ,a.nd [ HI-Arg vasopressin were both 
supplied by New England Nut H ear. 

RESULTS AND DISCUSSION 

The addition of PBt2 (40 nM) to quiescent cultures of Swiss 3T3 

cells prelabelled with 32 Pi markedly increased the phosphorylation of 

80K (Fig. IA, PBt2 added). When the PBt2-treated cultures were washed 

at 37°C with DME medium containing bovine serum albumin (5) and 

transferred for 10 min to the same medium with 32Pi but lacking 

phorbol ester, the phosphorylation of 80K was reduced to control 

levels (Fig. lA, PBt2 removed). The decrease in the level of the 80K 

phosphoprotein was not due to the disappearance of either protein 

kinase C activity or of this protein kinase C substrate from the 

cells, since re-addition of PBt2 to washed cultures caused the 

re-stimulation of 80K phosphorylation (Fig. IA, PBt2 re-added). The 
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Finure 1. Decay of 80K phosphorylation in response to the removal of 
PBt . A: Panel 
wer$ washed and 

;g~;;",;"*;; 92 
iescent cultures of Swiss 3T3 cells 
P. (200 pCi/ml) for 5 hours at 37°C. 

Cells were then challenged with 4b nbi PBt2 (PBt2 added) or an 
equivalent volume of solvent (Control) for 2 minutes. PBt2-tfeated 
cultures were washed rapidly three times at 37°C with DME medium 
supplemented with 1 mg/ml bovine serum albumin (wash medium) and 
subsequently incubated&or 10 minutes in 1 ml of wash medium 
containing 200 NIX/ml '-P. (PBt 

P 
removed). Other washed cultures were 

challenged for a further # minu e with 40 nM PBt (PBt readded). All 
incubations were terminated as described in Matezials &d Methods. 
The arrow indicates the position of 80X. In this experiment, 
quantification of the stimulation of 8OK phosphporylation showed 
relative increases of 2,95, 3,05 and 1, respectively for PBt added, 
PBt x-e-added, and PBt removed. 
depgosphorylatj,n. 

Panel B* Time-course of 8Og 
Cultures of SwE'cells were washed and 

labelled with P.. They were then treated with 40 nM PBt2 or an 
equivalent volumelof solvent for 2 minutes. Cells were then rinsed 

ium'and incubated for various times in the 
. . 80K phosphorylation was expressed as a 

percentage of the maximal +alue. The results shown represegt the mean 
of two independent experiments. Panel C: Dissociation of [ HI-PBt, 
from Swiss 3T3 cells. Cultures of confluent, quiescent Swiss 3T3 
cells were washed twice with DME medium at 37'C and then incubated at 
37°C with 1 ml of binding medium (0.14 M NaCl, 5 mM KCl, 1.8 mM CaC12, 
1 mM MgC12, 53mM Hepes, pH 7.0) supplemented with 1 mg/ml bovine serum 
albumin and [ HI-PBt2 (specific activity 10.8 Ci/mmol; 40 nM). After 
2 minutes of incubation cultures were washed rapidly three times with 
the binding medium at 37-C and incubated for various times at 37°C in 
1 ml of the same medium and then washed a further four times in 
phosphate-buffered saline (supplemented with 1 mg/ml bovine serum 
albumin) at 4°C. Cultures were extracted with 0.5 ml of 0.1 M NaOH 
containing 2% Na2C03 and 1% sodium dodecyl sulphate, and total 
cell-associated radloactivity measured by scintillation counting in 
Pica-Flour. Non-specific binding defined as that observed in the 
presence of 2,000 fold excess unlabelled PBt2 (80 pM) was 
approximately 14% of total binding. The resxlts were expressed as the 
percentage of the control value (0.9 pmol/lO cells). All results are 
the mean of triplicate determinations. 

level of 8OK phosphorylation increased and decreased rapidly in 

response to three consecutive cycles of the addition and removal of 

PBt2. 

381 



Vol. 140, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

To examine the kinetics of 80K dephosphorylation, PBt2-treated 

cultures were washed as described above for various times. At each 

time point the extracts were subjected to two dimensional gel 

electrophoresis and 32 
Pi incorporation into the 80K phosphoprotein was 

measured relative to another reference spot of Mr 60000 (labelled R 

throughout) which remained unchanged. Fig. 1B shows that the decrease 

in the 80K phosphoprotein followed first order kinetics with a 

half-life of 2.2 min. This agrees with the dissociation of [3H]PBt2 

from Swiss 3T3 which exhibited a half-life of 1.5 min (Fig. 1C). 

These findings suggested that the dephosphorylation of 80K was closely 

related to the deactivation of protein kinase C. This conclusion was 

further substantiated by experiments utilizing mitogenic hormones 

which activate protein kinase C in intact cells. 

Bombesin and vasopressin bind to distinct receptors (21-23) and 

promote a rapid (within seconds) and marked increase in 80K 

phosphorylation (9,11,13). The availability of antagonists for these 

ligands which inhibit both binding and activation of protein kinase C 

(11,13,22,23) provided useful means for examining the 

dephosphorylation of the 80K phospoprotein when bombesin and 

vasopressin dissociate from their receptors. Fig. 2 shows that the 

stimulation of 80K phosphorylation by either bombesin (top-left) or 

vasopressin (top-right) was almost completely abolished when the 

cultures were washed and transferred to fresh medium lacking the 

hormones but containing the appropriate antagonist. The addition of 

PBt2 for 1 min to the antagonist-treated cells stimulated 80K 

phosphorylation as effectively as in control cultures that did not 

receive the antagonists, demonstrating that the antagonists do not 

interfere with 80K phosphorylation in a non-specific manner. The 

time-course of 80K dephosphorylation upon removal of either bombesin 

or vasopressin (Fig. 2) was similar to that observed in response to 

the removal of PBt2 (Fig. 1) with half-lives of 1.5 min and 2 min 
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Figure 2. Decay of the 80K phosphoprotein produced in response to 
vasopressin and bombesin after removal of these ligands. Upper panel: 

,C;;T;pt;twE; 99 
iescent cultures of Swiss 3T3 cells were washed and 
Pi (200 @X/ml) for 5 h at 37°C. Cells were then 

challenged with either bombesin (top left) at 3nM for 1 min or 
vasopressin (top right) at 20 nb! for 5 min. Other cultures were 
treated with an equivalent volume of solvent (top right, top left, 
control). Hormone-treated cultures were then washed rapidly three 
times at 37'C with wash medium and incubated a further32 (bombesin) or 
10 (vasopressjn) min in 1 ml 9fpDME myc)ium containing 
100 pM2[D-Ar$ , D-Pro , D-Trp ' , 

Pi and ejther 
Leu ] substance P or 1 pM Pmp -O- 

Me-Tyr -[Arg ] vasopressin in the case of bombeain and vasopressin 
respectively (top-right, bombesin, vasopressin removed). 
Antagonist-treated cultures were subsequently challenged with 40 nM 
PBt2.for 1 min (PBt2 added, top left and right). SOK phosphorylation 
was Increased 4.1 and 3.7 fold by addition of bombesin and vasopressin 
respectively. The arrow indicates the position of SOK. Lower panel: 
Time-course of 80K dephosphorylation after removal of bombesin and 
39;opressin. Cultures of Swiss 3T3 were washed and labelled with 

39 +I' 

They were then exposed to bombesin or vasopressin before being 
s ed and incubated for various times in the same medium containing 
Pi and the correspondent antagonist. SOK phosphorylation was 

determined as described in Material and Methods and is expressed as a 
percentage of the value obtained for hormone-stimulated culture8 above 
the value of the control cultures. 

respectively. Like PBt2, the decrease in bombesin and 

vasopressin-stimulated 80K phosphorylation caused by the antagonists 

occurred concomitantly with the dissociation of the ligands from their 

high-affinity sites in Swiss 3T3 cells. When cultures were 

preincubated for 1 minute at 37°C with the iodinated bombesin analogue 

125 
I-gastrin releasing peptide and transferred to medium without the 
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radiolabelled ligand but containing 100pM (D-Arg' ,D-Pro',D-Trp , 7,9 

Leu"] substance P, cell-associated radioactivity decreased rapidly 

reaching 20% of the control value within 90 s. Similarly, only 19% of 

'H-vasopressin remained bound to cells 2 minutes after removal of the 

radioactive ligsnd and exposure to the antagonist 

(Pmp'-0-Met-Tyr2-Arg8) vasopressin at a concentration of 1 $I. 

The rapid reversibility of 80X phosphorylation shown here suggests 

that the level of the phospho-form of this substrate depends on the 

activities of both protein kinase C and a phosphoprotein 

phosphatase(s) in intact cells. Since the function of many key 

regulatory proteins is acutely modulated by rapid alterations in their 

state of phosphorylation, catalysed by cellular protein kinases and 

phosphatases (24), it is likely that 80K may play a role in the 

mechanism of action of protein kinase C. 

Rapid reversal of protein kinase C mediated phosphorylation upon 

deactivation of the enzyme may not be confined to 80K. Diacylglycerol 

rapidly decreases the affinity of epidermal growth factor (EGF) for 

its receptor in 3T3 cells, an effect mediated by protein kinase C 

phosphorylation (9,25). The observation that this effect was rapidly 

reversed by removal of diacylglycerol (25) suggested that a similarly 

rapid reversal of EGF receptor phosphorylation might occur. Although 

the rates of phosphorylation and dephosphorylation of other protein 

kinase C substrates should be examined in mitogen-stimulated quiescent 

cells before a final conclusion can be drawn, the present findings are 

not consistent with the hypothesis that the long-term biological 

effects of protein kinase C activation, and in particular cellular 

proliferation, are due to the stability of the phosphate group 

attached to the substrate protein. Indeed, these results suggest the 

existence of an active phosphoprotein phosphatase(s) that reverses 

protein kinase C mediated phosphorylation in intact cells. 

384 



Vol. 140, No. 1, 1986 BIOCHEMICALAND BIOPHYSICALRESEARCH COMMUNICATIONS 

REFERENCES 

1. Nishizuka, Y. (1984) Nature (London) 308, 693-698. 
2. Rozengurt, E., Rodriguez-Pena, A. and Sinnett-Smith, J. (1985) 

Growth Factors in Biology and Medicine, Pitman (London). Ciba 
Foundation Symposium 116, 66-86. 

3. Nishizuka, Y. (1986) Sci$nce 233, 305-312. 
4. Rozengurt, E. (1986) Science: in press. f  
5. Dicker, P. and Rozengurt, E. (1981) J. Cell. Physiol. 109, 99-109. 

6. Rozengurt, E., Rodriguez-Pena, M. and Smith, X.A. (1983) Proc. 
Natl. Acad. Sci. USA. 80, 7244-7248. 

7. Rozengurt, E., Rodriguez-Pena, A., Coombs, M. and Sinnett-Smith, 
J. (1984) Proc. Natl. Acad. Sci. USA. 8& 5748-5752. 

8. Rodriguez-Pena, A. and Rozengurt, E. (1985) EMBO J. Q, 71-76. 
9. Zachary, I. and Rozengurt, E. (1985) Cancer Surveys Q, 729-765. 

10. Rodriguez-Pena, A. and Rozengurt, E. (1986) EMBO J. 5, 77-83. 
11. Zachary, I., Sinnett-Smith, J.W. and Rozengurt. E. (1986) J. Cell 

Biol. 102, 22tl-2222. 
12. Kaibuchi, K., Tsuda, T., Kikuchi, A., Tanimoto, T., Yamashita, T. 

and Takai, Y. (1986) J. Biol. Chem. 261, 1187-1192. 
13. Rodriguez-Pena, A. and Rozengurt, E. (1986) J. Cell. Physiol. in 

press. 
14. Bishop, R., Martinez, R., Weber, M.J., Blackshear, P.J., Beatty, 

S ., Lim, R. and Herschman, H.R. (1985) Mol. Cell Biol. 2, 2231- 
2237. 

15. Blackshear, P.J., Witters, L.A., Girard, P.R., Kuo, U.F. and 
Quamo, S.M. (1985) J. Biol. Chem. 260, 13304-13315. 

16. Coughlin, S.R., Lee, W.M.F., Williams, P.W., Giels, G.M. and 
Williams, L.T. (1985) Cell 43, 243-251. 

17. Blackshear, P.J., Wen, L., Glynn, B.P. and Witters, L.A. (1986) J. 

Biol. Chem. 261, 1459-1469. 
18. Todaro, G.J. and Green, H. (1963) J. Cell Biol. l7, 299-313. 
19. Dicker, P. and Rozengurt, E. (1980) Nature (London) 287, 607-612. 
20. OfFarrell, P.M. (1975) J. Biol. Chem. a, 4007-4021. 
21. Collins, M.K.L. and Rozengurt, E. (1983) Proc. Natl. Acad. Sci, 

USA. 8& 1924-1928. 

22. Zachary, I. and Rozengurt, E. (1985) Proc. Natl. Acad. Sci. USA. 
82, 7616-7620. 

23. Zachary, I. and Rozengurt, E. (1986) Biochem. Biophy. Res. Commun. 
137, 135-141. 

24. Cohen, P. (1985) Eur. J. Biochem. 151, 439-448. 
25. Sinnett-Smith, J.W. and Rozengurt, E. (1985) J. Cell. Physiol. 

124, 81-86. 

385 


