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The synthetic hexapeptide Ser-Glu-Glu-Glu-Val-Glu and its N-acetylated derivative are readily and 
specifically phosphorylated by rat liver casein kinase TS (type-2), while the derived heptapeptide with an 
additional N-terminal Arg is a very poor substrate. Conversely, the substitution of Glu for Vals in the 
synthetic peptide Arg-Arg-Ser-Thr-Val-Ala, which is a good substrate for cAMP-dependent protein kinase 
by virtue of the N-terminal arginyl residues, prevents its phosphorylation by this enzyme. These data 
indicate that the site specificities of these two classes of protein kinases, requiring acidic and basic residues 

on the C- and N-terminal sides of the target residue(s), respectively, are mutually incompatible. 

Casein kinase type-2 carp-de~ndent protein kinase Phosphorylat~on site 
Phoshory~atahle peptide Protein phosphorylation ~roponin-~ 

1. INTRODUCTION 

A property of many protein kinases is their 
capability of recognizing only a few phosphor- 
ylatable residues which are characterized by their 
inclusion within definite amino acid sequences 
(review [ 1,2]). Such a site specificity however is not 
always absolute since the structural requirements 
of distinct protein kinases can be simultaneously 
fulfilled around a single residue which is hence 
phosphorylatable by more than one protein kinase. 
Thus phosphoryiation site-2 in skeletal muscle 
glycogen synthase is affected by several protein 
kinases including, besides CAMP-dependent pro- 
tein kinase (A-kinase), phosphorylase kinase, 
glycogen synthase kinase4 [3] and a calmodulin- 
dependent protein kinase distinct from phosphor- 
ylase kinase [4]. Similarly, the same residues 
affected by A-kinase in ribosomal protein S6 and 
in histone subfractions are also phosphorylated, 
though with different efficiencies, by HCprotein 
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kinase [5] and cGMP-dependent protein kinase 161, 
respectively. Consequently, synthetic peptides 
have been prepared which can act as substrates for 
two different protein kinases (e.g., [7-91). 

While A-kinase requires two basic residues, at 
least one of which must be Arg, close to the N- 
terminal side of the target residue [l], type-2 casein 
kinases (Ck-TSs), a class of ubiquitous oligomeric 
cyclic nucleotide-independent protein kinases 
(review [lo]) always affect, in either casein frac- 
tions or physiological substrates, seryl and 
threonyl residues having several acidic groups close 
to their C-terminal side [2,3,11-131. Up to now, 
however, no direct evidence was available that 
such acidic residues actually represent the 
minimum structural requirement for this family of 
protein kinases. It was also conceivable that sites 
fulfilling the requirements of both A-kinase and 
CL-TS could be affected by both enzymes. 

Here we show with the aid of new synthetic pep- 
tides that the phosphorylation by rat liver Ck-TS 
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actually requires a C-terminal acidic cluster but it 
is prevented by the N-terminal arginyl residue(s) 
which are required by A-kinase. 

2. EXPERIMENTAL 

CL-TS, purified to greater than 95% 
homogeneity [ 141, and A-kinase [15] were 
prepared from rat liver as described. 

The peptides Ser-Glu-Glu-Glu-Val-Glu, its 
acetylated derivative and Arg-Ser-Glu-Glu-Glu- 
Val-Glu were synthesized by the method in solu- 
tion, following a strategy that will be detailed 
elsewhere. They migrated homogeneously upon 
thin-layer chromatography and paper elec- 
trophoresis and were over 95% pure according to 
amino acid analyses. The other hexapeptides were 
prepared as in [16] and the tetrapeptide Ser-Thr- 
Glu-Ala was obtained by trypsin digestion of Arg- 
Arg-Ser-Thr-Glu-Ala. 

The activity of Ck-TS toward peptides was 
assayed as in [14], but replacing casein with 
variable amounts of peptide substrates (detailed in 
figures). A-kinase was assayed under the condi- 
tions described in [ 161. The reaction was stopped 
with HCI, either 2 N or 6 N, and ‘*P incorporated 
into the peptides was determined either by the 
isobutanol-benzene extraction procedure [ 171 
after 15 min boiling, or by isolation of radiolabel- 
ed phosphoserine by high-voltage paper elec- 
trophoresis following 4 h hydrolysis at 105°C [ 181. 
Comparable results were obtained by both pro- 
cedures. Neither the direct paper electrophoresis 
method 1161 nor the phosphocellulose paper 
method [19] was applicable to the acidic peptides. 

3. RESULTS AND DISCUSSION 

While several sets of basic peptides have been 
prepared and utilized for studying the site specifici- 
ty of A-kinase and other protein kinases with 
similar, though not identical, structural re- 
quirements (e.g., 17-9, 20-22]), up to now acidic 
peptide substrates have been synthesized only for 
tyrosine kinases [23,24]. However, very recently 
we synthesized acidic hexa- and heptapeptides 
reminiscent of the sites which are phosphorylated 
by type-2 casein kinase in glycogen synthase and 
troponin-T. 

As shown in fig.lA, the hexapeptide Ser-Glu- 
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Fig.1. Time courses of phosphorylation of different 
synthetic peptides by either CL-TS (A) or A-kinase (B). 
All experiments were performed with 50 gM [y-32P]ATP 
and 2 mM peptide substrates. Under these conditions 
32P incorporation into peptide Arg-Arg-Ser-Thr-Val-Ala 
by A-kinase occurred almost exclusively at its Serj 
residue. Peptides were: Ser-Glu-Glu-Glu-Val-Glu (A); 
AcSer-Glu-Glu-Glu-Val-Glu (e); Arg-Ser-Glu-Glu-Glu- 
Val-Glu (m); Arg-Arg-Ser-Thr-Val-Ala (0); Arg-Arg- 

Set+-Thr-Glu-Ala (A); Ser-Thr-Glu-Ala ( CI). 

Glu-Glu-Val-Glu and its N-acetylated derivative 
which is identical to the phosphorylation site of 
troponin-T except for the substitution of Glu3 for 
Asp [l l] are readily phosphorylated by Ck-TS. 
While N-acetylation does not substantially modify 
the phosphorylation efficiency, the addition of an 
Arg to the N-terminal side of the target serine is 
deleterious, giving rise to a heptapeptide which is 
almost inactive as a phosphate acceptor even after 
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prolonged incubations with CL-TS (fig. 1A) and in 
a wide range of concentrations (fig.2). The kinetics 
in fig.2 also show that the K,,, values for the pep- 
tide substrates are between 1 and 2 orders of 
magnitude greater than that for troponin-T [l 11. 

The I’,,,= values however are of the same order 
(unpublished). Fig.lA also shows that the basic 
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Fig.2. Kinetics of phosphorylation of peptides Ser-Glu- 
Glu-Glu-Val-Glu (A), its N-acetylated derivative (0). 
and Arg-Ser-Glu-Glu-Glu-Val-Glu (H) by Ck-TS. The 
experimental conditions are either described or quoted in 
section 2 and in the legend to fig. 1. Incubation time was 
5 min. Double-reciprocal plots are shown in the upper 
panel. The resulting Km values were 1.6 and 3.6 mM for 
Ser-Glu-Glu-Glu-Val-Glu and its N-acetylated deriva- 

tive, respectively. 

peptides Arg-Arg-Ser-Thr-Val-Ala and Arg-Arg- 
Ser-Thr-Glu-Ala and the tetrapeptide Ser-Thr-Glu- 
Ala, lacking the extended acidic clusters C- 
terminal to the residues phosphorylated by type-2 
casein kinase [3,11- 131, are completely unaffected 
by Ck-TS. 

Collectively, the above results support the con- 
clusion that an acidic cluster C-terminal to the 
target residue actually represents a necessary con- 
dition for phosphorylation by CL-TS, yet it is not 
always a sufficient condition, as a basic residue on 
the opposite side of the phosphorylatable serine 
can suppress its favorable effect. 

As expected from its known structural re- 
quirements, the behavior of A-kinase, toward the 
same set of peptides, is opposite to that of Ck-TS. 
As shown in fig.lB, in fact, A-kinase is inactive 
toward all the acidic peptides and readily 
phosphorylates only the basic peptide Arg-Arg- 
Ser-Thr-Val-Ala mainly at its Ser3 residue. In- 
terestingly, however, such phosphorylation is fully 
prevented if a glutamic acid is substituted for Va15. 

In conclusion, the opposite effects of local struc- 
tural features on the phosphorylation efficiencies 
by Ck-TS and A-kinase (schematically summarized 
in table 1) would indicate that the requirements of 
the former prevent phosphorylation by the latter 
and vice versa. Considering that several proteins, 
including glycogen synthase and RII, are substrates 
of both A-kinase and CL-T& the strictly distinct 
site specificities of these two enzymes may repre- 
sent a device for preventing mutual interference. 

Table 1 

Positive and negative primary structure determinants for 
phosphorylation by Ck-TS and A-kinase 

Peptide substrate Phosphorylation 

by 

Ck-TS A-Kinase 

Ser-Glu-Glu-Glu-Val-Glu 100 < 1 
mSer-Glu-Glu-Glu-Val-m 5 < 1 

Arg-Arg-Ser-Thr-Val-Ala <l 100 
Arg-Arg-Ser-Thr-BAla <l <l 

The residues supposed to act as positive determinants are 
underlined, the ones hindering phosphorylation are 
shown in a box. Phosphorylation is expressed as a % of 

the best substrate (100%) 
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This would also suggest that A-kinase and casein 
kinase-2 play different, or maybe opposite, roles, 
in contrast with the well documented additive ef- 
fects mediated by other protein kinases exhibiting 
partially overlapping site specificities (e.g., [25]). 

ACKNOWLEDGEMENTS 

This work was supported by a grant from 
the Consiglio Nazionale delle Ricerche (CT 
82.00194.04). The skilful technical assistance of 
Mr G. Tasinato and the excellent secretarial aid of 
Miss M. Vettore are gratefully acknowledged. 

REFERENCES 

111 

PI 

[31 

t41 

151 

El 

Nimmo, H.G. and Cohen, P. (1977) Adv. Cyclic 
Nucleotide Res. 8, 1455266. 
Pinna, L.A., Meggio, F. and Donella-Deana, A. 
(1980) in: Protein Phosphorylation and 
Bioregulation (Thomas, G. et al. eds) pp.8-16, 
Karger, Basel. 
Picton, C., Aitken, A., Bilham, T. and Cohen, P. 
(1982) Eur. J. Biochem. 124, 37-45. 
Woodgett, J.R., Davison, M.T. and Cohen, P. 
(1983) Eur. J. Biochem. 136, 481-487. 
Donahue, M.J. and Masaracchia, R.A. (1984) J. 
Biol. Chem. 259, 435-440. 
Hashimoto, E., Takeda, M., Nishizuka, Y., 
Hamana, K. and Iwai, K. (1976) J. Biol. Chem. 
25 1, 6287-6293. 

[7] Glass, D.B. and Krebs, E.G. (1982) J. Biol. Chem. 
257, 1196-1200. 

[8] Chan, K.-F.J., Hurst, M.O. and Graves, D. J. 
(1982) J. Biol. Chem. 257, 3655-3659. 

[9] Eckols, T.K., Thompson, R.E. and Masaracchia, 
R.A. (1983) Eur. J. Biochem. 134, 249-254. 

1101 

1111 

K4 

1131 

[I41 

1151 

[I61 

v71 

WI 

t191 

WI 

WI 

WI 

t231 
1241 

1251 

Hathaway, G.M. and Traugh, J.A. (1982) Curr. 
Top. Cell. Regul. 21, 101-127. 
Pinna, L.A., Meggio, F. and Dediukina, M.M. 
(1981) Biochem. Biophys. Res. Commun. 100, 
449-454. 
Carmichael, D.F., Geahlen, R.L., Allen, S.M. and 
Krebs, E.G. (1982) J. Biol. Chem. 257, 
10440-10445. 
Hemmings, B.A., Aitken, A., Cohen, P., Rymond, 
M. and Hofmann, F. (1982) Eur. J. Biochem. 127, 
473-48 1. 
Meggio, F., Donella-Deana, A. and Pinna, L.A. 
(1981) J. Biol. Chem. 156, 11958-11961. 
Titanij, V.P.K., Zetterqvist, 0. and Engstrom, L. 
(1976) Biochim. Biophys. Acta 422, 98-108. 
Meggio, F., Chessa, G., Marchiori, F., Borin, G. 
and Pinna, L.A. (1981) Biochim. Biophys. Acta 
662, 94-101. 
Meggio, F., Donella, A. and Pinna, L.A. (1976) 
Anal. Biochem. 71, 583-587. 
Donella-Deana, A., Meggio, F. and Pinna, L.A. 
(1979) Biochem. J. 179, 693-696. 
Glass, D.B., Masaracchia, R.A., Feramisco, J.R. 
and Kemp, B.E. (1978) Anal. Biochem. 87, 
566-575. 
Zetterqvist, O., Ragnarsson, U., Humble, E., 
Berglund, L. and Engstrom, L. (1976) Biochem. 
Biophys. Res. Commun. 70, 696-703. 
Kemp, B.E., Graves, D.J., Benjamini, E. and 
Krebs, E.G. (1977) J. Biol. Chem. 252,4888-4894. 
Chessa, G., Borin, G., Marchiori, F., Meggio, F., 
Brunati, A.M. and Pinna, L.A. (1983) Eur. J. Bio- 
them. 135, 609-614. 
Hunter, T. (1982) J. Biol. Chem. 257, 4843-4848. 
Casnellie, J.E., Harrison, M.L., Pike, L. J., 
Hellstrom, K.E. and Krebs, E.G. (1982) Proc. 
Natl. Acad. Sci. USA 79, 282-286. 
Parker, P.J., Embi, N., Candwell, F.B. and 
Cohen, P. (1982) Eur. J. Biochem. 124, 47-55. 

214 


