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A synthetic S-casein phosphopeptide and analogues as model substrates
 for casein kinase-1, a ubiquitous, phosphate directed protein kinase
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The phosphopeptide Ser (£)-Ser(PrSer-{ P)-Glu-Glu-Sert-Hle-Thr, reproducing the 17-24 scgment of f-casein A* including (he seryl residue (Ser<22).
which is targeted by cusein kinase-1 wux synthesized and uscd as model subsirate for this enzyme. Its phosphorylation efficiency is aclually higher
than that of intuet fcascin (similar Vo, und 14 4M v3 50 4M X,,). Conversely the fully dephosphorylated peptide SSSEESIT is not affected by
CK-l 1o any detectable extent and its glutamyl derivative EREEESIT displays a more than 50-fold higher Ky und a 5-fold lower V. us compared
to the parent phosphopeptide. The relevance of the individual phosphoseryl residues has been ussessed by comparing the phospharylation efficien-
cies of the phosphopeptides EESpEESIT, ESpEEESIT and SpEEEESIT: while the first is o substrate almost as good as the tris Ser (Py-peptide
{Kn= 62 pMY, and the third one is slmost as poor us BEEEESIT (Ky==1.55 mM), ESpEEESIT displays u intermediate efficiency (K, =217 uM).
These duta in conjunction with the finding that the phosphepentapeptide See(P)-Ser(P)-Ser-(P)-Ser-Ser(P), but neither Ser(P)-Ser(P)-Ser-Ser(P)
nor Ser-Ser(P)-Ser(P)-Glu-Glu and Ser-Ala-Ala-Ser{ PySet(P), is readily phosphorylated by CK-1, support the coneept that CK-1'is u phosphate
dirgeted protein kinase recognizing the Ser(P)-X-X-Ser.X and, lesy efficiently, the Ser(£)-X+X-X-Ser-X motifs. \

Phosphopeptide: Peotein kinasc;péciﬁcity; Casein kinase-1; f-Casein

1. INTRODUCTION

Casein kinase-1 and -2 (CK-1 and CK-2) are spon- .

taneously active, Ca and cyclic nucleotide independent,
ubiquitous Ser/Thr specific protein kinases termed
after their preference for casein and phosvitin asin vitro

substrates (reviewed in [1,2]). They can be differen--

tiated from each other by a number of features which
include substrate specificity. While the specificity deter-
minants of CK-2 have been elucidated with the aid of
model peptide substrates reproducing the phosphoac-
ceptor sites for this enzyme in several protein targets
[1], the study of the site specificity of CK-1 has been
hampered by the paucity of information available
about its physiological targets. In early stidies which

took advantage of artificial protein substrates we were

able to identify the residues phosphorylated by CK-1in
different casein fractions [3,4], these residues being
found to be located downstream from acidic clusters
which invariably c¢ontained both glutamyl and O-

phosphoseryl residues. Moreover the finding that prior |
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dephosphorylation of such phosphoseryl residues, or
their conversion into dehydroalanyl residues, prevented
the subsequent phosphorylation by CK-1 {3} and that
seryl residues located at the C-terminal end of se-

~quences composed solely of glutamyl and aspartyl

residues were unaffected by CK-1 [5], prompted us to
propose that CK-1 might represent a ‘secondary’ pro-
tein kinase, which depends upon a ‘primary’ kinase
creating its recognition site. However, a synthetic pep-
tide corresponding to the phosphorylation site for CK-1
in @-casein in which the three phosphoseryl residues
were replaced with aspartic acid was recently found to
be a fairly good and highly specific substrate for CK-1
[6]. Here we show that the phosphorylation efficiency
of similar peptides is dramatically increased if the car-
boxylic acid residues are replaced by phosphoseryl
residues as they occur in G-casein sites. In particular it

- was found that an individual phosphoserine at position

— 3 and, to a lesser extent, at position -4 produced a
striking reduction of Ky and rise of Vpax.

2. MATERIALS AND METHODS

The Ser(P)-containing peptides were prepared by the use of Boc:
Ser(PO3Ph;)-OH in the Boc/Bzl mode of solution-phase peptide syn-
thesis followéd by hydrogenation (platinum oxide) of the protected
peptides in 50% TFA/AcOH [7-9]. The peptide, EEEEESIT-NHMe,

" was prepared by the Boc/Bzl mode of solution-phase peptide syn-.
" thesis followed by hydrogenation (palladium) of the protected peptide

in 50% TFA/AcOH. The peptide, SSSEESIT, was prepared by the
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Pmiacs'Bu mode of solid-phase synthevis on & AR 431A Synthesizer
followed by trestment of (he peptide-cavin with 3% HiQ/TFA. The
steueture of all six pepeldes wax wm‘irmed by FAB mass ipec:
(rometry. )

‘Casein kinase- | wax purified in exeevs of 2000 fold from rat liver as
tr (RO}, Tus specific activity was 19.4 Uzmig, | U being defined as the
amount of endymc tramsferring | nmol P o caseln per min, Reuction
conditions for peptide phosphorylation assuys were: 50 mM Tris-HCY
pk 7.3, 12 mM MgCh, 100 mM NaCl, 20 aM [3PPIATP (sp. act.
1000~ 1300.cpm/pmal). The peptide concentration was variable, &y ins
dleated in Nigurex and tables. The reaction was started by addition of
CK-1¢0.01-0.02 units) and was performed at 37°C for 10 min (unlesy
mherwhc Indicated), Reaction was terminated by addirion of HCI
.and MP incorporation was evaluated by partial acid hydrolysis (6 N
HCL @ g 1057C) and quaintitation of the radiolabeled phospho-
amino aclds resolved by high voliage paper electrophoresis as dexérib-
ed in [11), prccedure @ Phcsrshmerinc invariably was the only
rx\dmlabeled amino ucld derected.

3 RESU LTS

A series of peptides derived from the pllOSphO“ls.CEp- -

tor site including S-casein Ser-22 have been assayed as
substrates for CK-1. The kinetic constants are reported
in Table I. For all peptides the only residuc subject to-
phosphorylation was the seryl residue, the threonyl
residue being completely unaffected (not shown). The

lowest K, (14 uM) and the highest Vinax values are at-

tained with the tris Ser(P)-peptide, SpSpSpEESIT, ex-
-actly reproducing the phosphoacceptor site, which is ac-
tually an even better substrate than its parent protein 8-
casein Az. Substitution of the two phosphoserines at
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positions =4 and =3 with glutamie acld s quite well
tolerated - since the monophosphorylated peptide
EESpEESIT displays just two-fold higher Kn and a
slightly lower Vpae. The phosphorylation efficiency of
ESpEEESIT, with a K= 277 4M, is markedly reduced,
but not.as much as that of SpEEEESIT. The latter is a
substrate almost as poor as the non-phosphoerylated
peptides EEEEESIT and DDDEESITRR, all these pep-
tides having Km values in the millimolar range. On the
other hand, the peptides EEEEES and SSEESIT are not
sxgmﬁcantly phosphorylated by CK-1 even if the:r con-
centration is raised to 1 mM,.

These results indicate that, relative to the target seryl
residue, an individual phosphoseryl residue plays an
especially crucial role whernit is located at position -3,
and is less efficient at position ~4. That such a
favourable effect of phosphoseryl residues is due to
their phosphate moiety is indicated by the deleterious
effect of prior enzymatic dephosphorylation of EESp-
EESIT (not shown) and by the failure of SSSEESIT
(i.e. the dephosphorylated derivative of the best sub-
strate) to undergo any detectable phosphorylation
(Table I). On the other hand the striking superiority of
a phosphate group over a carboxylic group as a

- phosphorylation determinant does not appear to be
- merely due to its higher negative charge at pH 7.5 since

it is even more evident at pH 6 where the overall charge
of EESpEESIT and EEEEESIT is expected to be almost
the same (see Table I, values between brackets).

Table 1 ‘
Kinetic constants of CK«1 for a series of g-casein derived peptides

Substrate

f~casain A?
ser @ -Ser (R)-Ser (R)- Glu-Glu-Sex-lle-Thr
© Ser(R)- Glu~ Glu= Glu-Glu-gez-Ile-Thr
Glu~- ‘Ser(z)’- élu- Glu-élu—ﬁg;-lle-’rhr
Glu~- ¢1u~ Ser(R)~ ‘Glu—Glu-s,gx-Ile-Thr

Glu= Glu- Glu~ Glu~Glu~Sgr~Ile~Thr

Asp- Asp- Asp- Glu-Glu-Sgr-~Ile-Thr-Arg-Arg

Glu- ‘Glu- Glu- Glu-Glu-Sex

Ser— Ser~ Ser~ Glu-Glu-Ser-Ile~Thr

Vmax | ApP. Kn . ‘Vmaa/Km
LAmOL/mn/ng) : (me1)

35.4 | 0,083 743.7

‘51.2‘ ‘ 0.014 36871

23.0 1\.550 14.8

35.5 0.277 128.1

38.3 (3‘3.80) 0.062 (0.13) - 617.7 (260.,0)

9.7 19.72) 10173 (4:34) 8.2 (2:2)
25.0 . 1.000 25.0
N.D. N.D, -

N.D, ‘ N.D, SR

Ky and Vi, values were determined by double-reciprocal plots constructed from initial rate measurements fitted to Michaelis-Menten equation.

Average values from three or more experiments are shown. The standard error was < 20% . Reaction conditions for peptide phosphorylation were
as described in the experimental section except for the values between brackets which were determined at pH 6.0 (Tris-acetate buffet) instead of
17.5.-The residue undergoing phosphorylation by CK-1 is underlined. Kinetic constants for the peptide Asp-Asp-Asp-Glu-Glu-Ser-1le-Thr- Arg -Afg
are drawn from [6]. N.D.! not determined due to the undetectable phosphorylation of the peptide up to 1 mM concentration,
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Table 11

Phospherylarden rale of phosphopeptides by CK- |

Fept lde relavive phasphorylac &#ﬁ race
h’@%nm- Seag~ Jer g [ N
Agsartﬁia; SertEl= Zax- Sertgr | ¥
AeSertEr s Ser il = Gentf) - Spx= sweri 16y
| Aefes- SeriE) =Ser (Rl LN
‘M‘:Suuﬁ:- LRI AR 5 | Ao,
‘ Bax ~Sertf) -SertPy ~Gly =Giu S e,
Bup =Sex ~Ser ~Ser(f) ~Sarip) : f.d,

Pepiide coneentration was | mM The phosphoryl‘ulon rate-is expressed relative to that of the reference phmphcp«pllde SpSpSpEESIT (= 100%),
i, = not deteciable (i.e. phasphorylation rate < l%) Underllnmn denotes the phosphorylatable xcsnducs :

“The crucia‘l requirement of CK-1 for a phosphoseryl

residue at position - 3 is corroborated by the behaviour
of another series of short peptides composed by stret-

ches of variably phosphorylated serines. As shown in

Table II the phosphorylauon rate of SpSpSpSSp is
10-fold higher than that of SpSpSSp, while SSSSpSp,
'SSpSpEE, SpSSp, SSpSp and SSSp are not affected at
all.

4. DISCUSSION

The data presented here clearly demonstrate that the
efficient phosphorylation of casein fractions by CK-1 is
critically dependent on the constitutively phosphory-
lated serines located on the N-terminal side of those
residues which are targeted by this enzyme. Not all the
phosphorylated side chains however are equally impor-
tant for site recognition by CK-1 as shown by variably
replacmg them with glutamic acid. While EESpEESIT
is still almost as good as the parent tris:Ser(P)-peptide,
ESpEEESIT is less efficiently phosphorylated and
SpEEEESIT is almost as poor a substrate - as
EEEEESIT. These data in conjunction with the finding
that SpSpSpSSp: (but neither SpSpSSp nor a series. ¢f
peptides with phosphoseryl residues on the C-termiznal
side of serine) is a good substrate for CK-1 lead :0 the

-deduction that position — 3 and, to a lesser extent, posi-’

tion —4 are the crucial residues sites, while phospho-
seryl residues at position ~1, —2 and —5 and on the
carboxyl terminal side of serine are nearly ineffective.
‘Seemingly however one or more residues on the C-
terminal side of serine are also required considering the
failure of EEEEES, but not of EEEEESIT, to undergo
phosphorylation by CK-1 at Ser-5. The above con-
clusions are in agreement with the recent finding that

the PK-A dependent phosphorylation of Ser-7 in the
glycogcn synthase 1-14 peptide PLSRTLSVASLPGL-
amide is a  prerequisite for subsequent  efficient
phosphorylation of Ser-10 by CK-1 [12]. In that study
it was also shown that by varying the spacing between
the phosphorylated Ser-7 and the acceptor serine the
peptide with three residue spacing was virtually not
phosphorylated The data presented here, conversely,
support the view that a 3-residue spacing is still com-
patible with fairly efficient phosphorylation by CK-1.
This finding incidentally accounts quite well for the
phosphorylation of a2 casein Ser-135 [3,5] at a site with
a Ser(P)-X-X-X-Ser rather than a Ser(P)-X-X-Ser struc-
ture. The apparent discrepancy between our data and
those reported in [12] is probably due to technical hin-
drances encountered in the latter study where the
amount of phosphorylated peptide available was condi-
tioned by the preliminary enzymatic reaction with PK-
A. As a consequence the phosphorylation rates were
determined at very low substrate concentrations (10
#M) and the kinetic constants of peptide substrates
whose K, value exceeded 25 uM escaped’ accurate
evaluation [12]. This drawback highlights the practical
advantage of a methodology which uses synthetic
phosphopeptides in which the various phosphorylated
residues are placed at any given position with 100% cer-
tainty.

While the supenorxty of phosphoseryl residues over
carboxyhc amino acids as specificity determmants for
CK-1 is incontrovertible, the question remains as to
whether efficient phosphoacceptor sites for CK-1-could
be also created by other structural features capable of
surrogating the phosphorylated residue. Actually multi-
ple carboxylic residues encompassing the crucial -3
and -4 positions do act as positive determinants, as
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omlmed by the appreciable phasphorylmmn of the pep-
tides DDDEESITRR (6} and EEEEESIT as opposed to
SSSEESIT, which is not a substrate (Table 1), Such an
effect of N-terminal carboxylic groups, however, is
much weaker than that exerted by Ser{P). The optimiz-
ing effect of the phosphorylated chains moreover can-
not be merely attributed to their doubly negative charge
(at pH 7.5) since it is fully maintained at pH 6 where the
phosphoseryl residue bears a reduced negative charge
similar to that of Glu and Asp. This behaviour, among
others, differentiates CK-1 from CK-2, which is very
responsive to changes of pH which reduce the negative
charge of its acidic determinants {13,14}). ‘

In conclusion, CK-1 is clearly a ‘phosphate-directed’
protein kinase but apparently not so ‘acidophylic’ as
CK-2, which conversely displays no special requirement
for phosphoseryl residues, whose potency as specificity
determinants for CK-2 is comparable to that ot carbox-
ylic a¢id residues [15). |
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