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A synthetic peptide substrate specific for casein kinase-1
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The synthetic peptide, Asp-Asp-Asp-Glu-Glu-Ser-Ile-Thr-Arg-Arg, derived from the phosphorylation site of casein kinase-1 (CK-1) in f-casein

A?, is readily phosphorylated by CK-1, but not by casein kinase-2 (CK-2), cyclic AMP-dependent protein kinase, protein kinsae C, phosphorylase

kinase and protein kinase F,. Phosphorylation by CK-1 occurs only at Ser-6, Thr-8 being unaffected. The K, for the peptide is higher (1 mM)

than for f-casein A? (40 uM), while the V,,,, is quite comparable. This is the first synthetic peptide substrate for CK-1 described so far, and can
be used for the rapid and specific estimation of CK-1 activity in crude extracts.

Casein kinase-1; Peptide phosphorylation; Protein kinase specificity

1. INTRODUCTION

Casein kinases are ubiquitous cyclic nucleotide-
independent and Ca**/calmodulin-insensitive protein
kinases with an in vitro preference for acidic proteins
such as casein or phosvitin over histones [1]. They are
distinct from the mammary gland enzymes which phos-
phorylate casein in vivo [2]. The casein kinases catalyze
the phosphorylation of a variety of proteins involved in
the regulation of cellular functions, including glycogen
and lipid metabolism, gene expression and protein syn-
thesis (reviewed in [1,3]). There are two classes of casein
kinases, type-1 (CK-1) and type-2 (CK-2), with a dif-
ferent structure, nucleotide and peptide substrate
specificity and responsiveness to various effectors such
as heparin and polycations [1,3]. The local specificity
determinants of CK-2 have been elucidated with the aid
of synthetic peptides constructed according to the sub-
strate phosphorylation sites [4-9]. The crucial determi-
nant for efficient catalysis by CK-2 consists of Ser- or
Thr-residues followed by a number of negatively
charged amino acids, among which the location at posi-
tion + 3 appears to play a crucial role [4]. The amino
acid sequence of the phosphorylation sites in the pro-
tein substrates supports the idea that acidic residues
preceding rather than following the target amino acid
are important determinants for phosphorylation by
CK-1 [3]. However, no systematic studies on the site-
specificity of CK-1 have been undertaken yet, and no
synthetic peptide susceptible to phosphorylation by this
enzyme was known so far.
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Recent studies on the possible hormonal regulation
of CK-2 [10,11] have exploited the use of a specific syn-
thetic peptide substrate of CK-2 for monitoring its ac-
tivity in crude cellular extracts. Specific substrates for
casein kinases would be especially useful in the study of
their regulation in the presence of other casein-
phosphorylating activities. Therefore we searched for a
substrate phosphorylated specifically by CK-1.

In the present paper we discuss a new synthetic pep-
tide substrate for CK-1 which is not phosphorylated by
CK-2, kinase F,, cyclic AMP-dependent protein kinase,
phosphorylase kinase and protein kinase C. This pep-
tide, which is reminiscent of the CK-1 phosphorylation
site in G-casein A?, can also be used for an easy and
rapid monitoring of CK-1 activity during the early steps
of purification from rat liver.

2. MATERIALS AND METHODS

2.1. Materials

The synthetic peptide, Asp-Asp-Asp-Glu-Glu-Ser-Ile-Thr-Arg-
Arg, referred to as ‘@C-peptide’ in this paper, was obtained from
Multiple Peptide System (San Diego, USA) and from Cambridge Re-
search Biochemicals (Cambridge, England). The purity of the syn-
thetic peptides was more than 95%, guaranteed for the latter product
by amino acid analysis and fast atomic bombardment mass spectro-
metry. The results obtained with both synthetic peptide preparations
were identical. The peptides Ser-Glu-Glu-Glu-Glu-Glu, Arg-Arg-Ala-
Ser-Val-Ala and Gly-Ser-Orn-Orn-Orn-Orn-Orn-Orn-Tyr were kind-
ly provided by Dr F. Marchiori (Padova, Italy). Whole casein and g-
casein A2 [12], rabbit skeletal muscle phosphorylase b [13], ATP, Mg-
dependent (AMD) phosphatase [14], phosphorylase kinase [15] and
protein kinases F from rabbit skeletal muscle [16] were prepared ac-
cording to the published methods. The catalytic subunit of cyclic
AMP-dependent protein kinase from bovine cardiac muscle [17] was
kindly provided by Dr B.A. Hemmings (Basel, Switzerland) and
bovine brain protein kinase C [18] by Dr P.J. Parker (London). CK-1
and CK-2 were purified from rat liver cytosol essentially as in [19] ex-
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cept for CK-2, the enzyme purity of which was improved by an addi-
tional Mono-Q FPLC step. Dowex 1-X8 ion exchange resin was ob-
tained from Bio-Rad; radiolabeled ATP from the Radiochemical
Centre, Amersham.

2.2. Assays

Different procedures were adopted for assaying the protein kinases.
The phosphorylation reactions were stopped by spotting an aliquot of
the incubation mixture onto square papers of either Whatman P81 in
the case of peptides containing at least two basic amino acids, or
Whatman ET31 in the case of phosphorylase b and casein and subse-
quent immersion in acetic acid [20] or trichloroacetic acid [21], respec-
tively. Controls with either substrates or protein kinases alone were
performed at the same time, and subtracted from the substrate phos-
phorylation data. When the acidic peptide, Ser-Glu-Glu-Glu-Glu-
Glu, was used, the reaction was stopped with 30% acetic acid and the
labeled substrate separated from [*P]JATP through anion exchange
(1 ml Dowex 1-X8 column) as described in [22]. Unless indicated
otherwise, the reaction time was 15 min at 30°C and the final volume
25 xl. The catalytic subunit of the cyctic AMP-dependent protein
kinase was assayed in the presence of 70 mM Mes (pH 6.5), 200 xM
[y-*P]ATP (4000 cpm/pmol), 15 mM MgCl, and 200 xM Arg-Arg-
Ala-Ser-Val-Ala as control substrate. The protein kinase C reaction
mixture contained 50 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 200 xM
{y-**P]ATP (4000 cpm/pmol), 0.5 mM Ca?*, 50 zg/ml phos-
phatidylserine, 5§ zg/ml diolein and 0.8 mM of the synthetic peptide
Gly-Ser-Orn-Orn-Orn-Orn-Orn-Orn-Tyr  as  reference substrate.
Phosphorylase kinase reactions were carried out in the presence of
50 mM Tris-HC! (pH 8.5), 10 mM MgCI**, 200 xM [y-’PJATP
(4000 cpm/pmol), 10~> M cyclic AMP and 5 mg/ml phosphorylase
b. CK-1 and CK-2 were assayed at 37°C in a mixture containing
60 xuM [y-3PJATP (300-1000 cpm/pmol), 50 mM Tris-HCl (pH
7.4), 12 mM MgCI**, 100 mM NaCl using 2.5 mg whole casein per
ml as reference substrate. The kinase F5 was tested for its ability to
activate the inactive AMD phosphatase as a control substrate [23); 1
unit of kinase Fa activity is that amount of enzyme which produces 1
unit of phosphatase activity from the inactive AMD phosphatase.
B C-peptide kinase activity was measured with the different purified
kinases under the same conditions with 2.9 mM ZC-peptide as the
substrate with the exception of kinase Fo whose activity toward the
BC-peptide was measured in a medium containing S0 mM Tris-HCI
(pH 7.4), 12 mM MgCls, 150 zM [y-**P]ATP (500 cpm/pmol). The
radiolabeled phosphoamino acids phosphorylated by CK-1 in the §C-
peptide were isolated and identified by a 4 h hydrolysis in 6 N HCl at
110°C followed by high-voltage electrophoresis at pH 1.9 and quan-
tified as in [24]. Kinetic constants were calculated from double recip-
rocal plots constructed from initial rate measurements fitted to the
Michaelis-Menten equation.

2.3. Phosphocellulose chromatography of casein kinase-1 and -2
The livers (+ 30 g from 3 rats) were homogenized in 3 vols of buf-
fer A containing 40 mM glycylglycine, 3 mM EGTA, 0.5 mM dithio-
threitol, 0.5 mM benzamidine, 0.3 mM phenylmethanesulfony! fluo-
ride (PMSF), 5 mM @G-mercaptoethanol, 0.25 M sucrose and 5%
glycerol at pH 7.4. The high speed supernatant (35 min at 50 000 rpm)
was brought to 0.25 M NaCl and absorbed batch-wise to 30 ml of
phosphocellulose equilibrated in buffer B containing 0.05 M Tris-
HCl, 0.25 M NaCl, 0.5 mM PMSF, 0.5 mM benzamidine, 0.1 mM
tosyl-lysylchloromethane (TPCK), 0.01% Brij at pH 7.4, and washed
with 300 ml of buffer B followed by 300 ml of buffer B containing
0.35 M NaCl. The slurry was poured into a column, washed with
50 ml of 0.35 M NaCl in buffer B and eluted with 350 ml of a linear
0.35-1 M NaCl salt gradient in the same buffer (see section 3).
Neither the activity nor the chromatographic profile of the casein
kinases were affected by pre-treatment of the animal with glucagon.
The casein kinase activity of the fractions (25 x1) was assayed by in-
cubation with 2.5 mg whole casein per ml for 15 min at 37°C in
0.1 ml of a medium containing: 50 mM Tris-HC! at pH 7.4, 12 mM
MgCI2* and 12 M [y-32 P]JATP (380 cpm/pmol). The reaction was
stopped by adding 10% trichloroacetic acid as described in [19]. Phos-
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phorylation of the #C-peptide (2.9 mM) and of the peptide, Ser-Glu-
Glu-Glu-Glu-Glu (1.2 mM), was assayed by incubating 10 xl aliquots
of the column fractions at 37°C for 20 min in a final vol. of 25 xl con-
taining 50 mM Tris-HC] at pH 7.4, 12 mM MgCl** and 60 xM
[y-32 PJATP (700 cpm/pmol).

3. RESULTS AND DISCUSSION

Although the structural determinants of CK-1 are
still nor clear, it is supposed that acidic residues up-
stream from the phosphorylatable amino acid are re-
quired for the target recognition by this enzyme. Such
an assumption is based mainly on the structure of the
sites which are most readily phosphorylated by CK-1 in
casein fractions and consists of seryl residues located on
the C-terminal side of acidic clusters containing both
phosphoserines and glutamic acid residues [25,26].
Table 1 shows the sites phosphorylated by CK-1 in dif-
ferent casein variants. The relevant role of both
residues is further substantiated by the finding that
previous dephosphorylation of the 5-21 tryptic frag-
ment of asy-casein containing the phospho-acceptor
site, Ser(P)-Ser(P)-Ser(P)-Glu-Glu-Sery3-Ile-Ile, im-
pairs the phosphorylation of Ser;; by CK-1 [26]. In
analogy it has been shown recently that phos-
phorylation of glycogen synthase by cyclic AMP-
dependent protein kinase is a prerequisite for subse-
quent phosphorylation by CK-1 [27]. It is conceivable,
however, that carboxyl groups can substitute for the
phosphorylated amino acid residues as specificity deter-
minants for CK-1, since phosphoamino acids are absent
in some targets of CK-1 [28,29]. However, since the
peptide, Glu-Glu-Glu-Glu-Glu-Ser, is not affected at all
by CK-1 (unpublished results), we have assumed that
additional residue(s) located on the C-terminal side of
the serine could also be required besides the N-terminal
acidic ones in order to construct a suitable peptide
substrate for CK-1.

Based on the above assumptions the peptide, Asp-
Asp-Asp-Glu-Glu-Ser-Ile-Thr-Arg-Arg (8 C-peptide),
has been synthesized which is closely reminiscent of the
17-26 segment of B-casein A? (see table 1) surrounding
Ser-22, i.e. one of the most efficient phospho-acceptor
sites for CK-1 [25]. To facilitate the peptide synthesis by
traditional methods the 3 endogenously phosphorylated

Table 1

Phosphorylation sites of CK-1 in casein variants

Casein Sites phosphorylated

variants

asy-casein  -His-Val-Ser(p)-Ser(p)-Ser(p)-Glu-Glu-Ser-Ile-Ie-Ser(p)-
asz-casein  -Leu-Ser(p)-Thr-Ser(p)-Glu-Glu-Asn-Ser-Lys-Lys-Thr-
B-casein A? -Ser(p)-Ser(p)-Ser(p)-Glu-Glu-Ser-Ile-Thr-Arg-Ile-

S(p) denotes endogenously phosphorylated serine residues. Those af-

fected by CK-1 are indicated in bold type. Carboxyl residues and en-

dogenously phosphorylated residues are underlined. Amino acid se-
quences as in [3,26]
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Activity of some protein kinases toward the synthetic peptide Asp-Asp-Asp-Glu-Glu-Ser-
He-Thr-Arg-Arg (8C-peptide)

Protein kinase

Control substrate

32p incorporated (pmol)

Control BC-peptide

Casein kinase-1 whole casein 277 168
Casein kinase-2 whole casein 595 <1
Protein kinase C Gly-Ser-(Orn)g-Tyr 412 <l
Cyclic AMP-dependent

protein kinase (Arg),-Val-Ser-Val-Ala 245 <1
Phosphorylase kinase phosphorylase b 179 <1
Protein kinase Fa AMD phosphatase 2000 (U*) <1

* 1 unit of kinase Fa produces 1 unit of active AMD phosphatase in a 10 min preincuba-

tion at 30°C [23]

N-terminal serines were replaced by aspartic acid,
which closely resembles phosphoserine, while a second
arginine was added at the C-terminal end instead of
isoleucine in order to facilitate the binding of the pep-
tide to the phosphocellulose paper employed for the
assay of kinase activity [20]. The #C-peptide could be
phosphorylated by CK-1, the phosphorylation reaction
proceeding linearly for at least 15 min, and the kinase
reaction could be completely accounted for by the
modification of the serine residue which is also affected
in intact B-casein A? within the similar peptide se-
quence, based on the amino acid analysis of the acidic
hydrolysate of the 3*P-product of the reaction (not
shown). The K, value of the peptide is 1 mM, i.e.
25-fold higher than that of S-casein A? (40 M), but
still quite comparable with the K, values reported for
peptide substrates of CK-2 [4,6]. However, the max-
imum phosphorylation velocity of the FC-peptide
(25 nmol/min per mg) was of the same order of
magnitude as with #-casein A% (38 nmol/min per mg)

32P—phosphate incorporated (pmol)
M NacCl (—)

0 10 20 30 40 50 60 70 80
Fraction number

under the same phosphorylation conditions. It is possi-
ble that the replacement of the N-terminal cluster of 3
phosphoserines with aspartic residues could be respon-
sible for the reduced affinity of the peptide substrate as
compared to G-casein A%, However, substantiation of
this hypothesis requires the synthesis of new peptide(s)
containing phosphoserine residues, which is not feasible
by the traditional methods routinely employed for pep-
tide synthesis.

Table 2 shows a number of other protein kinases
which were not able to phosphorylate the 8 C-peptide at
rates in any way comparable to those of reference sub-
strates. No significant phosphorylation of this peptide
by CK-2, cyclic AMP-dependent protein kinase, protein
kinase C, phosphorylase kinase or protein kinase Fa
could be detected.

From an operational point of view, a peptide sub-
strate which is specific for just a given protein kinase is
evidently useful, since it will allow for the direct and
unambiguous monitoring of that individual enzyme
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Fig.1. Purification of casein kinases by phosphocellulose chromatography. Aliquots of the column fractions (3 ml) were assayed for kinase activity

toward (A) 2.5 mg/ml casein in the absence (m) or in the presence (g) of 5 zg/ml heparin and (B) toward 1.2 mM Ser-Glu-Glu-Glu-Glu-Glu (®)

or 2.9 mM Asp-Asp-Asp-Glu-Glu-Ser-Ile-Thr-Arg-Arg (A). Kinase activity is expressed as pmol of [32P]phosphate incorporated in the substrate
per assay and measured as described in section 2.
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under conditions where a variety of other protein kinase
activities are present. This is especially true for CK-1
since this enzyme is routinely assayed with casein,
which is by no means a specific substrate for CK-1
alone: in fact, it is very readily phosphorylated by CK-2
and also significantly affected by a variety of other pro-
tein kinases, including phosphorylase kinase, protein
kinase Fa, cyclic AMP-dependent protein kinase and
several tyrosine protein kinases. The suitability of the
£ C-peptide for the specific detection of CK-1 has been
confirmed here by its successful use in monitoring CK-1
activity during phosphocellulose chromatography, a
very effective purification step for both classes of casein
kinase (fig.1). Using casein as the substrate, CK-1 and
CK-2 are equally detectable and the addition of specific
inhibitors, such as heparin, is required in order to
distinguish between the two enzymes. The phospho-
cellulose elution profiles of casein kinase activities from
rat liver cytosol of fig.1, were obtained by using either
whole casein or the synthetic peptides, Asp-Asp-Asp-
Glu-Glu-Ser-Ile-Thr-Arg-Arg (8C-peptide) and Ser-
Glu-Glu-Glu-Glu-Glu, as specific substrates for CK-1
and CK-2, respectively. As expected, the activity to-
ward casein was resolved into two peaks (fig.1A): the
first peak, eluting at 0.5 M NacCl is heparin-insensitive,
a typical property of CK-1, while the more retarded
peak eluting at 0.7 M NaCl is fully suppressed by
heparin, denoting its type-2 nature. Fig.1B clearly
shows that #C-peptide reveals a single peak of activity
superimposed on the first heparin-insensitive casein
kinase peak, while no significant #C-peptide kinase ac-
tivity could be detected in the fractions containing the
second casein kinase. The opposite is true if the assay is
carried out with peptide, Ser-Glu-Glu-Glu-Glu-Glu, an
excellent substrate for CK-2 [4] which is not affected by
CK-1 (unpublished results). As also shown in fig.1B the
only peak of activity in this latter case overlaps the more
retarded, heparin-sensitive peak of CK-2. This experi-
ment proves that the ZC-peptide can be employed
routinely for the specific detection and evaluation of
CK-1, for which there was no suitable substrate avail-
able up to now. Therefore, it could represent a useful
tool for investigating the physiological functions of
CK-1, by making possible reliable estimates of its activi-
ty under a variety of conditions that might affect other
protein kinase activities as well.
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