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Abstract The ability of three isoforms of protein kinase
CK1 (o, 71, and 6) to phosphorylate the N-terminal region
of p53 has been assessed using either recombinant p53 or a
synthetic peptide reproducing its 1-28 sequence. Both
substrates are readily phosphoylated by CK16 and CKlu,
but not by the y isoform. Affinity of full size p53 for CK1 is
3 orders of magnitude higher than that of its N-terminal
peptide (K, 0.82 uM vs 1.51 mM). The preferred target is
520, whose phosphorylation critically relies on E17, while
S6 is unaffected despite displaying the same consensus
(E-x-x-S). Our data support the concept that non-primed
phosphorylation of p53 by CKI1 is an isoform-specific
reaction preferentially affecting S20 by a mechanism
which is grounded both on a local consensus and on a
remote docking site mapped to the K*'RQK*** loop
according to modeling and mutational analysis.
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Introduction

The acronym CK1 (derived from the misnomer, casein
kinase 1) denotes a small independent sub-family of the
kinome composed in mammalian of seven kinases, CK1 «,
B, 71, Y2, 73, 0, and . Given the very high similarity among
the three y isoforms and between o and d6/e, CK1 isoforms
can be grouped into three main classes: o, 7, and J [1].
While the crystal structure of enzymes belonging to the §
(PDB code: 1CKI; 1CSN) and y (PDB code: 2CMW;
2C47; 2CHL) isoforms have been solved [2, 3], structural
information of CKla is not yet available.

Taken collectively, CK1 enzymes have been implicated
in a variety of biological functions, including chromosome
segregation [4, 5], spindle formation [6-8], circadian
rhythm [9], nuclear import [10], Wnt pathway [11-17], and
apoptosis [18, 19]. Deregulation of CK1 isoforms has been
described in neurodegenerative and sleeping disorders
[20-22], and in cancer [23-26]. Recently, silencing of CK1
has been associated with the disappearance of metastases
formation [27].

Features underlying substrate specificity by CK1 are still
a matter of debate and investigation, a circumstance which
makes it difficult to predict residues phosphorylated by
CKI in its potential substrates and to evaluate the actual
contribution of CKI1 to available phosphoproteome data
bases. Early studies mostly performed with artificial sub-
strates revealed that CK1 is a “phosphate directed” protein
kinase, able to phosphorylate with high efficiency Ser/Thr
residues specified by a pre-phosphorylated side chain
(either pS or pT) at position n-3 [28-30], which could not
be efficiently replaced by the negatively charged side
chains of glutamic and aspartic acid. This led to the con-
cept of “hierarchical phosphorylation” [31] and to the
definition of “primed” or “priming” to indicate kinases
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which either need a phosphate in their consensus sequence
or generate consensus sequences for other kinases by
phosphorylating residues at given positions, respectively.
In this respect, it soon became clear that CK1 is not nec-
essarily a primed kinase, as many of its physiological
substrates do not contain phosphorylated residues, while it
often acts as a priming kinase, as its intervention is
required to generate the consensus sequence for phosphate-
directed kinases, with special reference to GSK3 [32-36].
Looking at the growing list of non-primed CKI sites, it
appears that only a few (e.g., the one in DARP-P32 [37])
are specified by clusters of acidic residues shown to be able
to effectively replace the individual phosphorylated deter-
minant at position n-3 [38], while the majority are to be
considered as non-canonical sites whose targeting by CK1
depends on different and somewhat variable local deter-
minants [39-41]. While these atypical local determinants
also appear to be important for the phosphorylation of the
full-length protein substrate, they are not sufficient alone to
confer high affinity for the kinase, as revealed by high K,
values of the peptide substrates (close to the millimolar
range) as compared to those calculated with the whole
protein. In the case of f-catenin, we have shown that the
difference is accounted for by a remote docking site located
in the first Armadillo repeat of f-catenin whose removal
causes a 3 orders of magnitude rise in the K, value [41].

Among well-established non-primed substrates of CK1,
pS53 deserves special attention due to the fundamental and
complex role of this multiphosphorylated tumor suppressor
protein. Not less than 17 phosphorylated residues have
been detected in human p53 [42], whose phosphorylation is
promoted by a variety of protein kinases each of which in
turn may impinge on more than one residue. Many of these
residues are clustered in the N-terminal region, whose
phosphorylation is generally believed to increase the level
and stability of p53 by reducing the interaction with the
main negative regulator MDM?2 while promoting the
binding of the acetyltransferase P300 [43]. These are seryl
residues 6, 9, 15, 20, 33, 37, and 46 and the threonyl
residue 18 [44]. They share the property of being phos-
phorylated in response to ionizing radiations or UV light,
but a complex panel of partially unidentified protein
kinases are responsible for their individual phosphoryla-
tion. In particular, CK1 has been implicated in the
phosphorylation of S6 and S9 (in a hierarchical fashion)
[45-47] and of T18 [48, 49], an event primed by previous
phosphorylation of S15 by a variety of kinases, including
DNA-PK [50], ATM [51], ATR [52], ERKS, and p38 [53].
Recently, however, the characterization of a kinase
responsible for the phosphorylation of p53 at S20 in
response to DNA viral infections led to its identification as
CKla [54]. This came as a surprise, since S20 was previ-
ously reported to be a target of kinases other than CKIl,

notably CHK1/CHK2 [55, 56], JNK, and MAPKAPK?2
[57]. In order to shed light on the actual aptitude of
different CK1 isoforms to phosphorylate individual resi-
dues in the N-terminus of p53, we have undertaken an
investigation exploiting three purified recombinant iso-
forms of CK1, a, y;, and 9, this latter either full length or
with a C-terminal truncation making it substantially iden-
tical to the corresponding truncated form of CKle. These
were tested for their aptitude to phosphorylate either a set
of synthetic peptides encompassing with suitable substitu-
tions the 1-28 N-terminal segment of pS3 or recombinant
pS3 (residues 1-363) expressed in bacteria, in order to
avoid post-translational modification which would hinder
the interpretation of our results and prevent any reliable
kinetic comparison with the corresponding peptides. The
data presented show that, while p53 displays for CK1 a 3
orders of magnitude higher affinity than its N-terminal
segment (as judged from K, values), it shares with it a
special susceptibility to the ¢ isoform which preferentially
phosphorylates S20 in both the protein and the peptide.
Conversely, primed phosphorylation of T18 in a peptide
chemically phosphorylated at S15 is readily performed
with comparable efficiencies by any of the o, the y;, or the
¢ isoforms of CKI.

Materials and methods
Materials

Solvents and coupling reagents for peptide synthesis were
from Applied Biosystems (Foster City, CA). Protected
amino acids were from Novabiochem (brand of Merck,
Darmstadt, Germany). All other analytical grade reagents
were from Sigma-Aldrich (St. Louis, MO). Monoclonal
antibody against p53 and phospho-p53 (Ser6), (Ser9),
(Serl5), (Thr18), (Ser20), (Ser37), (Serd6), (Ser392) anti-
bodies were from Cell Signaling Technology (Beverly,
MA). [y-**P]JATP (3,000 Ci/mmol) was purchased from
Perkin Elmer (Waltham, MA). Plasmid pGEX-4T1 for
GST-hp53 was kindly supplied by Dr. Michelangelo
Cordenonsi (Padua).

Synthetic peptides

The p53-derived synthetic peptides on display in Table 1
were synthesized by solid phase peptide synthesis method
using a multiple peptide synthesizer Syroll (MultiSynTech,
Witten, Germany) on 4-Hydroxymethylphenoxyacetyl PEGA
resin (Novabiochem) solid support. The 9-fluorenylmethoxy-
carbonyl (Fmoc) strategy [58] was applied throughout the
peptide chain assembly, using 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and
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Table 1 N-terminal p53
peptides used in the present
study

Conventional name

Amino acids sequence

WT

S6A

S9A

S15A

E17A

S20A

S6S9AA
The wild-type peptide S15S20AA
reproduces the 1-28 sequence
of human p53 with the addition S6S9SISAAA
of two C-terminal lysine S6S9S20AAA
residues (in italics) required for S6S9S15E17AAAA
protein kinase assay by
phosphocellulose p81 paper PSES15520AA
absorption method. Residues pS15
substituted relative to wild-type pS20
are in bold. For details, see S6pS9
“Materials and methods” P>oP

pS6pS9pS15

MEEPQSDPSVEPPLSQETFSDLWKLLPEKK
MEEPQADPSVEPPLSQETFSDLWKLLPEKK
MEEPQSDPAVEPPLSQETFSDLWKLLPEKK
MEEPQSDPSVEPPLAQETFSDLWKLLPEKK
MEEPQSDPSVEPPLSQATFSDLWKLLPEKK
MEEPQSDPSVEPPLSQETFADLWKLLPEKK
MEEPQADPAVEPPLSQETFSDLWKLLPEKK
MEEPQSDPSVEPPLAQETFADLWKLLPEKK
MEEPQADPAVEPPLAQETFSDLWKLLPEKK
MEEPQADPAVEPPLSQETFADLWKLLPEKK
MEEPQADPAVEPPLAQATFSDLWKLLPEKK
MEEPQpSDPSVEPPLAQETFADLWKLLPEKK
MEEPQSDPSVEPPLpSQETFSDLWKLLPEKK
MEEPQSDPSVEPPLSQETFpSDLWKLLPEKK
MEEPQpSDPpSVEPPLSQETFSDLWKLLPEKK
MEEPQpSDPpSVEPPLpSQETFSDLWKLLPEKK

pS Phosphoserine

1-hydroxybenzotriazole (HOBt) as coupling reagents. The
side-chain protected amino acid building blocks were as
follows:  Fmoc-Glu(tert-butyl), = Fmoc-Asp(tert-butyl),
Fmoc-Ser(tert-butyl), Fmoc-Ser(PO(Bzl)OH), Fmoc-Thr
(tert-butyl), Fmoc-Lys(tert-butyloxycarbonyl), Fmoc-His
(trityl), Fmoc-Gln(trityl), and Fmoc-Trp(tert-butyloxycar-
bonyl). Cleavage of the peptides was performed by reacting
the peptidyl-resins with a mixture containing trifluoroacetic
acid/water/thioanisole/ethanedithiol/phenol (10 ml/0.5 ml/
0.5 m1/0.25 ml/750 mg) for 2.5 h. Crude peptides were
purified by a preparative reverse phase HPLC. Molecular
masses of the peptides were confirmed by mass spec-
troscopy on a model 4800 MALDI TOF-TOF mass
spectrometer (Applied Biosystems). The purity of the
peptides was in the range 95-98% as evaluated by ana-
lytical reverse phase HPLC. Additionally, two lysine
residues were introduced at C-terminal side of each
peptide. Such a basic motif was essential for the protein
kinase assay based on phosphocellulose paper substrate
absorption.

Protein cloning, expression, and purification

The clones of CKloa (gene code Q8JGT0) and CKI16
(isoform B, gene code Q6P3K7) from zebrafish (Danio
rerio), and the clone of CK1y; (gene code Q5PRD4) from
rat were obtained as described previously [36, 59]. All the
isoforms of CK1 contained six histidines in the N-terminus
to facilitate the purification. The delta isoform was
obtained either full length or with a C-terminal truncation
(A317). This latter, which is nearly indistinguishable from
the corresponding sequence of the ¢ isoform (95% iden-
tity), was used throughout the paper, unless indicated

differently. Two mutants of CK16**' (K22IL and
K224A) were generated with the QuikChange Site-Direc-
ted Mutagenesis Kit (Stratagene, La Jolla, CA) using the
forward and reverse primer oligonucleotides as follows: for
K221L, 5'-GAAAGCCGCCACCTTGAGACAGAAGTAT
GAGCG-3' and 5-CGCTCATACTTCTGTCTCAAGGTG
GCGGCTTTC-3/, respectively; for K224A, 5'-GCCG
CCACCAAGAGACAGGCGTATGAGCGTATC-3'  and
5'-GATACGCTCATACGCCTGTCTCTTGGTGGCGGC-3,
respectively. The E17A p53 mutant was generated with the
QuikChange Site-Directed Mutagenesis Kit using pGEX-
4T1-hp53 as template and forward and reverse primer
oligonucleotides as follows: 5-CCTCTGAGTCAGGCAA
CATTTTCAGACC-3' and 5-GGTCTGAAAATGTTGCC
TGACTCAGAGG-3', respectively. The mutations were
confirmed by DNA sequencing.

Protein expression and purification

CKla and CKly were expressed in Escherichia coli
BL21(DE3) cells. The plasmids of CK16 (full length, A317
and its mutants) were used to transform E. coli strain B834.
Cells were grown at 37°C to an ODgg of 0.5-0.6. At this
point, protein expression was induced by adding isopropyl
p-p-thiogalactoside (IPTG) to a final concentration of 0.3,
0.8, and 1 mM for CKla, CK1y, and CK19, respectively.
Induction was carried out overnight at 20°C in the case of
CKla and CK16, while for CK1y, the temperature was
25°C. Afterwards, the cells were harvested by centrifuga-
tion at 3,000g for 20 min at 4°C, and resuspended in lysis
buffer (50 mM Tris/HCI, pH 8.0, 20% v/v glycerol, and
0.5 M NaCl, supplemented with protease inhibitor cocktail
from Sigma). Cells were lysed by French press. The
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soluble fraction, obtained after 30 min of centrifugation at
10,000g, was applied onto Ni—NTA-agarose columns
(Sigma) equilibrated with the lysis buffer. The columns
were extensively washed and the proteins were subse-
quently eluted with a buffer containing 50 mM Tris/HCl,
pH 6.8, 5% v/v glycerol, 50 mM NaCl, and 300 mM
imidazole. CK1y and CK16 were further purified by gel
filtration with Superdex 75 10/300GL column (Amersham
Pharmacia Biotech) equilibrated in a buffer containing
25 mM Tris/HCI, pH 7.0, 0.1 M NaCl, and 1 mM dithio-
threitol (DTT).

GST-fusion protein of human recombinant p53 and its
E17A mutant were expressed in E. coli BL21(DE3) cells.
Cells were grown at 37°C to an ODggo of 0.7. Protein
expression was induced by adding 1 mM IPTG and it was
allowed to proceed for 4 h at 30°C. Afterward, cells were
pelleted at 3,000g for 20 min at 4°C, and cell pellets were
resuspended in PBS, added with protease inhibitors, and
lysed using a French press. After centrifugation at 10,000g
for 30 min, the supernatant was loaded onto Glutathione—
Sepharose 4 Fast Flow columns (GE-Healthcare, UK),
equilibrated with binding buffer (PBS, pH 7.3, and 1 mM
DTT). Proteins were eluted with a buffer containing 50 mM
Tris/HCI, 0.1 M NaCl, 1 mM DTT, and 10 mM glutathi-
one, and the most pure fractions were pooled, concentrated,
and applied onto a gel filtration Superdex 200 HiLoad
26/60 column (Amersham Pharmacia Biotech), equilibrated
in a buffer containing 25 mM Tris/HCI, pH 8§, 0.1 M Nac(l,
10% v/v glycerol, and 1 mM DTT. Untagged recombinant
p53 was obtained by cleaving GST-p53 bound to the
Glutathione—Sepharose 4 Fast Flow resin (GE-Healthcare)
in the presence of 40 U of thrombin at 4°C over night. The
column was washed with 50 mM Tris/HCI, 0.1 M NaCl,
10% v/v glycerol, and 1 mM DTT; the fractions containing
untagged p53 were collected, concentrated, and applied
onto a gel filtration Superdex 200 HiLoad 26/60 column
(Amersham Pharmacia Biotech) for a further purification.
Its apparent MW, as assessed by gel filtration experiments,
was consistent with a tetrameric form of p53.

Phosphorylation assays

Reaction conditions for peptide phosphorylation experi-
ments were the following: a range of concentration of
synthetic peptides derived from human p53 N-terminal
region were phosphorylated by incubation in a 20-pl vol-
ume containing 50 mM Tris/HCI, pH 7.5, 10 mM MgCl,,
100 mM NaCl, and 50 pM [y->*P]ATP (specific radioac-
tivity 1,500-2,000 cpm/pmol). The reaction was started by
the addition of protein kinases CKla, CK1y, and CK16
(either full length or A317) normalized against a common
peptide substrate, derived from Inhibitor-2 of protein
phosphatase-1 (the “I-2” peptidle RRKHAAIGDDDDAY

SITA) [60], as previously described [36]. More precisely,
each amount of CK1 isoform displayed with I-2 peptide an
activity of 12 pmol of phosphate transferred per minute.
The reaction mixtures were incubated for the indicated
time at 37°C and stopped by ice cooling and absorption on
phospho-cellulose p81 paper. Papers were washed three
times with 75 mM phosphoric acid, dried, and counted in a
scintillation counter. Reaction conditions for full-length
pS53 phosphorylation were identical to those used for pep-
tide phosphorylation except for the replacement of the
peptide with full-length p53, either GST-tagged or
deprived of the tag at concentrations ranging between
30 nM and 2.5 pM. The reaction was stopped by the
addition of 5x concentrated Laemmli buffer and boiling
followed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), Coomassie staining, and autoradiography
(PerkinElmer’s Cyclone Plus Storage Phosphor System).
Results are representative of at least three independent
experiments. >°P incorporation was evaluated by excision
of protein bands from the gel followed by counting in a
scintillation counter.

Initial rate data were fitted to the Michaelis—Menten
equation with the program Prism (GraphPad Software,
La Jolla, CA) to obtain K, and V., values.

Phospho-aminoacids analysis

After phosphoradiolabeling, peptides were separated from
reaction mixture by filtration on Strata C18-E columns
(Phenomenex, Torrance, CA), lyophilized, and digested
with 6 N HCl for 4 h at 110°C. Each sample was subjected
to high-voltage paper electrophoresis at pH 1.9 for 2.5 h, in
the presence of non-radioactive phospho-amino acids, as
migration reference, followed by autoradiography [61].

Western blotting

GST-p53 proteins after in vitro kinase reaction were
resolved by 11% SDS-PAGE, and transferred onto
Immobilon-P membranes (Millipore, Billerica, MA).
Membranes were probed with the indicated antibody, and
detected by ECL (enhanced chemiluminescence; Amer-
sham Biosciences). Quantitation of the signal was obtained
by chemiluminescence detection on Kodak Image Station
440cf (Eastman Kodak, New Haven, CT) and by analysis
with the Kodak 1D image software.

Protein—protein docking

For the computer-aided protein—protein docking stages, rat
CK16 isoform and the mouse p53 were retrieved from the
PDB (PDB code: 1CKJ and 2I0I, respectively). Hydrogen
atoms were added to the protein structure using standard
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geometries with the MOE program [62]. To minimize
contacts between hydrogens, the structures were subjected
to Amber99 force field minimization until the rms of
conjugate gradient was <0.1 kcal mol AL, keeping the
heavy atoms fixed at their crystallographic positions [62].
After this initial in silico approach, a set of protein—protein
docking experiments was performed. Protein—protein
docking is a computational tool useful for predicting the
3D structure of protein complexes from the coordinates of
its subunits. We have adopted a two-stage approach, which
recently proved quite successful [63, 64]; in the first stage,
the two monomers were treated as rigid bodies and all the
rotational and translational degrees of freedom were fully
explored, using a cluster of protein—protein docking algo-
rithms (Zdock, Gramm and Echer); in the second stage, a
small number of structures deriving from the initial stage
was refined in the docking zone using side-chain rotamers
and energy-minimization strategy.

Results

Several phosphorylated residues, generated by the con-
certed action of a variety of protein kinases, are clustered in
the N-terminal segment of p53 [42]. These include the
aminoacids phosphorylated by CK1, whose precise iden-
tification is still a matter of debate. A priori, the only
residues displaying a canonical sequence (E/D-x-x-S) for
non-primed phosphorylation by CK1 appear to be S6,
(which, once phosphorylated, could prime subsequent
phosphorylation of S9) and S20. In turn, S15, believed to
be a substrate of kinases other than CK1 (DNA-PK [50],
ATM [51], ATR [52], ERKSs, and p38 [53]), once phos-
phorylated is in the right position to prime phosphorylation
of T18 by CKI1 [48, 49]. Given these premises, peptides
encompassing the N-terminal segment of p53 have been
widely employed in mechanistic studies dealing with the
implication of CK1 (and also of other kinases) in p53
phosphorylation [44, 45, 48].

We therefore started our investigation by assaying a
peptide encompassing residues 1-28 of p53 for its ability to
undergo phosphorylation by different isoforms of CKI,
namely the o, 71, and J isoforms. The peptide concentration
was 1 mM and equi-active amounts of the CK1 isoforms
were used, normalized for displaying identical activity
toward a common peptide substrate (see “Materials and
methods”). Under these comparable conditions, the time
courses of phosphorylation reported in Fig. 1 were
obtained: they show that, while the peptide is readily
phosphorylated by CK16, phosphorylation by CKla was
much less pronounced, and that by the y isoform was hardly
detectable. Note that phosphorylation by C-terminally
deleted CK16 isoform, which is substantially identical to
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Fig. 1 Time-courses of phosphorylation of p53;_,g) peptide by CK1
isoforms. Phosphorylation was performed in the presence of equiac-
tive amounts of the indicated CK1 isoforms, as detailed in “Materials
and methods”. The peptide concentration was 1 mM

CKle (see “Materials and methods”) is superimposable on
that of full-length CK16. Phospho-aminoacid analysis
revealed only phospho-serine, ruling out any appreciable
phosphorylation of T18 (Fig. 2, lane 1).

To gain information about the seryl residues phosphor-
ylated in the p53 peptide, these were individually or
multiply replaced by the non-phosphorylatable residue
alanine (see Table 1). The phosphorylation rates of the
substituted peptides relative to the parent peptide (wild-
type) are shown in Fig. 3a. While substitution of S6 and S9
(either single or double) reduces phosphorylation by less
than 30%, a much more dramatic drop in phosphorylation
rate was observed upon substitution of both seryl residues
15 and 20, consistent with the view that S15 and/or S20 are
the main target(s) of CK14. The actual implication of S20
rather than S15 is supported by the additional finding that
replacement of S20 with alanine is detrimental both in the
wild-type peptide and in the S6S9-substituted one. By
sharp contrast, the individual replacement of S15 did not
decrease but slightly increases the phosphorylation rate of
the wild-type peptide. The same phosphorylation patterns
were obtained by replacing truncated CK16 with either
full-length CK16 or CK1a (data not shown).

These data are consistent with the conclusion that the
main CK16 and CKl1a target in the N-terminal segment of
pS53 is S20 whose replacement with alanine is invariably
causative of a dramatic drop in phosphorylation rate
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Fig. 2 Phosphoaminoacid analysis of high-voltage paper electropho-
resis. Peptides (0.5 mM) were incubated with indicated CK1 isoforms
for 60 min in the presence of radioactive phosphorylation mixture.
3P_radiolabeled peptides (as indicated) were hydrolyzed in 6 N HCI
at 110°C for 4 h, and subjected to high-voltage paper electrophoresis
followed by autoradiography for the identification of the phospho-
amino acid (see “Materials and methods”). The position of phospho-
amino acids (pSer and pThr), determined by cold standard migration,
is indicated by the arrows

whether it is performed in the wild-type or in the SI5A or
in the S6S9AA peptides (85, 80, and 94%, respectively).
Interestingly, S20 phosphorylation by CKI1 is clearly
relying on the weak consensus generated by a glutamic
acid at position n-3 (E—t—f—SzO), as the replacement of this
residue (E17) with alanine, either in the wild-type peptide
or in the triply substituted one (S6S9S15AAA) has a det-
rimental effect, comparable to that of the replacement of
S20 itself (see Fig. 3a). Minor phosphorylation of S6 and/
or S9, on the other hand, is consistent with residual (around
20%) phosphorylation of the S15S20-substituted peptide
and with decreased phosphorylation observed by replacing
serines 6 and 9 in the wild-type peptide (about 25%) and,
even more in the S15A-substituted peptide. Of note in this
respect is the significant drop in phosphorylation rate
promoted by the S9 substitution as opposed to the almost
negligible effect of the S6 substitution. These data suggest
that a significant albeit weak non-primed phosphorylation
of S9, but not of S6, is catalyzed by CK16 and CKla.
Non-primed phosphorylation of T18 has to be ruled out in
any case since no detectable phospho-threonine could be
isolated from the wild-type or SISA or S6S9AA peptides
33p_radiolabeled by either CK16 or CK1a (see Fig. 2, lanes
1-3 and 5-6, respectively).

It is worth noting in this respect that if S15 instead of
being replaced by alanine is substituted by a phospho-
serine, thus mimicking a reaction occurring in vivo by the
intervention of various protein kinases, notably DNA-PK
[50], the radioactivity incorporated by CK14 is dramatically
increased (see Fig. 3b) being now almost entirely accounted
for by phospho-threonine (Fig. 2, lane 4). This leads to the
conclusion that, while S20 is the main non-primed target of
CK19, preferentially affected when the p53 peptide is not

phosphorylated, once S15 is phosphorylated, primed phos-
phorylation of T18 becomes predominant over non-primed
phosphorylation of S20. It is also worth noting in this
respect that, while non-primed phosphorylation of S20 is
catalyzed by the ¢ and to a lesser extent by the o isoform but
not by the y, isoform (see Fig. 1), primed phosphorylation
of T18 in the pS15 peptide can also be performed by all
three y isoforms of CK1 (Fig. 3b—d), though in the case of
CKlyy, it is still much less pronounced than that mediated
by CK16. The possibility that variable phosphorylation of
the pS15 peptide by CKI1 isoforms could be due to the
targeting of different residues was ruled out by showing that
T18 was the main phospho-acceptor residue, regardless to
the isoform used (see Fig. 2, lanes 4, 7, 8). The priming
potential of S6 appears to be weaker than that of S15 since
its chemical phosphorylation within a peptide, in which S15
and S20 have been replaced by alanine, promotes a mod-
erate phosphorylation of S9 by CK1 § and «, having no
effect at all with CK1y, (see Fig. 3, compare panels b, c, d).
We have also examined the behavior of additional phos-
phopeptides, singly phosphorylated on S20, or doubly
phosphorylated on S6 and S9, or triply phosphorylated on
S6, S9, and S15. Their phosphorylation by CK16 is shown
in Fig. 3b. Previous phosphorylation of S20 has a detri-
mental effect comparable to its replacement with alanine,
reinforcing the conclusion that S20 is the main target of
CK1 which becomes nearly inactive whenever S20 is no
longer available as a phosphoacceptor residue. Quite
unexpectedly, the doubly phosphorylated peptide pS6pS9
has lost any susceptibility to CK1 catalyzed phosphoryla-
tion. This is probably an artefact due to cyclization of the
phosphopeptide through electrostatic interaction between
the phosphates and the two C-terminal lysines added for
rendering possible the phosphorylation assay with phos-
phocellulose paper (see Table 1). This point of view,
supported by dynamic modelization (not shown), is also
corroborated by the triply phosphorylated peptide (pS6,
pS9, pS15) where primed phosphorylation of T18 becomes
eightfold slower than that of its congener singly phos-
phorylated at S15 (Fig. 3b).

From the kinetic constants presented in Fig. 4, it appears
that the p53 N-terminal peptides display with either the J or
the « isoforms K, values around 1 mM, denoting low
affinity for CK1. This also seems to be a common feature of
peptides reproducing phosphoacceptor sites for CK1 in other
physiological substrates, notably NF-AT4, f-catenin and
APC [36, 39, 41]. Interestingly, it has been shown that such a
weakness of the local determinants may be compensated for
by remote docking sites which in the case of f-catenin cause
a drop in K, value from over 1 mM to 0.19 pM [41].

We therefore suspected that a similar situation may also
apply to p53, and to assess this point we have run kinetics
with full length p53 replaced for the p53[;_»s; peptide.
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Fig. 3 Phosphorylation of substituted p53 N-terminal peptides by
CKI1. a The effect due to replacing serines and E17 with alanine is
analyzed. Phosphorylation was performed by incubation with CK16
for 10 min at 37°C. A superimposable histogram was obtained by
replacing CK16 with CK1a. b—d p53 phosphopeptides (as indicated)

The phosphorylating enzyme was CK1, either o, or y;, or J
isoforms. As in the case of the p53 peptide, the y isoform
proved unable to catalyze any significant phosphorylation
of full-length p53; the o isoform, however, albeit less
active than ¢ on the peptide (see Fig. 1), was able to
phosphorylate full-size p53 with kinetics comparable to
those of the ¢ isoform (Fig. 5a). Note that with both iso-
forms the K, is in the submicromolar range, highlighting a
3 orders of magnitude higher affinity of CK16 and CKla
for the full size protein as compared to the derived peptide.
By sharp contrast the V,,,,x with the peptide is about 50-fold
higher than with the full-size protein as also observed with
other CK1 substrates [40, 41]. We can conclude therefore
that unprimed full-length p53 can be efficiently phos-
phorylated by both the « and J but not by the y isoform of
CKI1. Also noteworthy are the identical kinetic constants

o 5 o
& & > K é\v?
@ & & N3
2 & 3
&
o
..
°
x
g. 10 4
e
z
>
8 5-
3
°
g
&
&,
© S 6
ol & & &F '19?? o & & m“‘y '19??
&P & &P P
G_,\ N %'\ N

underwent phosphorylation assays in the presence of CK1J, CKlo,
and CKlyl, respectively. Phosphorylation rates of the unprimed
peptides, WT and S15S20AA, is also reported for comparison. For
peptide nomenclature, see Table 1. The concentration of the peptides
was 1 mM

calculated using either full length or truncated CK14. This
latter displays a nearly 100% identity with the corre-
sponding sequence of the ¢ isoform, consistent with the
knowledge that p53 is also readily phosphorylated by CK1e
[7, 45].

To localize the residues affected by CK1 in full-length
pS53, advantage has been taken of commercially available
phosphospecific antibodies raised against individual p53
phosphoresidues. These were probed by western blot
analysis on p53 phosphorylated by CKla and ¢ at a con-
centration close to its K, value (750 nM). As shown in
Fig. 5b, p53 immunoreacts with specific antibodies raised
against phospho-S9, phospho-S15, phospho-S20, and
phospho-S37, but not with the phospho-S6, phospho-T18,
phospho-S46, and phospho-S392 antibodies. Lack of
immunoreaction with phospho-p53 (T18) antibody
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Fig. 4 Kinetics of p53 peptides phosphorylation by CK1o and 6. The
indicated peptides were subjected to phosphorylation with CK1la (not
shown on graph) and J as described in “Materials and methods”.
Initial rate data were fitted to the Michaelis—Menten equation to
obtain V., and K;,, values reported in the inset. *V,, is expressed as
picomoles of phosphate transferred per minute per unit of enzyme
(one unit being defined as the amount of enzyme that transfers 1 nmol
of phosphate per minute on the I-2 reference peptide). Therefore, they
are not representative of specific activity. See “Materials and
methods” for details

reinforces the view that T18 phosphorylation is a primed
event detectable only if previous substantial phosphoryla-
tion of S15 by protein kinases other than CK1 takes place.
Although the data shown in Fig. 5 were obtained using
GST-p53 as phosphorylatable substrate, no significant
differences could be observed if this was replaced by
untagged p53 (see caption of Fig. 5).

In an attempt to evaluate differences in phosphorylation
efficiency among the p53 sites affected by CK16 kinetics
were performed in which the phosphorylation of individual
residues was detected and quantified by western blotting
with the phosphospecific antibodies. The experimental
curves are shown in Fig. 6 and the calculated K, values,
which are independent of the sensitivity of the different
antibodies, are reported in the inset. It appears that the
highest affinity (K, value even lower than that of the p53
protein as a whole) is displayed by S20, followed by S9
(with twofold higher K,,), while the K, values of S15 and
S37 are 10- and >20-fold higher than that of S20,

respectively. In the inset of Fig. 6, the V., values are also
reported; it should be warned, however, that these are not
suitable for a comparative analysis since they were calcu-
lated from data with different antibodies, whose sensitivity
can be quite variable. Also of interesting in the case of full-
size p53 (as already observed with the peptide) the phos-
phorylation of S20 is critically dependent on E17 whose
replacement with alanine in the E17A mutant causes a
dramatic drop in S20 phosphorylation (Fig. 5c).

Taken collectively, these data are consistent with a
phosphorylation pattern of full-length p53 by CK16 similar
to that observed with the peptide, with a marked preference
for S20, as compared to S9, not to say S15 and S37 (this
latter not included in the peptide anyway), whose K, for
CK16 is one order of magnitude higher. S6 despite its
consensus sequence is not significantly phosphorylated
either in the peptide (Fig. 3a) or in the protein (Fig. 5b).
Likewise, non-primed phosphorylation of T18 by CKI1
could not be detected in full-size p53, consistent with the
view that its phosphorylation needs to be primed by stoi-
chiometric amounts of phospho-S15 which cannot be
generated under our conditions.

Thus, the only remarkable difference between full-
length p53 and the peptide is the much lower affinity of the
latter, strongly suggesting that a remote docking site is
present in p53 which ensures high affinity binding to CK1
0 and o isoforms. In an attempt to identify such a putative
docking site, we have concentrated our attention on a
region which is conserved in the 0, ¢, and o isoforms of
CK1 but not in the y isoforms. A sequence fulfilling such
criteria is the K**'RQK*** quartet belonging to the loop
next to the G helix in CK16 (see Fig. 7a). Indeed, the
analysis of the possible interactions between CK16 and p53
through our protein—protein docking strategy suggests, for
this quartet, one particular binding pose (see Fig. 7b).
According to this model, the basic side chains of K221 and
R222 interact with two acidic residues of p53, E224 and
E228, respectively; note that these residues of p53 con-
tribute to the most negatively charged stretch of the
protein, where three acidic residues are clustered together
(E221, E224, and E228). K224 of CK1¢ is not involved in
this kind of interaction because of its implication in a
tungstate ion bridge which connects the loop to the kinase
core [2]. From the analysis of CK16 and y sequences and
crystal structures from the protein data bank, it is possible
to note that the conserved K224 (an arginine in the y iso-
forms) maintains its interactions with ions or water
molecules in the same position. By sharp contrast, the
substitution of K221 with a leucine residue in all y isoforms
is responsible for an alteration of the loop secondary
structure, with an extension of the adjacent o-helix G. In
this situation, the CKl1y lysine residue, corresponding to
CK106 R222, is moved back by about 4.7 A, breaking the
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Fig. 5 Phosphorylation of p53 proteins by CKI1 isoforms. a The
kinetics of phosphorylation by CK1 isoforms of increasing concen-
trations of full-length GST-p53 wild-type are illustrated. p53 was
subjected to phosphorylation with the indicated CK1 isoforms as
described in “Materials and methods”. Of note are the identical
kinetics of full-length and truncated (A317) CK19, this latter sharing
95% identity with the ¢ isoform. *V,,,, is expressed as picomoles of
phosphate transferred per minute per unit of enzyme; n.d. not
determined due to undetectable phosphorylation. b Full-length human
GST-p53 (1.2 pg) produced in E. coli was phosphorylated by 10 min
incubation with either CK16 or « isoforms and subjected to western

interaction with p53 E228. Consequently, in the case of all
CK1y isoforms, both the interactions with p53 E224 and
E228 are missing, which may account for weaker affinity
of CKl1y; for p53, as compared to the «, J, and ¢ isoforms.

This model has been validated by mutational data
showing that replacement of K221 with leucine in CK10 has
a detrimental effect on its ability to phosphorylate p53
(Fig. 7c¢). In contrast, the mutation of K224 which,
according to the model is not implicated in the interactions
with p53, has no appreciable effect on p53 phosphorylation.

Discussion

Plenty of data in the literature support the implication of
CKl1 in the regulation of the tumour suppressor gene

immunoblotting analysis with the antibodies indicated on the right.
Superimposable kinetics and phosphorylation pattern were obtained
replacing GST-p53 with untagged p53 obtained by proteolytically
removing of the tag (see “Materials and methods”). ¢ Effect of the
Glul7 to Ala mutation on p53 S20 phosphorylation by CK1. Equal
amounts (1.2 pg) of full-length p53, either wild-type or E17A mutant,
were incubated under the same conditions (see “Materials and
methods”) with CK10 or CKla. Western immunoblot with the
specific phospho-p53 (Ser20) antibody is shown. Densitometric
analysis of the anti-phospho-S20 signal shows a remarkable decrease
in phosphorylation of the E17A mutant by CK1a (70%) and 6 (90%)

product p53, as amply documented in all recent reviews
listing CK1 among the numerous kinases participating in
the complicated mechanism of p53 modulation [42-44].
However, the identification of the CKI1 isoforms impli-
cated, as well as of the individual p53 residues affected,
and of the mechanism underlying their targeting by CK1, is
still poorly understood. In tables and cartoons summarizing
P53 multi-phosphorylation, CK1 (with special reference to
its 0 and ¢ isoforms, nearly identical with each other) is
invariably represented as an “N-terminal” p53 kinase
impinging on S6 and S9, the latter presumably through a
hierarchical mechanism, after S6 has been phosphorylated.
Of note is that S6 displays the consensus for unprimed
phosphorylation by CK1 owing to two acidic residues at
positions n-3 and n-4 (E-E-p-g-S®). Its phosphorylation
by CKI1, however, is not supported by incontrovertible
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Fig. 6 Kinetic analysis of individual phosphoacceptor residues upon
phosphorylation of full length p53 by CKI14. a The effect due to
increasing concentration of p53 on the phosphorylation rate of S9,
S15, S20, and S37 was monitored by western blotting with specific
phospho-serine antibodies. b The specific phospho-serine bands
detected in (a) were quantified by densitometric analysis using the
Kodak 1D image analysis software and normalized to total p53

evidence, while it has been reported to be a target for
another kinase, JNK2 [65]. On the other hand, primed
phosphorylation of T18 by CKI1 isoforms has been inde-
pendently reported by two groups as relying on previous
phosphorylation of S15 [48, 49]. This latter appears to be a
target for many kinases, notably DNA-PK, ATM, ATR,
ERK, and p38 [50-53], but not for CK1. Recently, a work
aimed at the identification of kinase(s) responsible for the
phosphorylation of p53 at S20 in response to HHV-6B viral
infection has led to the isolation of CK1 as the most likely
cellular virus-induced S20 kinase [54]. Although S20
displays the minimum consensus for unprimed phosphor-
ylation by CKI1 (E-t-f-8*°), its phosphorylation was
previously ascribed to kinases other than CKI1, namely
CHKI1, CHK2 [55, 56], JNK, and MAPKAPK?2 [57].

The results of our mechanistic study—the first system-
atically performed with different isoforms of CK1 tested
on full-length p53 and on a set of variably substituted
N-terminal p53 segments—strongly corroborates the con-
cept that indeed S20 displays the features for being the
preferred target for the 6 and ¢ and, to a lesser extent, for
the o isoforms of CK1 in unprimed p53, either full length
or its N-terminal peptide. S20 is in fact the only seryl
residue whose replacement with alanine in the peptide
alone causes a >80% drop in phosphorylation rate (see
Fig. 3), and whose phosphorylation in full-size p53 occurs

amount. Data were plotted against GST-p53 concentration using the
Graphpad Prism software to calculate K, and Vi, values. V.
evaluated with the phospho-p53 (S15) antibody may represent an
overestimate, since the intensity of this band unlike those of the other
bands was not linear with incubation time, as it already reached a
maximum intensity after 5 min. *V,,,, is expressed as densitometry
light units (DLU)

with a K, in the sub-micromolar range, comparable to that
displayed by p53 as such (see Figs. 5a and 6b).

Unlike the ¢ and « isoforms of CKI1, CKly; proved
unable to catalyze any appreciable phosphorylation of p53
or of the p53 unprimed peptide. In contrast, primed phos-
phorylation of T18, specified by previous phosphorylation
of S15, is readily performed by all the three isoforms of
CK1, albeit with variable efficiencies (see Fig. 3).

Phosphorylation of S20 in the p53 peptide clearly relies
on the minimum consensus generated by E17, since the
substitution of this residue with alanine has a detrimental
effect comparable to that of substituting S20 itself (see
Fig. 3a). Interestingly, although a similar (and even
“stronger”) consensus is present upstream from S6, this
residue does not appear to be susceptible to phosphoryla-
tion by CKI1, either in the peptide, where its substitution
has no significant effect, or in full size p53 where its
phosphorylation was flatly undetectable (Fig. 5b). Inci-
dentally, this sheds doubt on the commonly held concept
that phospho-S6 is required to prime S9 phosphorylation by
CK1,; it is quite clear from our experiments with recom-
binant GST-p53 that S9 is robustly phosphorylated by
CK10 (Figs. 5b and 6) in the absence of any appreciable
phosphorylation of S6. Additionally data with phospho-
peptides show that the priming efficacy of phospho-S6 on
S9 phosphorylation is not as pronounced as that of
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Fig. 7 Mapping the putative CK16 docking site responsible for high
affinity binding of p53. a Multiple alignment of the «-helix G region
in different CK1 isoforms. The four residues located in the basic loop
adjacent to a-helix G are displayed in the gray box. This quartet is
conserved between the d/¢ and o isoforms (with conservative
substitution of R222 with lysine) while it is deeply altered in the y
isoforms. Mutation within the loop are in red, conserved basic
residues are in blue. b Computer-aided protein—protein docking
analysis of interaction motifs between CK16 isoform (green) and p53
(yellow). CK1y (blue) is unable to bind p53 due to the substitution of
K221 with leucine which causes an extension of o-helix G, thus
breaking the interaction between K258 (R222 in CK16) and p53

phospho-S15 on T18, which is not to say that it is entirely
lacking with the 7y isoform (see Fig. 3).

Somewhat unexpected was the finding that p53 under-
goes significant phosphorylation by CK16 at S15, albeit
with a K;,, value denoting an affinity tenfold below that of
S20 (K, 6.74 vs 0.65 uM; see Fig. 6b). The actual

[
o
3
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0.75 4

o
3

0.25

Radicactivity/p53 tot (arb.units)

o
]
I

WT K221L K224A

E228. For additional explanation, see text. ¢ Lys221 to Leu mutation
drastically reduces the ability of CK16 to phosphorylate p53. GST-
p53 was incubated for 10 min with equi-active amounts of either
CK196 wild-type, or its K221L or K224 A mutants under the conditions
for protein phosphorylation, as detailed in “Materials and methods”.
Western immunoblot with p53 antibody and autoradiography are
shown. Densitometric analysis of western blot and of autoradiography
was performed with Kodak 1D and with Optiquant (PerkinElmer)
image analysis software, respectively. The results are also shown as a
bar graph where p53 radioactivity has been normalized to total p53
amount

intensity of S15 phosphorylation within full-size p53 may
be also questionable considering that time course analysis
with phospho-p53 (S15) antibody does not display time
dependency as in the case of the other phosphosites (data
not shown), suggesting that they might at least partially
reflect an artefact due to the antibody. As a matter of fact,
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S15 phosphorylation is not taking place within the peptide
as judged from the observation that the individual substi-
tution of S15 with alanine has no detrimental effect
whatsoever (Fig. 3a).

It should be underscored in this respect, however, that
high affinity targeting of full size p53 is critically relying
on remote docking site(s) which are lost in the peptide,
whose phosphorylation pattern therefore could incom-
pletely reflect that of the full-size protein. This is
unambiguously demonstrated by strikingly different
kinetic constants calculated for CK1 and o phosphory-
lation of either the peptide or the protein at the same
residues (with the marginal exception of S37). Although in
fact the phosphorylation rate with the peptide is higher
(Vinax 151 vs.3.07 pmol per minute per unit of enzyme), its
affinity is >3 orders of magnitude lower (K, 1.51 mM as
compared to 0.82 pM), consistent with the view that
physiological targeting of p53 by CKI requires high
affinity interactions between a remote complementary
domain, which is lost in passing from full-size p53 to its
N-terminal segment. A similar situation has been descri-
bed in the case of p53 serine 20 phosphorylation after
HHV-6B viral infection, whose occurrence depends on
interaction of CK1 with Box IV and Box V domains of
p53 [54]. It is likely that these elements are also respon-
sible for the high affinity phosphorylation of full-size p53
as compared to its N-terminal peptide reported here. Our
additional observation that such a phosphorylation is cat-
alyzed by the « and d/¢, but not by the y, isoforms of CK1
would map the complementary docking site to a region
which is not conserved in the y isoforms. From the
alignment of the CKI1 isoforms, it appears that such a
putative docking site might correspond to the K**'RQK?***
sequence set on the loop next to the G-helix in CK14. This
basic sequence is conserved both in o (KKQK) and in ¢
(KRQK) isoforms but is lacking in all the 7y isoforms
where the first lysine is replaced by leucine and glutamine
by glutamic acid (see Fig. 7a). The role of this motif as a
remote docking site responsible for high affinity binding
of p53 has been corroborated by computer-aided protein—
protein docking strategy highlighting the special relevance
of K221 which in the y isoforms is replaced by a leucine.
Such a model has been further validated by mutational
analysis showing that replacement of K221 with leucine
drastically impairs phosphorylation efficiency.

Interestingly, however, as in the case of f-catenin S45
phosphorylation by CK1 [41], phosphorylation of p53 S20
appears to depend not only on remote but also on local
recognizing elements since replacement of E17 with ala-
nine is equally detrimental in the N-terminal peptide and in
full-size p53 despite the ability of this latter to interact with
the remote docking site present in both CK16 and CKla
(see Fig. 5c¢).
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