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Wild-Type p53 Inhibits Protein Kinase CK2 Activity

Norbert Schuster, Claudia Gotz, Michael Faust, Eberhard Schneider, Alexandra Prowald,
Andreas Jungbluth, and Mathias Montenarh*

Medical Biochemistry and Molecular Biology, University of the Saarland, D-66424 Homburg, Germany

Abstract The growth suppressor protein p53 and the protein kinase CK2 are both implicated in cellular growth
regulation. We previously found that p53 binds to protein kinase CK2 via its regulatory B-subunit. In the present study,
we analyzed the consequences of the binding of p53 to CK2 for the enzymatic activity of CK2 in vitro and in vivo. We
found that the carboxy-terminus of p53 which is a potent transforming agent stimulated CK2 activity whereas full length
wild-type p53 which is a growth suppressor inhibited the activity of protein kinase CK2. Inhibition of protein kinase CK2
by p53 was dose-dependent and was seen for various CK2 substrates. Experiments with heat-denatured p53 and the
conformational mutant p53gy7s1 revealed that an intact conformation of p53 seemed to be necessary. Transfection of
wild-type and of mutant p53 into p53 '~ cells showed that the inhibition of p53 on CK2 activity was also detectable in
intact cells and specific for wild-type p53 indicating that the growth suppressing function of p53 might at least be
partially achieved by down-regulation of protein kinase CK2. J. Cell. Biochem. 81:172-183, 2001. © 2001 Wiley-Liss, Inc.
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The growth suppressor protein p53 is a key
regulator of the cell cycle and cell proliferation
[Prives and Hall, 1999]. Usually, levels of p53
in the cell are low due to the short half life of
the protein. However, in cases of DNA damage
or deregulation of the nucleotide pool in the
cell p53 is stabilized and induces a Gy- or
Go-phase arrest of the cell cycle or even causes
cell death [for reviews see Levine, 1997; Bates
and Vousden, 1999]. In order to fulfil these
various functions in the cell p53 is a target for
extended post-translational modifications. p53
is a substrate for various protein kinases such
as dsDNA-activated protein kinase [Lees-
Miller et al., 1990], cyclin H/edk7/Matl [Ko
et al., 1997; Lu et al., 1997], protein kinase CK1
[Knippschild et al., 1997], protein kinase CK2
[Meek et al., 1990; Herrmann et al., 1991], pro-
tein kinase C [Baudier et al., 1992], JNKI1,
JNK2, JNK3 [Hu et al, 1997] and p34°i
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[Bischoff et al., 1990]. In some cases it is known
that phosphorylation by these kinases leads to
altered activities of p53 [for review see Jaya-
raman and Prives, 1999]. In addition to these
post-translational modifications, binding of
cellular and viral proteins to p53 modifies its
activities. Binding of mdm2 to p53 results in an
inactivation of p53 by a translocation of p53
from the nucleus to the cytoplasm followed by
degradation, or inhibition of the transactiva-
tion function of p53 [Prives, 1998]. Under non-
physiological conditions binding of the p53-
specific monoclonal antibody PAb421 to the
carboxy-terminus of p53 modifies the DNA
binding activity of p53 at least in vitro [Hupp,
1999]. On the other hand, only little is known of
how binding of p53 to cellular proteins alters
their activity. Binding of p53 to ERCC2 and
ERCC3 results in an inhibition of the activity of
these two helicases [Wang et al., 1996]. Binding
of p53 to RAD51 is directly implicated in the
regulation of recombination processes [Buch-
hop et al., 1997]. It was recently shown that
binding of p53 to the cyclin H/edk7/Matl
complex leads to an inhibition of the kinase
activity of this CAK complex which results in
a lower T-loop phosphorylation of cyclin-
dependent kinases and in an inhibition of the
CTD phosphorylation of RNA polymerase II
[Schneider et al., 1998]. Binding of the regula-
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tory B-subunit of protein kinase CK2 to p53
leads to a reduction in the DNA binding
activity [Prowald et al., 1997] and to a reduc-
tion in the transactivation function of p53
[Schuster et al., 1999]. Protein kinase CK2 is
a ubiquitous serine/threonine protein kinase
which is composed of two regulatory - and two
catalytic o- or o'- subunits [Singh et al., 1985;
Pinna and Meggio, 1997]. Although its precise
function in the cell is still unclear there is
ample evidence that CK2 plays an important
role in the regulation of cell proliferation. The
activity of CK2 is elevated in tissues with a
high proliferation rate, such as tumors and
embryonic tissue [Prowald et al., 1984; Miin-
stermann et al., 1990]. By microinjection
experiments using CK2 antibodies or antisense
oligonucleotides it was shown that cells arrest
in certain phases of the cell cycle [Pepperkok
et al., 1994]. Thus, it is an interesting question
how p53 might regulate the activity of CK2.
Therefore, in the present study we analyzed
the effect of full length wild-type p53 on the
enzymatic activity of CK2 in an in vitro assay
and under in vivo conditions. We found that full
length p53 efficiently inhibits the activity of
protein kinase CK2 whereas mutant p53 is
inactive. Monoclonal antibody PAb421 which
is known to activate the DNA binding activity
of p53 in vitro has no influence on the inhibi-
tion of the enzymatic activity of CK2 by
p53. Furthermore, heat-denaturing of p53
results in a loss of the inhibition function of
p53 indicating that a native conformation of
p53 is necessary for its inhibiting activity on
protein kinase CK2. This finding is substan-
tiated by the conformational mutant p53g;75H,
which is also defective for the inhibitory
function of p53 on CK2 activity in vitro and
in vivo.

MATERIALS AND METHODS
Plasmids and Recombinant Baculovirus

Human CK2 holoenzyme was bacterially
expressed from a bicistronic expression vector
[Shi et al., 1994]. For the bacterial expression
of wild-type p53, mutant p53gri7sg and the
C-terminal fragment of p53, we used previously
published constructs cloned into pET19b
(Novagen) or pQE (Qiagen) vector, respectively
[Appel et al., 1995]. Cyclin H and mdm2 were
expressed in bacteria using previously de-
scribed constructs [Guerra et al., 1997;

Schneider et al., 1998]. Plasmids pCMV30,
pRcCMVp53gr175u and pRcCMVp53 for trans-
fection of mammalian cells, and the baculo-
virus expression construct were described
earlier [Prowald et al., 1997; Schuster et al.,
1999].

Expression and Purification of Bacterially
Expressed Proteins

CK2 holoenzyme was expressed and purified
as described earlier [Prowald et al., 1997].
Plasmids for pQE-cyclin H, pQE-CTg4_393 and
pPQEmMdm2 were transformed into E. coli M15
strain whereas pET19b-p53wt and pET19b-
p53Rr175u were transformed into E. coli strain
BL21 (DE3). Clones were incubated overnight
in 50 ml LB-medium. The following morning 1
liter LB-medium was inoculated with the over-
night culture, grown to early log phase and
induced with 1 mM isopropyl-B-p-thiogalacto-
side (IPTG) for 6 h at 30°C. Cells were
harvested by centrifugation and resuspended
in 6 M guanidine hydrochloride, 0.1 M sodium
phosphate, pH 8.0 and lysed overnight at 4°C.
The lysate was cleared by centrifugation and
loaded onto a pre-equilibrated Ni*"-chelate
agarose column and incubated for 1 h at room
temperature. The column was washed with 10
vol of lysis buffer, followed by 10 vol of lysis
buffer pH 6.0, and finally with lysis buffer pH
8.0 containing 20 mM imidazole. Proteins were
eluted with lysis buffer containing 300 mM
imidazole and subsequently dialyzed overnight
against dialysis buffer A (20 mM Tris—HCI, pH
7.5,100 mM KCI, 5 mM MgCl,, 0.1% Tween 20).

Purification of Nucleolin

Nucleolin was purified according to a proto-
col published by Belenguer et al. [1990] with
minor modifications. HeLaS3 cells from twenty
15 cm dishes were lysed in low ionic strength
buffer (10 mM MES, pH 6.2, 10 mM MgCls,
10 mM NaCl, 10% glycerol). Nuclei were
pelleted and extracted with extraction buffer
(25 mM Tris—HCI, pH 10.5, 0.5 M NaCl, 1 mM
EDTA, 5 mM DTT, 0.5% Triton X-100). The
neutralized extract was loaded onto a hydro-
xyapatite column and washed with an extrac-
tion buffer. Nucleolin was eluted in 300 mM
phosphate buffer and subsequently precipi-
tated with 65% ammonium sulfate. The pellet
was resuspended in buffer A 175 (175 mM
NaCl, 25 mM Tris—HCI, pH 8.0, 2 mM EDTA,
10 mM B-mercaptoethanol, 7.5% glycerol) and
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loaded onto a heparin sepharose column.
Nucleolin was eluted with buffer A 500
(5600 mM NaCl, 25 mM Tris—HCI, pH 8.0,
2 mM EDTA, 10 mM B-mercaptoethanol, 7.5%
glycerol).

Cell Culture and Transfection

p53~/~ fibroblasts were maintained in DMEM
supplemented with 10% foetal calf serum
(FCS). Cells were grown to subconfluence in
10 cm dishes and transfected with either
pCMV30, pReCMVp53gr17514, and pReCMVp53
using superfect transfection reagent (Qiagen).
Transfection was carried out according to the
instruction manual. Cells were harvested after
6 h and washed three times with PBS and lysed
with extraction buffer (100 mM Tris—HCI, pH
7.5, 100 mM NaCl, 0.5 NP40). After determina-
tion of the protein content, equal amounts
of protein were applied either to SDS-
polyacrylamide gel electrophoresis followed by
Western blot or immunoprecipitation.

Antibodies and Western Blot Analysis

For the detection of protein kinase CK2
we used monoclonal antibodies 1AD9 or 1A5
against the a-subunit and monoclonal antibody
6D5 against the B-subunit. Polyclonal rabbit
serum #32 was raised against a peptide corres-
ponding to the last 10 amino acids of the
B-subunit. For the detection of p53 we used
either monoclonal antibody DO-1 or PAb421.
The preparation of cell extracts, SDS-polyacry-
lamide gel electrophoresis, and blotting proce-
dure were described earlier [Schuster et al.,
1999]. For detection we used the ECL system
(Amersham).

Far Western Blot Analysis

Equal amounts of p53 were subjected to SDS-
polyacrylamide gel electrophoresis. The gel
was incubated for 1 h at 4°C in 10x concen-
trated PBS for renaturation of the protein. The
protein was transferred onto a PVDF mem-
brane and blocked for 1 h in binding buffer
(560 mM Tris—HCI, pH 7.4, 150 mM KCI, 5 mM
MgCly, 1 mM DTT, 0.1% Tween 20) containing
5% dry milk. One part of the filter was pre-
incubated for 30 min with PAb421. Subse-
quently, both filters were incubated with
autophosphorylated protein kinase CK2 in
binding buffer for 2 h. After intensive washing
with binding buffer filter strips were subjected
to autoradiography.

Immunoprecipitation

For immunoprecipitation we used a polyclo-
nal serum (serum #32) raised against the
C-terminus of protein kinase CK2 B-subunit.
A protein A/G-sepharose mixture was preincu-
bated for 1 h with 50 ul serum #32 and washed
three times with phosphate-buffered saline, pH
7.3 (PBS). One milligram of cell extract was
preincubated with a mixture of protein A- and
protein G-sepharose (Pharmacia) to remove
non-specifically bound proteins. The super-
natant was applied to the preincubated sephar-
ose antibody matrix and incubated for 1 h. The
supernatant was removed and the antibody
matrix washed three times with PBS. The
immunoprecipitate was split into two equal
aliquots and subjected either to SDS-polyacry-
lamide gel electrophoresis, followed by Western
blotting, or to CK2 protein kinase assay.

In Vitro Phosphorylation by Protein Kinase
CK2 and PKA

Protein kinase CK2 (10 pmol) was incubated
for 1 h on ice to allow complex formation with
p53 in different amounts as indicated in the
experiments (10—30 pmol). Thereafter, 5 ng of
the substrate in 10 ul kinase buffer (50 mM
Tris—HCIl, pH 7.5, 100 mM NaCl, 10 mM
MgCl,, 1 mM DTT) containing 3 pCi 3?PyATP
per vial was added and incubated at 37°C (the
total reaction volume was 40 pl). Subsequently,
5 x concentrated SDS-sample buffer (65 mM
Tris—HCI, pH 6.8, 0.01% bromophenol blue, 5%
B-mercaptoethanol, 10% glycerol, 2% SDS) was
added, samples were boiled at 95°C for 5 min
and subjected to SDS-polyacrylamide gel elec-
trophoresis followed by autoradiography.
Tubulin is commercially available (Molecular
Probes, Leiden, Netherlands), the other sub-
strates were purified from bacteria or HeLa
cells as described. For PKA reactions (commer-
cially available catalytic subunit from Sigma)
the same experimental procedures were
performed.

Peptide Phosphorylation

Protein kinase CK2 was preincubated with
increasing amounts of p53 or mutant p53 in a
total volume of 20 ul. Subsequently, 30 ul kinase
buffer containing the CK2-specific peptide (0.32
mM peptide RRRDDDSDDD) and 3?PyATP
were added and the kinase reaction was per-
formed for 10 min at 37°C (the final reaction
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volume was 50 pl). Thirty microliters of the
reaction mix were spotted onto P11 cation
exchange paper (Whatman), washed three
times with 10 mM phosphoric acid and once
with ethanol. The papers were dried and phos-
phate incorporation was measured in a scintil-
lation counter.

RESULTS

We have recently shown that mdm2 is
efficiently phosphorylated by protein kinase
CK2 and moreover that the C-terminus of p53
ranging from amino acid 264 to amino acid 393
can stimulate the phosphorylation of mdm2 by
CK2 [Guerra et al., 1997]. The C-terminus of
p53 is basic [Soussi et al., 1990] and therefore
might resemble polyamines which are known
to stimulate the activity of CK2 [LeRoy et al.,
1995]. To understand the interaction of p53
with CK2 it is necessary to analyze the effect of
full length wild-type p53 on the activity of CK2
since this form is the physiologically relevant
form of the protein. First of all, we wanted to
compare the influence of full length p53 with
that of the C-terminus of p53 on the activity of
CK2. For these experiments we used recombi-
nant human CK2 and performed kinase reac-
tions in the presence of increasing amounts of
bacterially expressed purified full length p53 or
the C-terminus of p53 in equal molar amounts.
Using the recently discovered new substrate
for CK2, namely mdm2 and in agreement with
our previous report [Guerra et al., 1997] CK2
kinase activity was stimulated in the presence
of the C-terminal fragment of p53 (Fig. 1A) in a
dose-dependent manner. In contrast, equal
molar amounts of full length p53 showed an
inhibitory effect on the phosphorylation of
mdm2 and this inhibition was also dose-
dependent (Fig. 1B). Thus, we conclude that
wild-type full length p53 is a potent inhibitor of
protein kinase CK2 at least with regard to the
phosphorylation of mdm2 whereas under the
same experimental conditions the C-terminus
of p53 is a potent activator of CK2 activity.

From a number of other studies it is known
that p53 can adopt a so-called latent form which
can be activated by various factors, such as
monoclonal antibody PAb421 [Hansen et al.,
1996] at least with respect to the DNA binding
and transactivation function of p53. Therefore,
we wanted to analyze whether PAb421 might
influence the inhibiting function of p53. First,

otr. i p53CT
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B ctr. | p53wt

Fig. 1. Influence of the p53 C-terminus (p53CT) and p53 wild-
type protein (p53wt) on the activity of protein kinase CK2.
Protein kinase CK2 was incubated for 1 h on ice with control
buffer, 10, 20, or 30 pmol of either p53CT or wild-type p53.
After the incubation period, the substrate (mdm2) and *?PyATP
was added and a kinase reaction performed as described in
Section 2. Samples were subjected to SDS gel electrophoresis
followed by autoradiography. (A) Shows the influence of p53 CT
on CK2 kinase activity. (B) Shows the influence of wild-type p53
on CK2 kinase activity. Ctr.: mdm2 phosphorylation by CK2 in
the absence of p53.

+— mdmz2

we had to analyze whether PAb421 had an
influence on the interaction of CK2 with p53.
p53 was separated on an SDS-polyacrylamide
gel and transferred to a PVDF filter. The filter
was incubated with 100 pmol of autopho-
sphorylated CK2 without or in the presence of
PAb421 in comparable amounts, which we used
for kinase reactions (Fig. 2B). As shown in
Figure 2A PAb421 did not inhibit binding of
CK2 to p53. Thus, in the next step we analyzed
the influence of PAb421 binding to p53 for its
inhibitory function on the enzymatic activity of
CK2. The kinase assay was repeated as in
Figure 1 but in the presence of PAb421. As
shown in Figure 2B mdm2 is efficiently phos-
phorylated by protein kinase CK2 (lane 1). In
the presence of full length p53 phosphorylation
of mdm2 was considerably reduced and simul-
taneously p53 was phosphorylated (lane 2). The
presence of PAb421 had no influence on the
reduction of the phosphorylation of mdm2 by
CK2 in the presence of p53 but there was a
clear reduction in the phosphorylation of p53 in
the presence of PAb421 (lane 3). This result is
in agreement with a previous observation
showing that PAb421 led to a reduction of the
phosphorylation of p53 by a p53-associated
protein kinase, which was later on identified as
CK2 [Kraiss et al., 1990]. Furthermore, this
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Fig. 2. Influence of monoclonal antibody PAb421 on the
interaction of p53 with protein kinase CK2. (A) Far Western
analysis of complex formation between p53 and protein kinase
CK2. Purified p53 was separated on a SDS-polyacrylamide gel,
renatured and transferred onto a PVDF membrane. One lane
was preincubated for 30 min with binding buffer without (ctr.),
the other with PAb421 (+PAb421). Subsequently, membranes
were incubated with autophosphorylated CK2. Bound proteins
were visualized by autoradiography. (B) p53 was preincubated
for 30 min with PAb421 and then added to protein kinase CK2
and further incubated for 1 h to allow complex formation (lane
3). As a control CK2 was incubated in dialysis buffer (lane 1) or
with p53 which was not preincubated with PAb421 (lane 2).
Kinase reaction was performed with mdm2 as a substrate.
Samples were separated on a 10% SDS-polyacrylamide gel.
Phosphorylated mdm2 was visualized by autoradiography.

result demonstrated that the reduction in the
phosphorylation of mdm2 by CK2 in the pre-
sence of p53 is not due to a competing phos-
phorylation of p53 since the inhibitory effect is
even maintained when p53 is not phosphory-
lated simultaneously.

We described mdm2 as a new substrate for
CK2 and a stimulating effect of the C-terminus
of p53 toward mdm2-phosphorylation [Guerra
et al., 1997]. Therefore, the experiments des-
cribed so far were performed with mdm2 as a
substrate. In addition, a great number of other
substrates for CK2 are known such as a
synthetic peptide with the sequence RRR DDD
SDDD [Schneider et al., 1988]. This synthetic
peptide with a consensus phosphoacceptor site

for CK2 was widely used as a substrate [Sarno
et al.,, 1997] and therefore, we analyzed the
effect of full length p53 on the phosphorylation
of this substrate by CK2. The kinase reaction
described above was performed in the presence
of increasing concentrations of full length p53
or heat-inactivated p53 as a control. Incorpora-
tion of 3?P-phosphate in the synthetic peptide
was measured by Cerenkov counting in a
scintillation counter. As shown in Figure 3
the presence of full length p53 led to a
reduction in the phosphorylation of the peptide
to about 46%. Heat-denatured full length p53
was no longer active in inhibiting the CK2
kinase activity as shown by the phosphoryla-
tion of the synthetic peptide by CK2 (p53wt ha).

Next, we analyzed whether full length p53
might also influence the phosphorylation of
other known CK2 substrates such as nucleolin
and tubulin. Recently, we discovered that cyclin
H was also a substrate for CK2 [Schneider
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Fig. 3. Phosphorylation of the synthetic peptide RRRDDD-
SDDD by CK2 in the absence or presence of wild- type p53.
Protein kinase CK2 was incubated for 1 h with dialysis buffer or
increasing amounts of wild-type p53 or heat-denatured p53
(p53wt ha) (10, 20, 30 pmol). The synthetic substrate and
32PyATP were added and a kinase reaction was performed.
Incorporation of radioactive phosphate was measured in a
scintillation counter. The results from three independent
experiments are shown (error bars represent standard deviation).
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Fig. 4. Phosphorylation of nucleolin, cyclin H and tubulin by
CK2 in the absence or presence of wild-type p53. Kinase
reaction was performed in the absence (ctr.) or in the presence

et al., in preparation]. We repeated the kinase
reaction described above in the absence or in
the presence of full length p53 and with
nucleolin, cyclin H, and tubulin as substrates.
The phosphorylated proteins were subse-
quently analyzed on an SDS-polyacrylamide
gel followed by autoradiography. As shown in
Figure 4A—C in all three cases full length p53
led to a reduction of phosphate incorporation
into these different substrates. Thus, these
experiments showed that full length p53
inhibited the phosphorylation of a variety of
different known substrates of CK2 indicating
that this property is not restricted to mdm2
phosphorylation but most likely a general
phenomenon.

In order to verify further the specificity of the
inhibitory effect of p53 on the activity of protein
kinase CK2 we next analyzed whether p53
might also inhibit other kinases. For these
experiments we used protein kinase A from the
heart muscle which is commercially available.
As a substrate we used a yeast protein termed
vipl [Jungbluth et al., in preparation] which
harbors a synthetic PKA phosphorylation site.
Protein kinase A was incubated with vipl and
32pyATP in the absence or presence of increas-
ing concentrations of full length p53. The phos-
phorylated vipl protein was subsequently
analyzed by SDS-polyacrylamide gel electro-
phoresisfollowed by autoradiography. Asshown
in Figure 5 there is no significant reduction in
the phosphorylation of vip1 by protein kinase A
in the presence of increasing concentrations of
p53. Thus, p53 does not inhibit the enzyme
activity of protein kinase A although we used
the same concentrations which were sufficient
for an efficient inhibition of CK2 activity.
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of wild-type p53. Proteins were separated by SDS-polyacryla-
mide gel electrophoresis and visualized by autoradiography.
(A) nucleolin; (B) cyclin H; (C) tubulin.
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Fig. 5. Phosphorylation of vip1 by protein kinase A in the
presence of wild-type p53. Kinase reaction was performed with
protein kinase A and bacterially expressed and purified vip1
protein, harboring a synthetic PKA phosphorylation site as
substrate. Control (lane 1) and increasing amounts of wild-type
p53 (5, 10, 20, 30 pmol, lanes 2-5). Proteins were separated on
a 12.5% SDS-polyacrylamide gel and visualized by autoradio-

graphy.

Next, we asked whether the native conforma-
tion of p53 is necessary for its effect on CK2
activity. Therefore, full length p53 was heat-
denatured for 10 min and then incubated with
protein kinase CK2. Enzyme activity of CK2
was measured by phosphorylation of the mdm2
protein. As shown in Figure 6 (lane 4) heat-
denatured p53 is no longer active as an
inhibitor of the CK2 with regard to the phos-
phorylation of mdm2. Thus, besides binding of
p53 to the B-subunit of CK2, an intact native
conformation of p53 is necessary for its inhibit-
ing function on the CK2 activity.

Another control for the specificity of the p53-
mediated effect on CK2 activity would be the
use of p53r17514, which is frequently found in a
variety of human tumors. The tumor mutant
p53Rri7su was applied in increasing amounts
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Fig. 6. Influence of heat denatured wild-type p53 on the CK2
kinase activity. Protein kinase CK2 was incubated for 1 h either
with dialysis buffer (lane 1), p53wt (10 pmol, 25 pmol, lanes 2
and 3), heat-denatured p53 (25 pmol p53ha, lane 4). Kinase
reaction was performed with mdm2 as substrate. Proteins were
separated on a 10% SDS-polyacrylamide gel and visualized by
autoradiography. ctr: phosphorylation of mdm2 by CK2 in the
absence of p53.

corresponding to wild-type p53 protein using
cyclin H as CK2 substrate. The experiment
which is depicted in Figure 7 shows no reduc-
tion in CK2 activity when p53gr175u (lanes 5—7)
was used instead of wild-type p53 (lanes 2—4).
This further control shows again, that the
conformation of p53 is important for the
observed inhibitory effect. Moreover, it clearly
shows that the effect is not mediated by a co-
purified protein as both wild-type and mutant
p53 were bacterially expressed in E. coli and
purified by the same protocol.

Though we properly defined the inhibitory
effect of p53 on the protein kinase activity in
vitro we now raised the question whether we
could show this effect under in vivo conditions
also. For these experiments we used p53~/~
mouse fibroblasts which were transfected either

_.-‘_.‘
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Fig. 7. Influence of p53gi7sn mutant on protein kinase CK2
activity. Kinase reaction was performed with protein kinase CK2
and cyclin H as substrate in the absence (ctr.) or in the presence
of increasing amounts wild-type p53 or p53g754 mutant (10—
30 pmol). Proteins were separated by SDS-polyacrylamide gel
electrophoresis and visualized by autoradiography.

with a eukaryotic expression vector coding for
human wild-type p53 or as a control with the
same vector without insert. Six hours after
transfection cells were harvested and lysed. An
aliquot of the lysate was analyzed on a SDS-
polyacrylamide gel followed by Western blot.
The membrane was either incubated with
PAb421 to detect p53 or 1AD9 to detect the
a-subunit of CK2. As shown in Figure 8A after
transfection of p53(+) the p53 protein is clearly
detectable in the cell extract. Furthermore, the
amount of CK2 o in the cell extract is not
influenced by the presence of p53. The cell
lysate was also used to immunoprecipitate CK2
with the CK2 B-specific antiserum #32. Immu-
noprecipitates were washed and divided into
two equal aliquots. One aliquot was analyzed
on an SDS-polyacrylamide gel followed by a
Western blot. The filter was incubated with
1AD9 to detect the a-subunit of CK2 (Fig. 8B)
and with PAb421 to detect p53 (Fig. 8C). The
same amounts of CK2 a-subunit were present
in the immunoprecipitates with the CK2
B-subunit-specific serum #32 either in the
absence or in the presence of p53. Thus, we
conclude that p53 in the transfected cells did
not change the amount of CK2 but it clearly led
to a reduction in the specific activity of protein
kinase CK2. The other aliquot was incubated
with the CK2-specific substrate peptide and
32pyATP. Radioactivity incorporated into the
substrate was measured by Cerenkov counting.
Figure 8D shows the outcome of five indepen-
dent experiments. Thus, the presence of p53 in
the transfected cells led to a reduction in the
phosphorylation of the peptide substrate to
about 40% of the phosphorylation which was
observed in the absence of p53. To analyze the
specificity of the inhibitory effect for wild-type
p53 we repeated the same experiment with
mutant p53gr175y which was transfected into
p53~/~ fibroblasts. Figure 8E shows that over-
expression of p53g175 had no inhibitory effect
on CK2 kinase activity as measured by pep-
tide substrate phosphorylation, though equal
amounts of wild-type and mutant protein were
detected when equal amounts of plasmid were
used for transfection (Fig. 8F).

DISCUSSION
Protein kinase CK2 is pleiotropic, ubiqui-

tously expressed, and as known so far is cons-
titutively active. CK2 phosphorylates over 160
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Fig. 8. Inhibition of protein kinase CK2 activity in vivo. p53 ™/~
fibroblasts were transfected with control vector (pCMV30) or
p53 (pPRcCMV-p53) and harvested after 6 h. Cell lysates were
separated by SDS-gel electrophoresis and blotted onto a PVDF
membrane. (A) p53 protein and CK2 were detected with
monoclonal antibodies PAb421 and 1A5, respectively. Mole-
cular weight markers: 52 and 39 kDa are from Benchmark
(prestained protein ladder, Gibco BRL). (B) One milligram of
cell lysate was immunoprecipitated with serum #32 raised
against the B-subunit of protein kinase CK2. Immunoprecipitates
were split into two aliquots and one aliquot was subjected to
SDS-polyacrylamide gel electrophoresis followed by Western
blot analysis with monoclonal antibody 1A5 to show the
presence of CK2 a-subunit. (C) The membrane was also
incubated with PAb421 to detect p53 in the CK2 immunopre-
cipitate. The second aliquot was used to perform a kinase
reaction with the CK2 specific peptide. Asterisk: IgG heavy
chain. (D) Shows CK2 kinase activity from p53~/~ fibroblasts,
transfected either with control vector or p53 wild-type (results of
five independent experiments; error bars represent standard
deviation). (E) CK2 kinase activity from p53~~ fibroblasts,
transfected either with control vector or p53gi75n mutant
(results of three independent experiments; error bars represent
standard deviation). (F) Western blot analysis of p53~/~
fibroblasts transfected with p53 wild-type vector (lane1) and
p53r175n Mutant (lane 2).
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known substrates involved in signal transduc-
tion, transcriptional control, cell cycle control,
metabolism etc., and therefore it seems to be
obvious that this protein kinase plays a key role
in the regulation of cellular processes [Allende
and Allende, 1995; Pinna and Meggio, 1997].
The growth suppressor protein p53 also plays a
key role in the regulation of cell proliferation
particularly during cellular stress situations
[Levine, 1997; Bates and Vousden, 1999]. p53 is
phosphorylated by CK2 at the penultimate
C-terminal amino acid [Meek et al., 1990].
In addition, p53 binds tightly to the regulatory
B-subunit of CK2 but not to the catalytic
a-subunit [Appel et al., 1995]. We have pre-
viously shown that the free CK2 B-subunit
inhibits the DNA binding activity [Prowald
et al., 1997] and the transactivation function
of p53 [Schuster et al., 1999]. In addition to
this regulatory effect of free CK2 B-subunit
on activities of p53, it was shown that a C-
terminal fragment of p53, spanning from
amino acid 264 to 393, could stimulate the
kinase activity of the CK2 holoenzyme [Guerra
et al.,, 1997]. This stimulatory effect was
measured using mdm2 which was identified
as a new substrate for protein kinase CK2. In
the present study we addressed the question
whether wild-type p53 protein might also have
a regulatory influence on the activity of protein
kinase CK2. We show that in contrast to the C-
terminal p53 fragment full length wild-type
p53 had an inhibitory effect on the mdm2
phosphorylation by protein kinase CK2. This
effect is not due to a competitive phos-
phorylation as the observed amounts of radio-
active incorporation into wild-type p53 were far
too small to account for the observed decrease
of phosphate incorporation of the investigated
substrates. Phosphorylation of p53 is very
weak, probably because the wild-type form of
p53 efficiently inhibits its own phosphorylation
under these experimental conditions. Our
finding that not only phosphorylation of
mdm2 but also of many other substrates,
including cyclin H, nucleolin, tubulin or the
synthetic substrate peptide, is inhibited by p53,
shows that this effect is not restricted to a
single CK2 substrate, but seems to be a general
regulatory property. This is underlined by our
observation that a native conformation of p53 is
necessary to mediate the inhibitory effect on
the kinase activity, since heat-denatured p53
as well as mutant p53gri7sg had lost the

inhibitory activity. Our experiments with p53-
transfected cells clearly demonstrate, that
upon overexpression of p53, CK2 kinase activ-
ity is reduced. Furthermore, this reduction can
be correlated with the presence of p53 protein
in the CK2 immunoprecipitate which was used
for phosphorylation experiments. The experi-
ments with transfected cells confirm the in
vitro results. Furthermore, the inhibitory effect
on the CK2 activity seems to be restricted to
wild-type p53 since mutant p53gi75u is defec-
tive for CK2 inhibition in vitro and in vivo. This
also demonstrates that our in vitro experi-
ments are reliable and can be reproduced in a
cellular environment.

It is known that the C-terminal region of p53
which was shown to stimulate CK2 is a potent
transforming agent [Shaulian et al., 1992].
Similar to various mutant p53 the C-terminus
of p53 can transform primary cells in collabora-
tion with an activated ras gene. Elevated levels
and activities of CK2 were found in transformed
cells when compared to normal cells [Miinster-
mann et al., 1990]. Thus, it seems possible
that cell transformation mediated by the C-
terminus of p53 might at least be accompanied
by elevated CK2 activities. In contrast, wild-
type pb3 is a growth suppressor and in
agreement with the hypothesis CK2 activity
is down-regulated. Thus, up- and down-regula-
tion of the activity of CK2 by p53 correlates
perfectly with transforming or growth suppres-
sing activity of p53. This finding is in line
with our previous report, that wild-type p53
can down-modulate the activity of the cyclin
H/cdk7/Matl kinase, a kinase which is also
implicated in the regulation of the cell cycle and
transcription. Binding of p53 to cyclin H/cdk7/
Matl down-regulates the phosphorylation of
cdk2 and of the C-terminal domain of RNA
polymerase II. Phosphorylation of cdk2 by
cyclin H/cdk7/Mat1 (CAK activity) is necessary
for progression through the G;-phase of the cell
cycle whereas phosphorylation of the C-term-
inal domain of RNA pol II is necessary for the
switch from the initiation to the elongation
state of RNA pol II-dependent transcription
[Akoulitchev and Reinberg, 1998]. By inhibi-
tion of the kinase activity of cyclin H/cdk7/
Mat1 both processes are stopped and cells are
growth-arrested. Thus, binding of p53 to the
regulatory B-subunit of CK2 and binding of p53
to the regulatory cyclin H subunit of the cyclin
H/cdk7/Matl complex have the same effect on
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cell proliferation. As with CK2 p53 binds to the
regulatory subunit of the CAK-complex namely
cyclin H [Schneider et al., 1998]. Cyclin H binds
to a C-terminal region of p53, between amino
acids 315 and 340. A very similar region
between amino acids 330 and 339 of p53 was
also found to be required for binding of CK2 §3-
subunit [Go6tz et al., 1999].

Binding of monoclonal antibody PAb421
leads to an altered conformation of p53 which
goes along with an altered DNA binding
activity. As shown here this alteration of the
conformation does not change binding of the
CK2 B-subunit to p53 and the down-regulation
of the CK2 activity by p53. In agreement with
earlier observations binding of PAb421 to p53
inhibits to some extent phosphorylation of
p53 by CK2 [Kraiss et al., 1990] which
demonstrates that binding of p53 to the CK2
B-subunit and phosphorylation of p53 by CK2
are two independent events.

Levels of p53 are low in normal non-trans-
formed cells but elevated in a variety of tumor
cells. The increased levels of p53 are mostly due
to a mutation or a functional inactivation by
viral or cellular oncogenes. According to our
present results p53gri7sg with a mutant con-
formation is unable to down-regulate CK2
activity. Consistent with this observation in
tumor cells a higher expression and higher
activity of CK2 is found compared to normal
cells. Levels of wild-type p53 are enhanced up
to 10-fold in response to genotoxic stress like
DNA damage, depletion of the ribonucleotide
pool or hypoxia and these levels are probably
similar to those obtained by transfection. As
the absolute level and kinetics vary according
to the genotoxic agent it will be difficult to find
the right time window for the inhibition of CK2
activity. Moreover, since p53 and CK2 are
located in various compartments of the cell it
might also be important to find the right place
where both molecules meet. Thus, these will be
attractive and informative studies to discover
the right meeting point of both proteins at the
right time. Studies to address all these ques-
tions are in progress.

Since wild-type p53 inhibits not only the CK2
activity but also the activity of cyclin H/cdk7/
Matl one might argue that p53 might in
general be an inhibitor of protein kinases.
Testing PKA kinase activity in the absence
and presence of p53 we found no reduction in
PKA kinase activity in the presence of p53.

Since PKA does not bind to p53 together with
our other results we can conclude that binding
of p53 to the kinase is necessary to mediate its
inhibitory effect. Therefore, we assume that the
inhibitory effect of wild-type p53 is specific for
CK2, CAK, and possibly other kinases binding
to the same C-terminal region of p53.

Since it is known from studies in yeast and
mammalian cells that CK2 activity is necessary
at G1/S- and Go/M-borders, CK2 regulation at
Go/M transition could be a critical step in cell
cycle progression [Pepperkok et al., 1994;
Glover, 1998]. This speculation is strengthened
by another finding from yeast. Toczyski and
coworkers found an important function of the
CK2 B-subunit during the adaptation process
after DNA damage. When the CK2 B-subunit
was defective or deleted, DNA-damaged cells
could not reenter the cell cycle [Toczyski et al.,
1997]. This is an important finding since it
shows that functional CK2 holoenzyme or free
CK2 B-subunit are necessary for entry into cell
cycle from a DNA damage checkpoint, which
implicates that this kinase must be down-
regulated when this checkpoint is active.

The plethora of known CK2 substrates to-
gether with our present finding of a potential
regulation of CK2 activity by p53 implicate an
important role of CK2 during processes, which
generally inactivate cellular proliferation or
will eliminate damaged cells from a cell popu-
lation. It is an intriguing question if protein
kinase CK2 could participate in the decision
which determines cell fate for apoptosis or
further proliferation.
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