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ABSTRACT: The activity of the protein kinase (CK2) is enhanced in vitro by the binding of polyamines to
the CK2â regulatory subunit. The overexpression of ornithine decarboxylase (ODC), the rate-limiting
enzyme in polyamine biosynthesis, also elevates CK2 kinase activity in primary keratinocytes and tissues
of K6/ODC transgenic mice. In an effort to better characterize the mechanisms by which polyamines
may affect CK2 in vivo, we constructed a transfectable CK2 substrate cDNA consisting of the enhanced
green fluorescence protein appended with a canonical CK2 phosphorylation sequence (EGFP-S). In contrast
to unmodified EGFP, the EGFP-S protein was extensively phosphorylated by CK2, and this phosphorylation
was stimulated by the polyamine spermine in a dose-dependent manner. The in vivo phosphorylation of
EGFP-S was examined in cell lines which inducibly express either wild-type CK2 holoenzyme or a CK2
holoenzyme which contains activating mutations in the polyamine-binding region of its CK2â regulatory
subunit. Neither the overexpression of ODC in either cell line nor the mutation of the CK2â subunit
conferred an increase in CK2 kinase activity as measured by the in vivo phosphorylation of EGFP-S.
Rather, our data indicate that polyamines increase total CK2 kinase activity through increases in steady-
state levels of both CK2R and CK2â subunits. The overexpression of ODC resulted in a 3-fold increase
in steady-state levels of both exogenous and endogenous CK2 transcripts but did not increase the half-life
of wild-type or mutated CK2 protein. These data suggest that the regulation of intracellular CK2 by the
polyamines may occur through mechanisms distinct from the direct stimulation of CK2 by polyamines in
vitro as previously described.

Protein kinase CK2 is a pleiotropic serine/threonine protein
kinase present in the cell cytoplasm and nucleus of all
eukaryotic organisms (1). The CK2 tetrameric holoenzyme
is composed of two and sometimes three dissimilar sub-
units: twoR or R′ subunits of 38-44 kDa and twoâ subunits
of 24-29 kDa. CK2 holoenzyme formation occurs through
the initial dimerization of twoâ subunits and then subsequent
recruitment ofR or R′ catalytic subunits into the complex
(2), resulting in the formation ofR2â2, RR′â2, or R′2â2

tetramers (2, 3). The regulatoryâ subunit has been shown
to confer stability on the holoenzyme and also modulates
both the catalytic activity (4) and substrate specificity of
CK2R. To date, over 300 substrates of CK2 have been
identified (5). CK2 phosphorylation functionally modulates
the activities of proteins involved in a variety of biological
processes, including gene expression, transformation, and
apoptosis (5). A critical role for CK2 in cell viability is
supported by the lethality of CK2R knockouts in yeast (6).
In mammalian cells, microinjection of antisense oligonucle-
otides or antibodies against either theR or â subunits of
CK2 has been shown to cause mitotic arrest (7, 8).

CK2 activity is elevated in proliferating cells, and abnor-
mally high levels of CK2 have been observed in many human
cancers (9-12). CK2 phosphorylates and modulates the
activity of a number of proto-oncogenes and tumor suppres-

sors, including c-myc (13), p53 (14), and BRCA1 (15).
Overexpression of the CK2R catalytic subunit has been
shown to transform lymphocytes of transgenic mice and
accelerate the development of thymic lymphomas in mice
lacking p53 (16). Recent studies have demonstrated that CK2
also plays a role in apoptosis. CK2 phosphorylation prevents
the Caspase-mediated cleavage of several proapoptotic
proteins (17-20), and depletion of CK2 has been shown to
either induce apoptosis directly or sensitize tumor cells to
apoptosis induction (21-24), a strategy which is currently
under investigation as a potential means of antitumor therapy
(21, 25). These studies suggest that CK2 levels can dramati-
cally impact both cell survival and tumorigenesis and
underscore the need to elucidate those mechanisms by which
CK2 activity is itself modulated in vivo.

Although the precise mechanisms which modulate intra-
cellular CK2 activity still remain unclear, one group of
effector molecules that have been shown to modulate CK2
activity is the polyamines. These inorganic polycations are
indispensable for cell proliferation and differentiation (26,
27) and have been shown to stimulate the kinase activity of
isolated CK2 holoenzyme via their interactions with the
CK2â regulatory subunit. Polyamine synthesis is regulated
by the rate-limiting enzyme ornithine decarboxylase (ODC),
which catalyzes the synthesis of the diamine putrescine, a
precursor molecule to the longer chain polyamines, spermi-
dine and spermine. Like CK2, ODC activity and polyamine
levels are elevated in proliferating cells and tumors and can
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be upregulated by many of the same mitogenic stimuli (28,
29).

Affinity labeling studies with photactivatable spermine
analogues have revealed that the CK2â regulatory subunit
contains a polyamine binding domain which is localized to
an acidic stretch between amino acids 55 and 80 (30).
Electrostatic interactions between polyamines and several key
glutamic acid residues in this region (Glu 60, 61, 63) have
been found to be particularly important for the polyamine-
dependent stimulation of CK2 (31). Several studies indicate
that the CK2â acidic loop containing these residues normally
makes contact with a basic cluster on the CK2R subunit,
exhibiting an intrinsic negative regulation on CK2 acitivity
that is relieved upon polyamine binding and charge neutral-
ization (32, 33). The affinity of the polyamines for CK2 and
their effect on its activity directly correlate with the degree
of positive charge. The tetraamine spermine exerts the
strongest binding and activation of CK2 whereas the diamine
putrescine exhibits the least (31). Polyamines have also been
shown to negatively affect the phosphorylation of another
class of physiological CK2 substrates (notably calmodulin)
by displacing polybasic activators such as polylysine or
histones which compete for binding at the same residues (32,
34). The electrostatic neutralization which occurs between
either class of effector molecule and the CK2â subunit can
be mimicked by alanine substitution mutations at the relevant
glutamic acid residues. These mutations confer a basal kinase
activity toward both classes of substrates which is three to
four times that of the wild-type holoenzyme (35).

The autoinhibitory effect of the CK2â acidic loop on
CK2R activity can be partially overcome by an increase in
ionic strength. Polyamine-dependent CK2 activation at
physiological sodium or magnesium concentrations is re-
duced as the concentration of these salts increases (36), and
a high concentrations of either can stimulate CK2 activity
in the absence of polyamines (36, 37). The CK2â subunit
contains a high- and a low-affinity magnesium binding site,
the latter of which can compete with polyamines for binding
(36). Similarly, the decreased responsiveness of CK2 to
polyamines at higher sodium levels suggests that these
molecules may affect CK2 through overlapping mechanisms.
These findings have lent support to the idea that because
normal physiological concentrations of sodium and magne-
sium levels are suboptimal for maximal CK2 activity, the
polyamines may act as additional polycationic effectors in
vivo to confer maximal activity to the enzyme in a low ionic
strength environment.

We have previously demonstrated that CK2 kinase activity
is increased in both ODC-overexpressing keratinocytes and
in the skin of K6/ODC transgenic mice (38). The abrogation
of this response by the ODC inhibitorR-difluoromethylor-
nithine (DFMO) is in agreement with other studies demon-
strating a similar downregulation of CK2 activity in DFMO-
treated adult human keratinocytes (39) as well as xenotrans-
planted colorectal neoplasias (40). We also observed an
increased CK2 kinase activity in ODC-overexpressing cells
that appeared to be disconcordant with static levels of CK2
protein in the cytosol (38). Given that CK2 has been shown
to be activated by direct binding of the polyamines in vitro,
our data suggested that this may be a regulatory mechanism
for the intracellular regulation of CK2 as well.

In our present work, we examined the mechanism(s) by
which the polyamines increase CK2 kinase activity in vivo,
focusing particularly on the direct stimulation of CK2 activity
by interaction of the polyamines with the CK2â subunit. We
examined the effect of increased polyamine levels on the
activity of epitope-tagged CK2 tetramers containing wild-
type CK2â or a CK2â subunit in which activating glutamic
acid mutations (mimicking polyamine binding to CK2â) had
been introduced. The activity of wild-type CK2 tetramers
isolated from normal and ODC-overexpressing cells was
compared to determine their activities in isolated complexes.
We also examined the in vivo phosphorylation of a novel
EGFP-CK2 substrate reporter protein in cells expressing
either polyamine-stimulated wild-type or mutant CK2. The
overexpression of ODC did not result in hyperactive CK2
tetramers within the intracellular environment, nor did CK2â
mutations, which stimulate CK2 activity in vitro, increase
the in vivo phosphorylation of the CK2 substrate reporter.
Steady-state levels of both CK2 mRNA and protein were
elevated in ODC-overexpressing cells, suggesting that
polyamine-stimulated increases in CK2 activity in vivo are
mediated at the level of gene expression and are not the result
of a direct interaction with the CK2â subunit, as had been
previously demonstrated in vitro.

MATERIALS AND METHODS

Cell Culture.Ecr293 cells (Invitrogen) stably transfected
with the construct pVgRxR were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin, and 400µg/mL zeocin
(Invitrogen). For expression of CK2 holoenzyme, Ecr293
cells were transfected with the constructs pIND-CK2âWT/R
or pIND-CK2âEA/R using Lipofectamine 2000 (Invitrogen)
and selected with 400µg/mL G418 (Invitrogen). Clonally
selected cells were screened for inducible CK2 expression
by treating the cells for 24 h with either the inducing agent,
10 µM ponasterone (Invitrogen), or an equivalent volume
of ethanol vehicle and quantitating the level of Flag-tagged
CK2â protein in these lysates by immunoblot analyses.

pCXODC and pCXEGFP or pCXEGFP-S transfections
were performed by Lipofectamine-mediated transfection of
these constructs into clonally selected Ecr293 cells which
expressed an ecdysone-inducible CK2âWT/R or CK2âEA/R
holoenzyme. Ponasterone was added to the cells 4 h after
transfection, and cells were analyzed as indicated after 24 h
of ponasterone treatment. For radiolabeling with [32P]-
orthophosphate, cells were then rinsed three times with
phosphate-free DMEM (Biosource) and incubated with the
same medium for 1 h. After 1 h, the prelabel medium was
aspirated and fresh phosphate-free DMEM supplemented
with [32P]orthophosphate (300µCi/mL) was added to the
cells, which were further incubated for 2 h at 37°C. At the
end of the radiolabeling period, cells were again washed three
times with phosphate-free DMEM, and total soluble extracts
were prepared as described. Ponasterone was present at 10
µM in both the prelabeling and labeling media.

Half-life studies were performed by treating cells with 10
µM ponasterone for 24 h and then replacing the medium
with DMEM/10% FBS supplemented with 10µg/mL cy-
cloheximide. Extracts were prepared as described at the time
of cycloheximide administration and the indicated time
points.
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Cloning of cDNAs.The construct pIND-IRES was gener-
ated by digestion of the IRES sequence in pIRES (Clontech)
with NheI and XbaI restriction enzymes (Promega) and
ligating into the corresponding multiple cloning sites in the
ecdysone-inducible vector pIND (Invitrogen). cDNAs of
human CK2R and CK2â (a kind gift from H. Meisner) were
PCR amplified using the Platinum Taq polymerase (Invit-
rogen). Recombinant PCR was used to introduce glutamic
acid to alanine substitution mutations at codons 60, 61, 63,
73, and 77 of the human CK2â cDNA (denoted CK2âEA).
Both wild-type and mutant CK2â cDNAs were amplified
using the 5′ primer CACCGTCGCTAGCAGATCTTCGC-
CACCATGGACTACAAAGACGATGACGACAAGATG-
AGCAGCTCAGAGGAGGTG and the 3′ primer CCTATC-
CACGCTAGCTCAGCGAATCGTCTTGACTGG, which in-
troduced a Flag epitope at the 5′ end of CK2â. The CK2R
cDNA was amplified using the 5′ primer AGTAGTGGAGC-
TAGCATGGGGGGTTCTCATCATCATCATCATCATG-
GTATGTCGGGACCCGTGCCAAGC and the 3′ primer
CTGCAGTCAGCTAGCGGATCCTCAGGAGACAGAT-
AGGGCCGT, which added a 6×-His epitope to the 5′ end
of the CK2R sequence as well asNheI restriction sites at
both ends.NheI-cut CK2R was ligated into theXbaI site in
the second multiple cloning site of pIND-IRES.NheI
restriction sites engineered into the CK2â primers were used
to ligate the modified wild-type or mutant CK2â sequences
into the first multiple cloning site of pIND.

The EGFP-S CK2 substrate fusion protein was created
by PCR amplification of the enhanced green fluorescence
protein from the vector pEGFP-C1 using the forward primer
CCGCGAATTCTGCAGGTCGCCACCATGGTGAGCA-
AG and the reverse primers AGTGAATTC TTAGTCGTC
GTCGCTGTC GTCGTCCCT CCTCCTCTT GTACAGCTC
GTCCATGCC which appended the amino acid sequence
RRRDDDSDDD to full-length EGFP. The pCXODC con-
struct was created by PCR cloning of a murine ODC cDNA
(41) into theEcoRI site of the plasmid pCXEGFP, derived
from the plasmid pCAG (42). All PCR products were
sequenced to ensure the integrity of the cDNAs.

Extract Preparation.For total soluble cell lysates, cells
were rinsed twice with PBS and lysed in Tween buffer (50
mM Tris-HCl, pH 7.4, 0.1% Tween 20, 1 mM dithiothreitol)
supplemented with 2µg/mL freshly added aprotinin, leu-
peptin, and pepstatin, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, and 0.4 mM Pefabloc (Roche Diagnostics).
Extracts were further homogenized by passing through a
syringe needle after a 60 min incubation on ice. Extracts
were centrifuged at 14000g at 4 °C for 15 min, and the
supernatant was collected as the soluble fraction. For ODC
analysis, cells were rinsed twice in PBS, lysed in ODC assay
buffer (10 mM HEPES, pH 7.5, 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM dithiothreitol, 1µg/mL aprotinin, leupeptin,
and pepstatin, 0.2 mM PMSF, and 1 mM NaF). ODC activity
was assayed as described previously (38, 41, 43). Polyamine
levels were determined as previously described (41, 43) by
HPLC analysis of the dansylated products after overnight
extraction with 0.2 N perchloric acid.

Immunoprecipitation.To immunoprecipitate epitope-
tagged CK2 or EGFP-derived proteins, total soluble cell
extracts were diluted to 0.25 mg of protein/mL in a buffer
consisting of 50 mM Tris-HCl, pH 7.4, 0.1% Tween 20, 1
mM DTT, 2 µg/mL aprotinin, leupeptin, and pepstatin, 1

mM sodium fluoride, 1 mM sodium orthovanadate, and 0.4
mM Pefabloc. Lysates were precleared with a 20µL packed
bead volume of protein A or protein G agarose (Sigma) for
30 min. The lysates were then centrifuged, and the super-
natant fraction was transferred to a new tube and incubated
for 60 min with a 6×-His mouse monoclonal (Labvision),
an EGFP rabbit polyclonal (Clontech), or an agarose-
conjugated anti-Flag antibody (Sigma). Lysates incubated
with nonconjugated primary antibodies were further incu-
bated with protein A (rabbit) or protein G (mouse) agarose
beads for an additional 60 min. The beads were washed five
times in IP wash buffer (50 mM Tris-HCl, pH 7.4, 0.1%
Tween 20, 500 mM NaCl, 2µg/mL aprotinin, leupeptin, and
pepstatin, 1 mM sodium fluoride, 1 mM sodium orthovana-
date, and 0.4 mM Pefabloc). In experiments where recovery
of polyamine-bound CK2 was critical, NaCl was omitted
from the wash buffer. CK2 complexes were immediately
used in a casein phosphorylation assay. After the last wash
in IP buffer, EGFP immunocomplexes were washed twice
in either CK2 assay buffer orλ phosphatase buffer (New
England Biolabs) as noted. EGFP immunocomplexes were
either used directly in a CK2 phosphorylation assay or
dephosphorylated withλ phosphatase (New England Biolabs)
prior to phosphorylation with recombinant human CK2
(Calbiochem).

Immune Complex Kinase Assays. (A) Immunoprecipitated
CK2.CK2 holoenzyme was immunoprecipitated with Flag-
or His-directed antibodies as described. After the final wash
step, complexes were washed twice in CK2 assay buffer (10
mM Tris-HCl, pH 7.4), and radioactive phospholabeling of
casein substrate was initiated by the addition of radioactive
assay mix (10 mM Tris-HCl, pH 7.4, 0.3µg/µL casein, 1
mM MgCl2, 50 µM ATP, and 6µCi of [γ-32P]ATP) in a
final volume of 50µL. After 5 min, the kinase reaction was
stopped by the addition of 10µL of 6× SDS-PAGE sample
buffer (44) and boiled for 5 min prior to loading on an SDS-
PAGE gel. For polyamine-dependent CK2 kinase reactions,
the recovered immunocomplexes were divided into equal
aliquots and preincubated with either CK2 assay buffer or
CK2 assay buffer supplemented with 600µM spermine for
30 min prior to the addition of the radioactive assay mix
(300 µM spermine final concentration). The total reaction
volume was kept at 50µL in all cases.

(B) Immunoprecipitated EGFP-S CK2 Substrate.EGFP
or EGFP-S fusion protein was immunoprecipitated with anti-
GFP antibodies as described. After the final wash step,
complexes were washed twice in either CK2 reaction buffer
or λ phosphatase assay buffer (50 mM Tris-HCl, 0.1 mM
EDTA, 0.01% Brij 35, and 1 mM DTT). Immune complexes
that were dephosphorylated prior to CK2 phosphorylation
were then incubated with 1000 units ofλ phosphatase
enzyme (New England Biolabs) inλ phosphatase buffer
supplemented with 2 mM MnCl2 for 30 min at 34°C. After
dephosphorylation, immune complexes were washed twice
in CK2 assay buffer supplemented with 2 mM sodium
fluoride and sodium orthovanadate. CK2 phosphorylation
was carried out under the conditions described above, using
20 units of recombinant human CK2 (Calbiochem) per
reaction. For polyamine-dependent EGFP phosphorylation
analyses, the recovered immunocomplexes were equally
divided into three aliquots and subjected to phosphorylation
in reactions supplemented with either 0, 100, or 500µM
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spermine. After 5 min, the kinase reaction was stopped by
the addition of 10µL of 6× SDS-PAGE sample buffer (44)
and boiled for 5 min prior to analysis by SDS-PAGE,
immunoblotting, and autoradiography.

Immunoblotting and Autoradiography.Proteins from total
cell lysates or the supernatant fraction from boiled immu-
nocomplexes were separated by SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were stained with
Ponceau S (Sigma) to verify that equal levels of casein or
EGFP were present in CK2 phosphorylation reactions.
Membranes with radiolabeled protein were first dried and
exposed to a phosphor-sensitive screen for quantitative
analysis of autoradiographic data by the PhosphorImager
system (Molecular Dynamics). After collection of autorad-
iographic images, membranes were rewetted and blocked
with 5% nonfat dry milk in Tris-buffered saline (TBS) and
then probed with primary antibodies diluted in 0.1% Tween/
TBS. Antibodies used included anti-Flag M2 mouse mono-
clonal (Sigma), anti-His rabbit polyclonal (Labvision), or
anti-EGFP rabbit polyclonal (Clontech). Immunoblots were
developed using fluorochrome-conjugated secondary anti-
bodies (Rockland Immunochemicals; Molecular Probes) in
conjunction with the Odyssey infrared imaging system (LI-
COR). Relative band intensities were quantitated using
Odyssey-based software analysis of collected images.

RT-PCR Analysis.Total RNA was isolated from ponas-
terone-treated, mock- or ODC-transfected cells using Tr-
iReagent (Molecular Research Center, Cincinnati, OH). Two
micrograms of total RNA was reverse-transcribed using
Super Script II RNase H reverse transcriptase (Life Tech-
nologies, Gaithersburg, MD) and random hexamer primer
(Amersham Pharmacia Biotech) at 42°C for 1 h for cDNA
synthesis. The reverse transcription product was diluted 15-
fold in water, and 10µL of template was used for PCR.
PCR reactions were performed in a 50µL volume consisting
of 10 µL of template and 40µL of PCR master mix, which
included Red Pol polymerase (Gene Choice, Frederick, MD),
nucleotides, and primers for either the exogenous CK2
transcript or endogenous transcripts of CK2R or CK2â. Each
master mix was also supplemented with 3′-32P-end-labeled
primers for both GAPDH and the CK2 transcript of interest.
The reactions consisted of a 2 min initial denaturation (95
°C) followed by 30 cycles of denaturation (95°C, 30 s),
annealing (55°C, 30 s), and extension (72°C, 1 min)
followed by a final elongation step of 5 min at 72°C. Twenty
microliters of PCR products was electrophoresed on 2%
agarose gels, which were then dried and exposed to a
phosphor-sensitive screen for quantitative analysis by the
PhosphorImager system (Molecular Dynamics). Primers
against the human CK2R or CK2â mRNAs were designed
to span intron-exon borders in order to distinguish RTPCR
products from those of contaminating genomic DNA. A
constitutively expressed gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), was used as an internal control.
The specific primer pairs used were as follows: for GAPDH
(600 bp product), forward primer 5′-TGCTGAGTAT-
GTCGTGGAGTC-3′ and reverse primer 5′-AGTGGGAGT-
TGCTGTTGAAGT-3′; for CK2R (315 bp product), forward
primer 5′-CATGAGCACAGAAAGCTACG-3′ and reverse
primer 5′-AGCGTTCCCATCGCTTTCGA-3′; for CK2â
(434 bp product), forward primer 5′-CAGGTCCCTCAC-
TACCGACA-3′and reverse primer 5′-CAGCTGGTAGGC-

CATCGGAT-3′; for exogenous CK2â/CK2R single tran-
script (392 bp product), forward primer 5′-GCTACATC-
CTTACCAACCGT-3′ and reverse primer 5′-CCCTAGAT-
GCATGCTCGACG-3′.

RESULTS

Ecdysone-Inducible CK2 Constructs.To better characterize
the in vivo effects of the polyamines on the CK2 holoen-
zyme, stably transfected cell lines were created which
inducibly expressed both a CK2R catalytic subunit and either
a wild-type or mutant version of the polyamine-responsive
CK2â regulatory subunit (Figure 1). Utilization of an
ecdysone-inducible promoter allowed the establishment of
stable clones and circumvented the problem of CK2 down-
regulation seen in stable transfectants when exogenous CK2
expression was constituitively regulated (personal observa-
tion). Several key glutamic acid residues of CK2â have been
previously implicated in the interaction between this subunit
and the polyamines. The substitution of Glu 60, Glu 61, and
Glu 63 to alanine conferred an elevated basal activity to the
holoenzyme that was 4-fold that of wild-type CK2 (35).
These substituted residues have been shown to induce a
conformational change in the holoenzyme which constitu-
tively mimics that which occurs upon binding of polyamines
to the CK2â subunit. On the basis of identifiable interactions
between CK2â and a photoactivatable spermine analogue,
Glu 73 and Glu 77 have also been predicted to be likely
candidate residues for spermine binding (30). To determine
whether such mutations were able to affect the kinase activity
of CK2 in vivo, a CK2â mutant (CK2âEA) cDNA containing
alanine substitution mutations at all five residues (60, 61,
63, 73, and 77) was stably transfected into cells under the
control of an ecdysone-inducible promoter. The CK2â and
CK2R proteins were tagged with Flag and 6×-His epitope,
respectively.

Inducible Expression of CK2R andâ Subunits.HEK293
cells previously transfected with the VgRXR construct were
transfected with the inducible CK2 holoenzyme constructs
and subjected to selection. Several clones were isolated which
displayed tightly regulated, highly inducible CK2 expression
under the control of ponasterone, as analyzed by expression
of the exogenously expressed CK2â-Flag (Figure 2A).

FIGURE 1: Ecdysone-inducible expression of wild-type and mutant
CK2 holoenzyme. Wild-type or mutant CK2â subunits were
coexpressed with wild-type CK2R through the use of an incorpo-
rated internal ribosome entry site (IRES) sequence, which enabled
translation of CK2â and CK2R subunits from a single ecdysone-
inducible transcript. CK2â and CK2R cDNAs were modified to
express a Flag and 6×-His epitope at their respective carboxy
termini and introduced into the ecdysone-inducible plasmid pIND.
Each CK2â/CK2R pIND construct was transfected into cells which
stably expressed the transcription factors RXR and an ecdysone-
responsive VgECR-VP16 fusion protein (Ecr293, Invitrogen). Upon
administration of the ecdysone analogue ponasterone (P), these
transcription factors bound to five copies of a hybrid glucocorticoid-
ecdysone response element (G/ERE), stimulating transcription from
a minimal heat shock promoter (P∆HSP) and thus enabling the
expression of both CK2 subunits simultaneously.
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CK2âWT/R clones 4 and 5 and CK2âEA/R clones 1 and 5
were used for subsequent studies. Ponasterone titration of
both CK2âWT/R and CK2âEA/R clones was performed to
determine optimal concentrations which would yield similar
levels of expression (Figure 2B). Ponasterone at 10µM gave
maximal induction of both proteins and similar levels of
expression and was used for all further studies.

Kinase ActiVity of Exogenously Expressed CK2 Holoen-
zyme. Incorporation of both His-CK2R and Flag-CK2â
subunits into active CK2 complexes was verified by immu-
noprecipitation of these proteins with antibodies directed
against their respective epitope tags (Figure 3). CK2 kinase
activity of the immunocomplexes was then analyzed by a
casein phosphorylation assay. Immunoprecipitation of His-
CK2R or Flag-CK2â yielded active CK2 complexes in only
lysates from induced cells, again indicating the tight regula-
tion of exogenous CK2 expression. Antibodies directed
against the 6×-His tag immunoprecipitated active CK2
complexes, indicating that the 6×-His tag does not interfere
with the kinase activity of the active subunit. The incorpora-

tion of the exogenously expressed Flag-CK2â regulatory
subunit into the CK2 holoenzyme was demonstrated by the
associated CK2 kinase activity of anti-Flag immunocom-
plexes.

Due to its bulky nature, casein was utilized as a substrate
in preference to more specific CK2 substrates, as we and
others have noted that polyamine-dependent phosphorylation
of smaller molecules such as the canonical CK2 peptide
substrate RRRDDDSDDD did not occur at physiological
magnesium concentrations (31). It is unlikely, however, that
the kinase activity shown here is due to a kinase other than
CK2, as the exogenously expressed CK2 subunits in these
experiments were immunoprecipitated with epitope-specific
antibodies. Furthermore, this activity was only detectable in
immunoprecipitated material from ponasterone-induced,
transfected cells. No kinase activity was detected in immu-
noprecipitated material from ponasterone-treated parental
cells or from uninduced transfectants (data not shown).

Polyamine Stimulation of Exogenous CK2 Holoenzyme.
It has been previously demonstrated that binding of the
polyamines to the polyamine binding site of CK2â induces
a conformational change in the CK2 holoenzyme and
increases its kinase activity (31). The ability of polyamines
to increase the kinase activity of epitope-tagged CK2âWT/R
and CK2âEA/R holoenzyme complexes was examined by
performing immune complex kinase assays in the presence
or absence of 300µM spermine (Figure 4). Anti-Flag
antibodies were used to ensure that the immunoprecipitated
holoenzyme complex contained at least one of the CK2â
subunits of interest, since CK2â dimerization is a prerequisite
for proper assembly of the holoenzyme tetramer (45). The
phosphorylation of casein from these assays was quantitated
by phosphorimager analysis and normalized to the amount
of immunoprecipitated CK2 present in each reaction.
CK2âEA/R complexes exhibited a higher basal level of kinase
activity than did CK2âWT/R, and both forms of CK2 were

FIGURE 2: Inducible expression of CK2 in clonally selected cells. (A) Immunoblotting of CK2â-Flag in EcR293 stably selected clones.
EcR293 cells were stably transfected with pIND-CK2âWT/R or pIND-CK2âEA/R and screened for inducible expression of Flag-tagged
CK2â subunits. Each clonal population was treated with (+Pon) or without (-Pon) 10µM ponasterone for 24 h prior to harvest. Lysates
from ponasterone-treated, transiently transfected cells (T) and pooled clones (P) were used as a positive control for CK2â-Flag detection.
Lysates from cells transfected with empty pIND vector (IRES) were used as a negative control.âWT:1-9 andâEA:1,5 refer to individual
clone designations. (B) Ponasterone dose-response of CK2âWT/R and CK2âEA/R transfected stable clones. CK2âWT/R clone 4 (0) or
CK2âEA/R clone 5 (9) were treated for 24 h with 0, 2, 4, 6, 8, and 10µM ponasterone prior to harvest. Equal amounts of protein were
analyzed by immunoblot for Flag-CK2â expression.â-Actin levels were used as a normalization control. Relative levels of Flag-CK2â
were quantitated for each cell line by normalizing toâ-actin.

FIGURE 3: Incorporation of CK2R-His and CK2â-Flag into active
CK2 complexes. Ecr293 clones which inducibly expressed His-
tagged CK2R and Flag-tagged CK2â were incubated with or
without 10 µM ponasterone for 24 h prior to lysis. CK2 was
immunoprecipitated from each lysate using antibodies directed
against the 6×-His or Flag epitopes. Kinase activity of each
immunocompex was assayed by incubating each complex with
[γ-32P]ATP and dephosphorylatedR-casein. The reaction mixes
were then subjected to SDS-PAGE, blotted onto nitrocellulose,
and analyzed by autoradiography. Ponceau red staining of the
nitrocellulose was used to confirm equal quantities of the casein
substrate.
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stimulated by spermine. These data indicate that the presence
of the epitope tags do not affect the polyamine-mediated
stimulation of exogenously expressed CK2. The stimulation
of CK2âEA/R by spermine is in agreement with previous
studies in which CK2 holoenzymes containing similar
mutations of the CK2â subunit displayed an increased basal
kinase activity that was further increased upon addition of
spermine (31).

Effect of ODC OVerexpression on Kinase ActiVity of
Immunoprecipitated CK2 Holoenzyme.We have previously
demonstrated that CK2 kinase activity is elevated in both
ODC-overexpressing keratinocytes and in the skin of ODC
transgenic mice (38). It is unknown, however, whether the
elevation of CK2 kinase activity in ODC overexpressing cells
is the result of the interaction of polyamines with the CK2â
regulatory subunit. This elevation may also be an indirect
result of polyamine-driven signaling cascades, since recent
in vitro studies suggest that CK2 basal activity may be
increased by its interaction with activated signal transduction
proteins (46) or via its own phosphorylation on tyrosine
residues by other kinases (47). To address this question in
more detail, we examined the kinase activity of immuno-
precipitated CK2 from CK2âWT/R cells expressing normal
or elevated levels of ODC (Figure 5). We overexpressed a
truncated form of ODC which exhibits the same enzymatic
activity as wild-type ODC but is considerably more stable
(48), resulting in high levels of both ODC activity and
polyamine synthesis. pIND-CK2âWT/R stable cell lines were
transiently transfected with either control vector or ODC,
and exogenous CK2 expression was induced with ponaster-
one. The kinase activity of anti-Flag immunocomplexes was
analyzed by casein phosphorylation assay. To determine if
polyamines were able to stimulate CK2 from ODC-overex-
pressing cells to the same degree as CK2 from normal cells,
part of each immunocomplex was preincubated with 300µM
spermine prior to casein phosphorylation. This concentration
of spermine has been previously shown to maximally
stimulate kinase activity of immunoprecipitated CK2 (49).

CK2 activity of complexes from ODC-overexpressing cells
showed a 1.6-fold increase in kinase activity compared to
ponasterone-treated mock-transfected cells. Quantitation of

the Flag-CK2â and His-CK2R subunits recovered in these
complexes, however, reveals a similar increase (1.7-fold) in
protein levels between ODC- and mock-transfected cells.
These data suggest that the increased CK2 kinase activity
seen in immunocomplexes from ODC cells is the result of
increased levels of recovered CK2 protein. Furthermore,
when these values were analyzed by normalizing levels of
spermine-stimulated CK2 activity to those of basal activity
with respect to each source of CK2, spermine stimulated the
activity of CK2 from mock- and ODC-transfected cells to
the same extent (about 6.5-fold). This direct correlation
between spermine stimulation of activity with CK2 protein
level suggests that polyamines are not differentially affecting
the activity of the CK2 holoenzyme isolated from ODC-
overexpressing cells.

Characterization of a Recombinant EGFP Substrate for
in ViVo Analysis of CK2 Kinase ActiVity. A major caveat of
the in vitro analysis of polyamine-dependent biological
processes is the ample evidence which suggests that
polyamines are localized intracellularly to discrete pools (50,
51) that become diffuse upon cell lysis (52). Since CK2 itself
has been proposed to exist in distinct pools (53, 54), the lysis
of cells to examine CK2 activation by polyamines presum-
ably abrogates the compartmentalization of these molecules
and does not accurately reflect the true nature of this
interaction in vivo. To more accurately assess polyamine-
dependent modulation of CK2 in vivo, we developed a
plasmid which constituitively expressed a full-length en-
hanced green fluorescence protein (EGFP) fused to a
canonical CK2 consensus sequence (EGFP-S) (Figure 6A).
This approach has been used in the characterization and
large-scale bacterial expression of EGFP-based protein
substrates which contain consensus phosphorylation sites for
the kinases Src, c-abl, protein kinase CâII, or protein kinase
A (PKA) (55).

FIGURE 4: Effect of polyamines on the phosphorylation of casein
by epitope-tagged CK2 holoenzyme. Ecr293 parental cells were
transiently transfected with either pIND-CK2âWT/R (âWT/R) or
pIND-CK2âEA/R (âEA/R) constructs and treated with 10µM
ponasterone for 24 h prior to harvest. Anti-Flag immune complexes
from each lysate were divided into two equal fractions, and each
fraction was incubated in the absence (0) or presence (9) of 300
µM spermine for 30 min prior to kinase assay. Phosphorylation of
casein substrate by the immunocomplexes was analyzed by auto-
radiography, and relative phosphorylation values were normalized
to densitometric analysis of anti-Flag immunoblots of the same
membrane.

FIGURE 5: Polyamine-dependent activation of CK2 complexes
immunoprecipitated from mock- and ODC-transfected cells.
CK2âWT/R inducible cells (clone 4) were transfected with pCXODC
or empty vector control and induced with ponasterone prior to lysis.
pCXODC cells not treated with ponasterone were used as a negative
control. Immunoprecipitated anti-Flag-CK2 complexes from each
cell lysate were split into two equal fractions and incubated in CK2
assay buffer supplemented with 0 or 300µM spermine. Kinase
activity of each immunocomplex was then analyzed by casein
phosphorylation assay. Relative levels of exogenous CK2 subunits
present in each kinase reaction were determined by anti-His and
anti-Flag immunoblot of the same membrane used for autoradiog-
raphy. Quantitation of the immunoblots was performed using
Odyssey analysis software.
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We examined the ability of recombinant CK2 to phos-
phorylate unmodified EGFP or EGFP-S immunocomplexes
from transiently transfected cells (Figure 6B). Neither the
EGFP nor the EGFP-S protein was strongly phosphorylated
by CK2 when immunocomplexes were used directly in a
CK2 phosphorylation assay. However, the EGFP-S substrate
protein was strongly phosphorylated compared to EGFP
when the immunocomplexes were preincubated withλ
phosphatase prior to the kinase reactions. The requisite
dephosphorylation of EGFP-S for efficient phospholabeling
by recombinant CK2 in vitro suggests that EGFP-S is also
a substrate of endogenous CK2 in EGFP-S transfected cells.

Phosphorylation of EGFP-S by CK2 was further charac-
terized by examining the effects of the polyamines on CK2
phosphorylation of EGFP-S immunocomplexes (Figure 6C).
Equal fractions of dephosphorylated EGFP-S immunocom-
plexes were subjected to phosphorylation by recombinant
CK2 in the presence of spermine. Polyamine-dependent
stimulation of CK2 toward casein was used as a control for
increasing CK2 kinase activity. Phosphorylation of EGFP-S
increased with increasing spermine levels. The relative
increase in spermine-stimulated EGFP-S phosphorylation was
less than that ofR-casein, which may be accounted for by
the fact that phosphorylation of casein occurs on multiple
sites per molecule compared to a single site on EGFP-S.

In ViVo Analysis of ODC-Modulated CK2 Kinase ActiVity
Using a EGFP Recombinant Substrate.To better characterize

the in vivo effects of the polyamines on CK2 kinase activity,
we examined the phospholabeling of EGFP-S in transiently
transfected cells (Figure 7). The phosphorylation of the
EGFP-S substrate from CK2âEA/R cells was not increased
compared to that from CK2âWT/R cells (Figure 7A), indicat-
ing that mutations in the polyamine binding region of CK2â
are not sufficient to confer increased CK2 kinase activity in
vivo. Cotransfection of the pCXODC plasmid increased ODC
activity nearly 2 orders of magnitude over that of control
transfectants (Figure 7B) and increased EGFP-S phospho-
rylation in both CK2âWT/R and CK2âEA/R cells. An analysis
of Flag-CK2â levels from whole cell lysates revealed that
this increase is most likely due to increased levels of CK2
protein and not to an activation of the CK2 holoenzyme with
increased polyamines. The phosphorylation of the EGFP-S
substrate protein appears to be dependent on the presence
of the CK2 substrate sequence, since an analysis of the in
vivo phosphorylation of untagged EGFP revealed that EGFP
alone is not appreciably phosphorylated in transfected cells
with either normal or high levels of ODC activity (data not
shown). An analysis of polyamine levels in ODC-overex-
pressing cells revealed dramatic increases in putrescine, with
only moderate changes (2-4-fold) in the levels of the longer
chain amines spermidine and spermine (Figure 7C). This
pattern of polyamine accumulation is in agreement with our
previous analyses of polyamine levels in ODC-overexpress-
ing keratinocytes (38).

Effect of ODC on the Stability of Wild-Type and Mutant
CK2â Subunits.It has been demonstrated that the autophos-
phorylation of three key serine residues of the CK2â
regulatory subunit protects the protein from ubiquitination
and proteasomal degradation (56). Since CK2â levels were
increased in ODC-overexpressing cells, we used cyclohex-
imide treatment of CK2-overexpressing cells to determine
if this increase could be accounted for by polyamine-
dependent effects on stability (Figure 8). Mock- or ODC-
transfected cells were induced with ponasterone to express
wild-type or mutant CK2 tetramers, and then total cell lysates
were prepared at various time points after treatment with
cycloheximide. Neither the mutation of the CK2â subunit
nor the overexpression of ODC conferred increased stability
to the CK2â subunit. In fact, we observed a slight reduction
in half-life of CK2â (for both wild type and mutant) in cells
with elevated levels of polyamines.

Effect of ODC on Steady-State LeVels of CK2 mRNAs.To
determine if the polyamine-dependent increases in steady-
state levels of CK2 were the result of increased transcription,
mock- or ODC-transfected cells were induced with ponas-
terone to express wild-type CK2 holoenzyme. Levels of the
exogenous CK2 transcript as well as endogenous CK2R and
CK2â transcripts were analyzed by semiquantitative RTPCR
(Figure 9). Exogenous CK2R and CK2â transcript levels are
representative from a single PCR reaction since they were
both expressed from a single transcript. ODC overexpression
caused a 3-fold increase in the levels of all CK2 transcripts
analyzed, while causing only nominal changes in the GAPDH
transcript used as a normalization control.

DISCUSSION

Despite the many reports which have characterized the
polyamine-dependent stimulation of CK2 in vitro, the

FIGURE 6: Characterization of a novel, artificial in vivo CK2
substrate. (A) Design of EGFP-CK2 substrate. A canonical CK2
phosphorylation sequence was added to the carboxy terminus of
full-length enhanced green fluorescence protein (GFP) and consti-
tuitively expressed under the control of a chickenâ-actin promoter.
(B) In vitro phosphorylation of EGFP-CK2 substrates by CK2.
Ecr293 cells were transiently transfected with the pCX plasmid
expressing either untagged EGFP (pCXEGFP) or full-length EGFP-
CK2 substrate (pCXEGFP-S). EGFP protein was immunoprecipi-
tated from each cell lysate with anti-GFP antibodies, and immu-
nocomplexes were incubated in the presence (+λ) or absence (-λ)
of λ protein phosphatase. After several washes, the complexes were
then incubated with [γ-32P]ATP and purified CK2 holoenzyme. The
reaction mixes were then analyzed by SDS-PAGE and autorad-
iography. (C) Polyamine-stimulated phosphorylation of EGFP-CK2
substrate proteins. EGFP-S protein was immunoprecipitated from
the same whole cell lysates as in (B) with anti-EGFP antibodies.
Immune complexes were divided into equal thirds and phospho-
rylated with purified CK2 holoenzyme and [γ-32P]ATP in the
presence of 0, 100, or 500µM spermine. DephosphorylatedR-casein
was also phosphorylated in the same manner as a positive control
for polyamine stimulation of CK2 kinase activity. Phosphorylation
of EGFP-CK2 substrate andR-casein was determined by SDS-
PAGE and autoradiography. Equal recovery of EGFP proteins for
each reaction set was verified by Ponceau staining of nitrocellulose
membranes (data not shown).
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mechanisms of CK2 activation by polyamines in vivo have
only now been addressed. Utilizing an EGFP-CK2 substrate
whose phosphorylation by CK2 can be analyzed in trans-
fected cells, we examined the role of the polyamines and
the polyamine binding region of the CK2â regulatory subunit
in the polyamine-dependent activation of CK2. Our results
indicate that although polyamines do increase steady-state
levels of both CK2R and CK2â subunits in the cell, neither

activating mutations in the polyamine binding region nor the
presence of increased polyamines (due to a dramatic increase
in ODC activity) is sufficient to confer activation of CK2 in
vivo. Rather, the increase in protein may be the result of
increased transcription, as the overexpression of ODC
increased steady-state levels of both exogenous and endog-
enous CK2R and CK2â mRNAs.

Our initial analysis of epitope-tagged CK2 tetramers
immunoprecipitated from normal and ODC-overexpressing
cells showed that increased levels of intracellular polyamines
do not lead to any modification of wild-type CK2 which
confers suprabasal kinase activity. This is perhaps not
surprising, given that very few studies have been able to
demonstrate increased CK2 kinase activity as the result of
phosphorylation of the enzyme (47, 53). ODC overexpression
did cause an increase in a second, higher molecular weight

FIGURE 7: In vivo CK2 kinase activity of wild-type and mutant CK2 holoenzyme complexes in ODC-overexpressing cells. (A) Phosphorylation
of EGFP-S in CK2- and/or ODC-overexpressing cells. pIND-CK2âWT/R and pIND-CK2âEA/R inducible clones were transiently transfected
to constituitively express either the EGFP-S CK2 substrate alone or EGFP-S and ODC. Ponasterone-treated, transfected cells were radiolabeled
with [32P]orthophosphate, and EGFP-S was immunoprecipitated from total cell lysates. Immunocomplexes were analyzed by SDS-PAGE
and autoradiography. Total cell lysates were also analyzed for expression of Flag-CK2â andâ-actin. Densitometric analysis was performed
by molecular dynamics phosphorimager or Odyssey analysis software. [32P]GFP relative phosphorylation was normalized to recovered
protein levels. (B) ODC activity in pCXODC- or mock-transfected CK2-expressing cells from (A). After transfection, each transfectant
population was split into two dishes of equal density, and the population not used for radiolabeling was analyzed for ODC activity as
described in Materials and Methods. ODC activity is expressed as nanomoles of14CO2 released per hour per milligram of protein. Values
shown are the means of duplicate experiments. (C) Polyamine levels in pCXODC- or mock-transfected CK2-expressing cells. pIND-
CK2âWT/R cells were transiently transfected with a pCX-derived control plasmid or pCXODC, induced with 10µM ponasterone, and
harvested for polyamine analysis after an additional 24 h. Polyamines are expressed as picomoles per milligram of DNA. Put denotes
putrescine, Spd, denotes spermidine, and Spm denotes spermine. Values shown are the means of duplicate experiments.

FIGURE 8: Effect of ODC overexpression on steady-state levels of
CK2â in cycloheximide-treated cells. pIND-CK2âWT/R (0, #) and
pIND-CK2âEA/R (", 9) clones were transiently transfected with
either a pCX-derived control vector (0, ") or pCXODC (#, 9)
and induced with 10µM ponasterone for 24 h. Fresh medium
containing ponasterone and 100µg/mL cycloheximide was added
to the cells, and total cell lysates were prepared at 0, 2, 4, 6, and
8 h after cycloheximide administration. Lysates were analyzed by
SDS-PAGE and western blot against Flag-tagged CK2â. Protein
levels were quantitated and normalized to initial protein level at
the time of cycloheximide administration. Results shown are percent
of protein remaining at each time point compared to control.

FIGURE 9: Effect of ODC overexpression on steady-state levels of
CK2 mRNA. pIND-CK2âWT/R clones were transiently transfected
with either a pCX-derived control vector or pCXODC and induced
with 10 µM ponasterone for 24 h. At this time, total RNA was
isolated from these cells, and cDNA was prepared from each sample
for semiquantitative PCR analysis. PCR reactions containing
uniform quantities of32P-end-labeled primers were performed to
analyze relative levels of the following transcripts: endogenous
CK2R, endogenous CK2â, and the exogenous single transcript
which encoded both wild-type CK2â and CK2R cDNAs. Signal
strength of each band was detected by phosphorimager analysis,
and the signal strength of the band from ODC-overexpressing cells
was normalized to that present in the control vector for each product.
Radiolabeled primers for GAPDH were also included in each PCR
reaction to verify that equal amounts of cDNA were used in each
reaction.
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band recognized by an antibody directed against the CK2R
hemagglutinin (HA) epitope (Figure 5). Such a mobility shift
has been documented when CK2a is phosphorylated by the
p34cdc2 kinase in mitotic cells and may be important for the
modulation of CK2R toward topoisomerase IIR by the
peptide prolyl isomerase 1 (Pin1) (57). CK2 kinase activity
was increased in immunocomplexes from ODC-overexpress-
ing cells compared to those from normal cells; however, this
increase directly paralleled the levels of immunoprecipitated
CK2 subunits present in each reaction. Thus, it is also
unlikely that, under these conditions, polyamines were
directly interacting with CK2 to confer increased activity
since polyamine-activated CK2 would be expected to exhibit
an increased activation that was disproportionate to CK2
protein levels.

To more thoroughly address the intracellular effects of
polyamines on CK2 activation, we transiently expressed an
EGFP-based CK2 substrate protein (EGFP-S) whose phos-
phorylation by CK2 in vivo could be monitored prior to cell
lysis. Unlike many of the canonical CK2 substrates such as
B23, topoisomerase IIR, and nucleolin (58-60), which are
phosphorylated by multiple kinases, the EGFP-CK2 fusion
protein contains only a canonical consensus site for CK2
phosphorylation. The EGFP-S protein can also serve as an
indicator of both cytoplasmic and nuclear CK2 activity since
both EGFP and EGFP-S localize to both compartments of
the cell (ref54and personal observation). Most importantly,
CK2-mediated phosphorylation of the EGFP-S protein in
vitro was stimulated by increasing levels of polyamines. This
is in agreement with Leroy and others who have demon-
strated that larger protein substrates require a conformational
shift in the CK2 holoenzyme which occurs upon polyamine
simulation, but that access of smaller molecules, such as the
canonical CK2 peptide, to the active site is not sterically
hindered and therefore unaffected by polyamine levels (31).

The in vivo phosphorylation of the EGFP-S CK2 substrate
from cells overexpressing wild-type or mutant CK2 tetramers
indicates that activating mutations in the polyamine binding
site of CK2â are insufficient to confer increased phospho-
rylation of this substrate in vivo.

Although phosphorylation of EGFP-S was increased in
ODC-overexpressing cells regardless of the CK2â subunit
expressed, this phosphorylation could be accounted for by
similar increases in CK2 holoenzyme, as evidenced by a
1.2-1.5-fold increase in CK2â levels. This is in agreement
with immune complex kinase assays showing similar in-
creases in both CK2 activity and CK2 protein levels in ODC-
overexpressing cells. It has been demonstrated by Marin et
al. (61) that the EGFP-S CK2 consensus site is a weak
substrate for casein kinase 1 (CK1). Phosphorylation by CK1
seems unlikely to completely account for the polyamine-
dependent phosphorylation of EGFP-S, however, as CK1
displayed an in vitro efficiency of phosphorylation toward
the peptide version of the CK2 substrate that was an order
of magnitude less than that of CK2 (61). In vivo increases
in EGFP-S phosphorylation were accompanied by propor-
tional increases in levels of CK2 subunits. The increase in
steady-state levels of CK2â protein, however, was not the
result of increased half-life, since the overexpression of ODC
did not increase steady-state levels of CK2â in cyclohex-
imide-treated cells.

Although a number of in vitro studies suggest that
polyamines may directly bind to CK2 to increase kinase
activity, our results suggest that the in vivo effect of
polyamines on CK2 activity is chiefly accounted for by an
increase in steady-state levels of both CK2R and CK2â
transcripts as well as CK2 protein. The polyamine-dependent
expression of CK2 is not surprising, since polyamines are
known to modulate expression of a number of genes through
their effect on nucleic acid structure which can affect multiple
aspects of both transcription and translation (62).

The apparent discrepancy between the many reports of
polyamine-dependent CK2 activation in vitro and the lack
of increased phosphorylation of EGFP-S which we observed
in ODC-overexpressing cells may be due to several unique
aspects of polyamine metabolism that are not accurately
accounted for by in vitro kinase assays. Perhaps the greatest
contributor to a lack of in vivo activation of CK2 is that the
polyamine species which accumulated to the greatest degree
in ODC-overexpressing cells was putrescine, accounting for
80-90% of the increase in total polyamine levels. Levels
of spermine, the most potent polyamine activator of CK2,
increased only 4-fold. The diamine putrescine has the
weakest affinity for the polyamine binding site of CK2 and
thus stimulates its casein kinase activity to the least extent.
It is almost completely unable to diplace polybasic effectors
which bind to the same site on CK2â and stimulate the
“calmodulin kinase” activity of CK2 (34).

The large fluctuations in putrescine levels, with much
lesser changes in spermidine and spermine levels, are typical
results of perturbations in ODC activity (38, 63, 64) and are
a reflection of the numerous regulatory mechanisms which
exist within the cell to maintain appropriate polyamine
homeostasis. Polyamine overaccumulation can be tempered
by catabolic enzymes, including the tandem of N1-spermi-
dine/spermine acetyltransferase (N1-SSAT) and polyamine
oxidase (65, 66), as well as by export mechanisms for both
acetylated longer chain amines and putrescine (67). It should
be noted that both ODC and the N1-SSAT proteins can be
phosphorylated by CK2 (68, 69); however, phosphorylation
by CK2 does not appear to alter the enzymatic activities of
either enzyme (70, 71). Although phosphorylation of ODC
has been associated with increased stability, mutation of
serine 303, the identified CK2 phosphorylation site on ODC,
did not alter ODC turnover in mammalian cells (70). We
expect that the phosphorylation is unlikely to influence levels
of ODC in our studies, since we utilized an ODC which has
already been stabilized by deletion of the PEST domain (48),
and the stability of ODC that is offered by phosphorylation
has been shown to be minimal in comparison (48, 72).

A second factor unique to polyamine metabolism that may
contribute to the lack of direct activation by CK2 in vivo is
the distinct compartmentalization of polyamines within the
cell. Studies of spermine distribution in liver suggest that as
much as 90% of total intracellular polyamines may exist
bound to RNA and the rest bound to DNA, ATP, and
phospholipids (51). Less than 1% of total intracellular
spermine was estimated to exist as a free species. This is in
accordance with more recent immunoelectron microscopy
studies demonstrating that polyamines in neurons are chiefly
localized at both free and attached ribosomes of the rough
endoplasmic reticulum (73). By this method, polyamines
were found to be abundant in the cytoplasm of both neuronal
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and neoplastic cells but were not detected in the nucleus (73,
74). In contrast, CK2R andâ subunits are primarily localized
to the nucleus (75, 76). CK2 subunits have also been found
to exist in both fast- and slow-moving pools, potentially
reflecting the association of a subpopulation of CK2 with
chromatin or nuclear matrix proteins (54). Nonnuclear CK2
may also be localized to specific sites, as CK2 has been found
in association with membranes, cytoskeletal proteins, mito-
chondria, and extracellular substrates (53). Local polyamine
concentrations within each compartment of the cell may not
be sufficient to confer increased CK2 activation in vivo.

Polyamine compartmentalization may not be entirely
responsible for this lack of activation, however, since
overexpression of CK2 tetramers containing the CK2â
mutant, engineered to mimic constituitively bound polyamines,
was also unable to direct increased phosphorylation of the
EGFP-S substrate compared to wild-type CK2. This may be
accounted for by a limiting amount of holoenzyme formation.
Several recent studies have led to the proposal that the
formation of CK2 holoenzyme complexes is much more
dynamic than previously thought (53, 54). Free populations
of CK2â have been found within cells (75, 77), and CK2â
appears to have several biologically relevant functions that
do not rely on its association with CK2R (29, 78, 79). There
is also evidence that a subpopulation of CK2R may also exist
as a free form outside the tetrameric complex. Each subunit
has been shown to independently translocate to the nucleus,
a process that is downregulated upon formation of the
holoenzyme tetramer (54). The polyamine-dependent stimu-
lation of CK2 kinase activity is directly dependent on the
formation of a holoenzyme tetramer and would have little
effect on free CK2R subunits. In such a scenario, neither
mutation of the polyamine binding site nor increases in
polyamine levels would confer increased CK2 activity in
vivo. This would also account for the fact that EGFP-S
phosphorylation did reflect total CK2 protein levels in the
cell but did not reflect the increased in vitro basal activity
of the constituitively active CK2 mutant tetramer.

This work represents the first in vivo examination of the
activation of CK2 by polyamines using a novel specific
indicator of intracellular CK2 kinase activity. Although CK2
does not appear to be directly affected by polyamine levels
in vivo, a large body of literature suggests that the activities
of CK2 in the intracellular environment are no doubt
influenced by such factors as subunit localization and
trafficking, dynamics of holoenzyme assembly, ionic strength,
and other protein-protein interactions. Despite the progress
that has been made in elucidating the various functions of
CK2, the mechanisms which underlie its own regulation
within the cell are yet to be clearly defined. The EGFP-S
substrate will allow a more accurate evaluation of both
natural and synthetic modulators of CK2 activity in vivo,
without the introduction of cell lysate-based artifacts, and
should be particularly useful in this effort.
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