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Abstract

The physiological significance of the casein kinase 2 (CK2)-mediated phosphorylation of type I cAMP-dependent protein kinase
(PKAIIa) and free type II regulatory (R) subunit (RIla) on their activities was mainly investigated in vitro. In these experiments,
[y-?P]GTP was used as a phosphate donor for the CK2-mediated phosphorylation of free RITa and PKAIlx (bovine heart) in vitro.
It was found that: (i) CK2 phosphorylated only threonine (Thr)-residues of free RIIo. and phosphorylated preferentially Thr-
residues of the R subunit (RI1a) of PKAIIa (PKA RIlw) in vitro; (ii) this phosphorylation was selectively inhibited by quercetin (an
CK2 inhibitor); and (iii) the phosphorylation of free RIIa by CK2 resulted in the reduction of its suppressive effect on the activity
(phosphorylation of histone H2B) of the catalytic (C) subunit and in the reduction of its ability to form a complex with the C subunit
in vitro. As expected, the activity of PKAIla was approx. 3.5-fold enhanced after its R subunit was fully phosphorylated by CK2 in
vitro. cAMP synergistically stimulated the activity of PKAIla phosphorylated by CK2 in vitro. These results strongly suggest that
CK2 may be a protein kinase responsible for the activation of PKAIla through specific phosphorylation of its R subunit at the

cellular level.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Type 11 cAMP-dependent protein kinase; Casein kinase 2; Specific phosphorylation of regulatory subunit; Activation of PKAIla

It 1s well known that CK2, a cAMP-, cGMP-, and
Ca’*/phospholipid-independent serine (Ser)/threonine
(Thr)-protein kinase, plays important roles in the regu-
lation of DNA replication, transcription, and cell pro-
liferation through specific phosphorylation of their
regulatory mediators in vitro and in vivo [1,2]. We have
reported that: (i) CK2 mediates the stimulation of the
activities of several glycyrrhizin (GL)-binding enzymes,
such as soybean lipoxygenase 3 [3], secretory type I1IA

* Abbreviations: PKA, cAMP-dependent protein kinase; C subunit,
catalytic subunit; CK2, casein kinase 2; DTT, dithiothreitol; PKAI,
type I PKA; PKALII, type II PKA; R subunit, regulatory subunit; Rla,
a-isoform of the type I R subunit; RIla, a-isoform of the type II R
subunit; RIIB, B-isoform of the type II R subunit; SDS-PAGE,
sodium dodecyl sulfate—polyacrylamide gel electrophoresis.

* Corresponding author. Fax: +81-42-778-8863.

E-mail address: ken@medcc.kitasato-u.ac.jp (K. Ohtsuki).

0006-291X/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2003.09.006

phospholipases A, purified from the synovial fluids of
patients with rheumatoid arthritis [4], and two HIV-1
enzymes (reverse transcriptase [5] and protease [6]) in
vitro and (i) the CK2-mediated extreme phosphoryla-
tion of a 98kDa nucleolin-like DNA-binding protein
(p98) is involved in the initial stages of proliferation of T
cells induced by interleukin 2 [7] and in the fertilization
of sea urchin eggs [8,9].

Furthermore, it has been reported that CK2 can
phosphorylate the regulatory (R) subunit of PKAII [10-
12], p34°d-2_kinase [13], insulin receptor tyrosine (Tyr)-
kinase [14], insulin growth factor-II (IGF-II) receptor
Tyr-kinase [15], and cyclin-dependent protein kinase II
[16] in vitro and in vivo. The PKA holoenzyme (R,C,) is
a tetramer consisting of a dimer R subunit and two
monomeric C subunits. The R subunit of PKA can be
classified as type I or II based on its amino acid sequence
[17]. Functionally, type I and II PKAs (PKAI and
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PKAII) can be distinguished readily on the basis of their
potentials for autophosphorylation: PKAII contains
autophosphorylation sites on its R subunit (RII), while
PKAI is not autophosphorylated [17]. There are four R
subunit genes (Rlo, RIf, Rlla, and RIIB) and three C
subunit genes (Co, Cf, and Cy) in mammals [18,19]. The
Rlo gene is expressed in most tissues [20] and the RIla
isoform comprises more than 90% of the protein kinase
and is found as a soluble enzyme in bovine tissues, such
as heart, liver, and skeletal muscle [21,22]. Although it
has been reported that CK2 phosphorylates only Ser-
residues (Ser-74 and Ser-76) on the R subunit (RIla) of
PKAIlo (PKA Rlla) in vitro [10,11], the physiological
significance of this phosphorylation on the activity of
PKAIlo remains to be elucidated.

In this paper, we describe: (i) the phosphorylation
kinetics of free RIla and the RIla of PKAIla (PKA
RIla) by CK2 in vitro; (ii) characterization of quercetin
as a potent selective inhibitor for the CK2-mediated
phosphorylation of free Rlla in vitro; and (iii) the
physiological significance of the CK2-mediated phos-
phorylation of free RIla and PKAIla on their activities
in vitro.

Materials and methods

Chemicals. [y->P]GTP (3000 Ci/mmol) and [y->>P]JATP (3000 Ci/
mmol) were obtained from Amersham-Pharmacia Biotech. (Arlington
Heights, USA); dithiothreitol (DTT) and quercetin (3,3',4',5,7-penta-
hydroxyflavone) were from Sigma Chemical (St. Louis, USA); anti-
PKA C subunit and anti-RIla sera were obtained from BD Bioscience
(New York, USA).

Protein kinases. Purified PKA C subunit (specific activity: 83 U/ug
protein) and free RIlo (inhibitory activity: 83 U/ug protein) were ob-
tained from Sigma Chemical (St. Louis, USA). Recombinant human
CK2 (rhCK?2) [a heterodimer of a,f,; specific activity: 400 kU/mg
protein using a peptide substrate (RRREEETEEE) per minute at 30 °C
at pH 7.5] was obtained from Biomol Research Laboratories (Plym-
outh Meeting, PA, USA). Both PKAla and PKAIla were further
purified from the commercial PKA preparation (bovine heart muscle)
using a Mono Q HPLC column, as previously reported [23].

Phosphorylation of free RIlo, PKAlx, and PKAIlx by CK2 in vitro.
To phosphorylate free RIIa and two PKAs (PKAIa and PKAIla) by
CK2 in vitro, they (approx. 3 pg each) were separately incubated for
30min at 30 °C in reaction mixtures comprising 40 mM Tris—HCI (pH
7.4), CK2 (approx. 50ng), 1mM DTT, 3mM Mn?**, and 5uM [y-
2P]GTP (500 cpm/pmol). **P-Labeled RIlo (p55) or two distinct R
subunits (RIo and RIlo) of PKAIo and PKAIla in the reaction mix-
tures were detected by autoradiography after SDS-PAGE, as reported
previously [3-6,23].

Assay for the activities of PKAlo, PKAlla, and the C subunit of

PKA in vitro. The activities (phosphorylation of histone H2B) of
PKAIo, PKAIlo, and the free C subunit of PKA (bovine heart
muscle) were separately assayed at 30°C in reaction mixtures
comprising 40 mM Tris—HCI (pH 7.4), either PKAla, PKAIla or the
C subunit (approx. 20ng each), 5pM [y->P]JATP (500 cpm/pmol),
ImM DTT, 10mM Mg>*, and 3pug histone H2B (substrate).
2P_Labeled histone H2B in the reaction mixtures was detected by
autoradiography after SDS-PAGE, as reported previously [23]. The
activities of both PKAIa and PKAIla were separately measured in
the absence of cAMP.

Results

Phosphorylation of free RIlo and PKA Rilo. by CK2
in vitro

To confirm the phosphorylation of free RIla and the
RIla of PKAIla (PKA RIla) by CK2 in vitro, either
purified RI1a or PKAIIa (bovine heart) was incubated
with CK2 and 5pM [y-**P]GTP (500 cpm/pmol) in the
presence or absence of 50 uM ATP, heparin (a CK2
inhibitor) or poly-Arg (a CK2 activator) in vitro. Both
RIla (lane 3) and PKA RIla (lane 4, Fig. 1A) were
phosphorylated by CK2 in vitro, as it has been reported
[10-12]. The CK2-mediated phosphorylation of free
RIlo was completely inhibited by 50 uM ATP (lane 2),
heparin (lane 3) or poly-Arg (lane 4, Fig. 1B). Under the
given experimental conditions, CK2 phosphorylated
only the Thr-residues on RIIa (lane 1) and phosphory-
lated Thr in preference to Ser in PKA RIla (lane 2,
Fig. 1C).

The CK2-mediated phosphorylation of free RIla in-
creased time-dependently up to 60min at 30°C and

A
MW (kDa)1 2 3 4
116 _] B
gg: MW kDa)1 2 3 4
s (<p55 "
5_
45— 97.—
66 1
C 1 2 3 - <pss
45
-4 P-Tyr
& <«P-The
W - P-Ser

Fig. 1. Phosphorylation of free RIlo. and the R11o of PKAIIa by CK2
in vitro. (A) Purified bovine heart RIIoe or PKAlla (approx. 3 pg each)
was incubated with CK2 (approx. 50ng) in reaction mixtures com-
prising 40mM Tris-HCI (pH 7.8), 5uM [y-**P]JGTP (500 cpm/pmol),
3mM Mn?*, and 1mM DTT. After incubation for 30 min at 30°C,
32P-labeled RIIa (p55) or Rlla (p55) of PKAIla in the reaction mix-
tures was detected by autoradiography after SDS-PAGE. Lane 1,
RIla alone; lane 2, PKAIla alone; lane 3, RIlao+ CK2; and lane 4,
PKAIla+ CK2. (B) Purified RIla (approx. 5U) was incubated with
CK2 (approx. 50 ng) in reaction mixtures comprising 40 mM Tris—HCl
(pH 7.8), 5uM [y-?P]GTP (500 cpm/pmol), 3mM Mn>**, and 1 mM
DTT. After incubation for 30 min at 30 °C in the presence (lane 2) or
absence (lane 1) of 50 uM ATP, poly-Arg (0.2 pug, lane 3) or heparin
(0.2 pg, lane 4), **P-labeled RIla (p55) in the reaction mixtures was
detected by autoradiography after SDS-PAGE. (C) *>P-Labeled RIla,
PKAIla, and a-casein were separately hydrolyzed in 6 N HCl at 110°C
for 120 min. After the mixtures were applied on a cellulose TLC-plate,
2P_labeled amino acids on the plate were separated by TLC and de-
tected by autoradiography. Lane 1, RIlo; lane 2, PKAIla; and lane 3,
a-casein. Arrows indicate the positions of phosphotyrosine (P-Tyr),
phosphothreonine (P-Thr), and phosphoserine (P-Ser), visualized by
ninhydrin staining.
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Fig. 2. (A) The kinetics of the CK2-mediated phosphorylation of free
RIla in vitro. Purified RIlo (approx. 5U) was incubated with CK2
(approx. 50ng) in reaction mixtures, as described in Fig. 1A. (Inset)
After incubation for the indicated periods (0-240min) at 30°C, *P-
labeled RIlo (p55) in the reaction mixtures was detected by SDS-—
PAGE followed by autoradiography. The autoradiogram was scanned
with a spectrophotometer. 100% represents the phosphorylation of free
RIla by CK2 for 180 min. RIla incubated with (O) and without CK2
(®). (B) The inhibitory effect of quercetin on the CK2-mediated
phosphorylation of RIIa and on the activity of the C subunit in vitro.
The inhibitory effect of quercetin on the CK2-mediated phosphoryla-
tion of free RIlo and on the activity of the C subunit in vitro was
separately determined. After incubation (30 min at 30 °C) in the pres-
ence of the indicated doses of quercetin, *?P-labeled RIla (p55) in the
reaction mixtures was determined, as described in B. The autoradio-
gram was scanned with a spectrophotometer. 100% represents the rate
of CK2-mediated phosphorylation of RIla determined in the absence
of quercetin. (@) Effect of quercetin on the PKAII activity and (O)
effect of quercetin on the phosphorylation of RIla by CK2.

reached a plateau within 180 min (Fig. 2A). The CK2-
mediated phosphorylation of RIla was inhibited by
quercetin (IDsy =approx. 30nM), but a high dose
(IDsp = approx. 20 uM) was required to inhibit the ac-
tivity of the C subunit in vitro (Fig. 2B). A similar in-
hibitory effect of quercetin on the activity of PKAIla
was observed in vitro (data not shown).

Effect of the CK2-mediated phosphorylation of free RIlo.
on the activity of the C subunit in vitro

As reported previously [23], free RIla suppressed the
activity (phosphorylation of histone H2B) of the C
subunit in a dose-dependent manner (Fig. 3A). On the
basis of the above two experimental results (Figs. 2B
and 3A), the physiological effect of the CK2-mediated
phosphorylation of free RIla on the activity of the C
subunit was determined in vitro. The phosphorylation of
histone H2B by the C subunit or by the PKAIla was
quantitatively determined using [y->PJATP, since CK2
does not phosphorylate histone H2B and PKAIla can
utilize only [y-**P]ATP as a phosphate donor in vitro.
The activity of the C subunit was highly reduced when it
was incubated with nonphosphorylated RIla (lane 2,
Fig. 3B). After the incubation (150 min at 30 °C) of free
RIla with CK2 and 5 uM cold GTP in vitro, the effect of
phosphorylated RIlo on the activity of the C subunit
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Fig. 3. (A) The suppressive effect of RIla on the activity of the C
subunit in vitro. The suppressive effect of RIla on the activity (phos-
phorylation of histone H2B) of the C subunit was determined after
incubation (20 min at 30 °C) of the C subunit with the indicated doses
of RIla. Lane 1, C subunit (control); and the C subunit incubated with
the indicated units of RIlo. The autoradiogram was scanned with a
spectrophotometer. 100% represents the activity of the C subunit in-
cubated without RIla. (B) The effect of the CK2-mediated phos-
phorylation of free RIla on the activity of the C subunit in vitro. To
determine the effect of the CK2-mediated phosphorylation of free RIIo
on the activity of the C subunit, initial reaction mixtures comprising
40mM Tris-HCI (pH 7.8), CK2 (approx. 50ng), SuM [y-P]GTP
(500 cpm/pmol), 3mM Mn?>**, and I mM DTT were incubated for
120 min at 30 °C. Thereafter, histone H2B (4 pg) and 5 uM [y->P]JATP
(500 cpm/pmol) were added to the reaction mixtures, which were in-
cubated for a further 15min at 30°C. **P-Labeled histone H2B in the
reaction mixtures was determined by autoradiography after SDS—
PAGE. Lane 1, C subunit (approx. 5U) incubated without CK2 or
RIlo; lane 2, RIla (approx. 9 U) without CK2 + C subunit; lane 3,
RIIo incubated with CK2 + C subunit; and lane 4, RIIa incubated with
CK2, in the presence of 0.3 uM quercetin, + C subunit.

was determined. The phosphorylation of RIla by CK2
resulted in a significant reduction of its suppressive effect
on the activity of the C subunit (lane 3, Fig. 3B). This
lowered suppression was completely prevented by in-
cluding 0.3 uM quercetin in the CK2 incubation step
(lane 4, Fig. 3B).

Reduction of the ability of RIlx to form a complex with
the C subunit after its specific phosphorylation by CK2
in vitro

The ability of RIla to form a complex with the C
subunit was examined after its full phosphorylation by
CK2 in vitro. After the preincubation (150 min at 30 °C)
of RlIla (approx. 2U) with CK2 and 5uM [y-P]GTP
(500 cpm/pmol) in vitro, the C subunit (approx. 1 U) was
added to the reaction mixtures and then immunopre-
cipitated with anti-RIIo serum in the presence of protein
A. After centrifugation to separate the immunoprecipi-
tates, the amounts of 3*P-labeled RIla (p55) in the su-
pernatant and precipitated fractions were separately
determined. The amount of **P-labeled RIla in the su-
pernatants (lanes 1 and 3) was reduced, as compared
with the unphosphorylated control (lanes 3 and 4,
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Fig. 4. The effect of the CK2-mediated phosphorylation of free RIla
on its ability to form a complex with the C subunit in vitro. (A) Pu-
rified R1la (approx. 2 U) was incubated for 120 min at 30 °C with CK2
(approx. 50 ng) in reaction mixtures, as described in Fig. 1A. The C
subunit (approx. 4 U) was then added to the reaction mixtures, which
were further incubated for 60min at 30°C. Anti-RIlo serum and
protein A were added to immunoprecipitate free RIIa in the reaction
mixtures containing 1.0 M NaCl. After centrifugation (7000 rpm for
5min, five times), *P-labeled RIla (p55) in the supernatant and im-
munoprecipitated fractions was detected by SDS-PAGE followed by
autoradiography. *?P-Labeled RIlo. (p55) in the supernatant (lane 1)
and precipitated (lane 2) fractions from the immunoprecipitation ob-
tained with anti-RIlo serum; and the supernatant (lane 3) and pre-
cipitated (lane 4) fractions from the immunoprecipitation with normal
serum. (B) The activity of the C subunit in the supernatants following
the immunoprecipitation with anti-RIlo serum in the presence of
protein A. The activity of the C subunit was determined by incubation
with 5uM [y-*P]JATP (500 cpm/pmol) and histone H2A for the indi-
cated periods at 30 °C. (O) Supernatant from the immunoprecipitation
of unphosphorylated RIla and (@) supernatant from the immuno-
precipitation of phosphorylated RIIo.

Fig. 4A). The amount of *’P-labeled RlIla in the su-
pernatant decreased dependent upon an increased in-
cubation period of RIla with CK2 in the presence of
5uM [y-*>P]GTP (data not shown). The activity of the C
subunit remaining in the supernatant following immu-
noprecipitation of phosphorylated RIloe was signifi-
cantly higher than that of unphosphorylated RIla
(Fig. 4B). These results show that the ability of RIla to
form a complex with the C subunit is diminished by its
phosphorylation with CK2 in vitro.

The CK2-mediated activation of PKAIlo in vitro
The physiological effect of the CK2-mediated phos-

phorylation of PKAIla on its activity (phosphorylation
of histone H2B) was determined in vitro. The activity of
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Fig. 5. The stimulation of the activities of both PKAla and PKAIla
after their R subunits (RIIo. and RIat) by CK2 in vitro. To determine
the CK2-mediated stimulation of the PKAIla activity in vitro, initial
reaction mixtures comprised PKATIo or PKAIla (approx. 3 pug) and the
same components, as described in Fig. 1A. Subsequently, histone H2B
(approx. 4 ug) and 5 uM [y-**P]JATP (500 cpm/pmol) were added to the
reaction mixtures, which were further incubated for 15min at 30 °C.
2P_Labeled histone H2B in the reaction mixtures was determined by
autoradiography after SDS-PAGE. (A) Lane 1, PKAIla incubated
without CK2; lane 2, PKAIlIa incubated with CK2; and lane 3, lane
2+0.3 uM quercetin. (B) Lane 1, PKAla incubated without CK2; lane
2, PKAIa incubated with CK2; and lane 3, lane 2 + 0.3 uM quercetin.

PKAIlo was enhanced approx. 3.5-fold when its R
subunit was fully phosphorylated by CK2 in vitro (lane
2) and this stimulation was completely blocked by
0.3 uM quercetin (lane 3, Fig. 5A). Under the same ex-
perimental conditions, a similar CK2-mediated stimu-
lation of PKAIa activity was observed (Fig. 5B). These
results show that the full phosphorylation of at least two
PKAs (PKAIo andPKAIla) by CK2 in the absence of
cAMP results in their significant activation in vitro. In
addition, the effect of cCAMP on the activity of PKAIla
was determined after its phosphorylation by CK2 in the
presence of cold GTP in vitro. Interestingly, it was
found that: (i) the cAMP-induced activation of PKAIla
was more effective than the CK2-mediated activation of
PKAIla and (ii)) cAMP synergistically stimulated the
activity of PKAIla phosphorylated by CK?2 (lane 5), as
compared with the cAMP-induced effect on the activity
of unphosphorylated PKAIla in vitro (lane 2, Fig. 6).

Discussion

In the present study, we observed that CK2 phos-
phorylates only Thr-residues on free RIla (lane 1) and
preferentially phosphorylates the Thr-residues on PKA
RIla (lane 2, Fig. 1C) using [y-*P]GTP as a phosphate
donor to eliminate autophosphorylation of PKAIla
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Fig. 6. The effect of cAMP on the activities of two PKAIIs after the
phosphorylation of their R subunits by CK2 in vitro. The effect of
cAMP on the activities of two PKAs [bovine heart PKAlo (A) and rat
brain PKAIla (B)] after the phosphorylation of their R subunits by
CK2 in the presence of 5pM GTP in vitro. The first reaction mixtures
comprising 40mM Tris—HCI (pH 7.8), PKAIa or PKAIla (approx.
2 pg), CK2 (approx. 50ng), 5uM GTP, 3mM Mn>*, and 1 mM DTT
were incubated for 150min at 30°C. The second reaction mixtures
comprising 40mM Tris-HCI (pH 7.6), 5uM [y-**P]JATP (500 cpm/
pmol), 0.5mM Mn?>*, 1 mM DTT, and histone H2B (5 pg) were further
incubated for a further 15min at 30 °C. P-Labeled histone H2B in the
reaction mixtures was detected in the presence or absence of 2uM
cAMP by autoradiography after SDS-PAGE. Lane 1, PKAIla alone;
lane 2, lane 1+ CK2; lane 3, lane 2+0.3 uM quercetin; lane 4, lane
1+3uM cAMP; lane 5, lane 4+ CK2; and lane 6, lane 5+ 0.3 uM
quercetin. Values obtained from the autoradiogram (inset) by scanning
with a spectrophotometer. The stimulation rate 1 represents the
phosphorylation of histone H2B by PKAIla in the absence of both
cAMP and CK2 in vitro.

in vitro. Our observation (Fig. 1C) is different from
earlier reports [10,11] that CK2 phosphorylates only
Ser-residues (Ser-74 and Ser-76) on PKA RlIla in the
presence of [y->P]ATP in vitro. This discrepancy may be
due to the choice of a phosphate donor either GTP or
ATP for CK2 in vitro, because the R subunit of PKAIla
is autophosphorylated at Ser-95 upon incubation with
ATP [10]. In addition, poly-Arg (a CK2 activator) ef-
fectively reduced the CK2-mediated phosphorylation of
free RIla in vitro (lane 3, Fig. 1B). This poly-Arg-in-
duced reduction may be due to the structural character
of RIla containing Arg- and Lys-rich domains, as has
been demonstrated in two HIV-I enzymes (reverse
transcriptase [5] and protease [6]) and lactoferrins [24].

The physiological effect of the CK2-mediated phos-
phorylation of free RIIa on the activity of the C subunit
was determined in vitro. It was concluded that CK2 may
be a protein kinase responsible for the activation of
PKAIla through phosphorylation of its R subunit
(RIIa) by CK2 in the absence of cAMP in vitro from the
following observations: (i) the phosphorylation of free
RIIa by CK2 results in a significant reduction of its

suppressive effect on the activity of the C subunit (lane 3,
Fig. 3B); (ii) the ability of RIIa to form a complex with
the C subunit is diminished when the RIla is fully
phosphorylated by CK2 in vitro (Fig. 4); (iii) the activ-
ities of both PKAIa and PKAIla are significantly en-
hanced through phosphorylation of their R subunits
(RIo and RIle) by CK2 in vitro (Fig. 5); and (iv) this
enhancement is completely blocked by 0.3 pM quercetin
(lane 3, Figs. 5A and B).

A database analysis revealed at least five potential
phosphorylation sites [S/T-X-X-E/D: one Thr-residue
(position 286) and four Ser-residues] for CK2 on bovine
heart RIIa (400 amino acids). The Thr-286 of RIIo may
be specifically phosphorylated by CK?2 in the presence of
GTP in vitro, since: (i) there is a potential phosphory-
lation Thr-residue (position 286) for CK2 on bovine
heart RIlo [25]; (i) only Thr-residue is detected as a
phosphoamino acid in free RIIoe phosphorylated by
CK2 in the presence of 5uM [y-*?P]JGTP (lane 1,
Fig. 1C); and (iii) approx. 1 mol of y-phosphate of either
ATP or GTP is incorporated into a molecule of RIla by
CK2 under the given experimental conditions in vitro.
Interestingly, cCAMP synergistically stimulated the ac-
tivity of PKAIla fully phosphorylated by CK2 in vitro
(lane 5, Fig. 6). The synergistic effect of cCAMP on the
PKAIo-mediated phosphorylation of histone H2B was
also observed in vitro (data not shown). These results
suggest that the protein phosphorylation mediated by
these two PKAs (PKAIo and PKAIIa) may be highly
enhanced by cAMP after the specific phosphorylation of
their R subunits (RIo and RIla) by CK2 at the cellular
level.

PKA is known to be involved in the cAMP signaling
pathway of endocrine cell functioning, following the
action of adenylate cyclase resulting from the activation
of G-protein-coupled receptors [21,22]. The cAMP-
mediated activation of PKA is well explained by the
binding of cAMP to specific high affinity receptor sites
on the R subunit, resulting in the release of free active C
subunit. Herein, we propose a novel CK2-mediated ac-
tivation of PKAIla in the absence of cAMP. This model
is supported by evidence that CK2 is a protein kinase
responsible for the activation of both PKAIla and
PKAIa in vitro (Fig. 5). Furthermore, it seems likely
that the CK2-mediated activation of both PKAIa and
PKAIla may be closely coupled to the enhanced acti-
vation of CK2 in the initial stages of cells infected with
viruses, and in fertilized eggs and malignant cells [26].
This assumption is supported by our previous observa-
tions that: (i) CK2 is highly activated in the initial stages
of proliferating T cells treated with interleukin 2 [7], in
the fertilization of sea urchin eggs [8,9], and in cells in-
fected with viruses (HIV-1 [5] and vesicular stomatitis
virus [27]) and (ii) the activated CK2 phosphorylates a
number of functional cellular proteins, including meta-
bolic enzymes, involved in cell proliferation [9,10] as
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well as viral proteins involved in viral replication [5,27].
In addition, it has reported that an increased CK2 level
is associated with increased cellular proliferation and
response to stress, and loss of CK2 activity is associated
with cell death [28].

To understand clearly the biological significance of
the CK2-mediated activation of both PKAIa and
PKAIIa in the PKA-mediated signal transduction at the
cellular level, further analytical studies are required: (i)
to detect the CK2-mediated specific phosphorylation of
these two PK As at the cellular level; (ii) to determine the
specific phosphorylation sites (Thr) for CK2 on both
RIa and RIla in vitro and in vivo; and (iii) to bio-
chemically characterize the CK2-mediated regulation of
their substrate specificities and their physiological
interaction with the PKA anchoring proteins in vitro.
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