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Cyclic AMP (cAMP)-dependent protein kinase (PKA) and ribosomal S6 kinase 1 (RSK1) share several
cellular proteins as substrates. However, to date no other similarities between the two kinases or interactions
between them have been reported. Here, we describe novel interactions between subunits of PKA and RSK1
that are dependent upon the activation state of RSK1 and determine its subcellular distribution and biological
actions. Inactive RSK1 interacts with the type I regulatory subunit (RI) of PKA. Conversely, active RSK1
interacts with the catalytic subunit of PKA (PKAc). Binding of RSK1 to RI decreases the interactions between
RI and PKAc, while the binding of active RSK1 to PKAc increases interactions between PKAc and RI and
decreases the ability of cAMP to stimulate PKA. The RSK1/PKA subunit interactions ensure the colocalization
of RSK1 with A-kinase PKA anchoring proteins (AKAPs). Disruption of the interactions between PKA and
AKAPs decreases the nuclear accumulation of active RSK1 and, thus, increases its cytosolic content. This
subcellular redistribution of active RSK1 is manifested by increased phosphorylation of its cytosolic substrates
tuberous sclerosis complex 2 and BAD by epidermal growth factor along with decreased cellular apoptosis.

Cyclic AMP (cAMP)-dependent protein kinase (PKA) reg-
ulates a wide variety of metabolic and functional processes,
including cell proliferation, actin cytoskeleton rearrangements,
and gene transcription (41). PKA is a tetramer that consists of
two regulatory (R) and two catalytic (PKAc) subunits in its
inactive form. Binding of cAMP to the R subunits of PKA
results in the dissociation of the PKAc subunits, which can then
phosphorylate their substrate proteins. The PKA holoenzyme
is localized in the proximity of its target proteins by A-kinase
PKA anchoring proteins (AKAPs) that act as scaffolds (2, 52).
Moreover, by binding to additional signaling molecules, the
AKAPs facilitate the coordination and integration of several
signals to regulate biological events (2, 52). The two main
forms of the PKA regulatory subunits, RI and RII, have dif-
ferent affinities for the various AKAPs. Although most of the
AKAPs appear to have a higher affinity for RII subunits (2),
certain AKAPs such as D-AKAP1 and D-AKAP2 preferen-
tially bind the RI subunit (22-24).

In addition to AKAPs, other well-characterized protein in-

* Corresponding author. Mailing address: Department of Pharma-
cology, Loyola University Chicago, Stritch School of Medicine, 2160
South First Avenue, Maywood, IL 60153. Phone: (708) 216-5773. Fax:
(708) 216-6888. E-mail: tpatel7@lumc.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

+D.C. and H.M.P. are joint first authors.

§ Present address: Department of Developmental Neurobiology, St.
Jude Children’s Hospital, Memphis, TN 38105.

1 Present address: Department of Medical and Molecular Genetics,
Indiana University School of Medicine, 975 West Walnut Street,
Indianapolis, IN 46229.

|| Present address: EnVivo Pharmaceuticals, 480 Arsenal St., Water-
town, MA 02472.

4586

teractions are involved in the intracellular targeting and regu-
lation of PKA and its subunits. For instance, Rla associates
with cytochrome ¢ oxidase subunit Vb and increases its activity
whereas exposure to cAMP inhibits cytochrome ¢ oxidase ac-
tivity and releases cytochrome ¢ from mitochondria and acti-
vates apoptosis (55). PAP7, a protein involved in hormonal
regulation of steroid formation, also binds Rla at the outer
mitochondrial membrane and helps in cholesterol uptake and
transport to the inner mitochondrial membrane (28). Likewise,
Rab32, a small GTP binding protein, can act as an AKAP for
the RII subunits and target PKA to mitochondria (3). In ad-
dition, the amount of RI subunit is increased in certain tumor
cells (46) and the RI subunit has also been shown to bind with
Grb2, permitting its association with the epidermal growth
factor receptor (47). Via its association with the second subunit
of replication factor C (RFC40) (18), the RI subunit facilitates
the nuclear localization of RFC40 and causes G, arrest of cells
(17). Thus, besides regulating the activity of the catalytic sub-
unit, RI also modulates a number of other signaling pathways
in cells.

PKACc also interacts with other signaling pathways through
various binding partners. For instance, IkB-«, the inhibitory
protein of NFkB, associates with PKAc and inhibits its activity
(57). Activation of the NFkB pathway and proteosomal deg-
radation of IkB-a relieves PKAc of the inhibition imposed by
IkB-a (57). This mechanism activates PKA in a cAMP-inde-
pendent manner. Similarly, Rab13, a small GTP binding pro-
tein, binds with and inhibits the activity of PKAc during tight
junction assembly (26). Recently, it has been shown that PKAc
also interacts with and phosphorylates p73a and decreases the
transactivation and proapoptotic actions of p73a (19).

Ribosomal S6 kinase 1 (RSK1), a serine/threonine kinase,
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phosphorylates many of the same substrates as PKA. For ex-
ample, PKA and RSK1 phosphorylate BAD on Ser112 (20,
29). The phosphorylation of BAD dissociates it from Bcl-2 and
inhibits apoptosis (29). Similarly, ETS transcription factor
(ERS81) is phosphorylated by PKA and RSK1, with a resultant
decrease in its DNA binding and transcriptional activity (53).
Additionally, PKAc and RSK1 also phosphorylate Ser9 on
GSK-3B (56) and Ser431 of LKBI, a causative gene product in
Peutz-Jeghers syndrome (39). Moreover, interactions between
RSKI1 and the B subunit of casein kinase 2 (27) as well as
Yersinia factor (YopM) (30) have also been reported. The
latter interaction increases RSK1 activity (30). On the other
hand, PEA1S5, which binds RSK2 but not RSK1, inhibits the
activity of RSK2 and decreases the nuclear accumulation of
RSK2 after stimulation by epidermal growth factor (EGF)
(48). Overall, therefore, interactions of RSK1 and its isoform
RSK2 with other proteins can alter the activity of these kinases
and also regulate their cellular distribution. Notably, however,
the interactions of RSK1 and RSK2 with different proteins
appear to be specific to the respective isoforms (48).

Herein, we report novel interactions between the regulatory
and catalytic subunits of PKA with RSK1. Inactive dephosphor-
ylated RSK1 (dephospho-RSK1) interacts with the RI subunit,
and active phospho-RSK1 interacts preferentially with the
PKACc subunit of PKA. Moreover, we show that the binding of
phospho-RSK1 to PKAc increases the interactions between
PKACc and RI subunits and decreases the ability of cAMP to
activate the PKA holoenzyme. Conversely, the association of
inactive RSK1 with RI decreases the interactions between RI
and PKAc. Stimulation of cells with EGF increases phospho-
RSKI1 levels in the nucleus, and active RSK1 is colocalized with
PKAc and RI. The dissociation of the PKA/RSK1 complex
from AKAPs decreases the amount of nuclear phospho-RSK1
and increases its cytosolic levels. This is accompanied by in-
creased phosphorylation of the cytosolic RSK1 substrates tu-
berous sclerosis complex 2 (TSC2) and BAD and decreased
cellular apoptosis. Therefore, the association of active RSK1
with PKAc apparently ensures its nuclear localization and,
therefore, regulates the biological actions of RSK1.

MATERIALS AND METHODS

Immunoprecipitations. Mouse lung fibroblasts (B82L) overexpressing the
EGF receptor or HeLa cells (250,000 cells/35 mm dish) were treated with or
without EGF (100 nM) or H,O, (0.5 mM) for 10 min at 37°C. Cells were lysed
in a buffer containing 50 mM Tris (pH 7.5), 1 mM EGTA, 1 mM EDTA, 1%
Triton X-100, 150 mM NaCl, 1 mM sodium orthovanadate, 0.1% B-mercapto-
ethanol, 50 mM NaF, 5 mM sodium pyrophosphate, 10 uM B-glycerolphosphate,
100 uM phenylmethylsulfonyl fluoride (PMSF), 1 uM microcystin, and 1 pg/ml
each pepstatin A, aprotinin, and leupeptin. PKAc, RI, or RSK1 was immuno-
precipitated with anti-PKAc or anti-RSK1 (both from Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) or anti-RI (Calbiochem, San Diego, CA) antibodies pre-
bound to protein G-agarose. Immune complexes were washed three times with
lysis buffer, and proteins were separated on 10% acrylamide gels for immuno-
blotting.

Kinase activity using purified proteins. Purified PKAc (1 pmol) and RI (20
pmol) were mixed together in the presence or absence of 3 pmol of purified
active RSK1. After 10 min incubation at 4°C, cAMP at the indicated concentra-
tions was added to the reaction mix containing 20 mM HEPES (pH 7.5), 1 mM
sodium orthovanadate, 1 mM NaF, 1 mM dithiothreitol (DTT), 25 mM B-glyc-
erophosphate, 5 mM MgSO,, 200 uM Kemptide, 125 pM ATP, and 10 pnCi
[y->*P]ATP and incubated for a further 10 min at room temperature. Kemptide
phosphorylation was monitored using P81 Whatman filter paper as described
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previously (4). The assays were performed in the absence or presence of 25 uM
of PKA inhibitor, PKI. The PKI-sensitive activity reflected the activity of PKA.

Pull-down of RI subunits with cAMP-agarose. RI subunits were pulled down
as described by Wang et al. (50). Briefly, B82L or HeLa cell lysates (500 p.g) were
mixed with cAMP-agarose (Sigma Chem. Co., St. Louis, MO) that had been
reconstituted with 1.5 mg/ml bovine serum albumin at room temperature for 4 h
and washed extensively with lysis buffer. Cell lysates were incubated with cAMP-
agarose for 1 h or overnight at 4°C in the presence and absence of 50 mM 8-CPT
cAMP (Sigma Chem. Co., St. Louis, MO). The resin was then washed twice with
high-salt buffer (10 mM HEPES [pH 7.4], 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
NaCl, 0.1% Igepal CA-630, 1 mM DTT, 100 pM PMSF, and 1 ug/ml each
pepstatin A, aprotinin, and leupeptin) followed by four washes with no-salt buffer
(as described above but without NaCl). Proteins bound to RI were identified by
Western analyses using the following antibodies: biotinylated anti-RI (BD Bio-
sciences, Franklin Lakes, NJ) and anti-RSK1 and anti-RPP7 (Cocalico Biologi-
cals Co.). Where indicated, Ht31 and Ht31P peptides (Promega Corp.) or GST-
RPP7 and GST-RPPS (provided by Susan Taylor) were preincubated on ice with
lysates (500 pg protein) of B82L cells for 60 min before being mixed with
cAMP-agarose.

Pull-down of RI subunits with GST-RPP7. The methods described by Huang
et al. (22) were used. Briefly, bacterial cell lysates containing glutathione S-
transferase (GST) or GST-RPP7 were incubated with glutathione resin for 2 h at
4°C in phosphate-buffered saline supplemented with 0.1% (vol/vol) Triton
X-100, 1 mM PMSF, 1 mM EDTA, 5 mM benzamidine, and 5 mM B-mercap-
toethanol (buffer A). The resin was washed extensively with the same buffer. For
pull-down experiments, equimolar amounts (3 pmol) of RI and PKAc were
reconstituted in buffer containing 20 mM HEPES (pH 7.4), 20 mM MgSO,, 8
mM MnCl,, 4 mM DTT, 20 mM NaF, and 40 p.g/ml each aprotinin and leupeptin
for 10 min on ice (final volume, 10 wl). GST-Sepharose or GST-RPP7-Sepharose
(10 pmol each) in buffer A was added to the reconstituted proteins (final volume,
150 pl) and incubated for 1 h at 4°C. GST-RPP7 beads were washed once with
buffer A to remove unbound RI and/or PKAc followed by the addition of 3 pmol
(1X) or 6 pmol (2X) of phospho-RSK1 and further incubated for 1 h at 4°C in
a final volume of 150 pl. After three washes with buffer A, proteins in the
complex were analyzed by immunoblotting. To dephosphorylate RSK1 with calf
intestinal phosphatase (CIP; New England Biolabs, MA), 3 (1X) or 6 pmol (2X)
of RSK1 and CIP (12.5 units [1X] or 25 units [2X]) was incubated for 30 min at
37°C in a final volume of 20 wl. The dephospho-RSK was then added to the
complex of RI, PKAc, and GST-RPP7.

Immunocytochemistry and cell fractionation. HeLa and BS2L cells were pre-
incubated in the presence and absence of 20 wM each Ht31 or Ht31P followed
by treatment with or without 100 nM EGF. After 15 min, cells were fixed with
100% methanol for 10 min at —20°C followed by 1:1 methanol:acetone for 10
min at —20°C. After the cells were permeabilized with 0.3% Triton X-100 in
phosphate-buffered saline for 5 min, anti-phospho RSK1 (T573) antibody (Cell
Signaling, Danvers, MA) (1:250 dilution), anti-PKAc antibody, and biotinylated
anti-RI antibody were added. The secondary goat anti-rabbit antibody conju-
gated with Alexa Fluor 488, goat anti-mouse antibody conjugated to Alexa Fluor
594, and streptavidin conjugated with Pacific Blue were used to detect phospho-
RSK1, PKAc, and RI, respectively. Images were captured using an Olympus
fluorescence microscope. Confocal images were obtained using a multiphoton
Zeiss LSM 5 Pa laser scanning microscope.

For fractionation, cells treated as described above were lysed and subjected to
centrifugation at 14,000 X g for 10 min. Cytosolic fractions were analyzed by
immunoblotting with anti-RSK1 antibody, anti-phospho RSK1 antibody (T573),
and lactate dehydrogenase antibody (a gift from Rockland Immunologicals Inc.,
Gilbertsville, PA).

Cellular apoptosis. HeLa cells (50,000 cells/well) plated in a 24-well dish were
serum starved for 24 h and then exposed to 20 uM each Ht31 or Ht31P peptide
for 5 min prior to treatment with 100 nM EGF for 15 min. When indicated, MEK
inhibitor (PD98059) (50 pM) was added at the time of Ht31 or Ht31P treatment.
Cells were then treated with or without 20 ng/ml tumor necrosis factor alpha
(TNF-a) plus 25 pwg/ml cycloheximide (CHX) (TNF-o/CHX) to induce apoptosis,
and DNA fragmentation was measured as described previously (14).

RESULTS

EGF and H,0, stimulate Kemptide phosphorylation of a
PKI-insensitive kinase in PKAc IPs. EGF can increase cAMP
accumulation in certain cell types (reviewed in reference 33).
Although EGF does not increase cAMP levels in B82L and
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HeLa cells (not shown), immunoprecipitates (IPs) of PKAc
from these cells treated with EGF demonstrated increased
ability to phosphorylate the PKAc substrate Kemptide (see
Fig. S1A in the supplemental material). H,O,, which can me-
diate the downstream signaling by growth factors (16, 43), also
increased the ability of the PKAc IPs to stimulate Kemptide
phosphorylation two- to threefold (see Fig. S1A in the supple-
mental material). However, the EGF- or H,0,-mediated in-
crease in Kemptide phosphorylation in these experiments was
not inhibited by PKI (see Fig. S1B in the supplemental mate-
rial). These results suggested that a PKI-insensitive kinase that
phosphorylates Kemptide was coimmunoprecipitated with
PKACc.

To determine the presence of another kinase in the PKAc
IPs, in-gel kinase assays were performed. IPs of PKAc from
B82L cells treated with or without H,O, were separated on
casein-containing gels, and kinase activities were monitored.
While the PKAc IPs contained PKAc (40 kDa band) that
phosphorylated casein, another 90 kDa protein kinase was also
co-IP with PKAc (see Fig. S2A in the supplemental material).
H,O, did not alter the activity of PKAc but increased the
activity of the 90 kDa kinase that was co-IP (see Fig. S2A in the
supplemental material). Moreover, in gels without casein, **P
incorporation into the 90 kDa kinase increased in the H,O,-
treated PKAc IPs, indicating that this 90 kDa kinase was au-
tophosphorylated (see Fig. S2B in the supplemental material).
Since RSK1 migrates as a 90 kDa protein, can phosphorylate
Kemptide (6), and is activated by EGF or H,O, (1), we rea-
soned that the 90 kDa kinase in the PKAc IPs may be RSK1.
In-gel kinase assays of RSK1 IPs showed that H,O, autophos-
phorylated RSK1 and also increased its activity (see Fig. S2A
and S2B in the supplemental material). Moreover, the RSK1
IPs contained a 40 kDa kinase whose activity was not stimu-
lated by H,O, (see Fig. S2A in the supplemental material).
Similar results were observed with EGF as an agonist instead
of H,O, and also when HeLa cells were used (data not shown).
Notably, the in vitro kinase activities of the PKAc and RSK1
IPs were similar and showed insensitivity to PKI (see Fig. S3A
in the supplemental material). These findings suggested that
the kinase activity in the PKAc IPs is due to the presence of
RSKI1. It would be expected that in the PKAc IPs, although
RSKI1 is present, the PKAc component that phosphorylates
Kemptide would be inhibited by PKI. However, the kinase
activity of PKAc does not survive the IP procedure. Thus, IPs
of even pure PKAc did not phosphorylate Kemptide (see Fig.
S3B in the supplemental material). Together, these results
strongly suggest that the Kemptide phosphorylation monitored
in the PKAc IPs from cells was due to the presence of PKI-
insensitive RSK1.

PKAc and RSK1 exist as a complex with RI and D-AKAP1
but RSK1 is not directly associated with D-AKAP1. That
RSK1 is indeed coimmunoprecipitated with PKAc is shown in
Fig. 1A. Essentially, PKAc was IP from HeLa cell lysates and
immunoblotted for the presence of PKAc as well as RSKI.
Control IPs with nonspecific rabbit immunoglobulin G (IgG)
did not show any of these proteins, whereas RSK1 was co-IP
with PKAc (Fig. 1A). Although HeLa cells contain RSK2 and
RSK3, these proteins did not co-IP with PKAc (Fig. 1B), dem-
onstrating that RSK1 specifically interacts with PKAc in either
a direct or an indirect manner. HeLa and B82L cells express
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the type I regulatory subunit of PKA (RI), and in B82L cells
the type II regulatory subunit of PKA (RII) is not detectable
(not shown). Therefore, we determined whether RI was also
present in the PKAc/RSKI complex. As shown in Fig. 1A, RI
was present in the immunocomplex. Because RI binds PKAc,
the presence of RSK1 in the PKAc IPs (Fig. 1A) may be due
to its association with PKAc or RI or some other proteins such
as AKAPs that bind to PKA. Therefore, experiments were
designed to identify the binding partners of RSK1.

Next, we investigated whether RSK1 forms a complex with
PKA by interacting with either PKAc or RI or, perhaps,
AKAPs. As an example of AKAPs we monitored the presence
of D-AKAPL. For this purpose, the RI subunit was pulled
down from BS82L cell lysates with cAMP-agarose in the ab-
sence and presence of free cAMP. As shown in Fig. 1C, the RI
pull-down assays contained RSK1 and D-AKAP1. As ex-
pected, binding of cAMP-agarose to RI dissociates PKAc;
therefore, PKAc was not present in the complex (Fig. 1C). The
absence of RSK1, D-AKAPI, and RI in the presence of excess
(50 mM) 8-CPT-cAMP shows the specificity of the cAMP-
agarose pull-down assay (Fig. 1C). These data suggest that
RSK1 may, directly or indirectly, interact with either RI or
D-AKAPI.

The association of regulatory subunits of PKA with AKAPs
can be competed off by a 23-amino-acid (aa) peptide (Ht31) (9,
10) that corresponds to a sequence within AKAP-Lbc (15).
The replacement of two isoleucines with prolines in this pep-
tide (Ht31P) obliterates its binding to regulatory subunits and
thus does not interfere with interactions between PKA and
AKAPs (49). Therefore, using Ht31 and Ht31P we determined
whether RSK1 was present in the RI pull-down assays due to
its interactions with D-AKAP1 or other AKAPs. As expected,
cAMP-agarose-bound RI pulled down D-AKAP1 and RSK1
from the complex (Fig. 1D, lane 1). In the presence of Ht31,
but not H31P, D-AKAP1 was absent from the RI pull-down
assays, demonstrating that Ht31 specifically dissociated the RI
subunit from AKAPs (Fig. 1D; cf. lanes 2 and 3). However,
even in the absence of D-AKAP1, RSK1 was present in the RI
pull-down assay (Fig. 1D, lane 2). These data suggest that the
presence of RSK1 in the RI pull-down assays is not due to
association of RSK1 with AKAPs such as D-AKAP1; rather, it
may be due to the association of RSK1 with RI. This notion
was further confirmed by using two short regions of D-AKAP1
and D-AKAP2, namely, RPP7 (aa 284 to 408 of D-AKAP1)
and RPP8 (aa 333 to 372 of D-AKAP2) (22, 23). These two
regions encompass the RI binding site on D-AKAP1 and D-
AKAP?2 and compete for the interactions between AKAPs and
RI (22, 23). As in the experiments with Ht31, RPP7 and RPPS§
dissociated D-AKAP1 from the RI subunit without affecting
the amount of RSK1 in the RI pull-down assays (Fig. 1E).
Thus, RSK1 does not interact with D-AKAP1 and may be
present in the RI pull-down assays due to direct interactions
with the RI subunit of PKA.

RI directly interacts with RSK1 but does not modulate the
activity of RSK1. To determine whether RI directly interacts
with RSK1 we mixed equimolar amounts of purified RI and
RSKI1 and pulled down RI with cAMP-agarose in the presence
or absence of free excess CAMP. The pure RI (approximately
50% of input) was pulled down along with the pure RSKI1
(approximately 60% of input) (Fig. 1F), i.e., stoichiometry



VoL. 26, 2006

a-RSK1 - -

(l'F" — —

a-PKAcee 9
1 2 3

> «/
& g
C P QJO
o-RSK1 e
o-RI
a-D-AKAP1 et I
Bt
a-PKAcQ{' %

E o F

INTERACTIONS BETWEEN RSK1 AND SUBUNITS OF PKA 4589

<@ <@

> >
& P & P

IgG PKAC d}\ 19G_PKA PKAC

RSI(Z

‘ PKAC
3

\z:\,

a-D-AKAP1 W .-
o-RSK1 /i SN .

T

1 2 3

> Q Sepharose cAMP-agarose
'6 Qg ‘*“Q?\Qﬁ cAMP - + - +
a-D-AKAP1 ﬂ fﬂ B orsk _
a-RSK1 meem s soem
RI o-RI e
a— P - "
1 2 3 1 2 3 4

FIG. 1. PKAc, RI, D-AKAP1, and RSK1 exist as a complex, and RSK1 associates directly with RI. (A) BS82L or HeLa cells were serum
starved overnight and subjected to IP with PKAc antibody or nonspecific IgG. RSK1 and RI, which coimmunoprecipitated with PKAc, were
detected by immunoblotting. The example shown represents an experiment performed with HeLa cells. (B) Same as panel A except the
presence of RSK2 or RSK3 in IPs of PKAc was monitored. Nonspecific rabbit IgG was used for control IPs. (C) RI from B82L cell lysates
(500 pg protein) was pulled down with cAMP-agarose in the absence or presence of cAMP (50 mM), and the proteins associated with RI
were detected by immunoblotting. (D) Same as panel C except the lysates were incubated in the absence or presence of 100 uM each Ht31
or Ht31P. (E) Same as panel C except RPP7 and RPPS (10 wM each) replaced Ht31 and Ht31P. Representatives of at least two experiments
for each set of conditions are shown. (F) Purified RI (3 pmol) and RSK1 (3 pmol) were incubated together. The RI was then pulled down
with cAMP-agarose and, the proteins in the pull-down assay were analyzed by immunoblotting. Control pull-down assays were performed

in the presence of 8-CPT-cAMP (50 mM) or Sepharose alone.

revealed that 0.85 pmol RI bound to 1 pmol of RSK1. Neither
RSKI1 nor RI was present in control pull-down assays with
Sepharose alone or with excess free cAMP (Fig. 1F). These
results confirm the notion that RI and RSK1 interact directly
with each other.

Since binding of RI to PKAc inhibits the activity of PKAc,
we investigated the possibility that RI binding to RSK1 may
also modulate RSK1 activity in a cAMP-dependent manner.
Purified RI and RSK1 or PKAc (positive control) were mixed
together, and the kinase activity of the mixtures was then
determined in the presence or absence of SCPT-cAMP. While
the PKAc activity was inhibited by RI in the absence of cAMP,
in parallel experiments, RI at threefold excess over RSK1 did
not alter the RSK1 activity irrespective of whether cAMP was
present or not (see Fig. S4 in the supplemental material).
Hence, unlike the results seen with PKAc, interactions of RI
with RSK1 do not alter RSK1 activity.

Inactive RSK1 preferentially associates with RI, while active
RSK1 interacts with PKAc. Next, we investigated whether
stimulation of cells with EGF altered the interactions between

RI and RSKI1. Serum-starved HeLa cells were treated with or
without EGF (100 nM) for 10 min. RI was pulled down from
cell lysates with cAMP-agarose in the presence or absence of
free cCAMP. As determined with anti-phospho-RSK1 antibody,
exposure of cells to EGF resulted in activation of the RSK1
(Fig. 2A, lane 2, second panel from top). The active, phospho-
RSK1 migrated slightly slower than its nonphosphorylated
counterpart (Fig. 2A, top panel; cf. lanes 1 and 2). In the
absence of EGF, RSK1 was detected in the RI pull-down
assays performed in the absence of free cAMP (Fig. 2A, lane
3) but not in the presence of excess free cAMP, which prevents
binding of RI to cAMP-agarose (Fig. 2A, lanes 4 and 6).
Interestingly, when cells were stimulated with EGF, the
amount of RSK1 in the cAMP-agarose pull-down assays was
markedly diminished (Fig. 2A, top panel; cf. lanes 3 and 5).
Quantitative analysis of RI interaction with RSK1 performed
by densitometric scanning of the bands from different experi-
ments showed a two- to threefold increase in the interaction
between RI and RSK1 in the absence of EGF (Fig. 2B). Sur-
prisingly, however, although the cAMP-agarose pull-down as-
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FIG. 2. Inactive RSK1 associates preferentially with RI, while EGF-activated RSK1 interacts with PKAc. Serum-starved HeLa cells were
treated with and without EGF (100 nM) for 10 min at 37°C. (A) The RI in the cell lysates was pulled down with cAMP-agarose in the presence
or absence of §-CPT-cAMP (50 mM). Total RSK1, phospho-T573-RSK1, PKAc, and RI in the pull-down assay were analyzed by immunoblotting.
Asterisks show the migration of RI. (B) Quantitative analysis of three experiments similar to those whose results are shown in panel A. The ratios
of RSK1/RI in the RI pull-down assays were calculated from densitometric scans. *, P < 0.03 (Student’s unpaired ¢ test analysis). (C) Quantitative
analysis of three experiments similar to those whose results are shown in panel A. The ratios of PKAc/RI in the RI pull-down assays were calculated
from densitometric scans. *, P < 0.02 (Student’s unpaired ¢ test analysis). (D) Purified RSK1 (3 pmol) was treated with 3 pmol (1X) or 6 pmol
(2X) of alkaline CIP before incubation with reconstituted RI, PKAc, and GST-RPP7. cAMP (1 mM) was present in the GST-RPP7 pull-down
assays, and the proteins were analyzed by immunoblotting. The supernatants (Sup.) from GST-RPP7 pull-down assays were analyzed for total

RSKI1 and phospho-RSK1 to confirm dephosphorylation of RSK1.

says of RI would be expected to dissociate PKAc from RI, in
the presence of EGF some PKAc was present (Fig. 2A). The
reason for this observation is explained later in the context of
additional experiments. Overall, however, the data in Fig. 2A
and 2B suggest that the affinity of RI for RSK1 decreases when
RSKI1 is activated by EGF treatment of cells.

Additional evidence for preferential interactions between ac-
tive (phosphorylated) and inactive (dephosphorylated) RSK1
with PKAc and RI is provided by experiments with purified pro-
teins (Fig. 2D). The active phospho-RSK1 (Upstate Biologicals
Inc.) was dephosphorylated by treatment with CIP (Fig. 2D; cf.
lanes 3, 4, and 5). Both the active and inactive forms of RSK1
were then mixed with equimolar amounts of purified PKA ho-
loenzyme. RI protein was then pulled down using GST-RPP7-
linked Sepharose beads in the presence of cAMP to dissociate
PKAc from RI and facilitate data interpretation. GST-RPP7 con-
tains the RI binding site in D-AKAP1 (23) and, therefore, pulled
down RI (Fig. 2D, lanes 2 to 5). However, only the dephospho-
RSKI1 was pulled down along with RI (Fig. 2D, top panel; cf.

lanes 4 and 5). These data and those in Fig. 2A and 2B clearly
show that RI preferentially interacts with the inactive, dephos-
phorylated RSK1.

In our initial experiments (see Fig. S1 in the supplemental
material), after treatment with EGF, a significant amount of
apparent RSK1 activity was present in PKAc IPs. However,
as shown in Fig. 2, only the dephosphorylated, inactive form
of RSK1 interacts with RI. Therefore, we determined levels
of RSK1 in IPs of PKAc from cells treated with or without
EGF. The goal here was to determine whether RSK1 was
present in PKAc IPs in the absence of RI. Therefore, after
treating cells with and without EGF, cAMP was added to the
cell lysates to dissociate RI from the PKAc that was subse-
quently immunoprecipitated. The addition of cAMP to the
cell lysates dissociated PKAc from RI, and the latter protein
was absent from the PKAc IPs (Fig. 3A, second panel from
top, lanes 3 and 4). Most interestingly, in the presence of
EGF, the amount of RSK1 in the PKAc IPs was markedly
increased (Fig. 3A, top panel; cf. lanes 3 and 4) and this
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IP buffers to dissociate PKAc from RI. The presence of total and

phospho-RSK1 in the IPs was monitored by immunoblotting. Nonspecific rabbit IgG (IgG) was used for control IPs. Results representative of three

experiments are shown. The right-hand panel shows the ratios of RSK1 to
test). (B and C) Serum-starved HeLa cells were treated with and with
immunoprecipitated from the lysates (500 pg protein). The presence of RI,

PKACc in IPs from three similar experiments. *, P < 0.05 (Student’s ¢
out EGF (100 nM) for 10 min at 37°C. PKAc (B) or RI (C) was
PKAc, and RSK1 in the IPs was monitored by immunoblotting. Rabbit

IgG (B) and mouse IgG (C) were used for control IPs. (D) Purified HA-tagged RSK1 (3 pmol) was mixed with PKAc (3 pmol). Anti-HA and
anti-PKAc antibodies were used to IP RSK1 and PKAc, respectively. The presence of PKAc and RSK1 in the IPs was monitored by immuno-

blotting. (E) Purified RSK1 (3 pmol) treated with and without CIP was m

ixed with PKAc (3 pmol). Anti-PKAc antibody was used to IP PKAc.

The presence of PKAc and RSK1 in the IPs was monitored by immunoblotting.

RSKI1 was phosphorylated (Fig. 3A, bottom panel; cf. lanes
3 and 4). Quantification of the ratios of RSK1 bound to
PKAc from three independent experiments showed that
EGF increased by four- to fivefold the binding of RSK1 to
PKAc in the presence of EGF (Fig. 3A). These data sug-
gested that while RI preferentially interacts with inactive RSK1,
the active, phospho-RSK1 might interact with PKAc. To deter-
mine whether active RSK1 in complex with PKAc also pulls
down the RI subunit, experiments similar to those whose re-
sults are shown in Fig. 3A were performed in the absence of
cAMP during the IP procedure. The addition of EGF de-
creased the migration of RSK1, indicating that this enzyme was

phosphorylated (Fig. 3B, top panel). Additionally, consistent
with the data in Fig. 3A, the IP of PKAc was accompanied by
increased amounts of active RSK1 (Fig. 3B, top panel; cf. lanes
3 and 4). Importantly, the RI subunit was present in the IPs of
PKA and the amount of RI was enhanced in the presence of
EGF (Fig. 3B, middle panel; cf. lanes 3 and 4). Likewise, in
experiments similar to those whose results are shown in Fig.
3B, the IP of RI from cells treated with or without EGF
resulted in the co-IP of both RSK1 and PKAc and the presence
of EGF increased the amount of PKAc in the complex (Fig.
3C, bottom panel; cf. lanes 3 and 4). All together, the data in
Fig. 3A to 3C suggest that EGF-activated phospho-RSK1 in-
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teracts with PKAc. The increased amounts of RI in PKAc IPs,
along with increased amounts of PKAc in IPs of RI in the
presence of EGF, suggest that the interaction of PKAc with
RSK1 may increase the association of PKAc with RI. This
possibility is further investigated below.

To determine whether the PKAc and RSKI interact directly
with each other, equimolar amounts of purified PKAc and
hemagglutinin (HA)-tagged phospho-RSK1 were mixed and
the RSK1 or PKAc was IP. The data in Fig. 3D (lanes 2 and 4)
show that pure RSK1 can interact directly with PKAc, as evi-
denced by the presence of both proteins in the anti-HA and
anti-PKAc IPs. Furthermore, when the phospho-RSK1 was
dephosphorylated by CIP treatment, its ability to co-IP with
PKAc was decreased (Fig. 3E). The effective dephosphoryla-
tion of RSK1 by CIP is shown by the higher mobility of RSK1
in the gels (Fig. 3E). Collectively, the data in Fig. 2 and 3 show

that active, phospho-RSK1 interacts preferentially with PKAc
and that inactive, dephospho-RSK1 associates with RI.
Activated RSK1 increases the interaction between PKAc
and RI, while inactive RSK1 decreases interactions between
PKAc and RI. The data in Fig. 3B and 3C suggested that the
interactions between PKAc and phospho-RSK1 may alter the
association of the RI with PKAc. Therefore, we examined
whether the active and inactive forms of RSK1, by associating
with the PKAc and RI subunits, respectively, altered the inter-
actions between components of the PKA holoenzyme. The
PKA holoenzyme was reconstituted by mixing equimolar
amounts of purified PKAc and RI in the presence of GST-
RPP7, and the complex was bound to GSH-Sepharose. Then,
3 pmol (1X) or 6 pmol (2X) of active-RSK1 was added to the
GST-RPP7-PKA complex. GST-RPP7-bound proteins were
pulled down and analyzed by immunoblotting. Figure 4 (panel
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centrations of cAMP were added to the reaction mix, and Kemptide
phosphorylation was measured. The PKl-sensitive activity is shown.
Data presented represent the means * standard errors of the means
(SEM) of at least three separate experiments. *, P < 0.001; #*, P <
0.01; %%, P < 0.03 (Student’s ¢ test analyses compared to the corre-
sponding control results).

1000

A, lane 3) shows that RI and PKAc form a complex with
GST-RPP7. Active RSK1 was also pulled down with the com-
plex in the proportion in which it had been added (Fig. 4A, top
panel, fourth and fifth lanes). Interestingly, the addition of
active RSK1 increased the amount of PKAc that was retained
in the complex during the washes (Fig. 4A, bottom panel; cf.
lanes 3, 4, and 5). Control experiments with GST alone did not
pull down any of the proteins (Fig. 4A, lanes 1 and 2). The
quantification of data from four similar experiments is shown
in Fig. 4B. These findings demonstrate that phospho-RSKI,
presumably by associating with PKAc, increases the affinity of
interactions between PKAc and RI and therefore prevents the
loss of PKAc during subsequent washes of the pull-down pro-
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cedure. The increased association of PKAc with RI in the
presence of active RSK1 also explains the somewhat greater
amounts of PKAc and RI in IPs of RI and PKAc, respectively,
from lysates of cells treated with EGF (Fig. 3C and 3D).

To determine the effect, if any, of the inactive, dephosphor-
ylated RSK1 on PKA holoenzyme, we dephosphorylated active
RSK1 by use of CIP (bottom panel in Fig. 4C) in experiments
similar to those whose results are shown in Fig. 4A. The data
in Fig. 4C show that in contrast to our observations with active,
phospho-RSK1, the addition of dephospho-RSK1, in a con-
centration-dependent manner, decreased the amount of PKAc
in the complex (Fig. 4C, bottom panel; cf. the second, third,
and fourth lanes). Figure 4D shows the quantification of the
amounts of PKAc and dephospho-RSK1 in the GST-RPP7
pull-down assay from three experiments similar to those whose
results are shown in Fig. 4C. Thus, by associating with RI, the
dephosphorylated, inactive RSK1 apparently decreases the af-
finity of the interaction between RI and PKAc, resulting in a
greater loss of the PKAc during the pull-down assay. The
experiments whose results are shown in Fig. 4 were performed
in the absence of cAMP. Therefore, the RSKI-mediated
changes in association of PKAc with RI are independent of
cAMP.

Active RSK1 decreases the ability of cAMP to activate PKA.
Because active RSK1, by interacting with PKAc, increases the
association between PKAc and RI, we reasoned that in the
presence of active RSK1, the ability of cAMP to activate PKA
holoenzyme would be decreased. To test this possibility di-
rectly, purified PKAc and RI (1 pmol and 20 pmol, respec-
tively) were mixed together in the presence and absence of 3
pmol of purified active RSK1. The ability of increasing con-
centrations of CAMP to activate PKA was then monitored.
Because PKA and RSK1 both phosphorylate Kemptide, the
kinase assays were performed in the presence and absence of
PKI, the PKA inhibitor, at a concentration (25 wM) in excess
of that required to completely inhibit PKAc activity (see Fig.
S1C in the supplemental material). As shown before (see Fig.
S3 and S4 in the supplemental material), neither cAMP nor
PKI altered RSK1 activity. However, consistent with the find-
ing that active RSK1 increases the association of RI with
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FIG. 6. Treatment of B82L cells with SCPT-cAMP activates Erk1/2 as well as RSK1 and dissociates RSK1 from RI. (A) B82L cells (250,000
cells/35 mm dish) were treated with SCPT-cAMP (100 uM) for the indicated times. Proteins (30 ng) were immunoblotted for phospho-RSKI1,
phospho-Erk1/2, total RSK1, and total Erk1/2. The last two served as loading controls. Results representing two similar experiments are shown.
(B) B82L cells (1 X 10° cells/100 mm dish) were treated with or without 8CPT-cAMP (100 M) for 30 min. The RI was then immunoprecipitated
from cell lysates (500 pg protein), and the presence of RSK1 in the IPs was monitored by immunoblotting. Mouse IgG2b (mIgG) was used in
control IPs. Results representing three experiments are shown. (C) BS2L cell lysates (500 pg protein) were treated with or without 8-CPT cAMP
(100 pM) for 30 min. PKAc was then IP. RSK1 and RI in the IPs were monitored by immunoblotting. Rabbit IgG (IgG) was used in control IPs.
Results representing three experiments is shown.
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PKAc, the ability of cAMP to activate PKA was decreased
when active RSK1 was present (Fig. 5). Although at maximal
concentrations of cAMP (1 mM) the level of activation of the
PKA holoenzyme was the same, the presence of RSKI in-
creased the Ka of cAMP for PKA from ~17 pM to ~50 uM.
These data (Fig. 5) along with those in Fig. 3 and 4 demon-
strate that interactions of active RSK1 with PKAc increase the
binding of RI to PKAc and decrease its activity. The regulation
of PKA activity by active RSK1 represents a novel mode of
regulating PKA activity.

Cyclic AMP activates ERK1/2 and RSK1 and dissociates
RSK1 from RI in B82L cells. In some cell types, cCAMP acti-
vates extracellular signal-regulated kinases 1 and 2 (ERK1/2)
(38, 42). Activation of Erk1/2 results in the phosphorylation
and activation of the downstream kinase RSK1. Thus, cAMP
can increase the levels of both PKAc and RSKI1 activities.
Therefore, we investigated whether cAMP treatment of B82L
cells resulted in activation of the ERK1/2 pathway and subse-
quently RSK1 and, if so, whether the interactions between
RSK1 and RI were altered. Exposure of cells to SCPT-cAMP
(100 wM) for 30 min increased the amounts of phospho-RSK1
and phospho-ERK1/2 (Fig. 6A). The amounts of total RSK1
and ERK1/2 show equal levels of loading of proteins. In the
absence of SCPT-cAMP, IPs of RI contained RSK1 and PKAc
(Fig. 6B, lane 4). In cells treated with SCPT-cAMP for 30 min,
as expected, the PKAc subunit was dissociated from the RI
(Fig. 6B, lane 3). Moreover, RSK1 was also not present in the
IPs of RI (Fig. 6B; cf. lanes 3 and 4). In similar experiments,
after treatment of cells with cAMP for 30 min, IPs of PKAc
contained RSK1 but not RI (Fig. 6C, lane 6). Similar results
were also observed with HeLa cells (not shown). Thus, as with
the experiments with EGF (Fig. 2 and 3), depending upon its
activation state the RSKI1 associates either with RI or with
PKAc. However, unlike the scenario seen with EGF, cAMP-
mediated activation of RSK1 is also accompanied by the dis-
sociation of PKAc from RI. Although these findings appear
contrary to the notion that active RSK1 increases interactions
between RI and PKAc (Fig. 2 to 4), it should be noted that in
the experiments with EGF (Fig. 2), cAMP-agarose was added
to cell lysates after the activation of RSK1 by EGF whereas for
the experiments whose results are shown in Fig. 6, cells were
treated with cAMP, which would first activate PKA and then
RSK1 at later times. Apparently, therefore, the RI that is
already bound to cAMP does not interact with PKAc even in
the presence of active RSK1. This would also suggest that the
interactions of PKAc and active RSK1 in the presence of EGF
that increase association of RI to PKAc may alter the affinity of
the RI subunit for cAMP. Indeed, the change in the 50%
effective concentration for cAMP-mediated activation of PKA
activity (Fig. 5) in the presence of active RSK1 supports this
notion.
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Functional significance of the binding of RSK1 to PKA. To
determine the functional significance of the complex compris-
ing RSK1, PKA, and AKAPs, we first investigated the cellular
distribution of a RSK1 and the consequence of dissociating the
protein from AKAPs. As shown before by Blenis and cowork-
ers (11, 35), activation of HeLa cells with EGF increased the
nuclear amount of active RSK1 and active RSK1 decorated the
nucleus in a punctate manner (Fig. 7A, top row). As expected,
an identical cellular localization of active RSK1 was observed
with cells that had been treated with Ht31P (Fig. 7A). How-
ever, when cells were pretreated with Ht31 to dissociate the
RSK1/PKA complex from AKAPs, in the presence of EGF the
nuclear localization of active RSK1 was decreased and dem-
onstrated a more diffuse, cytoplasmic distribution (Fig. 7A, top
row). Similar results were also observed with B82L cells (not
shown). These findings were confirmed by the observation that
the amount of phosphorylated, active RSK1 in the cytoplasm
was increased when the cells were treated with Ht31 compared
with the results seen with cells treated with Ht31P or peptide-
untreated controls (Fig. 8A, top panel; cf. lanes 2, 3, and 4). In
the presence of EGF, active RSK1 was colocalized with PKAc
and RI at the periphery and inside the nucleus (Fig. 7B).
Although the RI/RSK1 colocalization was more obvious at the
periphery of the nucleus, some active RSK1 and RI colocal-
ization was also observed inside the nucleus (Fig. 7B). The
abrogation of the interactions of RSK1/PKA complex from
AKAPs with Ht31, but not Ht31P, decreased the intranuclear
colocalization of active RSK1 with PKAc and RI (Fig. 7B).
These data suggest that the tethering of active RSKI to
AKAPs via PKAc is important for its nuclear localization.

RSK1 phosphorylates the proapoptotic protein BAD and
dissociates it from Bcl-2 (44). Likewise, RSK1 also phosphor-
ylates TSC2 (36, 37). To determine whether changes in cellular
distribution of active RSK1 caused by its dissociation from
AKAPs (Fig. 7 and 8A) alter the phosphorylation of its cyto-
solic substrates such as BAD and TSC2, HelLa cells were
treated with EGF in the presence and absence of Ht31 and
Ht31P. BAD was immunoprecipitated from cell lysates, and its
phosphorylation on Ser112, the RSK1 site (20, 29), was ana-
lyzed by immunoblotting. Cell lysates were also analyzed to
determine the phospho-RSK1 and total RSKI1 levels. The
phosphorylation of RSK1 by EGF was not altered by Ht31 or
Ht31P (Fig. 8B, lanes 1 to 3). However, addition of Ht31
increased EGF-elicited phosphorylation of BAD on Ser112
compared to the results seen with control untreated cells or
cells exposed to Ht31P (Fig. 8B [cf. lanes 1, 2, and 3] and Fig.
8C). Similarly, EGF-elicited phosphorylation of TSC2 on
Ser1798, the RSK1 site (detected by the anti-phospho-Akt
substrate antibody) (36), was also increased by Ht31 but not by
Ht31P (Fig. 8D). This is consistent with the observation that
Ht31 increases the amount of active RSK1 in the cytoplasm

FIG. 7. Active RSK1 and PKAc as well as RI are colocalized in the nucleus, and disruption of the PKA/AKAP decreases nuclear localization
of RSK1. Serum-starved HeLa cells were preincubated with nothing or 20 uM each of the cell-permeable, stearated Ht31 or Ht31P peptides for
5 min and then treated with or without EGF (100 nM) for 15 min and fixed. Active phospho-RSK1 was detected using anti-phospho-T573 RSK1
antibody and goat anti-rabbit antibody conjugated to Alexa Fluor 488. PKAc was detected using anti-PKAc antibody (BD Bioscience) and goat
anti-mouse antibody conjugated to Alexa Fluor 594. RI was monitored using biotinylated anti-RI antibody (BD Bioscience) and streptavidin-
conjugated Pacific Blue. The top row in panel A shows nonconfocal images of the cells, whereas the other rows present confocal images showing
the distribution of active RSK1, PKAc and RI. (B) The images in panel A were merged to show colocalization of the three proteins.
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(Fig. 7 and 8A) and, therefore, augments phosphorylation of
its cytosolic substrates BAD and TSC2. Because increased
phosphorylation of BAD results in increased protection
against apoptosis (20), we investigated whether the ability of
EGF to protect against cell apoptosis induced by TNF-o/CHX
was enhanced by Ht31. DNA fragmentation in HeLa cells
exposed for 3 h to TNF-o/CHX in the presence or absence of
EGF and Ht31 or Ht31P was monitored as described before
(14). As shown in Fig. 8E, TNF-o/CHX treatment resulted in
a significant increase in DNA fragmentation. The antiapop-
totic activity of EGF was significantly enhanced by Ht31 but
not by Ht31P. To determine the contribution of RSK1 via the
ERK kinase cascade, experiments similar to those whose re-
sults are shown in Fig. 8E were performed with the MEK
inhibitor PD098059. As shown in Fig. 8E, the MEK inhibitor
by itself caused some apoptosis that was further enhanced by
TNF/CHX. However, EGF in the presence or absence of Ht31
did show any antiapoptotic effects. These data show that the
Ht31-mediated increase in the antiapoptotic actions of EGF
without the MEK inhibitor in Fig. 8E were due to redistribu-
tion of RSK1, the downstream kinase of the ERKSs.

DISCUSSION

In this report, we describe four major and novel findings.
First, we have shown that inactive RSK1 interacts directly with
the RI subunit while active RSK1 directly interacts with PKAc.
This is the first demonstration of an activation-dependent as-
sociation of RSK1 with different subunits of the PKA holoen-
zyme. Moreover, by switching the partners that the inactive
and active RSK1 associate with, irrespective of its activation
state, RSK1 ensures its indirect association with PKA holoen-
zyme and, therefore, AKAPs. Because B82L cells express only
the Rla subunit, in this report we have focused on the inter-
actions of RSK1 with this subunit. However, given the similar-
ity in the structures of the different regulatory subunit iso-
forms, it is possible that RSK1 may also interact with RII
subunits.

A second important finding of our studies is that the asso-
ciations between inactive RSK1 and RI and between active
RSK1 and PKAc modulate the interactions between the sub-
units of the PKA holoenzyme. Thus, inactive RSK1, by inter-
acting with RI, decreases the associations between PKAc and
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RI, whereas active RSK1, which associates with PKAc, in-
creases the interactions between PKAc and RI. The increase in
interactions between subunits of PKA resulting from the pres-
ence of active RSK1 also decreases the ability of cAMP to
activate PKA (Fig. 5). These findings demonstrate one of the
functional significances of the interactions we have unraveled
and identify a novel mode of regulating PKA activity.

Although the regions on PKA subunits that RSK1 interacts
with are not known, from the structure of the type I (RI-
containing) PKA holoenzyme (25) it is apparent that upon
association with PKAc, the RI subunit undergoes major con-
formation changes; also, the ordering of the linker region on
RI is important in the RI/PKAc interactions (25). Because
inactive RSK1, by interacting with RI, decreases the associa-
tion of RI with PKAc, it is tempting to suggest either that
RSK1 binds to the linker region of RI or that the binding of
RSK1 to some other region of RI inhibits the ordering of the
linker region on RI and, therefore, association with PKAc. On
the other hand, active RSK1, by interacting with PKAc, may
somehow alter the conformation of the large lobe where the
major interactions with RI occur to facilitate the formation of
the holoenzyme (25). Future studies which identify the inter-
acting regions on RSK1 and PKA subunits will provide mech-
anistic insights into how RSK1 regulates the interactions be-
tween PKA subunits.

A third major functional role of the interactions between
RSK1 and PKA subunits elucidated by our experiments is that
the indirect interactions (via PKA subunits) of RSK1 with
AKAPs are essential for the nuclear localization of active
RSK1. Hence, when the interactions of RI with AKAPs are
disrupted by Ht31, active RSK1 is excluded from the nucleus
and accumulates in the cytoplasm (Fig. 7 and 8A). The result-
ant increase in cytosolic active RSK1 levels is accompanied by
increased phosphorylation of its cytosolic substrates TSC-2 and
BAD and an increased ability of EGF to protect against cel-
lular apoptosis. These findings underscore the importance of
the RSK1/PKA subunit interactions in regulating the cellular
distribution and biological functions of RSK1.

Because AKAPs localize PKA in the proximity of its sub-
strates (2, 52) the dissociation of PKA from AKAPs has been
shown to decrease BAD phosphorylation (20). However, the
dissociation of RSK1 from AKAPs increases its cytosolic con-
tent and phosphorylation of BAD (Fig. 8A and B). These

FIG. 8. Dissociation of AKAPs from regulatory subunits of PKA alters the subcellular distribution of active RSK1, increases EGF-elicited
phosphorylation of BAD and TSC2, and decreases cellular apoptosis. (A) HeLa cells were incubated exactly as described for Fig. 7 except that at
the end of the incubations with or without EGF, the cells were lysed and cytosolic fractions were isolated. A representative Western blot with
anti-pRSK1 antibody is shown. The same blot was reprobed with anti-lactate dehydrogenase (LDH) antibody as a loading control. (B) Serum-
starved HeLa cells were treated with Ht31 or Ht31P for 10 min prior to treatment with EGF (100 nM) for 1 h. BAD was immunoprecipitated from
cell lysates, and the amount of phospho-S112 BAD as well as of total BAD was monitored. Nonspecific rabbit IgG was used for control IPs. Lower
panels: Western analyses of total cell lysates (20 pg protein) for the amounts of pRSK1 and RSKI1. (C) Quantitative analyses of the ratio of
phospho-S112 BAD/BAD in IPs from three experiments similar to those whose results are shown in panel B. Data represent the means = SEM
(n = 3). (D) Serum-starved HeLa cells were treated with Ht31 or Ht31P 10 min prior to treatment with EGF (100 nM) for 30 min. TSC2 was
immunoprecipitated from cell lysates, and the amount of phospho-TSC2 at Ser1798 was monitored using anti-phospho-Akt substrate antibody (36).
The blot was stripped and probed for total TSC2. Nonspecific rabbit IgG was used for control IPs. The right-hand panel shows quantitative analyses
of the ratios of phospho-TSC2/TSC2 in the TSC2 IPs from three experiments. (E) Serum-starved HeLa cells (50,000 cells/well) were preincubated
in the presence and absence of 20 uM concentrations each of the stearated Ht31 or Ht31P and, when present, 50 M of MEK inhibitor PD98059
for 15 min followed by treatment with or without 100 nM EGF for 15 min. TNF-« (20 ng/ml) and cycloheximide (25 pg/ml) (TNF-o/CHX) were
then added for 3 h, and DNA fragmentation was monitored. Data represent means = SEM of the optical density at 405 nm per 50,000 cells (n
= 6). Significant differences were assessed by Student’s unpaired ¢ test.
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findings show that the dissociation of proteins from scaffolds
such as AKAPs, by increasing their concentrations in other
compartments, can augment some signals. On the other hand,
the exclusion of active RSK1 from the nucleus by dissociating
the RSK1/PKA complex from AKAPs may decrease the phos-
phorylation of the nuclear substrates of RSK1 such as c-Fos,
Mitl, Bubl, and histone 3. RSK1 also phosphorylates CREB
on Ser133 (54). However this site on CREB is also phosphor-
ylated by several other kinases, including Ca*"-calmodulin-
dependent protein kinases, mitogen- and stress-activated
protein kinase 1, and mitogen kinase-activated protein kinase-
activated protein 2 (13, 34, 45). Because EGF, via increases in
cytosolic free-Ca®" levels, activates Ca®"-calmodulin-depen-
dent protein kinases and downstream of mitogen-activated
protein kinases can activate mitogen- and stress-activated pro-
tein kinase 1 and mitogen kinase-activated protein kinase-
activated protein 2 (8, 13, 32, 40), we were unable to conclu-
sively decipher changes in CREB phosphorylation on S133
when intracellular distribution of RSK1 was altered by the
presence of Ht31 (not shown).

Since active RSK1 is colocalized in the nucleus and perinu-
clear region with PKAc and RI, an intriguing possibility that
arises is that the nuclear AKAP7vy that binds RI (7) or some
other, as-yet-unidentified, nuclear RI-specific AKAP may play
a central role in the nuclear localization of RSKI1. In this
context, a recent study has shown that muscle-selective AKAP
(mAKAP) binds and localizes PDK1, ERK, and RSK3 to the
nuclear periphery and regulates the activation of RSK3 (31).
However, it is unlikely that mAKAP is involved in the inter-
actions we report since mAKAP is mainly expressed in muscle
tissue. Secondly, RSK3, directly or indirectly, binds mAKAP
(31) whereas in our experiments, neither RSK2 and nor RSK3
was present in IPs of PKAc (Fig. 1B). Nevertheless, in tissues
such as myocardium that are rich in mAKAP and RSK1, it is
possible that the mAKAP may also associate with RSK1 via
PKA subunits. The mAKAP-mediated colocalization of RSK1,
PKAc, ERK, and PDKI at the periphery of the nucleus may be
important in bringing these kinases in proximity of each other,
especially because PDK1 plays an integral role in the activation
of these two kinases (5, 12). In this regard, unlike the colocal-
ization of ERK, PDKI1, and RSK3 in the complex with
mAKAP (31), we do not presently know whether ERK or
PDK1 is also present in the complex of PKA subunits and
RSK1 investigated here. Moreover, although in the studies of
Michel et al. (31) activation of RSK3 by PDK1 released the
enzyme from the mAKAP complex, we do not know whether
ERK or PDKI alters the interactions between PKA subunits
and RSK1 studied here. Future experiments will address these
possibilities.

The PKA subunits and RSK1 also interact with other pro-
teins (see the introduction). Therefore, it is possible that these
other interactions may also influence the ability of RSK1 to
associate with PKA subunits in the cells and permit the spatial
localization of RSK1 at its cellular targets. For instance, the
interactions between RI and cytochrome ¢ oxidase subunit Vc
or PAP7 (28, 55) and between RI and RSK1 may localize
RSKI to the mitochondria to permit phosphorylation of BAD
(23). In this respect, D-AKAP1, which specifically binds RI,
also contains a mitochondrial localization sequence and could
also permit the colocalization of RSK1 to the mitochondria.
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Future experimentation will elucidate whether the other pro-
teins that interact with PKA subunits (see the introduction)
also modulate the interactions between RSK1 and PKA sub-
units or regulate the spatiotemporal localization of RSK1 and
augment the repertoire of signaling events.

A fourth important point that our studies brought forth is
that in certain cell types in which cAMP, by increasing ERK1/2
activity, activates RSK1, both PKAc and active RSK1 reside as
a complex. Because these kinases share common phosphory-
lation sites on certain substrates such as CREB, BAD, and
Nur77, the phosphorylation of these substrates by agonists that
increase intracellular cAMP content may be erroneously as-
cribed solely to PKAc. This could account for the ambiguity in
the literature concerning the identity of the kinase that actually
phosphorylates some of the common substrates of PKA and
RSK1 (see examples with respect to Nur77 [21, 51] and Ser155
[29, 44, 58] phosphorylation of BAD).

In conclusion, herein, we report novel interactions of inac-
tive and active RSK1 with RI and PKAc subunits of PKA,
respectively. The functional significance of these interactions is
demonstrated by the following. First, by modulating the inter-
actions between PKAc and RI, the inactive and active RSK1
may alter the ability of cAMP to activate PKA. Indeed, in the
presence of active RSK1, the Ka of cAMP for PKA activation
is increased. This represents a novel mechanism for regulating
PKA activity. Second, the indirect (via PKA subunit) interac-
tions of active RSK1 with AKAPs are essential for its nuclear
localization and phosphorylation of its substrates. Thus, when
its interactions with AKAPs are disrupted, active RSKI is ex-
cluded from the nucleus and its cytosolic content is augmented,
with a resultant increase in phosphorylation of its cytosolic sub-
strates such as BAD that enhance the antiapoptotic actions of
EGF. Finally, in certain cell types in which cAMP activates RSK1,
because RSK1 and PKAc are in the same complex, the identity of
the kinase that phosphorylates their common substrates may be
erroneously ascribed to PKAc.
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