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Previously we showed that the inactive form of p90 ribosomal
S6 kinase 1 (RSK1) interacts with the regulatory subunit,
PKARIe, of protein kinase A (PKA), whereas the active RSK1
interacts with the catalytic subunit (PKAc) of PKA. Herein, we
demonstrate that the N-terminal kinase domain (NTK) of RSK1
is necessary for interactions with PKARI«. Substitution of the
activation loop phosphorylation site (Ser-221) in the NTK with
the negatively charged Asp residue abrogated the association
between RSK1 and PKARIw. This explains the lack of an inter-
action between active RSK1 and PKARIw. Full-length RSK1
bound to PKARI« with an affinity of 0.8 nM. The NTK domain of
RSK1 competed with PKAc for binding to the pseudosubstrate
region (amino acids 93-99) of PKARIa. Overexpressed RSK1
dissociated PKAc from PKARIe, increasing PKAc activity,
whereas silencing of RSK1 increased PKAc/PKARI« interac-
tions and decreased PKAc activity. Unlike PKAc, which requires
Arg-95 and -96 in the pseudosubstrate region of PKARI« for
their interactions, RSK1/PKARIe« association requires all four
Arg residues (Arg-93-96) in the pseudosubstrate site of
PKARIa. A peptide (Wt-PS) corresponding to residues 91-99
of PKARI« competed for binding of RSK1 with PKARI« both
in vitro and in intact cells. Furthermore, peptide Wt-PS (but
not control peptide Mut-PS), by dissociating RSK1 from
PKARIa, activated RSK1 in the absence of any growth factors
and protected cells from apoptosis. Thus, by competing for
binding to the pseudosubstrate region of PKARIe«, RSK1 reg-
ulates PKAc activity in a cAMP-independent manner, and
PKARIa by associating with RSK1 regulates its activation and
its biological functions.

The cyclic AMP-dependent protein kinase (PKA)” represents
one of the best studied kinases that is involved in regulating
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numerous physiological processes. PKA is a heterotetramer that
consists of two regulatory and two catalytic (PKAc) subunits (1).
Depending upon which of the two forms of the regulatory subunit,
PKARI or PKARII, PKAc binds to, the PKA holoenzyme is classi-
fied as type I or II, respectively (1). PKARI and PKARII themselves
exist in two forms, « and f3; thus, there are essentially four forms of
the regulatory subunits (1). Likewise, four forms of the catalytic
subunits may be expressed in cells and tissues (2). The heterotet-
rameric form of the PKA holoenzyme is inactive, and the binding
of two cAMP molecules to each of the regulatory subunits causes
dissociation of PKAc, resulting in its activation (3, 4). Both PKARI
and PKARI]I, via binding of their pseudosubstrate and inhibitory
regions, respectively, to the catalytic cleft of PKAc, inhibit its activ-
ity (5-8). However, other regions of PKARI« also interact with the
large lobe of PKAc (7).

The four isoforms of the p90 ribosomal S6 kinases (RSK1-
RSK4) are members of a family with two kinase domains, an
N-terminal kinase domain (NTK) and a C-terminal kinase
domain (CTK). Although RSK1-3 share considerable sequence
homology, RSK4 is larger and may also function differently (9,
10). The CTK domain of RSK1-3 is activated by Erk1/2-medi-
ated phosphorylation of a Thr residue (Thr-573 in rat RSK1) in
their activation loop. The activated CTK then autophosphory-
lates the RSKs to permit docking of PDK1 that then phosphor-
ylates a Ser residue (Ser-221 in rat RSK1) in the activation loop
of the NTK (11). The fully active RSKs, via their NTK, then
phosphorylate their respective substrates (12). The fully active
RSK1 and RSK?2 are also translocated to the nucleus where they
phosphorylate several transcription factors to mediate their
biological actions (13). RSK1 and RSK2 play a pivotal role in
regulating a variety of biological functions including inhibition
of apoptosis (14, 15), activation of the mTOR pathway (16), and
cell proliferation (17, 18). RSK1 and RSK2 have also been shown
to play an important role in the proliferation of breast and pros-
tate tumor cells (17, 18) and in augmenting cardiac hypertrophy
(19). Previous studies from our laboratory have shown that the
inactive form of RSK1 associates with PKARI«, and upon its

Erk, extracellular signal-regulated kinase; HA, hemagglutinin; GST, gluta-
thione S-transferase; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid; Mops, 4-morpholinepropanesulfonic acid; AMP-PNP,
adenosine 5'-(B3,y-imino)triphosphate; MES, 4-morpholineethanesulfonic
acid; siRNA, small interfering RNA; EGF, epidermal growth factor; TNF, tumor
necrosis factor; BAD, Bcl-xL/Bcl-2-associated death promoter; D-AKAP1, dual
specific AKAP1.
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activation, RSK1 binds PKAc (20). Thus, independent of its
activation state, RSK1 is associated with PKA and thereby also
with protein kinase A-anchoring proteins (AKAPs) (20). These
interactions are specific for RSK1, since RSK2 and RSK3 do not
associate with either PKARIa or PKAc (20). The indirect (via
PKA subunits) interaction of RSK1 with AKAPs is necessary for
the nuclear localization of RSK1, and perturbations in this
interaction with either PKARI« or AKAPs alters the biological
outcome (e.g. anti-apoptotic actions) of RSK1 (20). Recently, we
have also shown that the indirect association of RSK1 with
D-AKAP1 brings the RSK1 in proximity of the catalytic subunit
of protein phosphatase 2A (PP2Ac) that is bound to D-AKAP1,
and this permits PP2Ac to dephosphorylate and regulate RSK1
activation (21). Moreover, we have recently shown that the last
13 residues on RSK1 form the PKAc binding site and that auto-
phosphorylation of Ser-732 by NTK of RSK1 within this region
is required for interactions with PKAc (22). The PKAc binding
region on RSK1 is also the Erk1/2 binding site, except that auto-
phosphorylation of Ser-732 results in dissociation of Erk1/2
(22, 23). Thus, the phosphorylation status of Ser-732 deter-
mines whether RSK1 associates with Erk1/2 or PKAc (22).

The purpose of the studies described in this report was to
identify the regions on PKARI« and inactive RSK1 that interact
with each other and to further understand the functional
implications of this interaction. Our findings demonstrate that
the NTK domain of RSK1 is the PKARI« binding site, and con-
sistent with our previous reports that inactive RSK1 interacts
with PKARI« (20, 21), substitution of Ser-221 in the activation
loop of RSK1 with negatively charged Asp residue abrogated
this interaction. Additionally, our data show that the
pseudosubstrate domain of PKARI«a comprising the sequence
(>RRRRGAI®) is necessary for association with RSK1; Ala-98
represents the phosphorylation site (P site) if it were Thr or Ser.
Substitution of Arg-93/94 with Ala, which abrogates the RSK1
consensus phosphorylation sequence, also abolished the bind-
ing of RSK1 with PKARI« without altering its PKARIa/PKAc
interactions. Moreover, RSK1 competed with PKAc for binding
to PKARI« and modulated endogenous PKAc activity. Akin to
our recent report showing that silencing of PKARI« activates
RSK1 (21), the dissociation of the PKARI«a/RSK1 interaction by
a cell-permeable peptide corresponding to the pseudosubstrate
region of PKARI« mimicked the silencing of PKARI« and, by
increasing the amount of active RSK1, augmented the anti-apo-
ptotic actions of RSK1. These data demonstrate that the cata-
lytic cleft of the inactive NTK interacts with the pseudosub-
strate region of PKARI« and that this mode of association is
necessary for regulating the activation of RSK1 and its biologi-
cal actions as well as regulating endogenous PKAc activity.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—cDNA sequences corresponding to the
different regions of RSK1 were PCR synthesized using rat RSK1
as the template (provided by Dr. Warner Greene, University of
California, San Francisco) and inserted in vector pHM6 or
pGEX-4T-3 at EcoRI and NotI sites to express the HA-tagged
or GST-tagged RSK1 polypeptides. Bovine PKARIa« cDNA
(provided by Dr. Susan S. Taylor, Univ. of California, San
Diego) was inserted in-frame with EYFP in vector pEYFP-N1 at
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Nhel and Sall sites to express PKARIa-EYFP. Site-directed
mutagenesis of this construct was performed using mutagenic
primers for universal PCR.

Cell Culture and Transfection—Both B82L cells (mouse lung
fibroblasts) and HEK293T cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 2 mm L-glutamine, and penicillin/streptomycin. Metho-
trexate (5 ug/ml) was added for maintenance of B82L cells.
For transfection, HEK293T cells were plated in 60-mm dishes
at 4 X 10° cells/dish. The next day, cells were transfected with
plasmids using FuGENE 6 transfection reagent (Roche
Diagnostics).

Pulldown of PKARIa with cAMP-Agarose—The experimen-
tal procedures detailed in our previous report were used (20).
Essentially, lysates (500 ug of protein) of HEK293T cells that
were serum-starved were mixed with cAMP-agarose (Sigma)
for 2 h at 4 °C in the presence and absence of 50 mm cAMP
(Sigma). 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 M NaCl,
0.1% Igepal CA-630, 1 mm dithiothreitol, 100 um phenylmeth-
ylsulfonyl fluoride, and 1 ug/ml each pepstatin A, aprotinin,
and leupeptin) followed by 2 washes with no-salt buffer (as
described above but without NaCl). Proteins in the complex
were identified by Western analyses using the following anti-
bodies: anti-PKARI« (BD Biosciences) and anti-HA horserad-
ish peroxidase (Roche Diagnostics).

GST Pulldown Assays—Bacteria (TOP10 competent cells;
Invitrogen) transformed with vector alone or pGEX-4T-3-
RSK1-(1-317) were grown in Luria broth containing ampicillin
(100 pg/ml) until the A4y, reached 0.6 and then induced to
express GST or GST-RSK1-(1-317) with isopropyl B-p-1-thio-
galactopyranoside (0.5 mm) at 20 °C for 3 h. Bacterial lysates
were incubated with glutathione-Sepharose to purify GST or
GST-tagged RSK1-(1-317). Thereafter, glutathione-Sepharose
beads (15 ul) with prebound GST or GST-RSK1-(1-317) (5 nug)
were incubated in the pulldown buffer (20 mm Hepes, pH 7.4,
150 mm NaCl, 5 mm MgCl,, 2 mm MnCl2, 0.1% Triton X-100, 1
mM dithiothreitol, 0.1 mm ATP, and 0.1 mg/ml bovine serum
albumin) with purified PKARI« (10 pmol) or its mutant
PKARIaA91 with the deletion of amino acids 1-91 (provided
by Dr. Susan Taylor, University of California, San Diego) at 4 °C
for 2 h in a final volume of 400 ul. After three thorough washes
with the same buffer, the complex was eluted with Laemmli
sample buffer and subjected to SDS-PAGE for Western analy-
ses. To investigate the competition between RSK1 and PKAc
for binding to PKARIa before the GST pulldown assays,
PKARI« (10 pmol) was incubated with different indicated
amounts of PKAc to form the holoenzyme as described before
(22). Thereafter, the mixture was added to GST-RSK1-(1-317)
(5 ng) bound to glutathione-Sepharose. To examine the ability
of the short peptides corresponding to the pseudosubstrate
region of PKARI«a to dissociate PKARIa/RSK1 interactions,
synthetic peptides Wt-PS (sequence: KGRRRRGAI) and
Mut-PS (sequence: KGAARRGAI) corresponding to the
pseudosubstrate region 91-99 were obtained from New Eng-
land Peptides (Gardner, MA). These peptides were preincu-
bated on ice with GST-RSK1-(1-317) (5 png) for 15 min before
being mixed with PKARI« (10 pmol).
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Immunoprecipitations—After overnight serum starvation,
HEK293T cells were washed twice with ice-cold PBS and
scraped into lysis buffer (20 mm Hepes, pH 7.4, 150 mMm NaCl, 1
mMm EDTA, 0.5% Triton X-100, 2.5 mm MgCl,, 0.1 mm ATP, 1
mM dithiothreitol, 0.1 mm phenylmethylsulfonyl fluoride, and
proteinase inhibitor mixture (Roche Diagnostics). Cell lysates
were cleared by centrifugation at 20,000 X g for 15 min. The
supernatants (500 pg of protein except for immunoprecipita-
tion with anti-PKARI« antibody, where 1 mg protein was used)
were incubated for 2 h at 4 °C with 0.4 ug of anti-RSK1 antibody
or 2 ug of anti-PKAc antibody (both from Santa Cruz Biotech-
nology, Santa Cruz, CA) or 2 ug of PKARI« antibody (BD Bio-
sciences) together with 15 ul of protein G-conjugated agarose
beads. After three thorough washes with lysis buffer, the immu-
noprecipitates were eluted with Laemmli sample buffer and
subjected to SDS-PAGE for Western analyses. To detect
changes in the phosphorylation status of RSK1, B82L cells that
had been serum-starved were treated with 2 um each of palmi-
toylated, cell-permeable peptides Wt-PS or Mut-PS for 10 min.
Thereafter, cells were lysed in a buffer containing 50 mm Hepes,
pH 7.5, 1% Triton X-100, 0.5% CHAPS (ICN Biomedicals Inc.,
Aurora, OH), 150 mm NaCl, 1 mm dithiothreitol, 1 mm sodium
orthovanadate, 50 mm NaF, 5 mm sodium pyrophosphate, 10
mM f-glycerophosphate, 100 uM phenylmethylsulfonyl fluo-
ride, 1 uM microcystin, and 1 ug/ml each pepstatin A, aproti-
nin, and leupeptin. The immunoprecipitations were performed
with anti-RSK1 antibody as above, and the phosphorylation sta-
tus of RSK1 was monitored by anti-phospho-Ser-380 RSK anti-
body (Epitomics, Burlingame, CA).

Surface Plasmon Resonance—All measurements were per-
formed using the Bio-Rad ProteOn XPR36 instrument. The
PKARI« was immobilized on GLC sensor chips using Proteon
amine coupling kit. After activating the surface of the chip,
PKARI« (200 pm) in 10 mm sodium acetate, pH 4.00, was
injected at the rate of 30 ul/min for 300 s. A total of ~5000
resonance units of PKARIa were immobilized on the chip.
Residual N-hydroxysulfosuccinimide esters on the chip surface
were reacted with ethanolamine. The binding of PKAc and
RSK1 with PKARI« was performed at 25 °C in buffer containing
20 mm Mops, pH 7.0, 150 mm KCI, 1 mm Tris(2-carboxyeth-
yl)phosphine, 0.005% of polysorbate 20, 1 mm MnCl,, and 0.2
mMm AMP-PNP. Different concentrations of PKA catalytic sub-
unit (200, 100, 50, 25, and 12.5 nm), GST (100, 50, 25, 12.5, 6.25
nm), GST full-length RSK1 (GST-FL-RSK1) (25, 12.5, 6.25, 3.15
and 1.56 nm), or GST-RSK1-(1-317) (100, 50, 25, 12.5, 6.25 nm)
were injected over immobilized PKARI« at the flow rate of 30
wl/min for 600 s. After monitoring the association and dissoci-
ation of proteins, the chip surface was regenerated either with
glycine pH 2.0 or 10 mm NaOH for 18 s at a flow rate of 100
ul/min. GST protein at concentrations similar to those shown
for GST-RSK1-(1-317) was used as a reference. GST alone did
not bind to the immobilized PKARI«. Kinetic constants were
calculated using the Biacore pseudo-first-order rate equation,
and affinity constants (K,) were calculated from the equation
Ky = kyissociation/ Kassociation- L€ GST and GST fusion proteins,
prepared as described above, were eluted with GSH and con-
centrated in 30 mm MES, pH 6.5, 1 mM EDTA, 50 mm KCl, 5 mm
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B-mercaptoethanol, and protease inhibitor mixture (Roche
Diagnostics) using centrifugal concentrators (QMWL, 10 kDa).

Silencing of Endogenous RSKI—Endogenous RSK1 was
silenced by the two siRNAs as described in our previous publi-
cation (22). The first siRNA sequence was: sense, GGA CCA
AGA UGG AGA GAG ACA UCC T; antisense, AGG AUG
UCU CUC UCC AUC UUG GUC CGA. The second siRNA
sequence was: sense, CCU CUA UGU GGA UGA GUC UGG
GAA C;antisense, GUU CCCAGA CUCAUC CACAUA GAG
GAU. The control siRNA sequence was: sense, GGA UGA
UAU UCC UCC UUG UGU CUG UCC; antisense, GGA CAG
ACA CAA GGA GGA AUA UCA UCC.

In Vitro Kinase Activity Assays— After treatment of cells with
2 uM each of the palmitoylated, cell-permeable, peptides Wt-PS
or Mut-PS or with EGF (50 nm), triplicate immunoprecipitates
of RSK1, performed as described above for detection of RSK1
phosphorylation, were resuspended in 20 mm Hepes, pH 7.5, 1
mM sodium orthovanadate, 1 mm NaF, 1 mm dithiothreitol, 25
mM S-glycerophosphate, 5 mm MgSO,, 200 um Kemptide (Leu-
Arg-Arg-Ala-Ser-Leu-Gly), 125 um ATP, and 10 uCi of
[y->*P]ATP (final volume, 120 wl) for 10 min at room temper-
ature. Where indicated, the RSK1/2 inhibitor, SL-0101 (1 uMm),
was added to the kinase activity reaction buffer. Reactions were
terminated by the addition of equal volume of 20% trichloro-
acetic acid, and after centrifugation (16,000 X g, 5 min), ali-
quots (100 ul) of each supernatant were spotted onto P81 paper
(Whatman), air-dried, and washed 3 times with 0.5% phos-
phoric acid. The filters were then dried and counted in a liquid
scintillation counter. One parallel set of immunoprecipitated
proteins was denatured in Laemmli sample buffer, separated on
10% polyacrylamide gels, and analyzed by immunoblotting to
ensure that equal amount of RSK1 was immunoprecipitated
under different conditions.

Kinase assays with purified PKAc, PKARI«, and GST-FL-
RSK1 were performed as described previously (22). Essentially,
PKAc (2 nMm final concentration) was mixed with different con-
centrations of GST or GST-FL-RSK1 in buffer containing 20
mM Hepes, pH 7.4, 5 mm MgCl,, 2 mm MnCl,, 1 mm dithiothre-
itol, 5 mm NaF, 0.1 mg/ml bovine serum albumin, 0.1 mm ATP,
and then PKARI« (3 nMm) was added. This mixture was incu-
bated for 1 h at room temperature. Kinase activity reactions (50
wl final volume) were initiated by the addition of 0.2 mm Kemp-
tide and 2.5 uCi of [y-**P]ATP. The reactions were stopped
after 15 min with 50 ul of 20% trichloroacetic acid.

Apoptosis Assay—B82L cells (50,000 cells/well) in a 24-well
dish were transfected with control or RSK1-specific siRNAs as
described before (22). Forty-eight hours later cells were serum-
starved overnight. Wherever indicated, cells were treated with
2 uM Wt-PS or Mut-PS peptide for 10 min followed by stimu-
lation with 50 nm EGF for 10 min, as indicated. The cells were
then treated with or without 20 ng/ml TNF-« plus 25 ug/ml
cycloheximide (CHX) to induce apoptosis. One hour after
TNF/CHX treatment, DNA fragmentation was measured using
the Cell Death detection kit (Roche Applied Science).

RESULTS

NTK of RSK1 Interacts with PKARIa—The initial aim of our
study was to identify the region on inactive RSK1 that interacts
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FIGURE 1. RSK1, via its N-terminal kinase domain, interacts with PKARIla. A, shown is a schematic of rat
RSK1 and HA-tagged RSK1 constructs used; numbers represent the amino acids in rat RSK1. B-E, shown is
pulldown of HA-tagged RSK1 or its polypeptides with cAMP-agarose. HEK293T cells were transfected to
express HA-tagged RSK1 or its polypeptides. After depriving of serum overnight, cells were lysed and incu-
bated with cAMP-agarose to pull down PKARI« in the presence and absence of 50 mm cAMP as indicated. The
proteins in the complex were monitored using anti-HA, anti-PKARI, or anti-RSK1 antibodies. /B, immunoblot.
B, PKARI« binds to RSK1 fragments containing the N-terminal part of RSK1. C, HA-RSK1-(1-317) competes with
endogenous RSK1 for binding to PKARIa. The panel on the right shows quantification of band intensities of RSK1
as aratio of band intensities of PKARIa (mean = S.E.) from three experiments. *, p < 0.05 as compared with the
control. D, the NTK of RSK1 binds to PKARI . E, substitution of Ser-221 of RSK1 with a negatively charged residue
abrogates the interaction between RSK1 and PKARIa. Representatives of three similar experiments are shown

for all panels. WCL, whole cell lysates.

with PKARIw. Therefore, we transfected HEK293T cells with
HA-tagged full-length (1-735) RSK1 or the different constructs
shown in Fig. 1A that include the N-terminal 317 residues
(1-317) containing the NTK or its N-terminal 418 residues that
contain both the NTK and the linker region as well as the C-ter-
minal 318 amino acids (418 —735) containing the CTK and the
C-terminal tail. After serum-starving the cells, the endogenous
PKARI« from the cell lysates was pulled down with cAMP-
agarose, and proteins in the pulldown assays were analyzed for
HA-RSK1 or its fragments. As shown in Fig. 1B, the HA-tagged
full-length (1-735) as well as 1-317 and 1-418 fragments of
RSK1 were pulled down along with endogenous PKARI«. How-
ever, the HA-(418 -735) fragment of RSK1 was not pulled down
with PKARI« by the cAMP-agarose. Specificity of the interac-
tions between RSK1 and its fragments with PKARI« is shown
by the lack of these proteins when exogenous free cAMP was
added to dissociate PKARI« from the cAMP-agarose. Next, we
determined if overexpression of the N-terminal 317 residues of
RSK1 competed with endogenous RSK1 for association with
endogenous PKARIa. Fig. 1C shows that overexpression of the
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(20-22). The NTK of RSK1 con-
tains two phosphorylation sites, a
Ser-221 in its activation loop that is
phosphorylated by PDK1 and a Ser-
154 that is phosphorylated by an as
yet unidentified kinase (11, 24). To
determine whether the phosphory-
lation-mediated negative charge at
these two sites altered the associa-
tion of RSK1 with PKARIg,
HEK293T cells were transfected to express the HA-tagged
wild-type RSK1 or its S221A, S221D, S154A, and S154D
mutants. Interestingly, except for the S221D mutant, all forms
of RSK1 (wild type, S221A, S154A, and S154D) were pulled
down with PKARIa. Substitution of Ser with Asp at position
221 can interfere with PKARI« binding by either the negative
charge or the bulk that is introduced. However, because active,
phospho-RSK1 does not interact with PKARI« (20, 22), our
data suggest that the Asp substitution acts as a phospho-mimic
and that phosphorylation of the activation loop residue (Ser-
221) in the NTK of RSK1 determines its interactions with
PKARIa.

Pseudosubstrate Region of PKARI« Interacts with the NTK
Domain of RSKI—Next we focused on identifying the region on
PKARI« that is necessary for interactions with RSK1. For this
purpose, pure, full-length PKARI« or PKARIxA91 with dele-
tions of the first 91 amino acids were incubated with GST or
GST-RSK-(1-317). After pulling down GST or its fusion pro-
tein with glutathione-Sepharose, the presence of PKARI«
forms was monitored. Deletion of the N-terminal 91 residues of
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FIGURE 2. RSK1 binds to the pseudosubstrate region of PKARIa. A, shown is a schematic of bovine PKARIq;
numbers represent the amino acids in bovine PKARIa. B, the truncated PKARI« (deletion of amino acids 1-91,
PKARIxA91) retains the ability to interact with RSK1. Pure PKARIa or PKARIa¢A91 (10 pmol each) was incubated
with glutathione-Sepharose prebound with GST or GST-RSK1-(1-317) (5 ng). The amounts of PKARI« or
PKARI«A91 in the pulldown complex were detected with anti-PKARI« antibody. GST or GST-RSK1-(1-317) was
stained with Coomassie Blue. /B, immunoblot. C, substitution of Arg-93/94 or Arg-95/96 on PKARI« to Ala
selectively abrogates the interactions of PKARI« with RSK1 and PKAc. HEK293T cells were transfected with
plasmids expressing C-terminal fusion of Wt-PKARI«a, PKARIa (R93A/R94A), or PKARIa (R95A/R96A) with
enhanced yellow fluorescent protein (wt-PKARIa-EYFP, PKARIa (R93A/R94A)-EYFP, and PKARIa (R95A/R96A)-
EYFP, respectively). Cell lysates were immunoprecipitated (/P) with anti-RSK1 or PKAc antibody. The immune
complex was probed with anti-EYFP, PKARI«, RSK1, or PKAc antibodies. WCL, whole cell lysate. D, the peptide
corresponding to the PKARIa pseudosubstrate region (Wt-PS) competes for the interaction of PKARIa with
RSK1. GST-RSK1-(1-317) (5 ng) prebound to glutathione-Sepharose was incubated with PKARI« peptides,
Wt-PS, or Mut-PS at the concentrations indicated at 4 °C for 15 min before being mixed with PKARI« (10 pmol).
GST-RSK1-(1-317) was stained with Coomassie Blue. The panel on the right shows the quantification of relative
intensities of PKARIa bands as a ratio of GST-RSK1 bands from two identical experiments. Wt-PS, peptide with
wild-type PKARI« pseudosubstrate sequence KGRRRRGAI). Mut-PS, peptide with mutated PKARIa pseudosub-
strate sequence (KGAARRGAI).

the binding site for the NTK of
RSK1. HEK293T cells were trans-
fected to express PKARIa-EYFP or
its mutants in which either Arg res-
idues at positions 93 and 94 or
Arg-95 and -96 in the pseudosub-
strate region were substituted with
Ala. Immunoprecipitation of RSK1
from these cells demonstrated that
although the wild-type PKARI«
interacted with RSK1, PKARI«
RI3A/R94A and PKARIa R95A/
R96A did not associate with RSK1
(Fig. 2C). As expected from the
structure of the type I PKA holoen-
zyme (7), immunoprecipitation of
PKAc from the same cells demon-
strated that the interactions
between PKARla and PKAc were
abolished when Arg-95 and -96
were substituted with Ala but not
when R93 and R94 were replaced
with Ala (Fig. 2C). Thus, the Arg
residues on PKARI« required for its
association with PKAc and RSK1
are those that form the consensus
phosphorylation sequences for the
two respective kinases. Because dis-
ruption of the RSK1 consensus
phosphorylation sequence in the
pseudosubstrate region of PKARI«
abrogated the interaction between
these proteins, we reasoned that
a peptide corresponding to the
pseudosubstrate region of PKARI«
should compete for the binding
of RSK1-(1-317) with PKARIa.
Indeed, the addition of a peptide
(Wt-PS; sequence KGRRRRGAI)
corresponding to the pseudosub-
strate region of PKARI« in a con-
centration-dependent manner, atten-
uated the association of purified
PKARIe with GST-RSK-(1-317)
(Fig. 2D). On the other hand, the
control peptide (Mut-PS; sequence
KGAARRGAI), in which the under-
lined residues corresponding to
Arg-93 and -94 in the PKARIw
pseudosubstrate region were substi-
tuted with Ala, did not compete for

PKARI« that contains the AKAP binding region and the
PKARI« dimerization domain (Fig. 24 (25-27)) did not alter its
interactions with the N-terminal 317 residues of RSK1 (Fig. 2B).
Because the RSK1 consensus phosphorylation sequence com-
prises RXRXX(S/T) and because the pseudosubstrate region of
PKARI« contains “>RRRRGAI®® with Ala-98 being the P-site
(Fig. 2A (7, 28)), we investigated whether this region constitutes
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interactions between purified PKARI« and GST-RSK-(1-317)
(Fig. 2D). These data (Fig. 2, C and D) demonstrate that RSK1
binds the pseudosubstrate region of PKARIa.

Affinities of RSK1 and PKAc for PKARIa—Next, using surface
plasmon resonance, we determined the affinities of GST-
tagged full-length (FL) and N-terminal 317 residues (1-317) of
RSK1 as well as PKAc for PKARI«. As shown in Fig. 3, PKAc
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FIGURE 3. Affinities of PKAc and RSK1 for PKARIa.. PKARIa was immobilized
on GLC sensor chips of the Bio-Rad Proteon XPR36 instrument, and binding
isotherms were monitored by infusing the different concentrations of PKAc
(A), GST-full-length RSK1 (GST-FL-RSK1) (B), or GST-RSK1-(1-317) (C) for the
600-s periods (denoted by vertical lines) as described under “Experimental
Procedures.” The amount of immobilized PKARI« corresponded to 5000 res-
onance units. Controls with GST alone (C) were also performed. Representa-
tives of six similar independent experiments are shown. K, values presented
are the mean = S.E. from six different experiments.

bound PKARI« with an affinity of 0.4 £ 0.04 nm (Fig. 34), a
value similar (0.7 nm) to that previously reported for binding of
PKAc to immobilized PKARI« (29). Under identical condi-
tions, GST-FL-RSK1 and GST-RSK1-(1-317) bound to immo-
bilized PKARI« with affinities of 0.8 = 0.02 and 2.5 * 0.01 nwm,
respectively (Fig. 3, B and C). Controls with GST alone did not
show any binding (Fig. 3C). These data demonstrate that the
affinities of PKAc and full-length RSK1 for PKARI« are very
similar, with the difference that PKAc associates with PKARI«
at a faster rate than RSK1 (K. for PKAc = 1.53 * 0.04 X 10°

assoc
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M s tversus K

sssoc for GST-FL-RSK1 =2.91 £ 0.1 X 10° M~ *
s~ 1), and RSK1 dissociates from PKARI« at a slower rate than
PKAC (Kyjge0c for GST-FL-RSK1 = 2.32 = 0.01 X 10" * s~ !
versus K., for PKAc = 7.04 + 0.14 X 10~ *s™ 1), The differ-
ences in the affinities of FL-RSK1 and its N terminus RSK1-(1—
317) for PKARI« could be due to some steric hindrance from
the GST tag in the context of the short RSK1-(1-317) protein
versus the full-length RSK1.

PKAc and RSK1 Compete for Binding to PKARIo, and This
Competition Regulates PKAc Activity—Because both RSK1
(Fig. 2) and PKAc (7, 8, 28) bind the pseudosubstrate region of
PKARIe, we reasoned that PKAc and RSK1 might compete for
binding to PKARI«. In support of this notion, we had previously
observed that the association of RSK1 with PKARI« decreased
the interactions between PKAc and PKARI« (20). Nonetheless,
to more directly demonstrate that PKAc and the NTK of RSK1
compete for binding with PKARIa, GST-RSK1-(1-317) was
incubated with purified PKARI« and increasing concentrations
of PKAc. The amount of PKARI« associated with the GST-
RSK1-(1-317) was then determined by glutathione-Sepharose
pulldown assays. Fig. 44 shows that increasing concentrations
of PKAc decreased the amount of PKARI« that was associated
with the GST-RSK1-(1-317) fragment that contains the NTK.
Consistent with its ability to compete with PKAc for binding to
PKARIe, increasing amounts of GST-FL-RSK1 decreased the
formation of the PKA holoenzyme as assessed by measure-
ments of PKAc activity in the mixture of PKARI« and PKAc
with different concentrations of GST-FL-RSK1 (Fig. 4B). Nota-
bly, the EC,, concentration of GST-FL-RSK1 required to com-
pete with holoenzyme formation in these experiments was
2-fold greater than the concentration of PKAc (2 nm) in the
assay (Fig. 4B). This is similar to the 2-fold difference in the
affinities of PKAc and GST-FL-RSK1 for PKARI« (Fig. 3).

To assess the competition between RSK1 and PKAc for bind-
ing to endogenous PKARI« in intact cells, we transfected
HEK293T cells with increasing amounts of plasmid expressing
HA-RSK1 (S221A) and examined the amounts of PKAc and
HA-RSK1 in the PKARI« pulldown assays. As the expression
of HA-RSK1(S221A) in HEK293T cells increased, more
HA-RSK1(S221A) was associated with PKARIw, and this was
accompanied by decreasing amounts of PKAc in the PKARI«
pulldown assays (Fig. 4C). Moreover, by competing for PKARI«
binding and dissociating PKAc from PKARIe, increasing the
expression of HA-RSK1(S221A) in intact cells increased PKAc
activity as assessed by augmented immunoreactivity of cellular
proteins to anti-phospho-PKA substrate antibody (Fig. 4D) and
an increase in phosphorylation of Ser-155, the PKAc site (30,
31), on BAD (Fig. 4E). Because PKARIa-free PKAc is unstable,
in the experiments shown in Fig. 4, D and E, which involve
longer term expression of HA-RSK1 (S221A), if anything, the
activity of the PKAc monitored may be an underestimate. To
determine whether endogenous RSK1 regulated PKAc activity
by competing with PKAc for binding to PKARI«, RSK1 was
silenced using two different RSK1-specific siRNAs. As shown in
Fig. 4F, after silencing of endogenous RSK1, immunoprecipi-
tates of endogenous PKARI« contained greater amounts of
PKAc, indicating that endogenous RSK1 and PKAc compete for
association with endogenous PKARI; the amounts of PKARI«
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FIGURE 4. Competition between PKAc and RSK1 for association with PKARI« regulates PKA activity.
A, PKAc competes with RSK1-(1-317) for binding to PKARIa. PKARIa (10 pmol) was preincubated with
different indicated amounts of PKAc to form the holoenzyme before mixing with glutathione resin pre-
bound to GST-RSK1-(1-317) (5 ng) for the pulldown assay. GST-RSK1-(1-317) was stained with Coomassie
Blue. The panel on the right is quantification of the ratio of the band intensities of PKARI« relative to
GST-RSK1 from three similar experiments. *, p < 0.05; ** p < 0.01, Student’s unpaired t test analysis. B, GST
full-length RSK1 (GST-FL-RSK1) competes with PKAc for PKARl«a and decreases the formation of the PKA
holoenzyme. PKAc (2 nm final concentration) and increasing indicated concentrations of GST-FL-RSK1 (or
GST 100 nm) were added to PKARI« (3 nm). After incubation of the mixture for 1 h, formation of the PKA
holoenzyme was monitored by measuring PKAc activity as described under “Experimental Procedures.”
C, increasing expression of HA-RSK1 (5221A) decreases the association of endogenous PKAc with PKARIa.
HEK293T cells were transfected with the indicated different amounts of plasmid expressing HA-RSK1
(S221A). Cell lysates were immunoprecipitated (/P) with anti-PKARIa antibody. The right hand panel shows
the quantification of band intensities of PKAc or HA-RSK1 as a ratio of the band intensities of PKARl«a from
3 similar experiments. *p < 0.05; **, p < 0.01. D-E, overexpression of HA-RSK1 (S221A) activates PKA.
Experiments were the same as in panel C, except that the cell lysates were probed with anti-phospho-PKA
substrate (D) or anti- phospho-BAD Ser-155 antibodies (E). In D, a representative of three similar experi-
ments is shown. /B, immunoblot. In E, the right-hand panel shows quantification of band intensities of
phospho-BAD-Ser-155 and Erk1/2 from three experiments; *, p < 0.05. F, silencing of RSK1 increases the
interactions between endogenous PKAc and PKARI«. B82L cells were transfected with RSK1-specific siRNA
#1 (20 nm) or #2 (40 nm) for 56 h and then serum-starved overnight. The cell lysates were immunoprecipi-
tated with anti-PKARIa antibody. The right-hand panel shows quantification of band intensities of PKAc as
aratio of PKARla band intensities from three experiments. *, p < 0.05, as compared with control. G, silenc-
ing of RSK1 decreases phosphorylation of BAD on Ser-155. RSK1 was silenced as in F. Quantified band
intensities of phospho-BAD-Ser-155 and Erk1/2 from three experiments are shown on the right. *, p < 0.05;
** p < 0.01, as compared with control siRNA (Con). WCL, whole cell lysate.
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or PKAc were not altered by silenc-
ing of RSK1 (Fig. 4, F and G). Addi-
tionally, consistent with increased
PKAc/PKARI« interactions, when
RSK1 was silenced, the endogenous
PKA activity was decreased as mon-
itored by phosphorylation of BAD
on Ser-155, the PKAc site (Fig. 4G).
Together these data (Fig. 4) show
that RSK1 competes with PKAc for
binding to PKARI« and that, via this
competition, RSK1 can modulate
the activity of PKAc in vitro as well
as in intact cells.

RSK1/PKARIa Interaction Regu-
lates Activation of RSKI1 and Its
Ability to Modulate Cellular
Apoptosis—The next aim of our
studies was to determine the func-
tional consequences of the interac-
tions between inactive RSK1 and
PKARIw on the activation of RSK1
and its ability to inhibit apoptosis.
Recently, using a variety of ap-
proaches including silencing of
PKARIa, we have shown that the
PKARIa/RSK1 interaction is neces-
sary to bring RSK1 in proximity of
PP2Acon AKAPs such as D-AKAP1
(21). By bringing RSK1 in proximity
of PP2Ac, PKARI« ensures that the
RSK1 is dephosphorylated and
maintained in its inactive form in
the absence of any growth factors
(21). Therefore, we reasoned that
the cell-permeable, palmitoylated
peptide Wt-PS that competes with
PKARI« for association with RSK1
(Fig. 2D) may augment the activa-
tion state of the RSK1 in unstimu-
lated cells and also regulate its abil-
ity to phosphorylate its cellular
substrates and function. The palmi-
toylated peptide Mut-PS, in which
the Arg residues corresponding to
Arg-93 and -94 in the pseudosub-
strate site substituted with Ala, was
used as the control. These experi-
ments were performed in B82L cells
that contain endogenous PKARI«a
but not PKARII (20). Peptide
Wt-PS, but not Mut-PS, decreased
the association of endogenous
PKARIa with endogenous RSK1
(Fig. 5A). Because PKARIg, via its
interactions with AKAPs, also
brings RSK1 in proximity with the
AKAP-associated catalytic subunit
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FIGURE 5. PKARIa/RSK1 interactions regulate RSK1 activation and apoptosis. A, peptide (Wt-PS) corre-
sponding to the pseudosubstrate region of PKARIa disrupts the interaction of PKARIa and RSK1 and increases
RSK1 phosphorylation in unstimulated cells. B82L cells were serum-starved overnight and then were treated
with 2 um each of Wt-PS or Mut-PS (for sequences, see the legend to Fig. 2) for 10 min. RSK1 from the cell lysates
was immunoprecipitated (/P) with anti-RSK1 antibody. The proteins in the immune complex were detected
with Western analysis. The quantitative data using band intensities of the indicated proteins from three exper-
iments are shown in the panels on the right. B, Wt-PS, but not Mut-PS, disrupts the association of RSK1 with
PKARIg, increases the binding of endogenous PKAc to PKARI«, and decreases phosphorylation of BAD on
Ser-155. Cell lysates were prepared as in A, and PKARIa was immunoprecipitated with anti-PKARI« antibody.
The proteins in the immune complexes or whole cell lysates (WCL) were subjected to Western analysis. Quan-
tification of data using band intensities of the indicated proteins (n = 3 experiments) are shown in the panels
on the right. C, Wt-PS, but not Mut-PS, increases basal RSK1 activity and decreases apoptosis. After overnight
deprivation of serum, B82L cells were treated with PKARIa peptides Wt-PS or Mut-PS (2 um each) for 10 min
followed by stimulation with 50 nm EGF for 10 min. Cell lysates were examined for phosphorylation of Ser-380
on RSK1 and Ser-112 on BAD. The panels on the right represent quantification of band intensities of the indi-
cated proteins from three experiments. For the apoptosis assay, after treatments with or without EGF for 10
min, cells were treated with TNF-a (20 ng/ml) plus cycloheximide (25 wg/ml) (TNF/CHX) for 1 h, and DNA
fragmentation was monitored. Data are the mean = S.E. of A, per ng of protein (n = 3). D, silencing of RSK1
abrogates the ability of Wt-PS to inhibit apoptosis. Procedures were as in C, except that cells were transfected
with RSK1 siRNAs for 56 h before experimentation. The inset shows silencing of RSK1 by the two siRNAs. Data
are the mean = S.E. of A,y per ng of protein (n = 3).

expected from its ability to dissoci-
ate RSK1 from PKARI« and, there-
fore, also from the complex contain-
ing PP2Ac (Fig. 5A and Ref. 21),
peptide Wt-PS also activated en-
dogenous RSK1 under basal condi-
tions (i.e. in the absence of growth
factors). Thus, as assessed by its
phosphorylation on Ser-380 (Fig.
5A) and in vitro kinase activity of
immunoprecipitated RSK1 (supple-
mental Fig. S1), RSK1 was active in
peptide Wt-PS-treated cells but not
in cells that had been treated with
Mut-PS. That the activity in the
immunoprecipitates represents
RSK1 activity and not any other
associated kinase(s) is shown by the
finding that SL-0101, a selective
RSK1/2 inhibitor (18), inhibited the
activity (supplemental Fig. S1).

As observed with silencing of
RSK1 (Fig. 4F), the dissociation of
RSK1 from PKARI«a by peptide
Wt-PS was accompanied by an
increase in the association between
PKAc and PKARI« (Fig. 5B) with a
resultant decrease in PKA activity as
monitored by phosphorylation of
BAD on Ser-155, the PKA site (30,
31). These findings further corrobo-
rate our observations that endoge-
nous RSK1 and PKAc compete for
association with PKARIa. Note that
although the pseudosubstrate re-
gion of PKARI« is one of the bind-
ing sites for PKAc, PKARIa also
interacts with the large lobe of
PKAc (7, 32). Therefore, the inabil-
ity of peptide Wt-PS to compete the
PKARIa/PKAc interactions may
reflect differences in the affinity of
the peptide versus the pseudosub-
strate  domain of full-length
PKARIa for the catalytic cleft of
PKAc. Alternatively, because the
concerted interactions of the
pseudosubstrate region and cAMP
binding domains of PKARIa with
PKAc are required for binding and
inhibiting the activity of PKAc (32),
the loss of interaction only with the
pseudosubstrate region is insuffi-
cient to release PKAc from PKARIa.
Whatever, the mechanism, it is clear

of PP2Ac (21), peptide Wt-PS-mediated dissociation of from our data that peptide Wt-PS releases RSK1 from PKAR1«

PKARIa and RSK1 was also accompanied by a decrease in
PP2Ac in the immunoprecipitations of RSK1 (Fig. 54). As
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and thereby increases PKAc/PKARIa interactions and also
decreases PKAc activity in intact cells.

JOURNAL OF BIOLOGICAL CHEMISTRY 6977


http://www.jbc.org/cgi/content/full/M109.083642/DC1
http://www.jbc.org/cgi/content/full/M109.083642/DC1
http://www.jbc.org/cgi/content/full/M109.083642/DC1

Interactions between RSK1 and PKARI«

Next, we investigated whether peptide PS-elicited RSK1 acti-
vation altered the phosphorylation of its substrate BAD on Ser-
112, the RSK1 site (33), and modulated cell survival. Peptide
Wt-PS, but not the mutant peptide (Mut-PS), increased RSK1
activation in the absence of growth factor and also augmented
phosphorylation of BAD on Ser-112 (Fig. 5C). The basal apo-
ptosis in B82L cells was low and not altered either by EGF or any
of the two peptides. In contrast, TNF-a and cycloheximide
(TNF-a/CHX)-induced apoptosis was inhibited by peptide
Wt-PS to the same extent as by EGF; the control peptide (Mut-
PS) was ineffective (Fig. 5C). The inhibition of apoptosis by
peptide Wt-PS and EGF was not additive (Fig. 5C). That the
effects of peptide PS were mediated by RSK1 is shown by our
findings that silencing of RSK1 using two different siRNAs
against it obliterated the ability of peptide Wt-PS to protect
against TNF-a/CHX-induced apoptosis (Fig. 5D). Interest-
ingly, siRNA-mediated silencing of RSK1 increased basal apo-
ptosis in the absence of TNF-a and CHX, suggesting that low
levels of RSK1 activity under basal conditions contribute
toward cell survival.

DISCUSSION

Our finding that the pseudosubstrate region of PKARI« is
involved in interactions with the NTK of RSK1 when the Ser-
221 in RSK1 is replaced by a residue (Ala) that cannot be phos-
phorylated but not when Ser-221 is substituted by a negatively
charged residue explains why inactive, and not the active RSK1
associates with PKARIa. The finding that the NTK domain of
RSK1 interacts with the pseudosubstrate region of PKARIa and
that Arg residues 93 and 94 are necessary for these interactions
explains certain earlier reported results from our laboratory.
Thus, the lack of an interaction of RSK1 with PKARII (20) is
explained by the differences in the pseudosubstrate region of
PKARI« (RRRRGAI) and the inhibitory site on PKARII (FNR-
RVSV); the pseudosubstrate region of PKARI« represents a
RSK1 consensus phosphorylation sequence, whereas the cog-
nate region on PKARII does not. That the intact RSK1 consen-
sus phosphorylation sequence on the pseudosubstrate region of
PKARIw is required for its interaction with the NTK of RSK1
suggests that the catalytic cleft of the NTK is involved in the
interactions. The catalytic cleft residues in PKAc also contact
the pseudosubstrate site on PKARI« and the cognate inhibitory
region on PKARII with a resultant inhibition of PKAc activity
(7, 8, 28). In the case of RSK1, however, the inactive, but not the
active form of RSK1 associates with PKARI« (20, 21), and sub-
stitution of Ser-221 with Asp abrogates this interaction, sug-
gesting that the Ser-221 phosphorylation or a negative charge at
this site alters the orientation of the residues in the NTK cata-
Iytic cleft, which interacts with the pseudosubstrate site on
PKARIe. This explains why active RSK1 does not interact with
PKARI« and also explains the inability of PKARI« to inhibit the
catalytic activity of active RSK1 (see the supplemental data in
Chaturvedi et al. (20)).

Although the NTK domains of RSK1, RSK2, and RSK3 are
similar, only RSK1 associates with PKARI« (20, 21). Thus, the
small differences between the catalytic cleft residues of RSK1
and the other RSK isoforms are most likely the determinants of
the specificity of binding with PKARIa. The structure of the
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NTK of RSK1 has been solved (34). Unfortunately, however,
residues in the activation loop surrounding Ser-221 were not
ordered and, therefore, were not resolved in the structure (34).
Hence, it is difficult to predict the precise residues in the RSK1
NTK catalytic cleft that interact with the Arg residues (Arg-93—
96) in PKARI«, whose substitutions also abrogate PKARI«/
RSK1 interactions. On the other hand, the structure of the type
I PKA holoenzyme clearly shows the interactions of Arg-95 and
-96 with Glu-127, -170, and -230 in the catalytic cleft of PKAc
including Thr-197 in the activation loop that is phosphorylated
(7). Consistent with the structural data, the RO5A/R96A mutant
of PKARI«a does not interact with PKAc, whereas the R93A/
R94A mutant associates with PKAc (Fig. 2C), as these residues are
not in direct contact with PKAc (7). Notably, although R95A/
R96A PKARIa does not associate with PKAc (Fig. 2C), suggesting
that this site as an important determinant of PKAc/PKARI«
interaction, peptide Wt-PS, which contains the PKARIa
pseudosubstrate region, did not compete for PKARIa/PKAc
association, indicating that once the PKAc is bound to PKARIe,
competition at the pseudosubstrate region of PKARI« alone is
not sufficient to dissociate PKAc (Fig. 5B) but, rather, increases
PKARIa/PKAc interactions by competing RSK1 from PKARIa.
This may either be reflective of the relative affinities of peptide
Wt-PS and pseudosubstrate region of full-length PKARI« for
PKAc or the inability of competition at the pseudosubstrate site
alone to overcome the concerted interactions of PKAc with
different binding sites on PKARI« (7, 32).

Our findings that the two kinases have fairly similar (0.4 and
0.8 nm) affinities for PKARIa and compete for interactions with
PKARIw« in vitro as well as in intact cells (Figs. 3—5) imply that
the basal activity of PKAc in cells may be regulated by the
amount of RSK1 that is expressed. To this end, the ability of
overexpressed RSK1 to decrease the PKARI«a/PKAc association
and increase PKAc activity in cells combined with the observa-
tion that silencing of endogenous RSK1 increases PKAc/
PKARI« interactions and decreases PKAc activity demonstrate
the physiological role of this RSK1/PKARI« association in reg-
ulating PKAc activity without involving changes in cAMP lev-
els. In this context it should also be noted that active RSK1, by
associating with PKAc, decreases the ability of CAMP to acti-
vate type I PKA activity (22). Hence, depending upon the abun-
dance of active and inactive RSK1, the PKA activity can either
be inhibited or increased, respectively. These findings from our
laboratory (Ref. 22 and this report) underscore the ability of
RSK1 to modulate PKA activity.

Although the NTK of RSK1 is sufficient to bind PKARI« (Fig.
1), the affinity of GST-RSK-(1-317) was 3-fold lower than that
of GST-FL-RSK1 (Fig. 3). This difference could be due to either
some steric hindrance from the GST tag in the context of the
small region (1-317) of RSK1 or that there is another site on
RSK1 that is involved in the regulation of the association
between RSK1 and PKARI«. Although we have not observed
interactions of PKARIa with any other region on RSK1 beside
the NTK, future co-crystallization and structural studies may
reveal further subtleties in the interactions between these
proteins.

Besides regulating PKA activity, the other physiological func-
tion of the PKARI«a/RSK1 interaction concerns regulation of
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RSK1 activation. Consistent with our recent report that
PKARIg, by associating with RSK1, brings it in the proximity of
PP2Ac that then dephosphorylates RSK1 to maintain it in an
inactive state (21), dissociation of RSK1 from PKARI« with the
Wt-PS peptide increased RSK1 activity in cells without the
addition of any growth factors. This increase in RSK1 activity
was also reflected in the elevated phosphorylation of the pro-
apoptotic protein BAD and protection of cells against apopto-
sis. These findings underscore how the PKARI«a/RSK1 interac-
tions regulate both the cellular activity of PKA as well as RSK1.

One of the implications of our finding that PKAc and RSK1
compete for binding PKARI« is that in the context of the
PKARI« dimer, one of the monomers may be associated with
PKAc, whereas the other may be associated with RSK1. The
other implication of the competitive binding to PKARI« con-
cerns the Carney complex, an inherited autosomal disease in
which one of the alleles of the PKARIA gene is mutated, result-
ing in haploinsufficiency of PKARIa (35, 36). Decreased
PKARI« levels in Carney complex have been attributed to ele-
vated PKAc activity. This activation of PKAc may be further
augmented by the competition between PKAc and RSK1 for
binding the lower amounts of PKARI« in this condition. More-
over, the decreased amounts of PKARI« in Carney complex, by
decreasing the association of RSK1 with AKAPs and PP2Ac,
may also increase RSK1 activity that then leads to augmented
survival and growth of tumors in these patients.

In summary, in this communication we have identified RSK1
as another kinase that interacts with the pseudosubstrate site of
PKARI« and competes with PKAc for this binding. Although a
number of proteins have been reported to interact with
PKARIea, only RSK1 competes with PKAc for the pseudosub-
strate domain on PKARIa. We also show that the PKARI«/
RSK1 interaction has important roles in regulating both PKAc
activity independent of cAMP and the activation state of RSK1
and its biological actions.
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