
Phosphorylation of the cAMP-dependent Protein Kinase
(PKA) Regulatory Subunit Modulates PKA-AKAP Interaction,
Substrate Phosphorylation, and Calcium Signaling in
Cardiac Cells*□S

Received for publication, March 21, 2008, and in revised form, June 9, 2008 Published, JBC Papers in Press, June 12, 2008, DOI 10.1074/jbc.M802278200

Sabrina Manni‡, Joseph H. Mauban‡, Christopher W. Ward§, and Meredith Bond‡1

From the Departments of ‡Physiology, School of Medicine, and §Organizational System and Adult Health, School of Nursing,
University of Maryland Baltimore, Baltimore, Maryland 21201

Subcellular compartmentalization of the cAMP-dependent
protein kinase (PKA) by protein kinase A-anchoring proteins
(AKAPs) facilitates local protein phosphorylation. However,
little is known about how PKA targeting to AKAPs is regu-
lated in the intact cell. PKA binds to an amphipathic helical
region of AKAPs via an N-terminal domain of the regulatory
subunit. In vitro studies showed that autophosphorylation of
type II regulatory subunit (RII) can alter its affinity for
AKAPs and the catalytic subunit (PKAcat). We now investi-
gate whether phosphorylation of serine 96 on RII regulates
PKA targeting to AKAPs, downstream substrate phosphoryl-
ation and calcium cycling in primary cultured cardiomyo-
cytes.We demonstrated that, whereas there is basal phospho-
rylation of RII subunits, persistent maximal activation of
PKA results in a phosphatase-dependent loss of RII phospho-
rylation. To investigate the functional effects of RII phospho-
rylation, we constructed adenoviral vectors incorporating
mutants which mimic phosphorylated (RIIS96D), nonphos-
phorylated (RIIS96A) RII, or wild-type (WT) RII and per-
formed adenoviral infection of neonatal rat cardiomyocytes.
Coimmunoprecipitation showed that more AKAP15/18 was
pulled down by the phosphomimic, RIIS96D, than RIIS96A.
Phosphorylation of phospholamban and ryanodine receptor
was significantly increased in cells expressing RIIS96D versus
RIIS96A. Expression of recombinant RII constructs showed
significant effects on cytosolic calcium transients. We pro-
pose amodel illustrating a central role of RII phosphorylation
in the regulation of local PKA activity. We conclude that RII
phosphorylation regulates PKA-dependent substrate phos-
phorylation and may have significant implications for modu-
lation of cardiac function.

The cAMP-dependent protein kinase (PKA)2 is a serine/
threonine kinase with a prominent role in the regulation of
cardiac function. The inactive holoenzyme is composed of a
regulatory subunit (R) dimer and two catalytic subunits (PKAcat).
The active site of PKAcat reversibly associates with the inhib-
itory domain of the R subunit. Cooperative binding of cAMP
molecules to the four nucleotide binding sites on the R subunit
dimer causes dissociation of the PKAcat and, thus, activation of
the enzyme (1). However, dissociation of the R and PKAcat sub-
units may not always occur during activation (2, 3). It is widely
known that perturbations of PKA activity, including altered
PKA phosphorylation of ryanodine receptor, phospholamban,
myosin-binding protein C, and troponin I, occur in the failing
heart and may contribute to impaired contractile function
(4–8). Decreased phosphorylation of RII is observed during
heart failure; however, the mechanisms involved are poorly
understood (9). This study will focus on the functional signifi-
cance of alterations in the phosphorylation state of the RII
subunit.
A-kinase-anchoring proteins (AKAPs) bind RII dimers and

sequester inactive PKA holoenzyme near its substrates, facili-
tating phosphorylation of local PKA substrates. Sequence dif-
ferences among AKAPs result in the assembly of a varied range
of signaling molecules targeted to each AKAP (10). For exam-
ple, mAKAP, which targets PKA to the junctional sarcoplasmic
reticulum, binds RII, protein phosphatase 2A, phosphodiester-
ase 4D3, and ryanodine receptor (11, 12). AKAP15/18� local-
izes PKA to L-type Ca2� channels. The � isoform of
AKAP15/18 was recently shown to target PKA to phospholam-
ban (13), and phosphodiesterase 3 associates with sarcoplasmic
reticulummembranes (14). Thus each AKAP and its associated
signalingmolecules constitute a uniquemultifunctional signal-
ing complex.
Ser-96 of RII is located within the RII inhibitory domain and

interacts with the catalytic cleft of PKAcat (1). PKAcat phospho-
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rylates RII at Ser-96 (15). In vitro studies have shown that RII
phosphorylation at Ser-96 not only regulates interaction with
PKAcat (16, 17), but also affects interaction with AKAPs (18).
Studies using PKApurified frombovine cardiacmuscle showed
that RII phosphorylation increases cAMP-induced dissociation
of the PKAholoenzyme, leading to activation of the kinase (19).
Our surface plasmon resonance spectroscopy studies showed
that phosphorylation of the RII subunit alters the affinity of RII
for peptides encompassing the RII binding domains of
AKAP15/18, mAKAP, and AKAP-Lbc, with the greatest
increase observed for AKAP15/18 (18).
Because phosphorylation of RII can potentially affect both

holoenzyme formation and subcellular localization via AKAPs,
we investigated whether the phosphorylation state of RII regu-
lates PKA signaling in cardiomyocytes. We created RII fusion
proteins that mimic constitutively phosphorylated and non-
phosphorylatedRII and tested the hypothesis that RII phospho-
rylation modulates holoenzyme formation, PKA-AKAP inter-
actions, and downstream substrate phosphorylation in intact
myocytes. Altered phosphorylation of key PKA substrates then
affects cardiomyocyte Ca2� cycling.

Given previous observations that RII phosphorylation is
reduced during heart failure (9), this would imply decreased
AKAP-mediated subcellular localization of PKA inmyocytes of
failing hearts, which may then contribute to decreased PKA
protein phosphorylation and impaired contractility in heart
failure.

EXPERIMENTAL PROCEDURES

Adenovirus Construction—Three different RII constructs
(RII*) were created and fused to ECFP. The plasmid forWTRII
was previously described (20). To create the S96A, or the S96D
mutation in the RII protein, the Stratagene Quick Change XI
Site-directed mutagenesis kit was used. Constructs were veri-
fied by DNA sequencing. cDNAs encoding WT RII, RIIS96A,
and RIIS96D were cloned into the shuttle vector pAdlox. The
adenovirus was prepared by Cre-lox recombination (21) with
reagents provided by the NIH/NHLBI sponsored Viral core
Reagent Program at the University of Pittsburgh.
Cell Culture and Adenoviral Infection—Neonatal and adult

cardiomyocytes were isolated as described (22, 23). Neonatal
myocytes were cultured in Dulbecco’s modified Eagle’s
medium F12 (ATTC) supplemented with 5% horse serum,
(Cambrex), 0.04% bovine serum albumin, (Sigma), 1� insulin-
transferrin-selenium (Invitrogen) at 37 °C, 5% CO2. Neonatal
cardiomyocytes were plated at a density of �6–7 � 106 cells in
a 100-mm laminin-coated (Invitrogen) Petri dish, (10�g/ml) or
8 � 105 cells in a 24-mm laminin-coated coverslip. Twenty-
four hours after plating, infection was carried out using 4 pfu/
cell of adenoviral vector in serum-free Dulbecco’s modified
Eagle’s/F12 media. 2� medium was added to the cells after
60–90 min. The expression of recombinant proteins was ana-
lyzed after 48 h.
Adult rat cardiomyocytes were plated on laminin-coated

dishes (10 �g/ml) and cultured for 2 h inM199 with Hanks Salt
(Invitrogen) supplemented with 25.99 mM NaHCO3, 1� insu-
lin-transferrin-selenium (Invitrogen), penicillin (100 units/ml),
streptomycin (0.17 mM) (Invitrogen), 5 mM taurine (Sigma), 5

mM creatine (Sigma), 5 mM L-carnitine (Sigma), 5% fetal bovine
serum, pH 7.
Fluorescence Microscopy—Cells were fixed with 4%

paraformaldehyde in PBS. The cells were placed in 0.1% Tri-
ton-X in PBS for 7 min and then incubated in 3% BSA in PBS.
Primary antibodies (anti-RII from Upstate and PKAcat from
BD) were diluted 1:100 and incubated for 1 h at room temper-
ature. Alexa 488 donkey anti-goat or Alexa 568 donkey anti-
mouse (Molecular Probes) was used as a secondary antibody,
incubated for 45 min. After extensive washing, the cells were
mounted on a slide using Vectashield mounting media (Vector
Laboratories, Inc.). Images were collected using a Nikon
TE2000U inverted fluorescent microscope equipped with a
Spot digital camera and appropriate filters (Diagnostic Instru-
ments, Inc).
Calcium Imaging—Fluorescence imaging was carried out

using an Olympus IX50 inverted microscope (�40 objective)
equipped with a Roper Cool Snap HQ CCD camera. Cells were
loaded for 20 min with 10 �M fluo4-AM (Invitrogen) and
washed in Krebs Ringer Buffer (KRB; 125 mM NaCl, 5 mM KCl,
1 mM Na3PO4, 1 mM MgSO4, 5.5 mM glucose, 20 mM HEPES,
pH 7.4) supplemented with 1 mM CaCl2 for an additional 20
min. The coverslip with cells was placed on the stage of an
inverted microscope and perfused with KRB supplemented
with 1 mM CaCl2. Cells were perfused with 0.5 mM EGTA for
30 s and subsequently stimulatedwith 10mM caffeine in 0.5mM
EGTA and imaged at room temperature at �7 Hz using IPLab
software (BD Bioscience). Fluorescence images were normal-
ized to basal levels and reported as F/F0. The value of the time
constant t was calculated by fitting the recovery phase of the
fluorescence curve, using the equation y � yo � Ae�x/t.
PKA Activation in Cultured NCM and ACM—Control neo-

natal myocytes were stimulated either with forskolin, IBMX,
8-Br-cAMP, isoproterenol, or a combination of these agents.
Cells were washed in KRB supplemented with 1 mM CaCl2 and
then incubatedwith 25�M forskolin alone, or togetherwith 100
�M IBMX in KRB/CaCl2 for 5 min at 37 °C, 5% CO2. Alterna-
tively PKA was activated by incubation with 2.5 nM isoprotere-
nol (alone or together with 100�M IBMX) in KRB/CaCl2 or 100
�M8-Br-cAMP for 5min. All chemicals were fromSigma. Con-
trol cells were washed and placed in the incubator with KRB/
CaCl2 for 5 min. In experiments with phosphatase inhibitor, 10
nM calyculin A (Calbiochem) was preincubated with the cells
for 10 min and maintained at the same concentration during
the stimulation. Adult cardiomyocytes were stimulated with 25
�M forskolin, 1 mM 8-Br-cAMP, 1 �M isoproterenol, 100 �M
IBMX, or a combination of them in KRB/CaCl2 as indicated.
The cells were subsequently lysed in M-PER buffer (Pierce)
with protease inhibitors (Sigma), and proteins analyzed via
Western blot.
Immunoprecipitation Assay—Neonatal cardiomyocytes were

rinsed in PBS and scraped from the plate in M-PER lysis buffer
(Pierce) containing protease inhibitors (Sigma), 48-h postinfec-
tion. True blot anti-goat IgG IP beads (50 �l) (eBioscience)
were added to 700 �g of lysate from cell extracts and incubated
for 30 min on ice. After spinning at 10,000 � g for 3 min, the
supernatant was separated and incubated with 5 �g of RII anti-
body. After rocking for 1 h at 4 °C, 50 �l of IgG IP beads were

RII Phosphorylation Affects Cardiac PKA Activity

24146 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 35 • AUGUST 29, 2008



added and incubated for 1 h at room temperature. The immu-
nocomplex beads were washed three times in PBS, incubated in
sample buffer, and loaded in a 4–15% gradient SDS-PAGE for
immunoblotting.
Western Blot Analysis—The amount of proteins was deter-

mined in duplicate, using the Micro BCA Protein Assay kit
(Pierce). Proteins (40 �g per lane) were separated by SDS-
PAGE using 4–15% gradient or 5% gels (Bio-Rad), then trans-
ferred to polyvinylidene difluoride membrane for probing with
appropriate antibodies. Quantitative analysis of the bands was
performed by densitometry using the Kodak MI Molecular
Imaging software (Kodak Molecular Imaging Systems).
The antibodies used were the following: a custom anti-

AKAP15-GST polyclonal antibody (a kind gift fromDr. Catter-
all, University of Washington, Seattle, WA), Phospho-phos-
pholamban Ser-16 and Phospho-ryanodine receptor 2809
(Badrilla, UK), anti-phospholamban and anti-RII (Upstate),
anti-ryanodine receptor, SERCA, and calsequestrin (Affinity
Bioreagent), anti- Na�/Ca2� exchanger (Swant, Switzerland),
phospho-RII (Epitomics). Horseradish peroxidase-conjugated
anti-mouse, anti-goat, or anti-rabbit were used as secondary
antibodies (KPL). The True Blot System was used as a second-
ary antibody in the immunoprecipitation experiments, accord-
ing to the manufacturer’s instructions.
Statistical Analysis—Results are expressed as means � S.E.

Significance was estimated using one-way analysis of variance
(ANOVA) across multiple groups. If the data did not conform
to a normal distribution, the Kruskal-Wallis one-way ANOVA
analysis on ranks was performed. A p value �0.05 was consid-
ered statistically significant.

RESULTS

Effect of �-Adrenergic Stimulation on RII Phosphorylation—
The phosphorylated form of RII has been well characterized in
vitro in purified cardiac and smooth muscle tissue. It has been
proposed that RII exists primarily in the phosphorylated form
in vivo (16, 18, 24). To investigate whether the extent of phos-
phorylation of RII undergoes changes in intact cardiomyocytes

upon �-adrenergic stimulation, we
investigated the phosphorylation of
endogenous RII (Ser-96) at baseline
and under agonist-stimulated con-
ditions in primary rat neonatal and
adult cardiomyocytes. In neonatal
myocytes (Fig. 1A), phosphoryla-
tion of RII was observed under base-
line conditions (lane 1).Whenmyo-
cytes were stimulated with either
forskolin or isoproterenol, alone, no
significant change in RII phos-
phorylation versus baseline was
observed (n � 5). However when
myocytes were stimulated with for-
skolin or isoproterenol, in combina-
tion with the phosphodiesterase
inhibitor, IBMX,we observed loss of
the phosphorylated RII band. Stim-
ulation with the cell-permeant,

phosphodiesterase-resistant cAMP analogue, 8-Br-cAMP,
mimicked this latter effect (n � 5). Similar results were
obtained when adult cardiomyocytes were stimulated in the
same manner, thus indicating that these findings are not spe-
cific to neonatal myocytes (n � 4, Fig. 1B): phospho-RII was
present after stimulation of adult cardiomyocytes with isopro-
terenol alone or forskolin alone (lanes 2 and 4); however, the
phospho-RII band disappeared after treatment of cells with for-
skolin/IBMX or 8-Br-cAMP (lanes 5 and 6). Phospho-RII was
markedly reduced in 2 of 4 experiments where adult cells were
treatedwith isoproterenol/IBMX (lane 3) andwas absent in the
other two experiments.
In neonatal cardiomyocytes, we consistently observed a dou-

blet for phospho-RII, at 55–57 kDa. The lower molecular
weight band was also responsive to IBMX. This band may be a
developmentally regulated splice variant of RII not present in
adult myocytes. The RII phosphoband reappeared when caly-
culin A (phosphatase inhibitor) was added to the combination
of forskolin/IBMX, but treatment of neonatal myocytes with
calyculin A alone did not affect the presence of the phospho-
band (supplemental Fig. S1). Stimulation of neonatal myocytes
with the combination of isoproterenol and calyculin A did not
affect the RII phosphoband.
These findings suggest that RII is phosphorylated in car-

diomyocytes under baseline conditions. The results are consist-
ent with previous reports in vascular smooth muscle (24) and
indicate that upon transient elevation of cAMP, (absence of
IBMX) Ser-96 is protected from the action of phosphatases. In
contrast, maintained activity of cAMP, by inhibition of cAMP
breakdown or the use of 8-Br-cAMP,may result in dissociation
of RII and PKAcat and thus permit dephosphorylation of the RII
subunit by calyculin A-sensitive phosphatases.
Expression and Characterization of RII Phosphomimics in

Neonatal Cardiomyocytes—A widely used approach to mimic
phosphorylated or unphosphorylated residues of a protein is
mutation of the phosphorylatable Ser/Thr to Asp (or Glu) or
Ala, respectively (25, 26). To determine the functional effects of
altered RII phosphorylation in cardiac cells, we produced three

FIGURE 1. Phosphorylation of endogenous RII protein following activation of PKA in cardiomyocytes.
A, NCM were treated for 5 min with forskolin (Forsk), isoproterenol (ISO), 8-Br-cAMP, or a combination of
forskolin or isoproterenol with IBMX, as indicated. Phospho-RII was present at basal conditions and after
stimulation with forskolin or isoproterenol alone (lanes 2 and 4). A loss of phosphorylated RII was observed in
forskolin/IBMX-, isoproterenol/IBMX-, 8-Br-cAMP-, and 8-Br-cAMP/IBMX-treated cells (lanes 3, 5, 6, and 7) (n �
5). B, adult cardiomyocytes (ACM) were treated for 5 min as indicated. Maintained activation of PKA also
resulted in loss of the phospho-RII band. The lower panels show total RII expression and GAPDH staining.
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adenoviral vectors, encoding wild-type RII and two mutants
that mimic constitutively phosphorylated (RIIS96D, Ser-96
mutated to Asp) and unphosphorylated (RIIS96A, Ser-96
mutated to Ala) RII. Fig. 2A shows a schematic diagram of the
RII fusion proteins (RII*). Western blot using the phospho-RII
antibody revealed a band of �82 kDa, corresponding to the
molecular mass of recombinant phospho-RII* with ECFP tag,
only in cells overexpressing the wild-type RII construct. The
observed phosphorylation of recombinant wild-type RII fur-
ther indicated that RII is phosphorylated under basal condi-
tions. The phosphoantibody did not detect RIIS96A and
RIIS96D because of the point mutations in Ser-96.
Fig. 2B (upper panel) shows non-infected neonatal myocytes

immunostained with antibodies to detect endogenous RII and
PKAcat. The two PKA components co-localized throughout the
cytoplasm and perinuclear region. Immunofluorescence and
immunoblotting were performed to determine whether over-
expression of RII* constructs altered localization and/or abun-
dance of PKAcat (Fig. 2, B, lower panels andC). In Fig. 2B (lower
panel), the fluorescence of the ECFP tag was used to identify
neonatal cells expressing the three RII* fusion proteins. Infec-
tion efficiency was 95%. Overexpressed proteins localized
throughout the cytoplasm. The second column shows PKAcat

expression in the same cells. The
intensity of excitation and duration
of exposure were kept identical
between control and infected cells.
No gross differences in localization
of PKAcat were noted. Lysates from
neonatal myocytes expressing
recombinant RII* proteins were
analyzed for PKAcat byWestern blot
(Fig. 2C). Neonatal cells infected
with adenovirus carrying GFP alone
served as an additional control. No
significant changes in the abun-
dance of PKAcat, compared with
control or to cells expressing GFP,
were observed (n � 4). Therefore,
despite a significant increase in RII*,
as a result of expression of recombi-
nant RII* proteins, total PKAcat
remained unchanged.
Prior in vitro studies showed that

phosphorylation of RII (Ser-96),
reduced RII affinity for PKAcat �10-
fold (16, 17). If RIIS96D and
RIIS96A are validmimetics of phos-
phorylated and unphosphorylated
RII, respectively, then we should
observe decreased binding of
PKAcat to expressed RIIS96D versus
RIIS96A.We compared the amount
of PKAcat which co-immunopre-
cipitated with RIIS96D versus
RIIS96A. Significantly less PKAcat
bound RIIS96D compared with
RIIS96A (supplemental Fig. S2),

thus, confirming that our constructs are appropriate mimics of
phosphorylated and unphosphorylated RII (Ser-96).
Effects of RII Phosphomimics on RII-AKAP Interactions in

Cardiomyocytes—AKAP15/18� is a prominent AKAP expressed
in cardiomyocytes (27, 28). Recent evidence also reveals expres-
sion of AKAP15/18� in cardiomyocytes (13). Surface plasmon
resonance experiments have shown that the affinity of the RII
binding region of AKAP15/18 for RII significantly increases
when Ser-96 of RII is phosphorylated (18). We therefore inves-
tigated whether more AKAP15/18 is co-immunoprecipitated
by RIIS96D compared with RIIS96A.
We first confirmed that we had equal protein expression of

recombinant RII* and AKAP15/18� under all experimental
conditions (Fig. 3A). RII antibody coupled to anti-goat IgG IP
beads was used to co-immunoprecipitate AKAP15/18 (Fig. 3B).
The amount of AKAP15/18� immunoprecipitated with each
RII* construct (upper panel) was normalized to immunopre-
cipitated recombinant RII* (bottom panel). Significantly less
AKAP15/18� co-immunoprecipitated with the non-phospho-
rylated RII mimic RIIS96A, compared with the constitutively
phosphorylated mimic RIIS96D or wild-type RII (p � 0.05, n �
5). Similar results were obtained when the recombinant RII*s
were immunoprecipitated with anti-GFP antibody, to avoid

FIGURE 2. Expression and localization of RII* fusion proteins and PKAcat in NCM. A, schematic diagram
shows the design of the RII fusion proteins (RII*) wherein Ser-96 is kept as wild-type (WT RII) or mutated to an
alanine (RIIS96A) or aspartate (RIIS96D). Western blot in A shows expression of the RII* fusion proteins. The
higher molecular mass (�82 kDa) of RII*, relative to endogenous RII, reflected the addition of the ECFP tag. A
phospho-RII antibody recognized the phosphorylated WT RII construct. B, upper panel: control non-infected
NCM were probed with antibodies for RII (left) and PKAcat (right). B, lower panel: ECFP fluorescence shows cells
expressing RII* fusion proteins as indicated (left). The same cells were probed with PKAcat antibody (right). Bars,
40 �m. C, representative Western blot showing abundance of PKAcat in control and infected NCM. Bar graph
indicates unchanged level of PKAcat (n � 4).
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contribution of endogenous RII (data not shown). Consistent
with our earlier studies, the results indicate that PKA-
AKAP15/18 interaction is significantly increased when RII is
phosphorylated at serine 96; thus, suggesting that this may be a
mechanism by which PKA-AKAP interactions are regulated
in vivo.
Effects of RII Phosphomimic on PKA Substrate Phospho-

rylation—To test the hypothesis that alteredRII-AKAPbinding
(via expression of phosphorylation mutants) regulates local
PKA activity, we measured phosphorylation of two key PKA
substrates: ryanodine receptor and phospholamban (29). The
amount of ryanodine receptor and phospholamban showed no
significant difference between cells expressing recombinant
RII* proteins (or GFP), compared with uninfected control (Fig.
4, A and C). Under basal conditions, the fraction of phospho-
rylated ryanodine receptor/total ryanodine receptor was signif-
icantly greater in neonatal cells expressing the phosphorylated
mimic RIIS96D, compared with RIIS96A, wild-type RII, unin-
fected controls, (n � 5, p � 0.05), or GFP controls (n � 3, p �
0.05) (Fig. 4B). Similarly the fractional content of phosphoryla-
ted phospholamban was significantly greater in neonatal myo-

cytes expressing RIIS96D, compared with RIIS96A (n � 4, p �
0.05) (Fig. 4, C and D). Interestingly, we also noted that basal
phosphorylation of phospholamban was significantly reduced
in wild-type RII and RIIS96A-expressing cells, relative to unin-
fected myocytes (n � 4, p � 0.05).

The relative increase in PKA-dependent phosphorylation of
both ryanodine receptor and phospholamban, in cells express-
ing the phosphorylated mimic RIIS96D versus the non-phos-
phorylatedmimicRIIS96A further supports the hypothesis that
increased phosphorylation of RII (RIIS96D phosphorylated
mimic) results in increased PKA binding to AKAPs, PKA local-
ization near its substrates, and PKA-dependent substrate
phosphorylation.
Effects of RII Phosphomimics on Ca2� Homeostasis—We first

investigated whether adenoviral expression affected levels of
Ca2� regulatory proteins. We measured abundance of SERCA,
calsequestrin, and Na�/Ca2� exchanger protein (Fig. 5). The
amount of calsequestrin (n� 7) and Na�/Ca2� exchanger pro-
tein (n � 5) remained unchanged in all three groups of cells
expressing RII* constructs, compared with uninfected controls
or cells infected with GFP alone. However, SERCA was signifi-
cantly reduced in all three experimental groups of cells express-
ing recombinant RII* constructs, compared with uninfected
controls or cells expressing GFP (n� 4, p� 0.05) (Fig. 5B). The
decrease in expression of SERCA was not due to adenoviral
infection per se, because those cells infected with GFP (similar
to CFP) did not demonstrate a decrease in SERCA.
We then used the Ca2� indicator Fluo4 to determine the

effect of expression of RII* on spontaneous Ca2� oscillations, in
the presence of 1 mM extracellular Ca2�. Frequency of sponta-
neous activity was similar in control and infected neonatal car-
diomyocytes (median values (number of events/30 s): control�
6.5, wild-type RII � 5, RIIS96A � 5, RIIS96D � 6). However,
the time course of Ca2� oscillations is regulated by several Ca2�

transport pathways: release of Ca2� from the sarcoplasmic
reticulum, sarcolemmal Ca2� influx, Ca2� reuptake into the
sarcoplasmic reticulum, and sarcolemmalCa2� efflux.We then
isolated the sarcoplasmic reticulumCa2� release component of
the Ca2� transient by stimulating the myocytes with caffeine,
under Ca2�-free conditions. Because we observed that SERCA
protein was decreased under all conditions where RII* con-
structs were expressed (Fig. 5), this was likely to cause
decreased availability of releasable Ca2� from the SR as a result
of reduced SERCA-dependent Ca2� uptake. Fig. 6A shows a
representative Ca2� fluorescence trace for each experimental
condition.
Interestingly, despite a significant reduction in SERCA pro-

tein expression compared with uninfected controls (Fig. 5A),
the median peak Fluo4 fluorescence was not significantly
reduced in RIIS96D cells (1.43, n � 117) versus controls (1.47,
n � 120) (Fig. 6B and Table 1). In contrast, the median peak
fluorescence was significantly reduced in cells expressing
RIIS96A (1.39, n � 143) and in cells expressing wild-type RII
(1.22, n� 70), compared with control (cells derived from seven
separate cell isolations). These results indicate that the caf-
feine-releasable Ca2� store is decreased in neonatal myocytes
expressing the non-phospho-mimic, RIIS96A (or wild-type
RII), compared with uninfected controls.

FIGURE 3. Co-immunoprecipitation of AKAP15/18� with RII* fusion proteins
in neonatal cardiomyocytes. A, total cell lysate from control non-infected and
NCM expressing RII* fusion proteins were probed with AKAP15/18� and RII anti-
body to demonstrate equal expression. B, co-immunoprecipitation using RII anti-
body shows that less AKAP15/18� was co-immunoprecipitated with RIIS96A rel-
ative to RIIS96D or WT RII. Bar graph summarizes results (n � 5, *, p � 0.05). Error
bars indicate S.E.
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Interestingly, while we observed a
reduction in SERCA protein levels in
neonatal cardiomyocytes expressing
all RII* constructs, the decay time
constant, t, of the Ca2� transient was
significantly shorter in cells express-
ing wild-type RII (t � 3.73, n � 61),
RIIS96A (t � 3.82, n � 132), and
RIIS96D (t � 3.70, n � 106), versus
uninfected controls (t � 5.18, n �
103) (Fig. 6C).

DISCUSSION

The specificity and efficiency of
PKA depend upon its subcellular
localization by AKAPs (10). In vitro
studies have revealed that phospho-
rylation of RII regulates its binding
to both AKAPs and PKAcat. We
tested the hypothesis that the phos-
phorylation state of RII is critical to
control of local PKA activity. We
used adenoviral infection to express
wild-type RII and RII mutants that
mimic phosphorylated or nonphos-
phorylated RII, in neonatal rat car-
diomyocytes. Co-immunoprecipi-
tation of AKAP15/18 and the
catalytic subunit of PKA confirmed
that RIIS96D mimics phosphoryla-
ted RII and RIIS96A mimics non-
phosphorylated RII. We then dem-
onstrated that the RII phospho- and
nonphosphomimics differentially
affected phosphorylation of PKA
substrates and Ca2� signaling.
Overall, our results demonstrate
that the phosphorylation state of the
RII subunit is a critical factor which
regulates (i) AKAP-RII interaction,
(ii) PKA substrate phosphorylation,
and (iii) Ca2� signaling in rat
cardiomyocytes.
RIIPhosphorylation IsDynamically

Regulated in Cardiomyocytes—
Previous in vitro studies suggested
that RII is phosphorylated at basal
levels (16, 24, 30). We have now
shown, for the first time, the effect
of elevated cAMP on the phospho-
rylation state of RII in cardiomyo-
cytes. We show that stimulation of
neonatal or adult cardiomyocytes
with forskolin or isoproterenol, in
combination with IBMX, to main-
tain elevated cAMP, eliminates RII
phosphorylation. This result con-
trasts with the increase in phospho-

FIGURE 4. Phosphorylation of RyR and PLN in NCM expressing recombinant RII* proteins. A, blot
containing cell lysate from control non-infected NCM and NCM expressing recombinant RII* fusion pro-
teins or GFP was probed with antibody for phosphorylated ryanodine receptor (phospho-RyR Ser-2809),
and total RyR, as indicated. B, bar graph shows that phospho-RyR was significantly increased in cells
expressing RIIS96D, versus RIIS96A, WT RII, and non-infected cells (n � 5, *, p � 0.05). C, blot was probed
with anti-phosphorylated phospholamban (phospho-PLN, Ser-16) and total PLN antibody. GAPDH stain-
ing shows equal loading. D, summary shows that the level of phospho-PLN was significantly reduced in
cells expressing WT RII and RIIS96A compared with RIIS96D and non-infected control (n � 4, #, p � 0.05).
Error bars indicate S.E.

FIGURE 5. Abundance of SERCA, calsequestrin, and Na�/Ca2� exchanger in NCM expressing RII* recom-
binant proteins. A, representative Western blot of control non-infected and NCM infected with RII* constructs
or GFP. The blots were probed with antibodies as indicated. Staining for GAPDH verified equal loading. B, bar
graphs summarize results. NCM infection with RII* fusion proteins resulted in a significant reduction of SERCA
(n � 4) compared with control (*, p � 0.05), but did not change calsequestrin (CSQ) (n � 7) or Na�/Ca2�

exchanger (NCX) (n � 5). Error bars indicate S.E.
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rylation observed with other PKA substrates (e.g. phospho-
lamban, ryanodine receptor, troponin I), which show a
dramatic increase in phosphorylation as a result of increased
cAMP. These findings are consistent with in vitro studies
where addition of cAMP caused RII dephosphorylation in
purified bovine cardiac muscle strips or tracheal smooth
muscle (30).
In contrast, myocytes stimulated with forskolin or isoproter-

enol alone (Fig. 1, A, lanes 2 and 4 and B, lanes 2 and 4) did not
show a significant decrease in RII phosphorylation, as com-

pared with unstimulated myocytes.
We conclude that phosphatases
have greater access to phosphoryla-
ted serine 96 when cAMP is main-
tained at high levels (IBMX added),
and the holoenzyme is fully dissoci-
ated. Thus, the phosphorylation
state of RII in cardiomyocytes is a
function of the activities of not only
of PKAcat but also of adenylyl
cyclase, phosphodiesterase, and
phosphatase(s) associatedwith each
PKA:AKAP signaling microdomain
(14, 31).
RII Phosphorylation Regulates

AKAP-RII Interaction in Cardio-
myocytes—Our previous surface
plasmon resonance studies showed
that the peptide region encompass-
ing the RII binding domain of
AKAP15/18, showed the largest
increase in binding affinity for RII
when the RII subunit is phosphoryl-
ated, compared with other AKAPs
tested (18). We therefore chose to
study the effects of RII phosphoryl-
ation on AKAP-RII interactions
with endogenous AKAP15/18 in
cardiacmyocytes.We observed that
the phosphorylated RII mimic
(RIIS96D) co-immunoprecipitated
more AKAP15/18� relative to the
non-phosphomimic, RIIS96A, thus
indicating that RII phosphorylation
increases RII-AKAP15/18 inter-
action in cardiomyocytes. The
decreased AKAP15/18� binding of
RIIS96A is less than observed in our
previous surface plasmon reso-
nance studies where we compared
AKAP15/18� binding to phospho-

rylated and unphosphorylated recombinant RII. This differ-
ence is likely due to the fact that we used only the 24-amino acid
RII binding domain of the AKAP in these earlier studies.
Because the sequence of the RII binding domain is the same for
all AKAP15/18 isoforms, we also predict increased binding of
phosphorylated RII to AKAP15/18�, which was recently shown
to co-immunoprecipitate with phospholamban (13). Overall,
our results show that PKAbinding toAKAPs is regulated by the
phosphorylation state of RII in cardiomyocytes.
RII Phosphorylation Increases PKA Phosphorylation of Ryan-

odine Receptor and Phospholamban—Consistent with earlier
studies, expression of RII* constructs did not alter amounts of
PKAcat (32). Thus any change observed in PKA activity, as indi-
cated by altered substrate phosphorylation, cannot be ascribed
to altered levels of PKAcat. Because RII phosphorylation can (i)
increase binding of RII to AKAPs and (ii) decrease binding of
RII-PKAcat (33), we predicted increased PKA substrate phos-

FIGURE 6. Caffeine-induced calcium transient in NCM expressing RII* recombinant proteins. A, cells were
stimulated with caffeine under Ca2�-free conditions. All traces were normalized to baseline value (F0) and
reported as F/F0. Fluorescence traces are representative of at least 70 independent cells for each condition
from a total of 7 different cell isolations. B and C show the frequency distribution of caffeine-induced Ca2� peak
fluorescence and decay time constant t, respectively. The median Ca2� peak fluorescence was significantly
reduced in cells expressing RIIS96A and WT RII compared with control non-infected NCM) (#, p � 0.05), but was
unchanged in RIIS96D. The decay time constant t was significantly lower in cells expressing wild-type RII,
RIIS96A, and RIIS96D, versus uninfected controls (#, p � 0.05).

TABLE 1
Summary of effects of expression of RII mutants, RIIS96D and
RIIS96A, relative to uninfected controls

RIIS96D RIIS96A
Phospho-RyR 1 �
Phospho-PLN � 2
Ca2� release � 2
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phorylation in cells expressing the phosphomimic RIIS96D ver-
sus RIIS96A.

In agreement with Xiao et al. (34) the present study demon-
strated phosphorylation of ryanodine receptor in uninfected
cardiomyocytes under non-stimulated conditions. Basal PKA
phosphorylation of ryanodine receptor was also observed in
neonatalmyocytes expressingRII* constructs. In support of our
hypothesis, ryanodine receptor phosphorylation was signifi-
cantly increased in neonatal myocytes expressing RIIS96D,
compared with RIIS96A.
Our measurements of phosphorylation of phospholamban

showed a similar trend. Consistent with our hypothesis, phos-
phorylation of phospholamban at Ser-16 was significantly
increased in RIIS96D-expressing cells relative to RIIS96A-ex-
pressing cardiomyocytes (and uninfected cells). Thus, phos-
phorylation of ryanodine receptor and phospholamban are sig-
nificantly increased in cells expressing the phosphorylated RII
mimic (RIIS96D), compared with the non-phosphorylated

mimic (RIIS96A). These results
support the hypothesis that the
greater PKA binding to AKAPs and
thus increased PKA localization by
AKAPs, as a result of increased RII
phosphorylation, leads to in-
creased phosphorylation of PKA
substrates. Table 1 summarizes
the effects of the phosphorylated
and non-phosphorylated RII mim-
ics on phosphorylation of PKA
substrates. These findings thus
demonstrate for the first time that
PKA targeting to AKAPs, as mod-
ulated by RII phosphorylation,
regulates substrate phosphoryla-
tion in cardiac myocytes.
Basal phospholamban phospho-

rylation in neonatal myocytes
expressing wild-type RII (Fig. 4, C
and D), was significantly reduced,
compared with phospholamban
phosphorylation in uninfected con-
trols, although this was not
observed with ryanodine receptor
phosphorylation. How did such dif-
ferences in basal phosphorylation of
phospholamban and ryanodine
receptor occur, as a result of expres-
sion of wild-type RII? We offer the
following explanation: it is now well
established that multienzyme com-
plexes define unique restricted cel-
lular signaling microdomains (35).
For example, phosphodiesterases
(primarily PDE3 and PDE4) within
different subcellular microdomains
are reported to have different roles
in PKA signaling (12, 36, 37).
Because PKAcat levels were un-

changed (Fig. 2,B andC) across all experimental groups, adeno-
viral expression of wild-type RII results in a ratio of wild-type
RII:PKAcat � 1. Thus all wild-type RII molecules will not be
phosphorylated by PKAcat at the baseline. Furthermore, given
compartmentalization of signaling molecules in cardiac myo-
cytes and differences in local subset concentration and activity
of adenylyl cyclases, phosphodiesterases, and phosphatases,
steady state RII phosphorylation will differ in different
microdomains of the cell. Thus, our observation of decreased
phospholamban phosphorylation upon expression of wild-type
RII suggests that unphosphorylated RII is enriched in the
microdomain around phospholamban.
RII Phosphorylation Modulates Ca2� Signaling—We have

shown that expression of RIIS96D versus RIIS96A differentially
regulates phosphorylation of proteins integral to Ca2� signal-
ing. We hypothesized that expression of RII phosphomimics
would also affect dynamics of cytosolic Ca2�. Whereas we
observed no significant difference in protein levels of ryanodine

FIGURE 7. Schematic model of the proposed role of autophosphorylation of RII on AKAP-RII interaction
and control of local PKA activity.
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receptor, phospholamban, calsequestrin, and Na�/Ca2�

exchanger in neonatal cardiomyocytes expressing RII* con-
structs, compared with controls, SERCA levels were signifi-
cantly reduced. Consistent with decreased SERCA and
phospholamban phosphorylation, the amplitude of the caf-
feine-induced Ca2� transient was decreased in cells expressing
RIIS96A, versus uninfected controls. These results are consist-
entwith previous findings in transgenicmice overexpressing an
unphosphorylated mimic of phospholamban (S16A phospho-
lamban) where contractility and calcium cycling were
decreased (38).
In contrast, despite a 56% decrease in SERCA expression in

RIIS96D-expressing cells, versus uninfected controls, cells
expressing RIIS96D showed no decrease in amplitude of the
caffeine-induced Ca2� transient and thus no decrease in size of
caffeine-releasable Ca2� stores. We conclude that the
increased phosphorylation of ryanodine receptor, together
with maintained phospholamban phosphorylation, as a result
of expression of the phosphorylated RII mimic, compensates
for decreased SERCA expression and permits the sarcoplasmic
reticulum to store and release Ca2� in amounts comparable to
uninfected controls.
Interestingly, neonatal myocytes expressing RII* constructs

displayed faster Ca2� decay kinetics than uninfected controls.
The rate of decline in cytosolic Ca2� during cardiac relaxation
is primarily determined by SERCA, regulated by phospholam-
ban, and by theNa�/Ca2� exchanger (39, 40).OurCa2� cycling
experiments were conducted in the presence of caffeine and
EGTA; thus in our study, Ca2� reuptake into the sarcoplasmic
reticulum took place following caffeine depletion of Ca2� from
the sarcoplasmic reticulum via the ryanodine receptor, and in
the absence of extracellular Ca2�; Ca2� efflux via the Na�/
Ca2� was also facilitated by an outwardly directed Ca2� gradi-
ent. Because expression of the Na�/Ca2� exchanger was
unchanged in all groups, altered expression of the exchanger
cannot account for the differences observed. The mechanism
responsible for the increased rate of decline of cytoplasmic
Ca2� in RII*-expressing cells thus remains to be determined.
In heart failure, reduced SERCA expression and phospho-

lambanhypophosphorylation is proposed to result in decreased
SERCA activity, reduced peak systolic Ca2�, and prolongation
of the Ca2� transient (41–43). However, expression of a pseu-
dophosphorylated phospholamban suppressed heart failure
progression in cardiomyopathic hamsters (44). Other studies
have shown improved contractility as a result of increased
abundance or activity of specific proteins (SERCA, phospho-
lamban, TnI) (45, 46), or enhanced �-adrenergic signaling
(47, 48). Such approaches may be promising therapies for
heart failure. Whereas the expression of the phosphomimic
RIIS96D does not necessarily restore SERCA expression lev-
els, normalization of phospholamban phosphorylation and
Ca2� signaling kinetics were observed, and thus expression
of a pseudophosphorylated RII could be of potential thera-
peutic benefit in cardiac syndromes where contractility is
depressed because of mutations or hypophosphorylation of
phospholamban (8, 49).

CONCLUSION

In summary, our results indicate that the phosphorylation
state of the RII subunit affects: 1) RII-PKAcat interactions, 2)
RII-AKAP interactions, 3) phosphorylation of PKA substrates,
and 4) Ca2� signaling. The results can be modeled by an auto-
regulatory feedback modulation of PKA activity (Fig. 7): RII
subunits within the PKA heterotetramer are phosphorylated at
basal levels, (inactive PKA; stage I); elevated cAMP binds RII
subunits, leading to PKAcat (C) release (active PKA, stage II):
free RII, with increased availability of serine 96 to phosphatases
(PP) is dephosphorylated; dephosphorylation of RII reduces its
affinity for AKAPs but increases its affinity for PKAcat (interme-
diate stage III) (33); decreased cAMP, as a result of phosphodi-
esterase activity also occurs; the coordinated dephosphoryla-
tion of RII and decreased cAMP leads to reformation of PKA
holoenzyme (intermediate stage IV); autophosphorylation of
RII by PKAcat increases affinity for the AKAP and terminates
the cycle. In summary, we have provided evidence to support
the novel idea that cyclical regulation of phosphorylation of RII
(Ser-96) is part of an autoregulatory feedback loop responsible
for controlling local activation and termination of PKA activity.
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