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a b s t r a c t

The second messenger cAMP-dependent protein kinase A (PKA) plays an important role in the various
cellular and physiological responses. On the sarcoplasmic reticulum (SR) in cardiomyocytes, PKA regu-
lates the calcium cycling for exciting–contraction coupling, which is often dysfunctional in a variety of
heart diseases including heart failure. Here, we have developed a novel FRET-based A-kinase activity bio-
sensor (AKAR), termed SR-AKAR3, to visualize the PKA dynamics on the SR. Activation of adrenergic
receptor induces a rapid and significant increase in SR-AKAR3 FRET ratio, which is dependent on agonist
occupation of the receptor and inhibited by H-89, a PKA inhibitor. Interestingly, direct activation of aden-
ylyl cyclases or application of a cAMP analog 8-Br-cAMP induced much slower and smaller increases in
SR-AKAR3 FRET ratio. These data indicate that the signaling induced by adrenergic stimulation displays a
preferential access to the SR in comparison to those by direct activation of adenylyl cyclases. More, SR-
AKAR3 mimics endogenous protein phospholamban on the SR for PKA-mediated phosphorylation and
myocyte contraction response under adrenergic stimulation. Together, this new PKA activity biosensor
provides a useful tool to directly visualize the dynamic regulation of PKA activity on the SR in cardiomyo-
cytes under various physiological and clinical conditions.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction sure precise calcium handling for excitation–contraction (EC) cou-
In cardiac muscle cells, sarcoplasmic reticulum (SR) represents
one of the most important subcellular organelles for contraction.
As the major site of calcium storage, it controls intracellular free
calcium concentrations through ryanodine receptor (RyR)-medi-
ated release and sarco/endoplasmic reticulum Ca2+-ATPase (SER-
CA)-mediated re-uptake. The activities of ion channels can be
modulated by protein phosphorylation via hormone-induced sig-
naling transduction. One of the major kinase systems involved in
regulating calcium homeostasis in the SR is the cAMP-dependent
PKA. Under stressing conditions, hormone-induced cAMP/PKA sig-
naling promotes phosphorylation of channels and associated regu-
latory proteins, which increases channels activities to promote
cardiac contraction. Such regulations are highly coordinated to en-
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pling. Abnormal phosphorylation can lead to increased channel
activities, disruption of calcium homeostasis and EC coupling. For
example, increasing PKA phosphorylation of phospholamban
(PLB), a binding protein of SERCA, releases its inhibitory effect on
the pump and accelerates sequestration of calcium into the SR
[1], which can lead to cardiac arrhythmias and potentially cardiac
arrest [2]. Contrastingly, in the RyR2 complex lacking phosphodies-
terase 4D3, the increasing PKA phosphorylation of RyR2 leads to
chronic leakage of calcium into the cytosol, which promotes
arrhythmias, as well as heart failure by triggering apoptotic cell
death pathways [2–4].

cAMP-dependent PKA is a heterotetramer composed of two reg-
ulatory and two catalytic subunits in its inactive state. It regulates
signaling pathways involved in a broad range of cellular processes
in cardiomyocytes [5]. cAMP activates PKA by binding to the regu-
latory subunits, causing release of the activated catalytic subunits
and phosphorylation of serine and threonine residues on specific
substrate proteins [5]. It is now well accepted that the cAMP/PKA
signaling machinery is organized into signaling complexes and dis-
tributed in the discrete compartments in cardiomyocytes [6–8].
These complexes are organized by A-kinase anchoring proteins
(AKAPs) that tether inactive protein kinase A (PKA) holoenzymes
and other signaling molecules, which work as cellular focal points
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for the spatial propagation of the specific cAMP signal to defined
subcellular locations, including the SR in cardiomyocytes [7,9].

Upon stimulation of G protein-coupled receptors by hormones,
the activated receptors couple to Gs protein to stimulate adenylyl
cyclases (ACs) on the plasma membrane to produce cAMP, which is
a small and diffusible molecule. However, the temporal and spatial
propagation of the cAMP signal are controlled by a family of phos-
phodiesterases (PDEs), which hydrolyze cAMP to attenuate the sig-
nal. In many cases, PDEs directly associate with PKA complexes,
and regulate the action of the localized cAMP/PKA activities in cells
[8]. In cardiomyocytes, the propagation of cAMP/PKA signals to the
SR is critical for excitation–contraction coupling by promoting
phosphorylation of substrates including PLB, RyR, and SERCA.
Accumulating evidence points out that dysregulation of PKA activ-
ity in the SR is associated with different heart diseases [10]. The
cAMP/PKA signaling and its targeted proteins on the SR thus
become potential targets for treatment of the heart diseases. How-
ever, due to the lack of a convenient approach to directly access the
SR, the mechanism governing the PKA activity for substrate phos-
phorylation on the SR is not well understood.

Recent progress with genetically encoded fluorescent biosen-
sors based on fluorescence resonance energy transfer (FRET) has
greatly facilitated our understanding of the dynamics of intracellu-
lar signaling properties. Biosensors have been developed to moni-
tor the activities of cAMP [8] and PKA [11] in living cells. Here, we
aim to develop a genetically encoded PKA biosensor to directly
measure PKA activities on the SR in cardiomyocytes.

2. Materials and methods

2.1. cDNA and adenovirus construction

The regular PKA activity biosensors AKAR3 [12] was used to
fuse with the helical transmembrane domain (PQQARQKLQNL-
FINFCLILICLLLICIIVMLL) of PLB [13,14] to generate a SR mem-
brane-anchored AKAR3, termed SR-AKAR3. The construct in
pcDNA3.1 (Invitrogen, CA) was verified by DNA sequencing for
mammalian expression. The SR-AKAR3 cDNA was subcloned into
the shuttle vector pAdTrack-CMV to generate recombinant adeno-
virus according to the manufacturer’s instruction (Quantum Bio-
technologies). The expression of SR-AKAR3 by viral infection was
determined in HEK293 cells.

The FRET ratio of SR-AKAR3 could be affected by potential oligo-
merization of PLB transmembrane domain via oxidative crosslinking
of cysteine residues [15,16], which potentially increase intermolec-
ular FRET between SR-AKAR3. We then introduced mutation on
cysteine residues on PLB transmembrane domain SR-AFA-AKAR3
to reduce potential oligomerization and intermolecular FRET
between SR-SKAR3. In addition, we have also added a flexible linker
SGGGGGS between the cysteine-null transmembrane domain and
AKAR3 to generate SR-AFA-SG-AKAR3 to increase the flexibility
and mobility of CFP and YFP on the probe. Western blot confirmed
no significant difference in protein composition when expressed in
neonatal cardiac myocytes; and these three different versions of
SR-AKAR3 biosensors displayed identical response to isoproterenol
or forskolin stimulation (data not shown). Therefore, these data
support that SR-AKAR3 is targeted on the SR and sensitive to adren-
ergic stimulation in cardiomyocytes.

2.2. Neonatal and adult cardiac myocyte culture and adenovirus
infection

Neonatal and adult cardiac myocytes were isolated from new-
born wild type FVB pups and 2 months old mice as previously
described [17], and cultured in 35-mm dishes for protein phos-
phorylation and contraction assay or on glass coverslip chambers
pre-coated with laminin for imaging. Adult myocytes were in-
fected with adenovirus (moi 100) to express the PKA activity bio-
sensor SR-AKAR3 right after cell plating. Neonatal myocytes were
culture for 24 h before infection with adenoviruses (moi 100) in
serum-free Dulbecco’s modified Eagle’s/F12 media. Relevant
experiments were carried out after expression for 24 h.

2.3. Immunofluorescence microscopy

Cardiomyocytes expressing SR-AKAR3 PKA biosensor were fixed
for immunofluorescence imaging. Cells were stained with the anti-
a and b ryanodine receptors antibody (RyR2, obtained from the
DSHB, the University of Iowa, IA), which was visualized with alexa
488-conjugated anti-mouse antibody (Molecular Probes). SR-
AKAR3 was visualized with CFP and YFP channels. Myocyte images
were obtained using a Zeiss Axioplan 2 microscope with Metamor-
ph software (Universal Imaging).

2.4. Fluorescent resonance energy transfer (FRET) measurement

Myocytes expressing PKA biosensor were rinsed and main-
tained in PBS with calcium for FRET recording. Cells were imaged
on a Zeiss Axiovert 200 M microscope with a 40�/1.3NA oil-
immersion objective lens and cooled CCD camera. Dual emission
ratio imaging was acquired with a 420DF20 excitation filter, a
450DRLP dichroic mirror, and two emission filters (475DF40 for
cyan and 535DF25 for yellow). The acquisition was set with
200 ms exposure in both channels and 20 s elapses. Images in both
channels were subjected to background subtraction, and ratios of
yellow-to-cyan color were calculated at different time points.

2.5. Contraction rate assay

Measurement of spontaneous neonatal myocyte contraction
rate was carried out as previously described [17]. Responses in
myocyte beating rate after drug treatments were recorded and
analyzed by Metamorph software.

2.6. Drug treatments

Myocytes were stimulated with isoproterenol (ISO, 10 lM, Sig-
ma), forskolin (FSK, 10 lM, Sigma) an adenylyl cyclase agonist, or
8-Bromo adenosine 30,50-cyclic monophosphate (8-Br-cAMP,
10 lM, Sigma) a cell-permeable cAMP analog at indicated times.
Cells were treated with selective inhibitor of PKA, N-[2-(p-bro-
mocinnamylamino) ethyl]-5-isoquinolinesulfonamide dihydro-
chloride (H-89, 10 lM), at indicated times.

2.7. Western blotting

Drug-treated myocytes were lysed in a buffer containing
25 mM Hepes, pH 7.5, 2.5 mM EDTA, 50 mM NaCl, 30 mM sodium
pyrophosphate, 10% (v/v) glycerol, 1% (v/v) Triton X-100 and com-
plete protease inhibitor cocktail tablets (Pierce) after washing
twice with ice cold PBS (phosphate buffered saline). Cell lysates
were separated by SDS/PAGE for Western blotting with antibodies
against phosphorylated Serine 16 of phospholamban (phospho-
PLB, Badrilla, UK), phospholamban, c-tubulin, GFP, and PKA
substrate phosphorylated (Santa Cruz). Primary antibodies were
visualized with IRDye 680CW goat–anti-mouse or with IRDye
800CW goat–anti-rabbit secondary antibodies using an Odyssey
scanner (Li-cor Biosciences). Quantification of phospho-proteins
was done using densitometry software Quantity One. Arbitrary
phosphorylation units were normalized; and the results were
plotted against controls. Plotted results represent the mean of at
least three independent experiments with standard errors.
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2.8. Statistical analysis

One-way ANOVA and student t-test were performed using
Prism (GraphPad Software, Inc., San Diego, CA).

3. Results

3.1. Development and characterization the novel biosensor for PKA
activity on sarcoplasmic reticulum

We generated a SR-specific PKA biosensor (SR-AKAR3) by fusing
the helical transmembrane domain of PLB [13,14] to the C termi-
nus of the FRET-based A-kinase activity biosensor AKAR3 [12]
(Fig. 1A). The expression of SR-AKAR3 by a recombinant virus dis-
played a dose-dependent fashion in HEK293 cells (Fig. 1B). At
100 moi, the expression of SR-AKAR3 was saturated. When ex-
pressed in both neonatal and adult cardiomyocytes with viral
infection, SR-AKAR3 displayed distinct patterns, and colocalization
with RyR2, a SR marker in cardiomyocytes (Fig. 1C). We then
examined whether SR-AKAR3 expressed in cardiomyocytes can
respond to PKA activation upon stimulation of beta adrenergic
receptor. Stimulation of bARs with isoproterenol (10 lM) induced
rapid changes in signals of both CFP and YFP channels in myocytes
(Fig. 1D), which indicates an increase in FRET upon PKA phosphor-
ylation of the biosensor SR-AKAR3.

3.2. Activation of bAR pathway induces increase in FRET ratio of PKA
biosensor SR-AKAR3 on the sarcoplasmic reticulum of cardiomyocytes

The changes in CFP and YFP signals yield a strong and sustained
increase in FRET ratio (max = 0.31 ± 0.03, tmax = 55.0 ± 4.0 s, n = 26,
Fig. 2A and D). Similarly forskolin induced a rapid but lower
Fig. 1. Characterization of SR-AKAR3 in cardiomyocytes. (A) Schematic cartoon represent
with different dose of recombinant adenovirus. (C) Distribution of SR-AKAR3 and RyR2 i
YFP channels from SR-ARAR3 biosensor after stimulation of bAR with isoproterenol (10 l
after stimulation with isoproterenol (10 lM) with pseudo-colored images.
increase in SR-AKAR3 FRET ratio (max = 0.23 ± 0.02, tmax = 93.0 ±
2.8 s, n = 35, Fig. 2A and D), while vehicle control (DMSO) did not
change the baseline level of SR-AKAR FRET ratio (Fig. 2A and D).
The saturated increase in SR-AKAR3 FRET ratio induced by for-
skolin was confirmed by a dose-dependent response curve
(EC50 = 130 nM, n = 40, Fig. 2B). Moreover, direct administration
of a cAMP analogue 8-Br-cAMP (10 lM) induced an even smaller
increase in SR-AKAR3 FRET ratio (max = 0.11 ± 0.02, tmax = 100.0 ±
11.7 s, n = 44, Fig. 2A and D) than those induced by isoproterenol.
In adult myocytes, while isoproterenol (10 lM) induced a similar
increase in SR-AKAR FRET ratio (max = 0.29 ± 0.03, t1/2 = 60.0 ±
3.4 s, n = 13, Fig. 2C and D) to those in neonatal myocytes, forskolin
induced a even smaller increase in SR-AKAR3 FRET ratio (max =
0.1079 ± 0.025, tmax = 60.0 ± 9.7 s, n = 8, Fig. 2C and D) than those
in neonatal myocytes. These data indicate that production of cAMP
by adrenergic stimulation is preferentially targeted to the SR to
promote PKA activities, and the signaling discrepancy in local do-
mains is more tightly controlled in adult myocytes.

3.3. Detection of dynamic PKA activity on the sarcoplasmic reticulum
under activation of bAR and PKA in cardiomyocytes

We then used transient adrenergic stimulation to explore dy-
namic PKA activities in cardiomyocytes. While stimulation with
isoproterenol induced a rapid and sustained increase in PKA SR-
AKAR3 FRET ratio, the removal of agonist led to attenuation of
PKA FRET ratio to the baseline level within 10 min (Fig. 3A and
F). The isoproterenol-induced response was absent in myocyte iso-
lated from mice lacking both b1 and b2ARs, in which direct activa-
tion of adenylyl cyclases with forskolin (10 lM) induced significant
increases in SR-AKAR3 FRET ratio similar to those induced by for-
skolin in wild type myocytes (Fig. 3B and F). While administration
ation of SR-AKAR3. (B) The expression levels of SR-AKAR3 in HEK293 after infection
n both neonatal and adult cardiac myocytes. (D) Time profiles of individual CFP and
M) in myocytes. The inserted panels represent the SR-AKAR3 FRET ratio before and



Fig. 2. Activation of bAR and AC induce PKA activities on the SR in cardiomyocytes. (A) Neonatal myocytes with SR-AKAR3 expression were stimulated with vehicle (DMSO)
control, adrenergic agonist isoproterenol (10 lM), adenylyl cyclase agonist forskolin (10 lM), or cAMP analog 8-Br-cAMP (10 lM). Time course of changes in SR-AKAR3 FRET
ratio were recorded. (B) The maximal increases in SR-AKAR3 FRET displayed a forskolin dose-dependent response curve. (C) Adult myocytes with SR-AKAR3 expression were
stimulated with adrenergic agonist isoproterenol (10 lM) and adenylyl cyclase agonist forskolin (10 lM). Time course of changes in SR-AKAR3 FRET ratio were recorded.
(D) The maximal increases in SR-AKAR3 FRET ratio in (A, C) were plotted.
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of a PKA inhibitor H-89 did not affect the baseline levels of SR-
AKAR3 FRET ratio (Fig. 3C and F), pretreated cells with H-89
(10 lM) for 30 min significantly abolished the response induced
by isoproterenol (0.07 ± 0.01, n = 30, Fig. 3D and F). Moreover, the
isoproterenol-induced and sustained increase in SR-AKAR3 FRET
ratio underwent attenuation to the baseline level within 10 min
upon addition of PKA inhibitor H-89 (10 lM, Fig. 3E and F).

3.4. SR-AKAR3 mimics endogenous phospholamban for PKA-mediated
phosphorylation and cardiac contraction upon adrenergic stimulation

We then further examine whether the changes in SR-AKAR3
FRET ratio reflects the protein phosphorylation that mimics the
phosphorylation of endogenous proteins on the SR for myocyte
contraction. While SR-AKAR3 displayed a basal level phosphoryla-
tion by PKA, stimulation with isoproterenol (10 lM, 10 min) signif-
icantly the level of phosphorylation at the PKA site in neonatal
cardiac myocytes (Fig. 4A). Similarly, the PKA-mediated phosphor-
ylation of endogenous PLB was also equally enhanced in both con-
trol and SR-AKAR3 expressing myocytes upon stimulation with
isoproterenol (10 lM, 10 min, Fig. 4B). These data indicate that
both SR-AKAR3 biosensor and PLB undergo equivalent PKA phos-
phorylation upon adrenergic stimulation, and the expression of
biosensor did not affect the PKA phosphorylation of endogenous
protein under physiological stimulation. In agreement with this
notion, isoproterenol induced equivalent increases in contraction
rate in both the control myocytes and myocytes with SR-AKAR3
expression (Fig. 4C).

4. Discussion

In cardiomyocytes, the sarcoplasmic reticulum represents one
of the most important subcellular compartments for muscle con-
traction. As the major calcium storage, it controls intracellular cal-
cium cycling for EC coupling. These channels can be modulated by
phosphorylation via hormone-induced cAMP/PKA signaling under
stressing conditions, such as adrenergic signaling during exercise.
Dysfunction in such regulations has been associated with numer-
ous cardiac diseases, e.g. heart failure and arrhythmia [2,4]. In this
study, we have developed a novel FRET-based probe SR-AKAR3,
and for the first time directly and specifically detected the dynamic
PKA activity on the SR in myocytes. This probe is correctly targeted
and sensitive to hormonal stimulation without affecting the adren-
ergic signaling-induced PKA phosphorylation of endogenous pro-
tein PLB and myocyte contraction rate responses (Fig. 4).

As the major signaling mechanism for enhancing cardiac func-
tion, adrenergic stimulation potently enhances PKA activities on
the SR for phosphorylation of PLB and for promoting myocyte
contraction. In comparison, global stimulation of adenylyl cyclases
with forskolin or directly applying the non-hydrolysable 8-Br-
cAMP only partially enhances PKA activities on the SR (Fig. 2).
These data indicate a preferentially access of adrenergic



Fig. 3. Adrenergic stimulation induced agonist-dependent dynamic PKA activities in the sarcoplasmic reticulum. Neonatal myocytes expressing SR-AKAR3 were stimulated
with different drugs as indicated. (A) Time course of changes in SR-AKAR3 FRET ratio before and after a 5 min perfusion of isoproterenol (10 lM). (B) In myocytes lacking both
b1 and b2 adrenergic receptors, the changes in SR-AKAR3 FRET ratio were recorded after stimulation with isoproterenol (10 lM) followed by forskolin stimulation (10 lM).
(C) The effect of PKA inhibitor H-89 (10 lM) on the SR-AKAR3 FRET at resting state. (D) After pretreatment with PKA inhibitor H-89 (10 lM) for 30 min, the changes in
SR-AKAR3 FRET ratio induced by isoproterenol (10 lM) were recorded. (E) The isoproterenol-induced changes in SR-AKAR3 FRET ratio were recorded after addition of PKA
inhibitor H-89 (10 lM). Traces represent average of FRET ratios from number of cells as indicated. (F) The increases in SR-AKAR FRET ratio under different condition in (A–E)
were plotted. ###p < 0.001 when compared SR-AKAR FRET responses between indicated groups.

S. Liu et al. / Biochemical and Biophysical Research Communications 404 (2011) 581–586 585
stimulation to PKA on the SR in cardiomyocytes. Interestingly, the
increase in SR-AKAR3 FRET ratio upon forskolin stimulation is also
2-fold slower than that of isoproterenol, indicating a possible diffu-
sion of cAMP to the PKA anchored on the SR. These data support
the notion that bARs are localized to T-tubular structures to be in
the proximity of SR [18]. Together, these studies solidify the notion
that cAMP/PKA activities are generated in specific compartment
depending on the hormones applied, and that cAMP does not dif-
fuse from one compartment to the others, allowing fidelity of the
cellular response [19].

In summary, we have developed a novel FRET-based PKA bio-
sensor to detect PKA activities in living myocytes. For the first time,
we have revealed distinct profiles of PKA activities on the SR after
stimulation of adrenergic signaling. The ability of this new PKA



Fig. 4. SR-AKAR3 mimics endogenous phospholamban for PKA phosphorylation under adrenergic stimulation. (A) Neonatal cardiac myocyte with or without overexpression
of SR-AKAR3 were stimulated with 10 lM of isoproterenol for 10 min. Cells were lysed for Western blots (T = 10%) to detect total and phospho-SR-AKAR3. (B) Neonatal
cardiac myocyte with or without overexpression of SR-AKAR3 were stimulated with 10 lM of isoproterenol for 10 min. Cells were lysed for Western blots (T = 10%) to detect
total phospholamban (PLB) and phospho-PLB at Ser16 by PKA. (C) Neonatal cardiomyocytes with or without overexpression of SR-AKAR3 were stimulated with 10 lM of
isoproterenol. The changes in contraction rate were recorded before and after stimulation, and the increase in contraction rate over the baseline levels were plotted.
⁄⁄p < 0.001 when compared to control by student t-test.
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activity biosensor in revealing the dynamic of PKA activities on the
SR will have significant implication in dissecting adrenergic signal-
ing a broad range of physiological and pathological processes, such
as heart failure. Therefore, our probe provides a great tool to
understand the roles of hormone-induced PKA activities on this
vital cellular organelle under various conditions.
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