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Abstract
β-Adrenergic receptor blockade reduces total mortality and all-cause hospitalizations in patients
with heart failure (HF). Nonetheless, β-blockade does not halt disease progression, suggesting that
cAMP-dependent protein kinase (PKA) signaling downstream of β-adrenergic receptor activation
may persist through unique post-translational states. In this study, human myocardial tissue was
used to examine the state of PKA subunits. As expected, total myosin binding protein-C
phosphorylation and Ser23/24 troponin I phosphorylation significantly decreased in HF.
Examination of PKA subunits demonstrated no change in type II regulatory (RIIα) or catalytic
(Cα) subunit expression, although site specific RIIα (Ser96) and Cα (Thr197) phosphorylation
were increased in HF. Further, the expression of type I regulatory subunit (RI) was increased in
HF. Isoelectric focusing of RIα demonstrated up to three variants, consistent with reports that
Ser77 and Ser83 are in vivo phosphorylation sites. Western blots with site-specific monoclonal
antibodies showed increased Ser83 phosphorylation in HF. 8-fluo-cAMP binding by wild type and
phosphomimic Ser77 and Ser83 mutant RIα proteins demonstrated reduced Kd for the double
mutant as compared to WT RIα. Therefore, failing myocardium displays altered expression and
post-translational modification of PKA subunits that may impact downstream signaling.
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Introduction
The use of β-adrenergic receptor (β-AR)1 blocker therapy in heart failure has been
demonstrated to improve mortality [1]. These drugs counter the impact of increased
circulating levels of catechol-amines that, if left unchecked, eventually lead to reduced
density and desensitization of β-ARs during heart failure [2,3]. Consistent with antagonism
of the receptor, prior studies have shown strong dephosphorylation of the sarcomeric
proteins troponin I (TnI) and myosin binding protein-C (MYBP-C) in samples from
explanted hearts [4–7]. These two sarcomeric proteins are key targets of the cAMP-
dependent protein kinase (PKA; reviewed in [8,9]) activated subsequent to β-AR stimulation
[10,11] and have roles in modulating cardiac muscle contractility (reviewed in [12]). The
dephosphorylation of these proteins may be due to desensitization of the β-adrenergic
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receptors during heart failure or concomitant pharmacological blockade, and despite the role
of these sarcomeric proteins in acto-myosin crossbridge cycling and Ca2+ sensitivity of force
activation [13,14], the exact mechanism linking their phosphorylation state to the
physiological impact of β-adrenergic receptor blockade remains largely unknown.

As a kinase responsible for MYBP-C and TnI phosphorylation, PKA activity plays an
important role in cardiac muscle physiology. The PKA holoenzyme is a tetramer composed
of a dimer of regulatory subunits and a dimer of catalytic subunits. Two types of regulatory
subunits, RI and II, have been described in mammals and two separate genes for each
encode α- and β-forms (reviewed in [8]), with α predominant in the heart [15]. The
regulatory subunits bind cAMP generated by activated adenylate cyclase, in turn releasing
the catalytic subunits and allowing downstream phosphorylation of target proteins. To
maintain the holoenzyme in the inactive state, RI and II tether C through inhibitory domains
presented either as a pseudosubstrate site in RIα [16] or the phosphorylatable Ser96 in RIIα
[17]. For the effector catalytic subunit, three genes encode for Cα/β/γ, with the expression of
γ being largely restricted to testis [18]. A newly found member, PrKX, appears atypical
through its association with only RIα [19]. Cα is the predominant gene expressed in the
heart and although it may encode two isoforms, only one appears to be expressed [20]. A
minority of the C subunit expression in the heart is from the β gene, which similarly encodes
two isoforms that are present at very low levels upon enrichment [21]. Functionally, the Cα
subunit has two well documented phosphorylation sites Thr197 and Ser338 [22,23] that are
likely substrates for a two-step phosphorylation-activation mechanism [24]. Of particular
interest, phosphorylation of Thr197 significantly increases the km of the enzyme towards
substrates without significantly impacting kcat [25].

Currently, there are limited data that examine the PKA subunit expression level and post-
translational state in human pathophysiology. Previous reports demonstrated that RIα and
IIα were reduced in patients with dilated cardiomyopathy [26,27]. Furthermore, these two
regulatory subunits may be mislocalized or misorganized in heart failure [15,26], possibly
impacting the selectivity of Cα for its targets following β-AR stimulation. Given the
importance of the post-translational status of PKA subunits in defining the enzyme’s
function, we have examined their expression level and phosphorylation status in failing vs.
donor human myocardium. These data suggest that the post-translational state of Cα and
RIIα subunits favor an enzyme with increased km for substrates and a decreased tendency
for reassociation into the holoenzyme, respectively. Furthermore, data for RIα validate the
existence of two phosphorylation sites, Ser77 and Ser83, with the abundance of the latter
being higher in heart failure samples. Further, we demonstrate that an RIα mutant
mimicking Ser77/83 phosphorylation shows reduced affinity for 8-fluo-cAMP, opening the
possibility that these phosphorylation events may impact type I PKA activity.

Experimental procedures
Tissue collection and sample preparation

Tissue samples were collected from the left ventricle of explanted hearts of patients at the
time of cardiac transplantation at the Mayo Clinic, in accordance with IRB #06-005671.
Consent was obtained from all patients prior to sample collection. Obtained samples were
rapidly frozen in liquid nitrogen upon retrieval and stored at −80 °C until use.

MYBP-C and TnI phosphorylation
To determine the relative overall phosphorylation of TnI and MYBP-C, SDS–PAGE
resolved samples were stained with Pro-Q Diamond phosphoprotein stain and then
subsequently with Deep Purple total protein stain as previously described [28]. Stained gels
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were scanned using a Typhoon 9410 and the signals quantified by Image-Quant TL
software. Following densitometry, the ratio of the phosphoprotein stain to the total protein
stain was reported as the relative extent of phosphorylation. All the available failing and
non-failing heart samples were used for analysis, and for statistical comparison, Student’s t-
test was used with a P < 0.05 cutoff for significance.

Western blotting
To determine the relative expression levels of total or phosphorylated proteins, multiplex
Western blotting was performed with simultaneous monitoring of sarcomeric α-actin as the
internal standard. Muscle samples were homogenized in SDS–PAGE sample buffer with
protease and phosphatase inhibitors (Roche) and resolved by Bis–Tris SDS–PAGE [29].
When samples were to be dephosphorylated by alkaline phosphatase (50 units/1 h/37 °C),
the tissue was homogenized directly into the supplied alkaline phosphatase buffer (Sigma)
and the phosphatase inhibitors were omitted. Prepared homogenates were transferred to low
fluorescence PVDF membrane or Hybond-P membrane (GE Lifesciences), blocked and
incubated simultaneously with a mouse monoclonal antibody against sarcomeric α-actin
(Sigma) along with varying combinations of: a polyclonal rabbit antibody against Ser23/24
phosphorylated TnI (Cell Signaling), a monoclonal rabbit antibody against Cα (Epitomics),
a monoclonal rabbit antibody against Thr197 phosphorylated Cα (Epitomics), monoclonal
mouse antibodies against PKA regulatory subunits type I and IIα (BD Biosciences) or a
monoclonal rabbit antibody against Ser96 phosphorylated type IIα regulatory subunit of
PKA (Epitomics). To measure the extent of RIα phosphorylation, two custom rabbit
monoclonal antibodies raised against Ser77 or Ser83 phosphorylated RIα were used
(Epitomics). Following overnight primary antibody incubation and washing, blots were
incubated with the appropriate Cy3-labeled, Cy5-labeled, or HRP-labeled secondary
antibody (Jackson Immunoresearch/GE Lifesciences), washed, and either developed with
ECL reagent or allowed to dry and scanned on a Typhoon 9410 imager at the appropriate
channels for Cy3 and Cy5 signal quantitation. The scanned images were analyzed using
ImageQuant TL software. For all samples, the quantified signal for the protein of interest
was divided by the actin signal to internally control for relative expression. The normalized
data were then index to the control group that was set to 1. The signals for phosphorylated
species were normalized to actin rather than the total expression of the given protein (e.g.
pThr197 Cα normalized to total Cα) because the magnitudes of expression are relevant to
the binding equilibria within the cell. To normalize values across different blots, one of the
human heart samples was chosen as a standard sample and loaded on all Western blots. All
the available failing and non-failing heart samples were used for analysis, and for statistical
comparison, Student’s t-test was used with a P < 0.05 cutoff for significance.

Two-dimensional SDS–PAGE
To further examine the post-translational status of the subunits of RIα, 2D SDS–PAGE of
homogenates or enriched samples was performed. The procedure was as previously
described and used 7 cm 4–7 linear gradient strips [28]. Strips were rehydrated overnight
and focused in the first dimension the next morning, followed by second dimension SDS–
PAGE and Western blotting. For Western blotting of 2D SDS–PAGE, minimal cross-
reaction horseradish peroxidase coupled anti-mouse or anti-rabbit IgG antibodies (Jackson
Immunoresearch) were used. Mass spectrometry from silver stained 2D SDS–PAGE was
done by the Mayo Clinic Proteomics core (See Supplementary Fig. S1).

cAMP affinity chromatography
To enrich type I PKA regulatory subunits, a modified protocol was used based on a
previously published method [30]. Tissue (~20 mg) was homogenized for 3 min on ice in

Han et al. Page 3

Arch Biochem Biophys. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



500 μL of (in mM) 150 NaCl, 20 HEPES, pH 7.4, 2 tris(2-carboxyethyl)phosphine (TCEP),
10 MgCl2, 20 sucrose, 0.1 EDTA, 0.1 NADH, protease and phosphatase inhibitor cocktails
(Roche). Following homogenization, the lysate was centrifuged (10,000g/5 min), the
supernatant collected and 8-(2-aminoethylamino)-cAMP (8-AEA-cAMP) agarose
(equivalent to 0.5 μmol cAMP ligand) was added. The slurry was allowed to rotate at room
temperature for 1 h, the non-bound fraction cleared, and the beads were washed three times
for 5 min at room temperature with 500 μL of the homogenization buffer. Following
washing, bound protein was eluted with 150 μL of 2D SDS–PAGE rehydration buffer [28]
by incubating at room temperature for 10 min with occasional vortexing.

Steady state 8-fluo-cAMP binding
cDNA for human RIα was reverse-transcribed and amplified from heart total RNA (Life
Technologies, CA) using a forward (5′-acatatggagtctggcagtaccgccg-3′) and reverse primer
(5′-ttcagacagacagtgacacaaaactgt-3′) by previously published methods [31]. To mimic
phosphorylation at Ser77 and Ser83, single and double mutants to Asp were generated by
the Quikchange method (Agilent). The wild type (WT) and phosphomimic RIα proteins
(Ser77Asp, Ser83Asp, Ser77/83Asp) were expressed in Rosetta2 (DE3) Escherichia coli
(EMD Millipore) grown in LB medium at 37 °C until O.D.600–0.7, and induced overnight
at room temperature with the addition of 0.2 mM IPTG. Bacteria were harvested by
centrifugation, resuspended in 20 mM KPO4, pH 7.4 buffer and lysed by bead beating using
0.1 mm beads. The supernatant was collected following centrifugation and fractionated on a
HiLoad 26/10 Sepharose Q column developed by a gradient from 0 to 0.4 M arginine
hydrochloride in 20 mM KPO4, pH 7.4. Fractions containing RIα protein were identified by
SDS–PAGE, pooled, and the protein captured by 8-AEA-cAMP affinity chromatography.
Following washing with 0.4 M arginine hydrochloride, 20 mM KPO4, pH 7.4 buffer, bound
RIα was eluted using 7 M urea, 20 mM KPO4, pH 7.4, 5 mM TCEP. The eluted RIα was
concentrated by 10,000 MWCO centrifugal filtration and dialyzed into 25 mM KCl, 10 mM
PIPES, pH 7. Steady state binding of 8-fluo-cAMP to purified WT or mutant RIα was
measured by fluorescence anisotropy on a Shimadzu RF-5301PC with appropriate
polarization filters and excitation/emission wavelengths of 485 and 515 nm. Anisotropy
measurements were made as described [32]. A cuvette containing 0.5 μM RIα with 2 nM 8-
fluo-cAMP in 150 mM KCl, 20 mM PIPES, pH 7 was serially diluted with 2 nM 8-fluo-
cAMP in 150 mM KCl, 20 mM PIPES, pH 7 to measure the anisotropy vs. RIα
concentration. Binding curves were fit individually to determine the Kd for each titration, as
previously described [28,33].

Results
Patient population

Twenty total samples were examined in the study, with known patient characteristics
summarized in Table 1. Ten samples of heart failure myocardium were obtained from
human hearts at the time of transplant. Samples were obtained from 9 males and 1 female
(median age 59, range 37–75). Of the 10 transplant patients, 6 had ischemic cardiomyopathy
and 4 nonischemic cardiomyopathy, and the average ejection fraction in the group was 18 ±
2%. Although patients were on a variety of medications, all were on β-blocker therapy.
Comparator myocardium samples were from donors deceased of non-cardiac causes (10
males, median age 53, range 21–65) and were kindly provided by Dr. Cris dos Remedios,
University of Sydney, Australia. Due to the means by which the samples were procured,
previous medication history of the donors is unknown.
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Phosphorylation of MYBP-C and TnI
The extent of total phosphorylation of MYBP-C and TnI were measured in donor (n = 10)
vs. heart failure (n = 10) samples by successive ProQ Diamond phosphoprotein and Deep
Purple total protein staining (Fig. 1A and B). There was a statistically significant decrease in
the extent of phosphorylation of both MYBP-C (1 ± 0.09 vs. 0.65 ± 0.02) and TnI (1 ± 0.11
vs. 0.27 ± 0.05), as previously reported by others [4–7]. Furthermore, the extent of Ser23/24
phosphorylation of TnI was also significantly decreased in the heart failure samples vs.
donors (1 ± 0.12 vs. 0.59 ± 0.05; Fig. 1C, n = 10 per group) whereas the relative amount of
TnI vs. actin was unchanged (Fig. 1D). In the heart failure group, no trends were found in
the data when analyzing TnI and MyBP-C phosphorylation vs. age or ejection fraction (data
not shown).

One-dimensional analysis of the PKA catalytic and type II regulatory subunits
The expression level of Cα and its phosphorylation at Thr197 were examined by Western
blotting. Although there was a significant increase in Thr197 phosphorylation of the subunit
during heart failure (1 ± 0.06 vs. 1.67 ± 0.15; Fig. 2A, n = 10 per group), no significant
change in total Cα expression between donor and heart failure samples was observed (1 ±
0.06 vs. 1.14 ± 0.14; Fig. 2B, n = 10 per group). When compared to age or ejection fraction,
no trends were observed for Cα expression or phosphorylation (data not shown). For RIIα,
the total expression in the myocardium from explanted hearts was not significantly different
than donors, although there was a significant increase in Ser96 phosphorylation of the
subunit (1 ± 0.22 vs. 1.72 ± 0.28; Fig. 3A, n = 10 per group). Further, no relationship was
found between patient characteristics such as age or EF and RIIα expression or
phosphorylation (data not shown).

Expression and post-translational status of the type I PKA regulatory subunit
In the heart failure myocardium, there was a significant increase in the expression of RI (1 ±
0.07 vs. 1.45 ± 0.09; Fig. 4A, n = 10 per group). Myocardium predominantly expresses RIα,
and examination of its post-translational status required novel tools. A limited number of
prior publications have found two sites of phosphorylation of RIα at Ser77 and Ser83
[34,35], and this was consistent with 2D Western blots wherein up to three isoelectric
variants were observed in total homogenates from two donor and two failing myocardium
(Fig. 4B). A similar pattern of RIα isoelectric variants could be observed by enriching
cAMP-binding proteins from a heart failure patient sample using 8-AEA-cAMP
chromatography (Fig. 4C, left) followed by 2D SDS–PAGE (Fig. 4C, right). Mass
spectrometry analyses confirmed the identity of the labeled spots as RIα and supported
phosphorylation at Ser77 and 83 (Supplementary Fig. S1). To examine the extent of
phosphorylation at Ser77 and Ser83, two rabbit monoclonal antibodies, pSer77 and pSer83,
were generated on contract (Epitomics) and validated. ELISA experiments using singly and
doubly phosphorylated peptides showed that the antibodies demonstrated the expected
selectivity for phosphorylated Ser77 or 83 (Fig. 5A). In rat myocardial homogenates
prepared with alkaline phosphatase treatment, both pSer77 and pSer83 antibodies showed a
reduction in signal when compared to untreated homogenates (Fig. 5B). The antibodies were
also used in 2D SDS–PAGE Western blotting with the 8-AEA-cAMP chromatography
enriched protein sample (Fig. 5C). As expected, the pSer77 and pSer83 monoclonal
antibodies identified a subset of the RIα isoelectric variants, whereas the antibody against
total RI identified all three (Fig. 5C, right). Using the pSer77 or pSer83 antibodies, the
relative abundance of phosphorylation at these sites in the two sample sets was measured by
Western blotting. The extent of Ser77 phosphorylation was not different between donor and
heart failure groups but trended towards increase (1 ± 0.21 vs. 1.51 ± 0.28; P = 0.08, Fig.
6A, n = 10 per group). However, there was a statistically significant increase in the extent of
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Ser83 phosphorylation (1 ± 0.28 vs. 2.10 ± 0.45; Fig. 6B, n = 10 per group). The increase in
Ser83 phosphorylation was evident when absolute expression levels were compared, but was
not maintained if it was normalized to total RI expression. Therefore, the proportion of
Ser83 phosphorylated RI did not change, but absolute levels were increased. For all
expression and phosphorylation parameters measured, there were no correlations between
patient age or ejection fraction (data not shown).

Steady state 8-fluo-cAMP binding by WT and mutant RIα
The WT and Ser77Asp, Ser83Asp and Ser77/83Asp RIα proteins were expressed in E. coli
and purified based on adaptations of published methods [36,37]. The purified proteins (Fig.
7A) were subsequently used in fluorescence anisotropy experiments to test their steady state
affinity for the fluorescent cAMP analog 8-fluo-cAMP [38]. The Kd of WT RIα for 8-fluo-
cAMP was 3.8 ± 0.9 nM (n = 3; Fig. 7B), which was significantly decreased from
Ser77/83Asp RIα (5.4 ± 0.5 nM; n = 3; P < 0.05) but not Ser77Asp (2.8 ± 0.4 nM; n = 3) or
Ser83Asp RIα (4.3 ± 1.2 nM; n = 3).

Discussion
In this study, we examined the expression level and post-translational state of the PKA
regulatory and catalytic subunits expressed in failing human myocardium. This pathway is
of interest as β-AR blockade has an unequivocal impact on the management of
cardiovascular disease [1], but is not sufficient to halt disease progression. Whether this is
due to a change in prioritization of intracellular PKA substrates through altered PKA
activity, a change in the kinase’s subcellular localization, or a change in expression level and
post-translational status remains unclear. This and previous studies using myocardial
samples from failing human hearts have consistently observed reduced TnI and MYBP-C
phosphorylation (Fig. 1; ([4–7])). For TnI, this was further detailed as an accompanying
decrease in Ser23/24 phosphorylation without a change in total TnI expression level (Fig.
1C and D). The observed reduction in phosphorylation of these sarcomeric proteins was
expected from prior studies, and is likely explained in part by a combination of reduced β-
AR density and β-AR blockade. The latter point is not unequivocal however, since recent
hypotheses speculate that β-AR resensitization may be an important mechanism to consider
(reviewed in [39]), although clinical data for significant resensitization in the face of β-AR
blockade are scant. In fact, the strong dephosphorylation of TnI and MyBP-C observed in
this and other studies [5–7], suggests that resensitization, if any, is not sufficient to restore
phosphorylation at the level of the contractile filaments. Furthermore, the strong TnI and
MyBP-C dephosphorylation observed in this and previous studies suggests that the
limitations imposed by our donor group (lack of previous medication history, trend towards
younger age (P = 0.09), ex-US population) did not constrain the applicability of our
findings. Nonetheless, it is worth noting that it remains difficult to precisely match patient
characteristics between the donor and HF cohorts, and our results should be viewed with this
caveat in mind.

To better understand the reduced phosphorylation of sarcomeric proteins, relative expression
levels of the regulatory and catalytic subunits of PKA were measured (Figs. 2–4). Contrary
to a prior report demonstrating reduced expression of both types of regulatory subunit in the
soluble fraction of dilated cardiomyopathy tissue samples [27], we observed an increase in
total RIα expression but no significant change in RIIα expression in the explanted hearts
when compared to donors. At this point, it is unclear if this discrepancy simply represents
the fact that the prior study fractionated the tissue prior to analysis whereas this study
measured the total content without prior fractionation. At face value, an increase in RIα
subunits may intuitively suggest a concomitant increase in Cα expression if the cell is to
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maintain the stoichiometry of the holoenzyme. Nonetheless, it is unclear if this
stoichiometry persists during heart failure. Our results did not demonstrate a statistically
significant increase in Cα expression (Fig. 2) despite the change in RIα expression, making
it possible that during heart failure PKA subunit dimers may not be expressed in matched
quantities. A prior study of Cα overexpression in the heart demonstrated that increased,
chronic activation of the catalytic subunit was overtly deleterious [40]. These mice rapidly
developed cardiomyopathy and suffered sudden death, which is consistent and expected
based on models of β-agonist induced heart failure [41]. Therefore it is possible that in this
patient population, the increase in RIα expression is a compensatory mechanism to tilt the
equilibrium of type I PKA holoenzyme association–dissociation towards the associated state
and to reduce downstream substrate phosphorylation by Cα. By contrast, the increase in
Ser96 phosphorylation of RIIα favors the dissociated state of type II PKA [42,43].
Therefore, these data suggest that the development of heart failure was associated with
divergent means of regulation of the distinct type I and II holoenzymes.

In addition to changes in expression level, Cα subunits are post-translationally modified
with important consequences for PKA structure–function. Although total Cα expression was
not different between groups, there was a statistically significant increase in phosphorylation
at Thr197 (Fig. 2). Phosphorylation at Thr197 is known to impact the km of the enzyme for
its substrates [25], yet the physiological mechanism regulating in vivo phosphorylation–
dephosphorylation of the Thr197 site in the activation loop is not fully described. The
catalytic subunit is believed to be constitutively phosphorylated at Thr197 through a post-
translational trans-mechanism following Ser338 phosphorylation during translation [24]. In
addition, this site may also be regulated through alternate kinases such as phosphoinositide-
dependent protein kinase [44,45]. Conversely, the putative dephosphorylation mechanism is
less clear. Prior studies have demonstrated that Thr197 phosphorylated Cα is very resistant
to in vitro and in vivo dephosphorylation unless Cys199 is oxidized [46,47]. The increased
phosphorylation at Thr197 in the heart failure cohort may therefore be a reflection of an
altered redox state in these cardiomyocytes [48], more specifically a reductive stress [49,50].

At this point it is not clear how the post-translational state of RIα contributes to the
activation of PKA in the examined cohorts. The 2D SDS–PAGE results suggested two
potential phosphorylation sites (Fig. 4B), consistent with prior reports of phosphorylation at
Ser77 and Ser83 [34,35]. The existence of these phosphorylation sites in vivo was further
confirmed by Western blots with Ser77 and Ser83 phosphospecific antibodies (Figs. 5 and
6), and only phosphorylation at Ser83 was observed to change significantly in the heart
failure cohort if absolute levels were compared. This phosphorylation site was previously
identified through an examination of RIα purified from bovine striated muscles, yet a
functional significance to the post-translational modification was not assigned [34]. An
analysis of cAMP-interacting proteins from mouse ventricular tissue had also identified
Ser77 as a phosphorylation site [35], but again, a functional characterization of the site had
not been undertaken. We examined the affinity of WT and Ser77 and/or Ser83Asp RIα
mutants to begin the functional characterization of these sites (Fig. 7). As these sites are not
directly part of the cAMP binding motifs, it is not surprising that, individually,
phosphomimics of Ser77 or Ser83 did not significantly impact the affinity for the cAMP
analog. Nonetheless, the double mutant Ser77/83Asp did show decreased affinity for 8-fluo-
cAMP. Although the mechanism is currently unclear, we hypothesize that the double
mutation at this N-linker region may cause a subtle modulation of the RIα subunit structure
to adjust the affinity of the cAMP binding domains for the second messenger.

Identification of the two phosphorylated serine residues in vivo suggests that there may be
multiple signaling inputs into the regulation of type I PKA. These sites may be targets of
kinases that independently modify PKA signaling through alternative cellular inputs, as
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neither site is phosphorylated by Cα itself (data not shown). Both sites are distal to the
cAMP binding domains that reside towards the COOH-terminus of the primary sequence
[51], and are just upstream of the “hinge” region of RIα that houses the pseudosubstrate site
for Cα [8]. Accordingly, these sites are part of the N-linker domain that is often disordered
in structural determinations, suggesting that it may be a dynamic structure [9,52–55].
Therefore, in addition to the effect on 8-fluo-cAMP binding, phosphorylation at these sites
may alter the association–dissociation properties of the type I holoenzyme, may impact the
association with the accompanying A-kinase anchoring proteins [56], or may influence the
in vivo turnover of RIα [34]. The latter point is interesting, given that Ser83 resides within a
PEST sequence [57,58], and therefore phosphorylation at this site may impact RIα stability
during heart failure, especially given the subunit’s relative instability in vivo [59,60].
Additional experiments will be required to examine the role of these phosphorylation sites
on PKA structure–function, and how they contribute to intracellular signaling in the normal
and failing heart.

In sum, these analyses demonstrate that the expression and post-translational status of PKA
is altered during heart failure. Despite β-AR blocker therapy, this patient population
demonstrated increased RIα expression, an RIIα post-translational status that favored
release of the catalytic subunit, and a catalytic subunit that was predisposed to higher
affinity for its substrates through increased Thr197 phosphorylation. Although it is currently
difficult to quantify the contributions of each finding, it is noteworthy that two of these
changes support a net increase in intracellular PKA activity. Nonetheless, the low
phosphorylation levels of sarcomeric PKA targets (Fig. 1) suggests that the intracellular
effects dictated by the change in RIIα/Cα post-translational state are not ubiquitous. In
effect, the subcellular localization of the impacted PKA subunits may prompt their activity
towards novel targets or signaling pathways that promote cardiac hypertrophy or
cardioprotection [61,62] rather than contributing to contractility through sarcomeric protein
phosphorylation. This may explain why prior experiments have not found differences in
basal or cAMP-activated PKA activity in homogenates from failing and nonfailing human
myocardium [63,64], as these assays no longer preserve the intracellular localization of the
various pools of PKA holoenzyme. Conversely, the reduced phosphorylation of sarcomeric
targets may reflect their dependence on type I PKA activity, and the observed increase in
RIα expression may be acting to sequester the catalytic subunits that are proximal to these
substrates. A decrease in the cAMP affinity due to increased Ser77/83 phosphorylation of
RIα would additionally contribute to this scenario. In either case, these findings raise the
possibility that signaling pathways initiated during heart failure may be able to modulate the
activity of PKA through preferential post-translational modification of its subunits, even
during pharmacological β-AR blockade. Of particular interest for future studies are the
phosphorylation sites at Ser77 and Ser83 of RIα, especially Ser83 which was increased in
the heart failure cohort. Experiments focused on identifying the impact of these post-
translational modifications will provide much needed insight into the signaling pathways
governing their phosphorylation and dephosphorylation, and how they contribute to
mechanisms that regulate PKA activity and its role in the etiology of heart disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.abb.2013.08.002.
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Fig. 1.
TnI and MYBP-C phosphorylation in heart failure. Myocardial homogenates from heart
failure and donor patients were resolved by SDS–PAGE and stained successively with ProQ
Diamond phosphoprotein (top panels in A and B) and Deep Purple total protein stain
(bottom panels in A and B). There were statistically significant decreases in total
phosphorylation of both MYBP-C (A) and TnI (B) in the heart failure samples. Further
analyses of site specific Ser23/24 phosphorylation of TnI by Western blotting demonstrated
a concurrent 41% decrease in the heart failure samples (C) without a change in total TnI
expression (D). *Denotes P < 0.05 vs. donor.
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Fig. 2.
PKA Catalytic subunit expression in heart failure. The total expression level and
phosphorylation of Cα at Thr197 were examined by multiplex Western blotting. The extent
of Thr197 phosphorylation was significantly higher by 67% in the heart failure samples (A).
However, this was not reflected in the total Cα expression levels, as myocardium from both
donor and failed hearts demonstrated similar levels (B). *Denotes P < 0.05 vs. donor.
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Fig. 3.
Expression of type II PKA Regulatory subunits. The expression level of Ser96
phosphorylated (A) and total RIIα (B) in donor vs. heart failure myocardium. Expression of
Ser96 phosphorylated RIIα significantly increased by 72% without an accompanying
significant change in total RIIα expression. *Denotes P < 0.05 vs. donor.
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Fig. 4.
Expression of type I PKA Regulatory subunits. In failing myocardium, the relative
expression of RIα significantly increased by 45% over donor samples (A, *P < 0.05 vs.
donor). To scout for possible post-translational modifications of RIα, 2D Western blotting
was done on two different donor and two different heart failure samples and showed up to
three isoelectric variants of RIα (B). The presence of three isoelectric variants was
additionally confirmed by capture of cAMP-binding proteins from a homogenate prepared
from the HF1 sample by 8-AEA-cAMP-agarose beads (C, left). The fraction of the
homogenate not bound to beads, the subsequent washes and the eluted fraction from the
beads were analyzed by 1D SDS–PAGE and silver staining. Subsequently, the eluted
fraction was analyzed by 2D SDS–PAGE and silver staining (C, right) which recapitulated
the observed RIα pattern (denoted by arrowheads) as well capturing RIIα (denoted by *).
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Fig. 5.
RIα phosphospecific antibody validation. Two rabbit monoclonal antibodies specific for
Ser77 or Ser83 phosphorylated RIα were validated. (A) The sequence
CAGCTRTDS77REDEIS83PPPNP was synthesized into four peptides to yield non-
phosphorylated, Ser77 or Ser83 singly phosphorylated, and Ser77/83 doubly phosphorylated
peptides. The culture supernatant from the pSer77 and pSer83 hybridomas were used in
ELISA (65) and exhibited high specificity for the intended phosphorylated peptides. (B) Rat
myocardial homogenates were left untreated or treated with alkaline phosphatase, followed
by blotting with total RI, pSer77 or pSer83 antibodies. A net loss of signal for the Ser77 and
Ser83 phosphorylated RIα was observed following alkaline phosphatase treatment. (C) A
human myocardium homogenate enriched by 8-AEA-cAMP affinity chromatography for
RIα was resolved by 2D SDS–PAGE. The white, black and grey arrowheads represent
successively basic spots verified to be RIα by mass spectrometry (data not shown). 2D
Western blotting of the same sample showed that the pSer77 and pSer83 antibodies
identified the relatively acidic isoelectric variants, whereas the antibody against total RI
identified all three isoelectric variants. The spots are aligned with arrowheads in accordance
with the accompanying silver stained gel.
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Fig. 6.
Expression of Ser77 and Ser83 phosphorylated RIα. (A) Using the rabbit monoclonal
antibody pSer77, Western blot analyses revealed no significant change in Ser77
phosphorylation in the heart failure samples vs. donor samples. (B) In contrast, the pSer83
monoclonal antibody demonstrated a significant 110% relative increase in expression in the
heart failure samples (1 ± 0.28 vs. 2.10 ± 0.45). *Denotes P < 0.05 vs. donor.
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Fig. 7.
Steady state 8-fluo-cAMP binding by WT and mutant RIα. (A) Wild type and mutant RIα
proteins were expressed in E. coli and purified. (B) Using fluorescence anisotropy, 8-fluo-
cAMP binding by the various RIα proteins was measured. Average ± S.E.M. data are
plotted with an accompanying fit for illustrative purposes. The Kd of Ser77/83Asp RIα was
significantly increased compared to WT RIα (P < 0.05).
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Table 1

Patient characteristics.

Patient Age Sex Ejection fraction (%) Cause of death/medications

Control 1 52 M Cerebral hemorrhage

Control 2 21 M Unknown

Control 3 55 M Aortic aneurysm

Control 4 65 M Aortic aneurysm

Control 5 61 M Unknown

Control 6 56 M Cerebral hemorrhage

Control 7 47 M Unknown

Control 8 54 M Crush injury

Control 9 41 M Unknown

Control 10 44 M Unknown

HF1 58 F 10 Amiodarone, bumetanide, furosemide, losartan, metolazone, metoprolol, milrinone,
potassium, simvastatin, spirinolactone

HF2 60 M 10 Aspirin, carvedilol, furosemide, simvastatin

HF3 41 M 20 Aspirin, carvedilol, furosemide, lisinopril, potassium

HF4 72 M 10 Digoxin, ezetimibe, metropolol, milrinone, potassium, pravastatin, spirinolactone

HF5 55 M 15 Aspirin, carvedilol, digoxin, furosemide, lisinopril, potassium, spirinolactone

HF6 75 M 20 Amiodarone, carvedilol, digoxin, furosemide, metolazone, potassium, spirinolactone

HF7 68 M 35 Aspirin, furosemide, lisinopril, metoprolol, simvastatin

HF8 39 M 20 Amiodarone, aspirin, carvedilol, furosemide, lisinopril, potassium, spirinolactone

HF9 37 M 15 Amiodarone, aspirin, carvedilol, digoxin, losartan, furosemide, milrinone, spirinolactone,
simvastatin

HF10 74 M 25 Aspirin, carvedilol, digoxin, furosemide, isosorbide dinitrate, lisinopril, niacin
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