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Abstract: Pathologies, such as cancer, inflammatory and cardiac diseases are commonly associated
with long-term increased production and release of reactive oxygen species referred to as oxidative
stress. Thereby, protein oxidation conveys protein dysfunction and contributes to disease progression.
Importantly, trials to scavenge oxidants by systemic antioxidant therapy failed. This observation
supports the notion that oxidants are indispensable physiological signaling molecules that induce
oxidative post-translational modifications in target proteins. In cardiac myocytes, the main driver of
cardiac contractility is the activation of the β-adrenoceptor-signaling cascade leading to increased cel-
lular cAMP production and activation of its main effector, the cAMP-dependent protein kinase (PKA).
PKA-mediated phosphorylation of substrate proteins that are involved in excitation-contraction
coupling are responsible for the observed positive inotropic and lusitropic effects. PKA-actions are
counteracted by cellular protein phosphatases (PP) that dephosphorylate substrate proteins and
thus allow the termination of PKA-signaling. Both, kinase and phosphatase are redox-sensitive
and susceptible to oxidation on critical cysteine residues. Thereby, oxidation of the regulatory PKA
and PP subunits is considered to regulate subcellular kinase and phosphatase localization, while
intradisulfide formation of the catalytic subunits negatively impacts on catalytic activity with direct
consequences on substrate (de)phosphorylation and cardiac contractile function. This review article
attempts to incorporate the current perception of the functionally relevant regulation of cardiac
contractility by classical cAMP-dependent signaling with the contribution of oxidant modification.

Keywords: kinase; phosphatase; cardiac myocyte; contractile function; oxidation

1. Introduction

The sympathetic nervous system represents the most powerful regulator of cardiac
contractile function. Thereby, the monoamine neurotransmitters epinephrine and nore-
pinephrine innervate postsynaptic β-adrenoceptors on the surface of cardiac myocytes
allowing canonical intracellular signal transduction. This involves the generation of the
intracellular second messenger 3′-5′-cyclic adenosine monophosphate (cAMP) and subse-
quent activation of its principle cellular effector enzyme cAMP-dependent protein kinase
(PKA). Incessant investigations are focusing on understanding the isoform-specific, spa-
tiotemporal and structural contributions as well as disease-specific alterations in PKA
signaling. PKA is “the kinase” in cardiac myocytes that links neurohumoral extracellu-
lar signals to changes in contractile function. This process termed excitation-contraction
coupling occurs via phosphorylation of key substrate proteins [1,2] (Figure 1).
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signals to changes in contractile function. This process termed excitation-contraction cou-
pling occurs via phosphorylation of key substrate proteins [1,2] (Figure 1) 

 
Figure 1. Scheme summarizing the signaling network between PKA, PP1 and PP2A, their inter-
action upon βAR stimulation and cAMP production or direct oxidative modification. PKA phos-
phorylates and activates inhibitor 1 (I-1), which inhibits PP1. Several B‘-PP2A regulatory subunits 
have been shown to be subject to phosphorylation, B56δ is phosphorylated by PKA, enhancing 
PP2A activity by dissociation from the A-subunit. PP2A mediates I-1 dephosphorylation. PKA 
phosphorylates substrate proteins in cardiac myocytes that regulate cardiac contraction, which is 
counteracted by PP2A and PP1 action. In addition to the regulation by phosphorylation, signaling 
subunits labeled with a star are susceptible to oxidation. Green: enhanced activity, red: inhibitory 
effect. The scheme synergizes aspects of the regulation of PKA, PP1 and PP2A activity by phos-
phorylation and simultaneous oxidation to orchestrate contractility. Numbers 1–9 referring to the 
respective section in the manuscript. 

2. PKA Isoforms 
PKA is a heterotetrameric enzyme that is composed of a dimeric regulatory (R) and 

two catalytic subunits. Several PKA-C isoforms are expressed in human tissue: Cα, Cβ 
and PrKX. Cβ isoform expression appears to be predominantly in the nervous and the 
immune system and PKA-Cα is ubiquitously expressed [3,4]. In humans, PRKACG (Cγ) 
and PrKY have been described as retrotransposons [5,6]. Association of PKA-C with either 
of the two existing types of regulatory subunits, RI or RII, defines the holoenzyme as type 
I or type II PKA. While the expression of RI and RII differs substantially between tissues, 
type I PKA activity predominates in the heart [7]. Importantly, attempts to quantify PKA 
subunit abundance in the heart, revealed high abundance of RI subunits with an approx-
imately 10-fold [8]or even 17-fold [9] excess over the catalytic subunits. This observation 
was rationally explained by RI functioning as a cAMP storage allowing the formation of 
biomolecular condensates enriched in cAMP and PKA activity, critical for effective cAMP 
compartmentation [10]. Also, the concept of “buffered cAMP diffusion” supports the bio-
logical significance of RI abundance: cAMP at physiological concentrations is predomi-
nantly bound to cAMP binding sites and thus immobile [11]. Those sites could potentially 
be RI subunits. 

Figure 1. Scheme summarizing the signaling network between PKA, PP1 and PP2A, their inter-action
upon βAR stimulation and cAMP production or direct oxidative modification. PKA phosphorylates
and activates inhibitor 1 (I-1), which inhibits PP1. Several B’-PP2A regulatory subunits have been
shown to be subject to phosphorylation, B56δ is phosphorylated by PKA, enhancing PP2A activity
by dissociation from the A-subunit. PP2A mediates I-1 dephosphorylation. PKA phosphorylates
substrate proteins in cardiac myocytes that regulate cardiac contraction, which is counteracted
by PP2A and PP1 action. In addition to the regulation by phosphorylation, signaling subunits
labeled with a star are susceptible to oxidation. Green: enhanced activity, red: inhibitory effect. The
scheme synergizes aspects of the regulation of PKA, PP1 and PP2A activity by phosphorylation and
simultaneous oxidation to orchestrate contractility. Numbers 1–9 referring to the respective section
in the manuscript.

2. PKA Isoforms

PKA is a heterotetrameric enzyme that is composed of a dimeric regulatory (R) and
two catalytic subunits. Several PKA-C isoforms are expressed in human tissue: Cα, Cβ
and PrKX. Cβ isoform expression appears to be predominantly in the nervous and the
immune system and PKA-Cα is ubiquitously expressed [3,4]. In humans, PRKACG (Cγ)
and PrKY have been described as retrotransposons [5,6]. Association of PKA-C with either
of the two existing types of regulatory subunits, RI or RII, defines the holoenzyme as
type I or type II PKA. While the expression of RI and RII differs substantially between
tissues, type I PKA activity predominates in the heart [7]. Importantly, attempts to quantify
PKA subunit abundance in the heart, revealed high abundance of RI subunits with an
approximately 10-fold [8] or even 17-fold [9] excess over the catalytic subunits. This
observation was rationally explained by RI functioning as a cAMP storage allowing the
formation of biomolecular condensates enriched in cAMP and PKA activity, critical for
effective cAMP compartmentation [10]. Also, the concept of “buffered cAMP diffusion”
supports the biological significance of RI abundance: cAMP at physiological concentrations
is predominantly bound to cAMP binding sites and thus immobile [11]. Those sites could
potentially be RI subunits.

For both, RI and RII regulatory subunits, α and β isoforms have been described [12].
Generally, α isoforms are expressed ubiquitously and β isoforms display enhanced tis-
sue specificity. As PKA-RIβ transcripts are detected in brain and testis, but not in the
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heart [13,14], it is assumed that PKA-RIα prevails in cardiac tissue [4,15]. Control of
physiolo-gical effects in cardiac tissues is mediated via A-kinase anchoring proteins
(AKAPs) predominantly interacting with type II R-subunits and regulating Ca2+ release
and uptake [16]. All regulatory subunit isoforms share the same domain structure. At the
N-terminus, a dimerization and docking (D/D) domain that mediates PKA-R dimerization
and interaction with AKAPs is followed by a pseudo-substrate inhibitory sequence, which
in the absence of cAMP reaches into the active site cleft of the catalytic subunit [17]. The
two large C-terminal cAMP-binding domains account for approximately two thirds of the
subunit [18,19] allowing for the cooperative activation of the respective holoenzymes [20].

3. Cardiac PKA Substrate Phosphorylation and Contractile Function

PKA substrates in cardiac myocytes that regulate contractile function involve both,
myofilament proteins and those involved in intracellular Ca2+-cycling. PKA-mediated
phosphorylation of the Ca2+ channel inhibitor Rad (Ser25/38/272/300), a Ras-like GTP-
binding protein family member, relieves its constitutive inhibition on CaV1.2. This increases
channel open probability and thus contributes to the inotropic response [21]. At the sar-
coplamic reticulum (SR), the action of PKA promotes both, the import of Ca2+ into the
SR and its release into the cytosol by the ryanodine receptor (RyR2). PKA-mediated
phosphorylation of SR membrane-associated phospholamban (PLN) at Ser16 abolishes
its inhibitory effect on the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA2),
resulting in accelerated Ca2+ import into the SR during diastole and, in consequence, posi-
tive lusitropy [22–24]. At the same time, phosphorylation of RyR2 by PKA promotes the
release of Ca2+ during systole and enhances contractility [25]. Within the myofilament
contractile machinery, PKA-mediated phosphorylation of cardiac myosin-binding protein
C (cMyBP-C) at three sites of its cardiac-specific M-motif releases the constraint of cMyBP-C
on myosin S2 head domains. This enforces actin-myosin interaction and acceleration of
cross-bridge cycling, thus contributing to the positive inotropic effect [26,27]. An impor-
tant feature of increased PKA activity in cardiac myocytes is the reduction in sarcomere
Ca2+ sensitivity that has been attributed to direct myofilament protein phosphorylation.
Thereby, Ca2+ desensitization of the myofilaments is reduced by PKA-mediated phos-
phorylation of cardiac troponin I (cTnI) at Ser23/24, a component of the heterotrimeric
troponin complex [28–30] and cMyBP-C, providing improved sarcomere relaxation [31–33].
Phosphorylation of cTnI lowers the affinity of the cTnC subunit for Ca2+, further enhancing
the PKA effect on sarcomere Ca2+ sensitivity and cardiac lusitropy [34–36].

4. Oxidative Post-Translational Modification of PKA-RI

It is commonly accepted that PKA represents the main effector for intracellular cAMP
and that binding of the second messenger activates the kinase. Interestingly, already de-
cades ago in the 1980s, researchers described oxidation of PKA. However, only recently
increasing research efforts were undertaken to pinpoint the nature and functional impor-
tance of PKA oxidation on specific cysteinyl thiols. This timely delay might be due to
the former lack of availability of sophisticated knock-in animal models and techniques to
study protein oxidation in complex homogenates [37]. Furthermore, there is increasing
perception that oxidative post-translational modifications resulting from controlled gene-
ration of reactive oxygen species (ROS) on key proteins plays an important physiological
role in the regulation of fundamental processes such as angiogenesis, vascular tone or
cardiac contractility.

Oxidative post-translational modification of type I PKA regulatory subunit (RI) was
first described by Potter and Taylor in 1980 [38], who investigated PKA-RI and its prote-
olytic fragments in porcine skeletal muscle. The observation of bands migrating at higher
molecular weight during native SDS-PAGE analyses that were exclusively detectable in
the absence of the reducing agent β-mercaptoethanol, gave rise to the hypothesis of N-
terminal sulfhydryl groups forming an interdisulfide-linked PKA-RI dimer [38]. This
fin-ding represented a significant discovery, as it had been considered a “general rule”
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that oxidative disulfide bonds were exclusively found in extracellular proteins and their
formation prevented by the reducing intracellular environment. Thus, “the occurrence of
disulfide bonding in an intracellular protein” was perceived as “highly unusual” [39]. Fur-
ther studies on PKA-RI, however, could localize two oxidized cysteine residues to a small
N-terminal fragment of 5400 Da. This eventually identified Cys17 and Cys38 (referring to
rat sequence) as the amino acids involved in the two antiparallel interdisulfide bonds that
can form between two PKA-RI monomers [39–41]. PKA-RII did not display any reducing
agent-mediated differences in its migration pattern upon SDS-PAGE experiments. This can
be rationally explained by the lack of both cysteines, Cys17 and Cys38 [39]. Another re-
markable feature that was characteristic for this bond that crosslinks two PKA-RI protomers
was its high stability. Treatment with 30 mM of the reducing agent dithiothreitol (DTT) was
insufficient to reduce the bond [39] and even pretreatment with 8 M urea did not lower the
concentration of DTT required to recover the monomeric form [41]. More-over, although
located within the dimerization and docking domain, Cys17-Cys38 interdisulfide bond
formation was not required for the dimerization of PKA-RI, an essential prerequisite for the
formation of the heterotetrameric structure of the holoenzyme [41]. At this point in time,
it was uncertain, though, whether the PKA-RI interdisulfide was a constitutive structural
feature, a purification artefact or in fact an inducible post-translational modification with
physiological functional relevance.

An important advancement to answer this important issue was provided by the work
of Brennan et al. in 2004, who identified PKA-RIα among the proteins that underwent
oxidative dimerization in response to treatment with the disulfide-inducing agent diamide
in rat ventricular cardiac myocytes by unbiased two-dimensional SDS-PAGE [42]. This
finding provided evidence that oxidative PKA-RI dimerization was indeed an indu-cible
event occurring in intact cardiac myocytes and strongly suggested that this modifica-
tion may have functional consequences concerning cellular PKA actions. Shortly after,
the same group reported elevated phosphorylation levels of PKA substrate proteins fol-
lowing incubation of cardiac myocytes with the exogenous oxidant H2O2 [43]. Protein
phosphorylation was paralleled by interdisulfide PKA-RI dimer formation, but was at-
tenuated by the inhibitor of PKA-C, H89, while cAMP levels remained unaltered after
exposure to H2O2. These results suggested the following order of events: oxidant-mediated
disulfide formation in RI releases PKA-C, without the necessity of prior cAMP-binding.
Altogether, these data provided solid indication for oxidative PKA-RI dimerization as a
novel activatory mechanism of PKA. Thereby, activation might occur independently from
classical catecholamine-evoked β-AR signaling with impact on phosphorylation-regulated
cardiac contractility.

A recent study performed by our group partially supported the above-described
observations, but pointed to a more complex scenario regarding the functional outcome
of PKA oxidation in a cardiac myocyte context. When comparing the impact of an array
of model oxidants on PKA oxidation and cardiac myocyte function [44], we observed a
disconnect between interdisulfide formation in PKA-RI and substrate phosphorylation.
Diamide as well as 1-nitrosocyclohexyl acetate (NCA), a donor of the small molecule HNO
that has raised great interest as a potential treatment for acute decompensated heart failure,
induced pronounced PKA-RI dimer formation. This was paralleled by phosphorylation
of the PKA substrate proteins cMyBP-C located at the myofilaments and the SR/ER-
associated PLN. FRET experiments using an A-kinase activity reporter confirmed these
phosphorylation events to rely on increased PKA-C activity. Exposure to the β1-AR
anta-gonist atenolol suggested that the effects occurred independently from the classical
receptor-mediated activation pathway. Surprisingly, oxidative PKA-RI dimer formation
was also detectable after exposure to H2O2, which failed to evoke detectable effects on
protein phosphorylation in our experiments. All tested compounds resulted in reducing
agent-reversible disulfide crosslinking of PKA-RI subunits and highlighted that in cardiac
myocytes oxidative PKA-RI dimerization alone was not sufficient to activate the kinase.
It is unlikely that exposure of cardiac myocytes to different oxidants could result in the
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formation of different kind of disulfide bonds between PKA-RI protomers with a potentially
differential impact on kinase activity. Previous work had convincingly determined the
orientation of PKA-RI protomers within the dimer, supporting the conception of the
antiparallel Cys17-Cys38 bond [40,41]. Moreover, the involvement of additional cysteine
re-sidues that exist within the PKA-RI cAMP-binding sites had been excluded [38,39].
Activation of PKA independently of cAMP could potentially involve additional oxidation
events apart from RI interdisulfide linkage that remain to be identified and characterized
in future studies. Interestingly, for RIβ and RIIβ even “a dimer of a dimer” structure was
convincingly postulated: A tetrameric structure composed of two RIIβ(2):C(2) holoenzymes
was described that provided mechanistic insight into the allosteric activation by cAMP [45];
quaternary structures of RIβ selectively enriched in the mitochondria forming “discrete
signaling foci” [46].

A valuable tool in the delineation of the physiological consequences of PKA-RI inter-
disulfide formation in vivo represented the PKA-RIα Cys17Ser knock-in mouse model [47].
“Redox dead” mice replacing Cys17 by non-oxidizable serine revealed defective angiogene-
sis upon hind limb ischemic injury. Interestingly, a recently published study described no
impact of the disulfide dimer on PKA catalytic activity, but instead an increased binding
affinity to AKAPs with functionally important subcellular redistribution attenuating injury
following ischemia/reperfusion [48]. These data are in accordance with our study that
rather than impacting directly on kinase activity, emphasized an important role of inter-
disulfide formation in PKA-RI for oxidant-mediated translocation into substrate vicinity. In
the atria, PKA-RI dimer formation upon oxidant-exposure has been described to contribute
to the prolongation of cardiac action potential duration and occurrence of after depolar-
izations due to inhibition of Ito and IK1 [49]. Although the authors described increased
oxidant-mediated disulfide formation leading to increased PKA activity, they did not
assess kinase activity. Therefore, it is likely that the effect on ion channel activity that they
observed resulted from increased kinase translocation into channel vicinity. Alignment
of the amino acid sequence of PKA-RI reveals that mouse PKA-RI contains an additional
cysteine residue at position 66 that is absent in the human and rat sequence. This additional
cysteine residue might be susceptible to oxidation as well and might be alternatively in-
volved in disulfide bond formation with Cys38, potentially compensating for Cys17, which
appears structurally possible. Thus, future experiments should be performed in human
cardiac myocytes to verify a definitive correlation between PKA-RI dimer formation and
kinase activation.

Enhanced PKA-RI-AKAP interaction might be the key function of oxidant-mediated
PKA-RI disulfide formation and might fine tune or alter the substrate spectrum of the
kinase by impacting on kinase compartmentation during conditions of increased oxidant
production. This observation was reported early onwards by Brennan at al. [43], when
demonstrating the translocation of oxidized PKA-RI into the myofilament-containing
subcellular fraction of H2O2-exposed cardiac myocytes. This allowed to formulate the hypo-
thesis that the interdisulfide bond may alter the affinity of PKA-RI for certain AKAPs that
guide oxidant-mediated PKA activity to particular cellular compartments. This assumption
was indeed well founded, as the N-terminal D/D-domain of PKA-R that in the type I
isoform harbors Cys17 and Cys38 does not only mediate regulatory subunit dimerization,
but also the interaction with AKAPs (Figure 2). In line with these results, the data of
various studies showed subcellular translocation of PKA into the myofilament containing
fraction of adult rat ventricular myocytes after exposure to NCA [44], to the lysosomal
two pore channel during ischemia/reperfusion in the ventricle [48] or into cation channel
vicinity to trigger arrhythmias upon oxidant-exposure [49]. A potential impact of PKA-RI
disulfide formation on the interaction with AKAPs had previously been investigated for
D-AKAP1, the first AKAP that was found to not exclusively bind to type II, but to be
dual-specific and also interact with type I PKA regulatory subunits [50]. For the interaction
with this particular anchoring protein, however, dependence on RI oxidation could not be
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confirmed, as Cys38, but not Cys17 was found to be essential for the interaction of kinase
and D-AKAP1 [51].
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Figure 2. Structure of PKA-RIα dimerization and docking domain (D/D-domain) in complex with
D-AKAP2 [52] (PDB 3IM4). The RIα D/D-domain (blue and dark blue) is defined by an N-terminal
helical bundle that promotes regulatory subunit dimerization via hydrophobic interactions. Under
oxidative conditions, additional intermolecular disulfide bonds are formed by cysteines at position
17 and 38. The interaction with different AKAPs (grey) is mostly caused by hydrophobic interactions
alongside salt bridges. An effect of the interdisulfide bond formation on D/D-domain-AKAP
interaction and PKA localization could be shown by different studies [43,48].

An important function of the D-AKAP1-PKA interaction is to ascertain mitochon-
drial localization of PKA in neuronal cells [53]. Here, PKA-mediated phosphorylation of
the dynamin-related protein (Drp1) at Ser637 regulates mitochondrial fission and func-
tion [54,55]. A decrease in neuroprotective PKA signaling is associated with the develop-
ment of neurodegenerative diseases and excessive ROS production. Several other AKAPs
may potentially anchor the PKA holoenzyme to sarcomeric substrates as a result of an
altered affinity for oxidized PKA-RI. Myosin heavy chain, which is directly associated with
one of the main targets of phosphorylation in the sarcomere, namely cMyBP-C, has been
suggested as a novel interaction partner of disulfide-linked PKA-RI [43]. Such interac-
tion would anchor PKA in the immediate proximity to its substrate at the thick filament
and would explain translocation and myofilament protein phosphorylation upon oxidant-
exposure. Equally plausible would be the interaction of PKA-RI with cTnT nearby the
substrate cTnI located at the thin filament or with myomegalin, which has been proposed
as a direct interaction partner of cMyBP-C. Both proteins were reported as AKAPs with the
potential to anchor type I PKA at the cross-bridge bearing region of the sarcomere [56,57].
Other AKAPs that have been reported to exist close to the myofilament compartment,
such as myospryn and synemin, appear to specifically interact with PKA-RII, excluding an
effect of interdisulfide formation on binding affinity due to the absence of the responsible
cysteines in the amino acid sequence [58,59]. Oxidation-mediated alteration of the affin-
ity of PKA for its AKAPs that results in the subcellular translocation of the holoenzyme
and subsequent release of the active catalytic subunit into substrate vicinity represents
a possible order of events. An interesting question that to our knowledge has not been
answered yet is, whether AKAP oxidation itself poses a prerequisite for the inter-action
with PKA-RI. As they represent important scaffold regulators of PKA activity within the
cell, the oxidation of an AKAP could potentially be involved in the observed translocation
effect and thus mediate the cellular response to oxidative stress (Figure 3).
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Figure 3. Structures of PKA-Cα and PP2A in ribbon representation. (A) cAMP-dependent protein
kinase catalytic subunit Table 1. ions [60] (PDB 4WB5). The catalytic subunit of PKA consists of
two lobes, the N-lobe consists mainly of β-sheets and the C-lobe comprises α-helical structures.
In the latter, a redox-sensitive cysteine, Cys199, is located in the activation loop (yellow) close to
the catalytic cleft, which was shown to inhibit kinase activity upon oxidation. Another cysteine
susceptible to redox processes, Cys343, is found in the C-terminal tail (C-tail, blue) that spans from
the C-lobe to the N-lobe of PKA-Cα. (B) Hetero trimeric holoenzyme of protein phosphatase 2A
(PP2A) [61] (PDB 3DW8). The fully active PP2A holoenzyme consists of the core enzyme comprising
the scaffold unit PP2A-A (teal) and the enzymatically active subunit PP2A-C (grey) as well as a
regulatory subunit, here PP2A-B55 (blue). Localized on the β12-β13 loop of PP2A-C (magenta),
there are two redox-sensitive cysteines, Cys266 and Cys269, that contribute to an oxidation-induced
inhibition of PP2A-C via disulfide bridge formation.
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5. Oxidative Post-Translational Modification of PKA-C

Another layer of complexity to the redox regulation of PKA is added by the fact
that also the catalytic subunit of PKA is susceptible to oxidative modification. Only two
cysteine residues exist within PKA-C, Cys199 and Cys343 (human Cα sequence), and both
are susceptible to oxidation [62–64] (Figure 3A). Cys199 is the more reactive residue, which
is reflected by its lower pKa value. It is located within the activation loop near the active
site of the kinase, where it interacts with the hydrophobic residue of the substrate sequence
that is present at position + 1 of the PKA consensus sequence [65]. Although Cys199 is
not directly involved in the catalytic activity of PKA-C, the modification of the residue by
thiol-modifying agents or oxidants results in inhibition of kinase activity [63,64,66–68]. In
response to diamide-exposure, two different oxidative post-translational modifications,
namely S-glutathionylation at Cys199 and intradisulfide bond formation between Cys199
and Cys343, have been observed for PKA-C [66]. Experiments from our group with recombi-
nant bovine PKA-C showed that the HNO donor NCA supported these observations. Here,
inhibition of catalytic activity was accompanied by a PKA-C band migrating at a lower
molecular weight in native Western immunoblots, likely representing a Cys199-Cys343
intradisulfide-containing form of the enzyme [61]. Intradisulfide formation is only possible
by structural rearrangement of the C-tail. This reorganization influences the kinase struc-
ture as shown before [44,66]. Inhibition of kinase activity by Cys199-Cys343 intradislfide
formation might be explained by the C-tail blocking the catalytic cleft as a result of re-
arrangement. In a cellular context, however, this oxidative modification has not been
observed yet, thus its physiological relevance remains disputable and suggesting that other
modifications such as S-glutathionylation of Cys199 prevail in vivo [66]. Another possibil-
ity is that the applied techniques were not suitable to detect this modification in a complex
cellular context. Recently, an interesting study postulated reversible inhibitory oxidation
of a conserved cysteine in the +2 position adjacent to a critical threonine phosphorylation
site in the “T-loop” of kinases of the AGC family and others as a universal regulatory
mechanism governing physiological and pathological cellular responses to oxidants [69].
The authors expressed a redox-dead Cys199Ser mutant of the catalytic subunit of PKA in
cells and analyzed substrate phosphorylation using a pan-PKA phospho-substrate anti-
body. Convincingly, they showed a discrepant phosphorylation pattern in mutant versus
wildtype transfected cells. Future experiments should, however, embrace simultaneous
oxidation of PKA-RI into the interpretation of the results.

In this context, it may seem contradictory that the oxidation of PKA-RI is ascribed
to kinase activation, although the same modification exerts an inhibitory effect on the
catalytic subunit of PKA. The spatiotemporal order of events might play a role in this
scenario. Holoenzyme assembly protects PKA-C Cys199 from oxidative modification [63].
Oxidation-mediated translocation has been observed for regulatory [43] and also catalytic
PKA subunits, suggesting that PKA translocates as a holoenzyme [44]. If the hypothesis
holds true that PKA is guided towards sarcomeric substrates by the increased interaction
of dimerized PKA-RI with an AKAP, Cys199 does not become available for oxidation until
PKA-C subunits are released in substrate vicinity. In line with previous reports [62], our
in vitro data showed that preincubation with ATP protected PKA-C from oxidative kinase
inhibition and reduced the occurrence of intradisulfide formation detected by the mass shift
in native Western immunoblots, most likely due to conformational restriction. As cross-
bridge cycling represents the process that consumes the most ATP in cardiac muscle [70], it
is likely that oxidants have to compete with ATP for access to the activation loop of free PKA-
C, where Cys199 is located (Figure 3A). Consequently, the inhibitory effect of oxidation on
PKA-C in this scenario is considered subordinate to activating PKA-RI disulfide formation,
resulting in the observed net outcome of protein phosphorylation due to increased PKA
activity [43,44]. Oxidation-induced translocation of PKA to other subcellular microdomains,
where high concentrations of ATP cannot protect PKA-C from oxidation, may result in a
more profound inhibitory effect on PKA and should be addressed in future research efforts.
Interestingly, investigations on type II PKA unveiled that modification of Cys199 did not



Antioxidants 2021, 10, 663 9 of 26

disrupt the holoenzyme complex of PKA-C with the regulatory subunits [64]. Based on
this finding, it can be speculated whether PKA-C, once oxidized, can be locked in this
inactive state when catalytic subunits re-assemble with PKA-R before the modification at
Cys199 is reduced. By denying access to components of the cellular antioxidant defense
machinery, this mechanism could, on short notice, diminish subsequent kinase activation
via PKA-RI oxidation. To date, however, this theory lacks experimental evidence and
should be considered at this timepoint as purely hypothetical.

Although PKA is considered one of the best characterized protein kinases in the heart,
plenty aspects remain unknown. This involves the impact of oxidative post-translational
modifications on holoenzyme conformation, kinase activation, activity and cellular func-
tions. The oxidant-mediated impact on PKA at a given time and cellular location is the
end-product of orchestrated events based on the susceptibility of both, regulatory and
catalytic PKA subunits for thiol oxidation. In cooperation, these modifications have a
significant influence on the phosphorylation of critical cardiac myocyte proteins and thus
cardiac contractility, but also other cellular PKA functions. Thorough research will be
required in the coming years to gain a better understanding of the (patho)physiological
PKA redox regulation, its interplay with the classical cAMP-dependent activation pathway,
the consequences for cardiac performance and how this knowledge can be applied to
develop novel therapies for cardiac diseases.

6. Regulation of PKA Signaling by Protein Phosphatase 2A

In humans, the 518 genes of the kinome that were identified to putatively encode for
protein kinases are opposed by only 189 genes encoding for protein phosphatases [71,72].
While the largest group of protein kinases is specific for serine/threonine, only a small
number of protein phosphatases exists to counteract their activity. This is because the
majority of protein phosphatases are specialized to dephosphorylate tyrosine residues [73].
The numerical inferiority of serine/threonine phosphatases compared to the corresponding
protein kinases is balanced by the combination of a conserved core enzyme with a variety
of regulatory subunits, resulting in a high diversity of phosphatase holoenzymes.

PP2A is the major serine/threonine phosphatase in eukaryotic cells and highly abun-
dant in the heart [74]. It is involved in the dephosphorylation of several cardiac myocyte
PKA substrate proteins that participate in excitation-contraction coupling, such as the
L-type Ca2+ channel [75,76], cMyBP-C [77], cTnI [78], most likely the RyR2 [25,79–81] and
to a lesser extent PLN [82]. Due to its substrate spectrum, PP2A activity has a decisive
influence on cardiac myocyte Ca2+-cycling and cardiac contractility. Moreover, PP2A is
an important regulator of mitogen-activated protein kinase (MAPK) signaling and thus
plays a critical role in cardiac remodeling, development, physiological function and the
manifestation of cardiac pathologies [83–89].

The heterodimeric PP2A core enzyme consists of a catalytic (PP2A-C) and a scaffold
subunit (PP2A-A), which both exist as an α or β isoform [90,91]. PP2A-C and PP2A-A
α and β isoforms are both ubiquitously expressed and share ~97% and ~87% sequence
identity, respectively [90–92]. Despite the high similarity in sequence, PP2A-C isoforms
are not redundant. Observations that PP2A-Cα mRNA is more abundant than mRNA
encoding for the β isoform in porcine tissues including the heart [74,93], and the fact that
a knockout of PP2A-Cα in a mouse model is embryonically lethal [94], suggest essential
isoform-specific functions for PP2A-Cα and βwithin the cell.

Combination of the core enzyme with one of at least 18 regulatory B subunits (PP2A-B)
forms the fully active PP2A holoenzyme (Figure 3B). The regulatory subunits can be di-
vided into four groups B/B55/PR55, B’/B56/PR56/PR61, B”/PR48/PR72/PR130 and
B”’/PR93/PR110 and display a surprisingly low similarity in sequence [95]. Within the
heterotrimeric enzyme, the PP2A-B subunits mediate subcellular localization and sub-
strate specificity of the holoenzyme and represent the major regulatory mechanism that
determines PP2A spatiotemporal activity in the cell [96,97]. For example, the recombinant
isotypes γ and the δ of the B56 regulatory subunit were found in the nucleus, whereas
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B56α, β and εwere located within the cytoplasm in experiments involving CV-1 monkey
kidney cells suggesting distinct roles in subcellular phosphatase targeting [98]. In cardiac
myocytes, PP2A targeting by B56αwas shown to depend on the interaction of B56αwith
ankyrin-B that is required for proper subcellular placement and orientation of ion chan-
nels [99]. Consequently, B56α is assumed to guide PP2A activity towards the membrane
bound Na+/K+-ATPase and Na+/Ca2+-exchanger [97,99,100]. In adenovirally transduced
neonatal rat ventricular myocytes, recombinant B56α displayed a striated cytosolic pattern
typical for sarcomeric localization [101]. In line with this observation, B56αwas detected
in the myofilament-containing subcellular fraction of adult rat ventricular myocytes [102].
Notably, myofilament B56α levels decreased upon treatment with the β-AR agonist iso-
prenaline, suggesting B56α to regulate PP2A activity at myofilament substrate proteins in
dependence of neurohumoral stimulation.

7. Regulation of PP2A by Post-Translational Modification

In addition to holoenzyme composition itself, numerous post-translational modifi-
cations (PTM) have been identified that additionally impact on subunit assembly and
PP2A-mediated substrate dephosphorylation. Several members of the B’/B56 group of
regulatory PP2A subunits have been identified as phosphoproteins [98,103,104]. While
B’/B56 subunit phosphorylation has been associated with holoenzyme dissociation and
inactivation [86], several studies have demonstrated that the phosphorylation of B56δ at
Ser37, Ser566 or Ser573 by PKA and other kinases enhances phosphatase activity [105–107],
supposedly by altering the interaction with the core enzyme [104].

Also, the PP2A catalytic subunit is prone to PTM. Nitration, methylation and phos-
phorylation of PP2A-C occur within its conserved C-terminus and affect PP2A activity
by altering holoenzyme assembly. Various studies described PP2A-C to be susceptible to
NO-mediated nitration at Tyr284, which is assumed to elevate PP2A activity by induc-
ing the dissociation of PP2A-C from its respective scaffolding subunit [108–111]. PP2A
methylation at the C-terminal residue Leu309 by the PP2A-specific leucine carboxyl methyl-
transferase (LCMT1 or PMT) has been generally associated with enhanced phosphatase
activity [112,113]. The modification is reversed by the methylesterase PME-1 [114], thereby
modulating the affinity for certain PP2A-B subunits [115,116]. However, there is con-
tradiction regarding the class of regulatory subunit that depend on PP2A-C methyla-
tion [117–119]. Similarly, phosphorylation of PP2A-C at Tyr307 and potentially Thr304
is associated with the inhibition of the phosphatase by impeding the interaction with
multiple B’/B56 or B/B55 subunits, respectively [84,119–121]. Notably, although PP2A
is a Ser/Thr phosphatase, it is able to restore its own catalytic activity by PP2A-C auto-
dephosphorylation of Tyr307 [122,123]. In summary, the data of these studies highlight
that specific PTM-related events are required for PP2A-B subunit interaction with the
PP2A-C C-terminus to allow assembly with the core enzyme, generating a holoenzyme
with specific features.

Another PTM that has not yet received much attention in the regulation of PP2A activ-
ity is the reversible oxidation of PP2A-C cysteine thiols. A number of studies showed that
PP2A-C activity was inhibited by treatment with various thiol-modifying agents including
maleimide and mercurial compounds [124,125]. Additionally, it was reported that oxidants
including H2O2 and oxidized glutathione exerted an inhibitory effect on PP2A, while the
activity was restored by exposure to reducing agents [85,126–131]. Investigations on the
molecular mechanisms of the PP2A inhibitors okadaic acid, phoslactomycin, fostriecin and
microcystins had consistently identified Cys269 of PP2A-C as the binding site, suggesting
that modification at this site likely interferes with PP2A catalytic activity [132–135]. Ac-
cordingly, oxidative intradisulfide formation between the residues Cys266 and Cys269,
which localize in a redox sensitive CXXC motif, was suggested to act as a redox switch
that mediates reversible oxidation-dependent PP2A inhibition [131,136]. In line with this
hypothesis, a faster migrating band that was abolished by the addition of DTT representing
intradisulfide-containing PP2A was detected by native Western immunoblotting in rat
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brain homogenates [131]. Another pair of vicinal thiols, namely Cys50 and Cys55, exists
within PP2A-C. However, modification of these residues was not detected in a study aiming
to label and identify reactive thiols by an unbiased mass spectrometry approach [125].

In rat brain cerebral cortex, Foley et al., further highlighted the high reactivity of
PP2A-C thiols by demonstrating that spontaneous oxidation without the addition of an
oxidizing agent was sufficient to induce disulfide bond formation [131,136]. Furthermore,
even under stringent experimental conditions designed to prevent protein oxidation du-
ring sample preparation, a small fraction of PP2A-C was found to contain DTT-reversible
disulfide bonds, indicating such modifications likely to occur in vivo [136]. This is sup-
ported by studies showing that in neuronal as well as in tumor cell lines, the intracellular
generation of ROS and subsequent ROS-mediated inhibition of PP2A induces apoptosis
via activation of the MAPK pathway [88,137]. Another argument supporting PP2A-C
disulfide-mediated inhibition to represent a crucial cellular regulatory mechanism was
provided by the observation that PP2A from rabbit skeletal muscle was associated with
nucleoredoxin, potentially via an interaction with the PP2A catalytic subunit [138]. As a
member of the thioredoxin family, the oxidoreductase nucleoredoxin is involved in redox
regulation and may thus impact on the oxidation-mediated function of PP2A-C [139].

Only little is known about the physiological functions of PP2A-C oxidation in cardiac
myocytes. In our recently published study on the effects of oxidants on the phosphorylation
of cardiac myocyte proteins, we observed that HNO donor compounds induced protein
phosphorylation via oxidation-dependent translocation of PKA towards critical myo-
filament substrates [44]. Further research revealed that upon HNO-treatment, not only
PKA, but also PP2A-C was accumulating within the myofilament-containing fraction of
cardiac myocytes. In line with previous reports, the assessment of PP2A activity from
adult rat ventricular cardiac myocyte preparations showed an inhibitory effect following
oxidation, while its activity was restored upon addition of the reducing agent DTT.

As outlined before, phosphorylation and methylation of the PP2A-C C-terminus alter
PP2A activity via modulation of the interaction with PP2A regulatory subunits. Accor-
ding to these observations, it has been suggested that PP2A-C oxidation may exert its
inhibitory effect via an influence on the well-established PTM of the C-terminus [140].
Al-though an impact of PP2A-C intradisulfide formation on the interaction with certain
re-gulatory subunits cannot be excluded, data supporting this hypothesis is scarce. Various
studies reported enhanced PP2A-C phosphorylation coinciding with reduced methylation
in response to elevated ROS in different cell types, conditions that are expected to reduce
PP2A activity [88,137,141]. However, this is likely to only represent a correlation, rather
than a causal relationship. An oxidant-induced increase in PP2A-C phosphorylation could,
for example, be explained by the oxidation-mediated inhibition of the previously reported
ability of PP2A to auto-dephosphorylate [122,123]. In addition, the exposure to ROS is
likely to influence a multitude of signaling pathways in cells that may lead to alterations in
PP2A PTM as well. DeGrande et al. showed that altered levels of PP2A-C phosphorylation
and methylation were detected in H2O2-treated murine ventricular cardiac myocytes,
but no differences were observed in cardiac fibroblasts [141]. This suggests cell type
specific responses to ROS rather than PP2A-C oxidation itself to be responsible for changes
in these PP2A-C PTM levels, although these modifications may as well contribute to
the ROS-induced inhibition of PP2A. Experiments performed by our group on human
recombinant PP2A-C reported that the exposure to HNO significantly reduced PP2A-C-
mediated dephosphorylation of the fluorogenic substrate DiFMUP, corrobora-ting the
assumption that oxidation at Cys269 indeed had a direct negative effect on the catalytic
activity of PP2A-C subunit in vitro [44]. This presumption was further supported by the
fact that Cys269, which is also the target of several PP2A inhibitors [132–135], is located in
vicinity to the PP2A-C active site [117].

Interestingly, the susceptibility of PP2A to oxidative inhibition varies between cell
types, which is probably due to differences in their antioxidant capacity. While H2O2
reportedly induced PP2A oxidation in brain [94], Caco-2 cells [127] and fibroblasts [129],
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H2O2 may not be able to oxidatively inhibit PP2A-C in cardiac myocytes. Pharmacological
treatment of adult rat ventricular myocytes by our group showed, in contrast to HNO
donors and diamide, no H2O2-mediated (100 µM) alterations in the phosphorylation status
of the PP2A substrate proteins cMyBP-C, cTnI or PLN [44]. Two publications from the
Hofmann group also investigated PP2A activity in rat cardiac myocytes upon exposure to
H2O2. They showed that overall PP2A activity remained unchanged in cells treated with
H2O2. They even reported increased activity for a PP2A moiety that was precipitated in
association with its substrate ERK [142] or PP2A that was collected with the myofilament-
containing fraction [143], respectively. This elevation in PP2A activity was attributed to
non-oxidative PTM, especially enhanced PP2A-C methylation [143]. In contrast to these
findings, DeGrande et al. reported a decrease in methylation of PP2A-C in murine cardiac
myocytes treated with 75 µM H2O2 [141], highlighting that further research is required
to better understand PP2A PTM regulation by ROS. Importantly, the data also denote the
inability of H2O2 to reproducibly induce oxidative PP2A-C inhibition in cardiac myocytes
at the concentrations applied in these studies. A potential explanation could be that the
inhibitory effect was masked by other H2O2-induced cellular events.

In our experiments, oxidation-dependent translocation of PP2A into the myofilament-
containing fraction of cardiac myocytes occurred [44]. It, however, remains uncertain to
date whether this change in subcellular localization was induced by PP2A-C intradisulfide
bond formation altering the affinity for certain regulatory subunits. Importantly, PEG-
switch experiments provided convincing evidence that the B56α regulatory subunit that
was accumulating within the myofilament fraction alongside with PP2A-C was subject to
DTT-reversible oxidative modification. B56α had been detected within the myo-filament-
containing fraction of cardiac myocytes before and is assumed to guide PP2A towards its
sarcomeric substrates [102]. However, the physiological significance of B56α oxidation for
PP2A-targeting remains unknown. It is of note that, to our knowledge, the susceptibility
to oxidative modification of the B56α regulatory subunit has not been observed before.
Oxidative modification of another member of the B’/B56 family, B56δ, was previously
described by Low et al. [144]. Here, peroxynitrite-mediated nitration of substrate-associated
B56δ at Tyr289 prevented the assembly with the PP2A core enzyme. Thus, oxidative
modification of B’/B56 subunits may represent a regulatory mechanism for PP2A in cardiac
myocytes and other cell types. Although PP2A-C was shown to be highly susceptible to
oxidization under certain intracellular conditions [131,136], PP2A-C may remain active
to be guided towards specific substrates by oxidized B56α or other oxidation-susceptible
B’/B56 regulatory subunits that remain to be identified. It is also important to mention that
exclusively members of the B’/B56 group of regulatory PP2A subunits have been identified
as phosphoproteins in vivo [98,104]. In essence, these findings point towards B’/B56
regulatory subunits to be highly regulated and versatile PP2A-Bs that, by phosphorylation
and oxidation, allow efficient adaptation of PP2A activity to the dynamical changes in
intracellular conditions.

To unravel the actual role of PP2A-C and PP2A-B oxidation on PP2A subunit affinity,
holoenzyme localization and phosphatase activity as well as the underlying regulatory
mechanisms, more detailed research employing animal and cell models expressing redox-
deficient phosphatase subunits are needed. Thus far, the available data suggest that PP2A
subunit oxidation represents a previously underrated extension in the spectrum of PTM
that contributes to the fine-tuned spatiotemporal regulation of PP2A activity in the heart
and, most likely, many other tissues.

8. Regulation of PKA Signaling by Protein Phosphatase 1

Protein phosphatase 1 (PP1) is a highly conserved Ser/Thr-phosphatase, whose ac-
tion is essential for unperturbed cardiac function [145–147]. Like PP2A, PP1 mediates the
restoration of protein phosphorylation to basal levels, normalizing cardiac contractility
after neurohumoral stimulation and PKA activation. PP1 shares several cardiac myocyte
substrates with PP2A. PP1 dephosphorylates cMyBP-C [77,148,149], RyR2 [25,150], cTnI
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and cTnT of the troponin complex [78,151] and is considered to be the main phosphatase
to regulate the phosphorylation status of PLN [82,152,153]. Nonetheless, there is no redun-
dancy of the two phosphatases. This is highlighted, by the observation that approximately
70% of phosphatase activity dephosphorylating PLN was attributed to PP1 [82]. More-
over, a study that applied phosphopeptide mapping showed that dephosphorylation of
cTnT and cTnI by PP2A occurred in a uniform manner, but for PP1 was characterized by
differences in phosphatase activity towards certain phosphorylated residues [78]. Site-
specificity within substrate proteins as evidenced for cTnT and cTnI demonstrated the
distinct functions of PP2A and PP1 in the heart [97].

The PP1 holoenzyme consists of a catalytic subunit that assembles with a multitude of
regulatory proteins, which determine phosphatase substrate specificity, regulate subcellular
targeting and were also proposed to impact on protein stability [153–155]. In mammals,
the catalytic subunit exists in six isoforms that possess an amino acid identity of approx.
90% and are encoded by three genes: PP1αwith its splice variants α1-3, PP1β (also called δ)
and the PP1γ splice variants γ1 and γ2 [156–158]. While PP1γ2 is predominantly expressed
in testis [159], the other isoforms are ubiquitously expressed. The differ-rences between
PP1 isoforms has been described (for a detailed review on PP1 isoforms see [160]). PP1
can be phosphorylated at Thr320 by cyclin-dependent kinases, which inhibits phosphatase
activity [121,161]. This modification, however, seems to be meaningful mainly for cell
cycle regulation, especially during mitosis [162]. As a common feature of all protein
phosphatases of the Ser/Thr family, two metal ions exist within the active site of PP1,
which are required as a cofactor for catalytic activity. These cations, usually Mn2+, are
coordinated by six amino acids (Asp64, His66, Asp92, Asn124, His173 and His248), which
are highly conserved among eukaryotic protein phosphatases [163].

An estimated amount of over 100 different proteins can interact with the PP1 catalytic
subunit to assemble the PP1 holoenzymes. Although a regulatory role for many of these
interacting proteins has been discovered, for some it remains unclear, whether they possess
a regulatory function, represent PP1 substrates or both [153,155]. The interaction of most
regulatory proteins with PP1 occurs via a conserved RVxF motif that interacts with a
hydrophobic groove on the PP1 surface [164,165].

Two prominent examples for PP1 regulatory proteins are inhibitor-1 (I-1) and inhi-
bitor-2 (I-2) which, according to their name, inhibit PP1 activity, but with opposing de-
pendence on phosphorylation. While I-1 requires phosphorylation to exert its inhibitory
function, phosphorylation of I-2 temporarily abolishes its inhibitory effect on PP1 [153].
Mouse models overexpressing either of the two inhibitor proteins were generated to
demonstrate the physiological importance of PP1 for cardiac function [146,147]. In both
studies, the active inhibitors reduced overall PP1 activity, resulting in elevated PLN phos-
phorylation and augmented cardiac contractility. Various publications showed that in
cardiac myocytes, I-1 activity is tightly coupled to β-AR signaling. I-1 is activated by
PKA-mediated phosphorylation at Thr35 following β-AR stimulation by isoprenaline and
in this way contributes to enhanced cardiac contractility in response to neurohumoral
activation [166–171]. Thr35 dephosphorylation catalyzed by PP2A and PP2B (calcineurin)
represents a potential link between Ca2+- and cAMP-dependent signaling [172]. Additional
phosphorylation sites within I-1 were reported to exist at Ser67 and Thr75. Despite contra-
dicting observations concerning the effect of pSer67 on PP1 function [173,174], it is now
assumed that phosphorylation at both, Ser67 and Thr75 by PKCα, enhances PP1 activity
by impeding Thr35 phosphorylation [175–178].

9. Regulation of PP1 by Post-Translational Modification

In addition to the myriad of regulatory proteins that regulate PP1 function in the cell,
PP1 activity is also modulated by oxidative modification. In 2002, Sommer et al. [128]
investigated the susceptibility of different Ser/Thr phosphatases to oxidative inhibition.
The authors demonstrated an inhibitory effect of H2O2 on PP1 from SK-N-SH cell lysates,
indicating that PP1 may be susceptible to direct oxidative modification [128]. An important
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observation was that ascorbic acid, a biological reductant that can interact with metal ions,
restored PP1 activity, when applied in combination with the thiol reducing agent DTT
after H2O2-mediated phosphatase inhibition. This finding gave rise to the hypothesis
that the inhibitory effect of H2O2 on PP1 may be caused by a combination of cysteine
modifications and the oxidation of metal ions located within the catalytic center of PP1.
A study published shortly after reported that H2O2-treatment of differentiated PC12 cells
reduced PP1 activity and simultaneously resulted in enhanced phosphorylation levels
of the PP1 substrate eIF2α [179]. This effect could be reversed by the antioxidant com-
pounds N-acetylcysteine (NAC) and reduced glutathione (GSH), and reintroduced by the
addition of the PP1 inhibitor tautomycin, providing further evidence that oxidation could
interfere with PP1 activity. Notably, the inhibition of PP1 could not be abrogated by the
thiol reducing agents β-mercaptoethanol or DTT. Under the assumption that NAC and
GSH may reduce both, oxidized thiols and redox-active metal ions, this result argued
for the oxidation of metal ion cofactors as the major mechanism underlying oxidative
PP1 inhibition. This speculation was further supported by another publication, which
showed that PP1-mediated dephosphorylation of eIF2αwas reduced by ROS generated
by Nox4 in H9c2 cardiomyoblasts [180]. The data demonstrated the formation of an en-
doplasmic reticulum-associated complex comprising Nox4, PP1 and the PP1 regulatory
subunit GADD34, with the local release of H2O2 by Nox4 leading to in vivo inhibition of
PP1. Neither DTT nor GSH could restore PP1 activity in this study, while ascorbic acid
dose-dependently reversed PP1 inhibition. Biophysical experiments further supported
the hypothesis that the oxidation of catalytic Mn and/or Fe ions may be the underlying
mechanism for PP1 inactivation. Finally, the replacement of amino acid residues Asp64 or
Asn124, which participate in the coordination of the cofactor metal ions, for Asn or Asp,
respectively, increased the H2O2-induced inhibitory effect. Importantly, the inhibition of
PP1 activity by Nox4 was also shown to play a role in the heart, as this process was identi-
fied to limit infarct size in murine hearts after ischemia/reperfusion. Another observation
that may be interpreted in support of thiol modification-independent inhibition of PP1 is
the absence of a cysteine residue corresponding to Cys269 in PP2A, which mediates PP2A
inactivation by several inhibitory agents [132–135]. Okadaic acid (OA), which is a potent
inhibitor of both, PP2A and PP1, binds PP1 via a hydrophobic groove near the active site,
also invol-ving additional residues such as Phe276 [181]. Interestingly, the replacement of
Phe276 in PP1 for Cys attenuated the inhibitory constant (Ki) of OA and is likely to partially
explain the higher affinity of OA for PP2A [181,182]. Thus, PP1 may lack a redox-sensitive
cysteine residue that, in the closely related phosphatase PP2A, represents the main site for
oxidative inhibition.

Despite the fact that experimental evidence exists that points towards the metal ions
of PP1 in the catalytic center as the site of inhibitory oxidation, there is also data that
convincingly supports the existence of oxidative cysteine disulfide bond formation. PP1
isolated from rabbit skeletal muscle could be inactivated by alkylating, oxidizing and
mercaptide-forming thiol-reactive reagents [124]. Analysis of inhibition kinetics suggested
that the modification of a single residue was responsible for the inhibitory effect. Inhibition
could be abolished by DTT and β-mercaptoethanol and to some extent by GSH and pointed
towards reversible oxidative inhibition of PP1 via thiol modification. ROS-genera-tion in
human diploid fibroblasts during senescence was found to be responsible for the inhibi-
tion or Ser/Thr phosphatases and elevated ERK1/2 phosphorylation [129]. Phosphatase
inhibition by H2O2 in juvenile cells was reversible by DTT, β-mercaptoethanol and NAC,
arguing for the involvement of thiol oxidation. However, a lack in discrimination between
PP1 and PP2A activity in these experiments did not allow to definitely assign the effect
to one or the other phosphatase. Using recombinant PP1α, a combination of DTT and
ascorbate resulted in profound restoration of activity after H2O2-mediated inactivation,
suggesting that metal ion oxidation, but also the modification of cysteine thiols was respon-
sible. PP1α contains 13 cysteine residues and only slight deviations exist between isoforms.
By mass spectrometry analysis of recombinant PP1α, Cys62 and Cys105 were detected
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in the oxidized sulfonic acid (-SO3H) state. Although this supported the assumption of
H2O2-mediated PP1 thiol oxidation, it is a surprising result as sulfonic acid modification is
considered to be irreversible and indicates over-oxidation, damage and dysfunction.

In brain, oxidative stress had been associated with neuronal damage and schizophre-
nia in earlier studies [183,184]. An investigation of rat brain extracts eventually identified
PP1 amongst the proteins that contained disulfide bonds, which were reducible by the
mild reducing agent tris(2-carboxyethyl)-phosphine (TCEP) [185]. A mass spectrometry ap-
proach that used a mechanism of data evaluation especially designed for the identification
of disulfide bonds, detected interactions between Cys39-Cys127 as well as Cys127-Cys127
of recombinant PP1αwith increasing concentrations of H2O2 [186]. Both types of bonds
suggested the formation of PP1 interdisulfide dimerization, since the distance between
Cys39 and Cys127 was assumed too far to form an intradisulfide bond. In accordance
with the formation of PP1 dimers, Western immunoblot analysis in neonatal rat cardiac
myocytes revealed an extra band migrating at about twice the molecular weight of PP1,
which grew in intensity upon treatment with diamide. Notably, by both, mass spectrometry
and immunoblot analysis, disulfide formation was already present under basal conditions,
pointing towards a high sensitivity of the cysteine residues involved. The extensive study
by Singh et al. further suggested that S-glutathionylation may promote the formation
of different transient intradisulfide bonds within PP1 [186]. In this context, Cys39 was
thought to be of particular importance as it may protect other cysteine residues from oxida-
tion. The formation of intradisulfides, however, was largely dependent on the activity of
glutathione S-transferase (GST) and mainly observed when GST-tagged PP1 was applied in
the presence of GSH. Furthermore, the authors speculated that His248, which is considered
as one residue that cooperates the active center metal ions [163], may play a minor role,
but, by being oxidized itself, could have a protective or regulatory role for cofactor metal
ion oxidation.

It is currently not possible to definitively conclude, which oxidative modifications
of PP1 occur under physiological conditions in cardiac myocytes, but the importance of
disulfide formation is doubtful. Cys127 was the main site involved in interdisulfide bonds
reported by Singh et al. [186]. However, Santos and colleagues did not detect any differen-
ces of PP1 activity or H2O2-induced inactivation when Cys127 and Cys273 were exchanged
to Ser in recombinant PP1 [180]. A protective role of interdisulfide bonds concerning the
oxidation of catalytic metal cofactors therefore seems unlikely. But while disulfide dimer
formation of PP1 may not directly impact on the catalytic activity of PP1, it cannot be ruled
out that it may have an influence on the interaction with certain PP1 re-gulatory proteins
and may shield the active surface in the absence of a substrate, as it had been hypothesized
by Singh and colleagues. Transient disulfide bonds involving Cys39 and Cys127 were
further speculated to protect PP1 from irreversible inhibition by over-oxidation and may
exist in vivo. In fact, many publications show that PP1 activity could be restored even
after exposure to high concentrations of oxidants [128,179,180]. However, it remains to be
elucidated in future experiments, whether this ability to restore PP1 activity is the result
of a protective impact mediated by disulfide formation. Moreover, the observation from
Singh et al. that fewer disulfide bonds were detected when Mn2+ ions were present in the
mass spectrometry experiments argues for the active center metal ions as the major target
for oxidation [186]. It is also of note that Cys62 and Cys105, which had been identified
as particularly susceptible to oxidation by Kim et al. [129] have not been detected as
prominent targets for oxidation by Singh et al. [186]. In summary, convincing data suggest
the oxidation of metal ions that act as cofactors during PP1 catalytic activity to be the
most important regulatory targets for PP1 oxidation. The detection of numerous kinds of
disulfide bonds, however, indicate that many cysteine residues of PP1 are susceptible to
thiol oxidation. Which of these bonds actually form in cellulo and how they affect PP1
activity in vivo should be investigated in future research to gain a better understanding of
how PP1 function is regulated by oxidants.
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Substantial evidence for PP1 oxidation as a physiological regulatory process in the
heart is provided by the fact that it can be induced by in vivo-generated ROS. An inhibitory
effect on Ser/Thr phosphatases via ROS was determined in senescent human diploid fibrob-
lasts [129]. Other publications presented related results based on Nox2 and Nox4, which
are the main types of NADPH oxidases in cardiac myocytes [187]. As discussed above,
ROS release by Nox4 during H2O2-induced oxidative stress was shown to inhibit PP1 [180].
Interestingly, a similar mechanism was reported by the same group for Nox2. Trans-
genic mice with a cardiac myocyte targeted overexpression of Nox2 displayed enhanced
contractile function with accelerated contraction and relaxation upon administration of
Nox2-activating angiotensin II generation, when compared to wild type animals [188].
This effect was found to rely on increased phosphorylation levels of PLN as a consequence
of Nox2-dependent oxidative inhibition of PP1, leading to increased Ca2+-cycling at the
SR. Interestingly, although PLN Ser16 phosphorylation after AngII-exposure was shown
to rely on PKA, no other phosphorylation site of PP1/PKA substrate proteins displayed
alterations. It was therefore speculated that only a small PLN-associated subpopu-lation
of PP1 was susceptible to inhibition via Nox2. This matched with the release of ROS by
Nox4, which was shown to occur locally at a microdomain level [180]. The two studies
investigating Nox-induced impact on PP1 activity thus demonstrated redox-regulation
of PP1 in living cells and highlighted the importance of PP1 oxidation as an important
regulatory mechanism for cardiac function.

An indication that PP1 oxidation may also mediate subcellular localization is provided
by experiments showing DTT-reversible PP1 accumulation in the myofilament fraction of
cardiac myocytes after exposure to the HNO donor NCA [44]. Whether this translocation
happens due to oxidation-induced alterations concerning the interaction with regulatory
subunits or potentially involves the oxidation of regulatory proteins remains unknown to
date. No impact of PP1 oxidation on holoenzyme composition had been observed after
H2O2-exposure in a previous study [179].

During β-AR stimulation, PKA signaling is tightly coupled to the regulation of its
opposing phosphatases. Phosphorylation of the PP1 inhibitor I-1 or the B56δ regulatory
subunit of PP2A by PKA represents regulatory feedback mechanisms that can further mod-
ulate the phosphorylation of PKA/PP1/PP2A substrate proteins such as PLN or cMyBP-C
in cardiac myocytes [107,171,189]. In line with the findings discussed before that PKA can
be activated by oxidation, Singh et al., showed enhanced PKA-mediated phosphorylation
of the PP1 inhibitor I-1 upon treatment with H2O2 in neonatal rat cardiac myocytes [186].
In adult rat cardiac myocytes, our recently published results presented an interplay of
oxidation-dependent changes in PKA and PP2A activity after exposure to HNO. These
results highlight that the susceptibility of PKA, PP1 and PP2A to oxidative modification
adds another level of complexity to the crosstalk between these three major regulators of
cardiac contractility. To date, several publications reported that treatment of cardiac my-
ocytes with oxidants caused alterations in the phosphorylation status of substrate proteins
including PLN and cMyBP-C that are shared by PKA/PP2A/PP1 [43,44,186,188]. However,
in many cases it remains uncertain whether the resulting phosphorylation levels are a
result of altered kinase or phosphatase activity, or an interplay of both. The knowledge that
is currently available emphasizes that tremendous complexity exists concerning the events
that orchestrate the net phosphorylation of functionally criti-cal phosphoproteins in cardiac
myocytes, with protein oxidation representing an additional adjustment screw that has so
far been little explored. With the aim to open up new possibilities for the development
of therapeutic strategies to face cardiac disease, this network of redox-regulated enzymes
needs to be fully unraveled.
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10. Therapeutic Modulation of Kinase/Phosphatase Signaling

The overarching question remains whether pro-oxidative modulation of the PKA
signaling cascade might be exploited as a druggable target with therapeutic implications.
Since increased ROS production is associated with adverse development of cardiovascular
disease, administration of antioxidants was presumed as a therapeutic strategy. Des-pite
promising observational studies and preclinical results [190], clinical trials to test if dietary
antioxidants, such as vitamin E and vitamin C, have a beneficial effect in the treatment
of cardiovascular diseases and might improve the patients’ disease condition, failed to
provide a beneficial cardiovascular outcome [191–196]. In the case of vitamin E, long-term
administration was even associated with increased risk of heart failure development [197].
Therefore, antioxidant dietary therapy for cardiovascular disease has not yet lived up to
the scientific expectations and other avenues to manipulate ROS production in the heart
should be carefully evaluated.

Interestingly, compounds that induce protein oxidative modifications have been pro-
posed as a potential therapy for the treatment of cardiovascular diseases. A prominent
example is HNO. The HNO donor BMS-986231 (alternatively known as cimlanod or
CXL-1427), a pro-drug of CXL-1020, is currently tested in clinical trials for the treatment
of patients with acute decompensated heart failure [198–200]. The beneficial mechanism
of its cardiovascular actions combines vasorelaxation [201–203] and enhancement of car-
diac inotropy. The latter has been attributed to general disulfide induction in oxidant-
susceptible proteins that culminate in the enhancement of sarcomere shortening and
cardiac myocyte relaxation. This includes an increase in Ca2+-reuptake into the SR and
an acceleration of cross-bridge cycling by disulfide crosslinking of proteins localized to
the SR—PLN and SERCA2a—and the myofilament—tropomyosin and the myosin light
chains—compartment [204–208]. Recently, disulfide formation in PKA and PP2A sub-
units has been described to contribute to this scenario and to occur independently of
β-adrenoceptor activation [44]. However, the multitude of proteins that are modified by
HNO donors reflects the lack of selective targeting exerted by these pro-oxidant compounds
that require their clinical application to patients with caution.

An alternative, but undoubtedly promising strategy for the inspiration of novel thera-
peutics is the development of selective compounds that may target exclusive sites within
the protein kinase “cysteinome” [209,210]. The aim is the rational design of selective mod-
ulators that adduct covalently to the highly electrophilic thiol group of cysteines in and
around the ATPbinding site. This way kinase or phosphatase enzymatic activity would
be therapeutically regulated. That this strategy is not impossible has been demonstrated
by a “clickable” inhibitor of the p90 ribosomal S6 kinase (RSK) isoforms 1 and 2, FMK,
a fluoromethylketone compound, which was designed to bind irreversibly to Cys432
(numbering refers to RSK1). FMK-binding exerts a sterical hindrance on the “gatekeeper”
Thr489 residue in RSK, consequently preventing access of ATP to its C-terminal kinase
domain [211]. Deregulated protein kinase and phosphatase signaling that are associated
with cardiovascular or other diseases could be therapeutically targeted. Successful clinical
implementation of these compounds has been demonstrated for the treatment of vari-
ous cancer types, with a focus on inhibition of Bruton’s tyrosine kinase and epidermal
growth factor receptor (for a review see [212]). As an alternative to interfering with ATP
binding, a protein kinase inhibitor could be designed to prevent substrate binding or
dimerization as exemplified by the fluoromethylketone peptide PKI14-22, an experimental
PKA inhibitor that binds to Cys199 and thus inhibits the PKA catalytic subunit [213] or
the ERK-dimerization inhibitory peptide that attenuates cardiac hypertrophy and cancer
progression [214]. A promising strategy that selectively modulates state-specific signaling
molecules was shown for the protein tyrosine phosphatase 1B (PTP1B) that plays an impor-
tant role in the regulation of insulin and leptin signaling. PTP1B is inactive in its reversibly
oxidized form, which is paralleled by conformational rearrangement of the catalytic site.
Using conformation-sensor antibodies, the oxidized state can be stabilized consequently
switching phosphatase activity off [215].
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In order to apply therapeutic strategies to modulate the highly important PKA signal-
ing network either by global pro-oxidative intervention or selective cysteine modification,
detailed research is invaluable to better understand the regulatory processes underlying
oxidation-mediated PKA, PP1 and PP2A activity and to determine the specific contribu-
tions of each of the enzymes to oxidant-induced changes in protein phosphorylation and
cardiac contractility.

11. Conclusions

The physiological role of ROS in the modulation of the PKA signaling pathway to
ascertain unperturbed physiological functions is a relatively new concept. It took over
40 years to pinpoint the inducible character of PKA-RI oxidation that not merely is a purifi-
cation artefact or a constitutive modification, but occurs dynamically inside the reducing
cellular environment upon controlled ROS production. Thus far, the exact signaling sce-
nario that impacts for example on excitation-contraction coupling—whether RI oxidation
activates the kinase, how and if it triggers the cAMP-independent release of the catalytic
subunits or whether alteration in AKAP affinity represents the main clue of RI interdisul-
fide formation—remains the topic of intense future investigations. In addition, oxidant
susceptibility of the other signaling molecules that are players in the PKA-signalosome,
namely the phosphatases PP2A and PP1, the respective AKAPs and even the catalytic
subunit itself complicates the picture. When and whether this knowledge on reversible
oxidation of the PKA signalosome will (ever) result in an innovate therapeutic treatment
strategy, still requires a long and arduous scientific effort to gain a deeper understanding
involving the generation of sophisticated experimental models. But, nevertheless, the
outcome might represent the right avenue to tread for significant benefit in the therapy of
heart failure and other diseases involving the PKA signaling pathway in the future.

Funding: This study was supported by a grant from the Deutsche Forschungsgemeinschaft (DFG CU
53/5-1), the Werner Otto Stiftung (8/89; 7/92), the Deutsche Stiftung für Herzforschung (F/19/19)
and the DZHK to F. Cuello; as well as DFG He1818/10 and the grants “PhosMOrg” and “Clocks” by
the University of Kassel to FWH.

Conflicts of Interest: The authors declare that they have no conflict of interest with the content of
this article.

References
1. Posner, J.B.; Stern, R.; Krebs, E.G. Effects of Electrical Stimulation and Epinephrine on Muscle Phosphorylase, Phosphorylase b

Kinase, and Adenosine 3′,5′-Phosphate. J. Biol. Chem. 1965, 240, 982–985. [CrossRef]
2. Walsh, D.A.; Perkins, J.P.; Krebs, E.G. An adenosine 3′,5′-monophosphate-dependant protein kinase from rabbit skeletal mus-cle.

J. Biol. Chem. 1968, 243, 3763–3765. [CrossRef]
3. Beebe, S.J.; Oyen, O.; Sandberg, M.; Froysa, A.; Hansson, V.; Jahnsen, T. Molecular Cloning of a Tissue-Specific Protein Kinase (Cg)

from Human Testis—Representing a Third Isoform for the Catalytic Subunit of cAMP-Dependent Protein Kinase. Mol. Endocrinol.
1990, 4, 465–475. [CrossRef]

4. Fagerberg, L.; Hallström, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson,
A.; Edlund, K.; et al. Analysis of the Human Tissue-specific Expression by Genome-wide Integration of Transcriptomics and
Antibody-based Proteomics. Mol. Cell. Proteom. 2014, 13, 397–406. [CrossRef] [PubMed]

5. Schiebel, K.; Winkelmann, M.; Mertz, A.; Xu, X.; Page, D.C.; Weil, D.; Petit, C.; Rappold, G.A. Abnormal XY Interchange between
a Novel Isolated Protein Kinase Gene, PRKY, and Its Homologue, PRKX, Accounts for One Third of All (Y+)XX Males and (Y-)XY
Females. Hum. Mol. Genet. 1997, 6, 1985–1989. [CrossRef] [PubMed]

6. Reinton, N.; Haugen, T.B.; Orstavik, S.; Skalhegg, B.S.; Hansson, V.; Jahnsen, T.; Tasken, K. The Gene Encoding the C gamma
Catalytic Subunit of cAMP-Dependent Protein Kinase Is a Transcribed Retroposon. Genomics 1998, 49, 290–297. [CrossRef]

7. Corbin, J.D.; Keely, S.L.; Park, C.R. The distribution and dissociation of cyclic adenosine 3′:5′-monophosphate-dependent protein
kinases in adipose, cardiac, and other tissues. J. Biol. Chem. 1975, 250, 218–225. [CrossRef]

8. Aye, T.T.; Scholten, A.; Taouatas, N.; Varro, A.; Van Veen, T.A.B.; Vos, M.A.; Heck, A.J.R. Proteome-wide protein concentrations in
the human heart. Mol. BioSyst. 2010, 6, 1917–1927. [CrossRef]

9. Walker-Gray, R.; Stengel, F.; Gold, M.G. Mechanisms for restraining cAMP-dependent protein kinase revealed by subunit
quantitation and cross-linking approaches. Proc. Natl. Acad. Sci. USA 2017, 114, 10414–10419. [CrossRef]

http://doi.org/10.1016/S0021-9258(18)97523-X
http://doi.org/10.1016/S0021-9258(19)34204-8
http://doi.org/10.1210/mend-4-3-465
http://doi.org/10.1074/mcp.M113.035600
http://www.ncbi.nlm.nih.gov/pubmed/33498127
http://doi.org/10.1093/hmg/6.11.1985
http://www.ncbi.nlm.nih.gov/pubmed/9302280
http://doi.org/10.1006/geno.1998.5240
http://doi.org/10.1016/S0021-9258(19)42003-6
http://doi.org/10.1039/c004495d
http://doi.org/10.1073/pnas.1701782114


Antioxidants 2021, 10, 663 19 of 26

10. Zhang, J.Z.; Lu, T.-W.; Stolerman, L.M.; Tenner, B.; Yang, J.R.; Zhang, J.-F.; Falcke, M.; Rangamani, P.; Taylor, S.S.; Mehta, S.; et al.
Phase Separation of a PKA Regulatory Subunit Controls cAMP Compartmentation and Oncogenic Signaling. Cell 2020, 182,
1531–1544.e15. [CrossRef]

11. Bock, A.; Annibale, P.; Konrad, C.; Hannawacker, A.; Anton, S.E.; Maiellaro, I.; Zabel, U.; Sivaramakrishnan, S.; Falcke, M.; Lohse,
M.J. Optical Mapping of cAMP Signaling at the Nanometer Scale. Cell 2020, 182, 1519–1530.e17. [CrossRef] [PubMed]

12. Titani, K.; Sasagawa, T.; Ericsson, L.H.; Kumar, S.; Smith, S.B.; Krebs, E.G.; Walsh, K.A. Amino acid sequence of the regulatory
subunit of bovine type I adenosine cyclic 3′,5′-phosphate cAMP-dependent protein kinase. Biochemistry 1984, 23, 4193–4199.
[CrossRef] [PubMed]

13. Clegg, C.H.; Cadd, G.G.; McKnight, G.S. Genetic characterization of a brain-specific form of the type I regulatory subunit of
cAMP-dependent protein kinase. Proc. Natl. Acad. Sci. USA 1988, 85, 3703–3707. [CrossRef]

14. Cadd, G.; McKnight, G.S. Distinct patterns of cAMP-dependent protein kinase gene expression in mouse brain. Neuron 1989, 3,
71–79. [CrossRef]

15. Krall, J.; Taskén, K.; Staheli, J.; Jahnsen, T.; Movsesian, M.A. Identification and Quantitation of cAMP-dependent Protein Kinase R
Subunit Isoforms in Subcellular Fractions of Failing Human Myocardium. J. Mol. Cell. Cardiol. 1999, 31, 971–980. [CrossRef]

16. Ercu, M.; Klussmann, E. Roles of A-Kinase Anchoring Proteins and Phosphodiesterases in the Cardiovascular System. J. Cardiovasc.
Dev. Dis. 2018, 5, 14. [CrossRef]

17. Kim, C.; Xuong, N.-H.; Taylor, S.S. Crystal Structure of a Complex Between the Catalytic and Regulatory (RI ) Subunits of PKA.
Science 2005, 307, 690–696. [CrossRef]

18. Potter, R.L.; Taylor, S.S. Relationships between structural domains and function in the regulatory subunit of cAMP-dependent
protein kinases I and II from porcine skeletal muscle. J. Biol. Chem. 1979, 254, 2413–2418. [CrossRef]

19. Taylor, S.S.; Kim, C.; Cheng, C.Y.; Brown, S.H.; Wu, J.; Kannan, N. Signaling through cAMP and cAMP-dependent protein kinase:
Diverse strategies for drug design. Biochim. Biophys. Acta 2008, 1784, 16–26. [CrossRef] [PubMed]

20. Herberg, F.W.; Taylor, S.S.; Dostmann, W.R. Active Site Mutations Define the Pathway for the Cooperative Activation of
cAMP-Dependent Protein Kinase. Biochemistry 1996, 35, 2934–2942. [CrossRef]

21. Liu, G.; Papa, A.; Katchman, A.N.; Zakharov, S.I.; Roybal, D.; Hennessey, J.A.; Kushner, J.; Yang, L.; Chen, B.-X.; Kushnir, A.; et al.
Mechanism of adrenergic CaV1.2 stimulation revealed by proximity proteomics. Nat. Cell Biol. 2020, 577, 695–700. [CrossRef]

22. Tada, M.; Kirchberger, M.A. Significance of the membrane protein phospholamban in cyclic AMP-mediated regulation of calcium
transport by sarcoplasmic reticulum. Recent Adv. Stud. Card. Struct. Metab. 1976, 11, 265–272.

23. Wegener, A.D.; Simmerman, H.K.; Lindemann, J.P.; Jones, L.R. Phospholamban phosphorylation in intact ventricles. Phos-
phorylation of serine 16 and threonine 17 in response to b-adrenergic stimulation. J. Biol. Chem. 1989, 264, 11468–11474.
[CrossRef]

24. Kim, H.W.; Steenaart, N.A.; Ferguson, D.G.; Kranias, E.G. Functional reconstitution of the cardiac sarcoplasmic reticulum
Ca2(+)-ATPase with phospholamban in phospholipid vesicles. J. Biol. Chem. 1990, 265, 1702–1709. [CrossRef]

25. Marx, S.O.; Reiken, S.; Hisamatsu, Y.; Jayaraman, T.; Burkhoff, D.; Rosemblit, N.; Marks, A.R. PKA Phosphorylation Dissociates
FKBP12.6 from the Calcium Release Channel (Ryanodine Receptor). Cell 2000, 101, 365–376. [CrossRef]

26. Gautel, M.; Zuffardi, O.; Freiburg, A.; Labeit, S. Phosphorylation switches specific for the cardiac isoform of myosin binding
protein-C: A modulator of cardiac contraction? EMBO J. 1995, 14, 1952–1960. [CrossRef]

27. Sadayappan, S.; De Tombe, P.P. Cardiac myosin binding protein-C: Redefining its structure and function. Biophys. Rev. 2012, 4,
93–106. [CrossRef]

28. Perry, S.V.; Cole, H.A. Phosphorylation of troponin and the effects of interactions between the components of the complex.
Biochem. J. 1974, 141, 733–743. [CrossRef] [PubMed]

29. Mittmann, K.; Jaquet, K.; Heilmeyer, L.M., Jr. A common motif of two adjacent phosphoserines in bovine, rabbit and human
cardiac troponin I. FEBS Lett. 1990, 273, 41–45. [CrossRef]

30. Reiffert, S.U.; Jaquet, K.; Heilmeyer, L.M., Jr.; Herberg, F.W. Stepwise Subunit Interaction Changes by Mono- and Bisphosphoryla-
tion of Cardiac Troponin I. Biochemistry 1998, 37, 13516–13525. [CrossRef]

31. Sadayappan, S.; Gulick, J.; Osinska, H.; Martin, L.A.; Hahn, H.S.; Dorn, G.W.; Klevitsky, R.; Seidman, C.E.; Seidman, J.G.; Robbins,
J. Cardiac Myosin-Binding Protein-C Phosphorylation and Cardiac Function. Circ. Res. 2005, 97, 1156–1163. [CrossRef]

32. Cazorla, O.; Szilagyi, S.; Vignier, N.; Salazar, G.; Krämer, E.; Vassort, G.; Carrier, L.; Lacampagne, A. Length and protein kinase
A modulations of myocytes in cardiac myosin binding protein C-deficient mice. Cardiovasc. Res. 2006, 69, 370–380. [CrossRef]
[PubMed]

33. Pohlmann, L.; Kroger, I.; Vignier, N.; Schlossarek, S.; Kramer, E.; Coirault, C.; Sultan, K.R.; El-Armouche, A.; Winegrad, S.;
Eschenhagen, T.; et al. Cardiac Myosin-Binding Protein C Is Required for Complete Relaxation in Intact Myocytes. Circ. Res. 2007,
101, 928–938. [CrossRef] [PubMed]

34. Robertson, S.; Johnson, J.; Holroyde, M.; Kranias, E.; Potter, J.; Solaro, R. The effect of troponin I phosphorylation on the
Ca2+-binding properties of the Ca2+-regulatory site of bovine cardiac troponin. J. Biol. Chem. 1982, 257, 260–263. [CrossRef]

35. Garvey, J.L.; Kranias, E.G.; Solaro, R.J. Phosphorylation of C-protein, troponin I and phospholamban in isolated rabbit hearts.
Biochem. J. 1988, 249, 709–714. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2020.07.043
http://doi.org/10.1016/j.cell.2020.07.035
http://www.ncbi.nlm.nih.gov/pubmed/32846156
http://doi.org/10.1021/bi00313a028
http://www.ncbi.nlm.nih.gov/pubmed/6487597
http://doi.org/10.1073/pnas.85.11.3703
http://doi.org/10.1016/0896-6273(89)90116-5
http://doi.org/10.1006/jmcc.1999.0926
http://doi.org/10.3390/jcdd5010014
http://doi.org/10.1126/science.1104607
http://doi.org/10.1016/S0021-9258(17)30238-7
http://doi.org/10.1016/j.bbapap.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17996741
http://doi.org/10.1021/bi951647c
http://doi.org/10.1038/s41586-020-1947-z
http://doi.org/10.1016/S0021-9258(18)60487-9
http://doi.org/10.1016/S0021-9258(19)40073-2
http://doi.org/10.1016/S0092-8674(00)80847-8
http://doi.org/10.1002/j.1460-2075.1995.tb07187.x
http://doi.org/10.1007/s12551-012-0067-x
http://doi.org/10.1042/bj1410733
http://www.ncbi.nlm.nih.gov/pubmed/4377105
http://doi.org/10.1016/0014-5793(90)81046-Q
http://doi.org/10.1021/bi980280j
http://doi.org/10.1161/01.RES.0000190605.79013.4d
http://doi.org/10.1016/j.cardiores.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16380103
http://doi.org/10.1161/CIRCRESAHA.107.158774
http://www.ncbi.nlm.nih.gov/pubmed/17823372
http://doi.org/10.1016/S0021-9258(19)68355-9
http://doi.org/10.1042/bj2490709
http://www.ncbi.nlm.nih.gov/pubmed/2895634


Antioxidants 2021, 10, 663 20 of 26

36. Kentish, J.C.; McCloskey, D.T.; Layland, J.; Palmer, S.; Leiden, J.M.; Martin, A.F.; Solaro, R.J. Phosphorylation of Troponin I
by Protein Kinase A Accelerates Relaxation and Crossbridge Cycle Kinetics in Mouse Ventricular Muscle. Circ. Res. 2001, 88,
1059–1065. [CrossRef] [PubMed]

37. Cuello, F.; Wittig, I.; Lorenz, K.; Eaton, P. Oxidation of cardiac myofilament proteins: Priming for dysfunction? Mol. Asp. Med.
2018, 63, 47–58. [CrossRef] [PubMed]

38. Potter, R.L.; Taylor, S.S. The structural domains of cAMP-dependent protein kinase I. Characterization of two sites of proteo-lytic
cleavage and homologies to cAMP-dependent protein kinase II. J. Biol. Chem. 1980, 255, 9706–9712. [CrossRef]

39. Zick, S.K.; Taylor, S.S. Interchain disulfide bonding in the regulatory subunit of cAMP-dependent protein kinase I. J. Biol. Chem.
1982, 257, 2287–2293. [CrossRef]

40. Bubis, J.; Vedvick, T.S.; Taylor, S.S. Antiparallel alignment of the two protomers of the regulatory subunit dimer of cAMP-
dependent protein kinase I. J. Biol. Chem. 1987, 262, 14961–14966. [CrossRef]

41. León, D.A.; Herberg, F.W.; Banky, P.; Taylor, S.S. A Stable α-Helical Domain at the N Terminus of the RIα Subunits of cAMP-
dependent Protein Kinase Is a Novel Dimerization/Docking Motif. J. Biol. Chem. 1997, 272, 28431–28437. [CrossRef] [PubMed]

42. Brennan, J.P.; Wait, R.; Begum, S.; Bell, J.R.; Dunn, M.J.; Eaton, P. Detection and Mapping of Widespread Intermolecular Protein
Disulfide Formation during Cardiac Oxidative Stress Using Proteomics with Diagonal Electrophoresis. J. Biol. Chem. 2004, 279,
41352–41360. [CrossRef] [PubMed]

43. Brennan, J.P.; Bardswell, S.C.; Burgoyne, J.R.; Fuller, W.; Schröder, E.; Wait, R.; Begum, S.; Kentish, J.C.; Eaton, P. Oxidant-induced
Activation of Type I Protein Kinase A Is Mediated by RI Subunit Interprotein Disulfide Bond Formation. J. Biol. Chem. 2006, 281,
21827–21836. [CrossRef] [PubMed]

44. Diering, S.; Stathopoulou, K.; Goetz, M.; Rathjens, L.; Harder, S.; Piasecki, A.; Raabe, J.; Schulz, S.; Brandt, M.; Pflaumenbaum,
J.; et al. Receptor-independent modulation of cAMP-dependent protein kinase and protein phosphatase signaling in cardiac
myocytes by oxidizing agents. J. Biol. Chem. 2020, 295, 15342–15365. [CrossRef]

45. Zhang, P.; Smith-Nguyen, E.V.; Keshwani, M.M.; Deal, M.S.; Kornev, A.P.; Taylor, S.S. Structure and Allostery of the PKA RIIbeta
Tetrameric Holoenzyme. Science 2012, 335, 712–716. [CrossRef]

46. Ilouz, R.; Bubis, J.; Wu, J.; Yim, Y.Y.; Deal, M.S.; Kornev, A.P.; Ma, Y.; Blumenthal, D.K.; Taylor, S.S. Localization and quaternary
structure of the PKA RIbeta holoenzyme. Proc. Natl. Acad. Sci. USA 2012, 109, 12443–12448. [CrossRef]

47. Burgoyne, J.R.; Rudyk, O.; Cho, H.-J.; Prysyazhna, O.; Hathaway, N.; Weeks, A.; Evans, R.; Ng, T.; Schröder, K.; Brandes, R.P.;
et al. Deficient angiogenesis in redox-dead Cys17Ser PKARIα knock-in mice. Nat. Commun. 2015, 6, 7920. [CrossRef]

48. Simon, J.N.; Vrellaku, B.; Monterisi, S.; Chu, S.M.; Rawlings, N.; Lomas, O.; Marchal, G.A.; Waithe, D.; Syeda, F.; Gajendragadkar,
P.R.; et al. Oxidation of Protein Kinase A Regulatory Subunit PKARIα Protects Against Myocardial Ischemia-Reperfusion Injury
by Inhibiting Lysosomal-Triggered Calcium Release. Circulation 2021, 143, 449–465. [CrossRef] [PubMed]

49. Trum, M.J.; Islam, M.M.T.; Lebek, S.; Baier, M.J.; Hegner, P.; Eaton, P.; Maier, L.S.; Wagner, S. Inhibition of cardiac potassium
currents by oxidation-activated protein kinase A contributes to early afterdepolarizations in the heart. Am. J. Physiol. Heart Circ.
Physiol. 2020, 319, H1347–H1357. [CrossRef] [PubMed]

50. Huang, L.J.-S.; Durick, K.; Weiner, J.A.; Chun, J.; Taylor, S.S. Identification of a Novel Protein Kinase A Anchoring Protein That
Binds Both Type I and Type II Regulatory Subunits. J. Biol. Chem. 1997, 272, 8057–8064. [CrossRef] [PubMed]

51. Banky, P.; Huang, L.J.-S.; Taylor, S.S. Dimerization/docking domain of the type Ialpha regulatory subunit of cAMP-dependent
protein kinase. Requirements for dimerization and docking are distinct but overlapping. J. Biol. Chem. 1998, 273, 35048–35055.
[CrossRef] [PubMed]

52. Sarma, G.N.; Kinderman, F.S.; Kim, C.; Von Daake, S.; Chen, L.; Wang, B.-C.; Taylor, S.S. Structure of D-AKAP2:PKA RI Complex:
Insights into AKAP Specificity and Selectivity. Structure 2010, 18, 155–166. [CrossRef] [PubMed]

53. Das Banerjee, T.; Reihl, K.; Swain, M.; Torres, M.; Dagda, R.K. Mitochondrial PKA Is Neuroprotective in a Cell Culture Model of
Alzheimer’s Disease. Mol. Neurobiol. 2021. [CrossRef]

54. Merrill, R.A.; Dagda, R.K.; Dickey, A.S.; Cribbs, J.T.; Green, S.H.; Usachev, Y.M.; Strack, S. Mechanism of Neuroprotective
Mitochondrial Remodeling by PKA/AKAP1. PLoS Biol. 2011, 9, e1000612. [CrossRef]

55. Chang, C.-R.; Blackstone, C. Cyclic AMP-dependent Protein Kinase Phosphorylation of Drp1 Regulates Its GTPase Activity and
Mitochondrial Morphology. J. Biol. Chem. 2007, 282, 21583–21587. [CrossRef] [PubMed]

56. Sumandea, C.A.; Garcia-Cazarin, M.L.; Bozio, C.H.; Sievert, G.A.; Balke, C.W.; Sumandea, M.P. Cardiac Troponin T, a Sarcomeric
AKAP, Tethers Protein Kinase A at the Myofilaments. J. Biol. Chem. 2011, 286, 530–541. [CrossRef]

57. Uys, G.M.; Ramburan, A.; Loos, B.; Kinnear, C.J.; Korkie, L.J.; Mouton, J.; Riedemann, J.; Moolman-Smook, J.C. Myomegalin is a
novel A-kinase anchoring protein involved in the phosphorylation of cardiac myosin binding protein C. BMC Cell Biol. 2011, 12,
18. [CrossRef]

58. Russell, M.A.; Lund, L.M.; Haber, R.; McKeegan, K.; Cianciola, N.; Bond, M. The intermediate filament protein, synemin, is an
AKAP in the heart. Arch. Biochem. Biophys. 2006, 456, 204–215. [CrossRef] [PubMed]

59. Reynolds, J.G.; McCalmon, S.A.; Tomczyk, T.; Naya, F.J. Identification and mapping of protein kinase A binding sites in the
costameric protein myospryn. Biochim. Biophys. Acta 2007, 1773, 891–902. [CrossRef]

60. Cheung, J.; Ginter, C.; Cassidy, M.; Franklin, M.C.; Rudolph, M.J.; Robine, N.; Darnell, R.B.; Hendrickson, W.A. Structural insights
into mis-regulation of protein kinase A in human tumors. Proc. Natl. Acad. Sci. USA 2015, 112, 1374–1379. [CrossRef]

http://doi.org/10.1161/hh1001.091640
http://www.ncbi.nlm.nih.gov/pubmed/11375276
http://doi.org/10.1016/j.mam.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30130564
http://doi.org/10.1016/S0021-9258(18)43450-3
http://doi.org/10.1016/S0021-9258(18)34919-6
http://doi.org/10.1016/S0021-9258(18)48122-7
http://doi.org/10.1074/jbc.272.45.28431
http://www.ncbi.nlm.nih.gov/pubmed/9353302
http://doi.org/10.1074/jbc.M403827200
http://www.ncbi.nlm.nih.gov/pubmed/15292244
http://doi.org/10.1074/jbc.M603952200
http://www.ncbi.nlm.nih.gov/pubmed/16754666
http://doi.org/10.1074/jbc.RA120.014467
http://doi.org/10.1126/science.1213979
http://doi.org/10.1073/pnas.1209538109
http://doi.org/10.1038/ncomms8920
http://doi.org/10.1161/CIRCULATIONAHA.120.046761
http://www.ncbi.nlm.nih.gov/pubmed/33185461
http://doi.org/10.1152/ajpheart.00182.2020
http://www.ncbi.nlm.nih.gov/pubmed/33035439
http://doi.org/10.1074/jbc.272.12.8057
http://www.ncbi.nlm.nih.gov/pubmed/9065479
http://doi.org/10.1074/jbc.273.52.35048
http://www.ncbi.nlm.nih.gov/pubmed/9857038
http://doi.org/10.1016/j.str.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20159461
http://doi.org/10.1007/s12035-021-02333-w
http://doi.org/10.1371/journal.pbio.1000612
http://doi.org/10.1074/jbc.C700083200
http://www.ncbi.nlm.nih.gov/pubmed/17553808
http://doi.org/10.1074/jbc.M110.148684
http://doi.org/10.1186/1471-2121-12-18
http://doi.org/10.1016/j.abb.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16934740
http://doi.org/10.1016/j.bbamcr.2007.04.004
http://doi.org/10.1073/pnas.1424206112


Antioxidants 2021, 10, 663 21 of 26

61. Xu, Y.; Chen, Y.; Zhang, P.; Jeffrey, P.D.; Shi, Y. Structure of a Protein Phosphatase 2A Holoenzyme: Insights into B55-Mediated
Tau Dephosphorylation. Mol. Cell 2008, 31, 873–885. [CrossRef]

62. Nelson, N.C.; Taylor, S.S. Differential labeling and identification of the cysteine-containing tryptic peptides of catalytic subu-nit
from porcine heart cAMP-dependent protein kinase. J. Biol. Chem. 1981, 256, 3743–3750. [CrossRef]

63. Nelson, N.C.; Taylor, S.S. Selective protection of sulfhydryl groups in cAMP-dependent protein kinase II. J. Biol. Chem. 1983, 258,
10981–10987. [CrossRef]

64. First, E.A.; Taylor, S.S. Selective modification of the catalytic subunit of cAMP-dependent protein kinase with sulfhydryl-specific
fluorescent probes. Biochemistry 1989, 28, 3598–3605. [CrossRef]

65. Hanks, S.K.; Hunter, T. Protein kinases 6. The eukaryotic protein kinase superfamily: Kinase (catalytic) domain structure and
classification 1. FASEB J. 1995, 9, 576–596. [CrossRef] [PubMed]

66. Humphries, K.M.; Juliano, C.; Taylor, S.S. Regulation of cAMP-dependent Protein Kinase Activity by Glutathionylation.
J. Biol. Chem. 2002, 277, 43505–43511. [CrossRef] [PubMed]

67. Humphries, K.M.; Deal, M.S.; Taylor, S.S. Enhanced Dephosphorylation of cAMP-dependent Protein Kinase by Oxidation and
Thiol Modification. J. Biol. Chem. 2005, 280, 2750–2758. [CrossRef] [PubMed]

68. Humphries, K.M.; Pennypacker, J.K.; Taylor, S.S. Redox Regulation of cAMP-dependent Protein Kinase Signaling: Kinase ver-sus
phosphatase inactivation. J. Biol. Chem. 2007, 282, 22072–22079. [CrossRef] [PubMed]

69. Byrne, D.P.; Shrestha, S.; Galler, M.; Cao, M.; Daly, L.A.; Campbell, A.E.; Eyers, C.E.; Veal, E.A.; Kannan, N.; Eyers, P.A. Aurora A
regulation by reversible cysteine oxidation reveals evolutionarily conserved redox control of Ser/Thr protein kinase activity.
Sci. Signal. 2020, 13. [CrossRef] [PubMed]

70. Suga, H. Ventricular energetics. Physiol. Rev. 1990, 70, 247–277. [CrossRef]
71. Manning, G.; Whyte, D.B.; Martinez, R.; Hunter, T.; Sudarsanam, S. The Protein Kinase Complement of the Human Genome.

Science 2002, 298, 1912–1934. [CrossRef]
72. Chen, M.J.; Dixon, J.E.; Manning, G. Genomics and evolution of protein phosphatases. Sci. Signal. 2017, 10. [CrossRef] [PubMed]
73. Alonso, A.; Sasin, J.; Bottini, N.; Friedberg, I.; Friedberg, I.; Osterman, A.; Godzik, A.; Hunter, T.; Dixon, J.; Mustelin, T. Protein

Tyrosine Phosphatases in the Human Genome. Cell 2004, 117, 699–711. [CrossRef]
74. Khew-Goodall, Y.; Hemmings, B.A. Tissue-specific expression of mRNAs encoding α- and β-catalytic subunits of protein

phosphatase 2A. FEBS Lett. 1988, 238, 265–268. [CrossRef]
75. Chen, X.; Piacentino, V.; Furukawa, S.; Goldman, B.; Margulies, K.B.; Houser, S.R. L-Type Ca 2+ Channel Density and Regulation

Are Altered in Failing Human Ventricular Myocytes and Recover After Support with Mechanical Assist Devices. Circ. Res. 2002,
91, 517–524. [CrossRef] [PubMed]

76. Shi, J.; Gu, P.; Zhu, Z.; Liu, J.; Chen, Z.; Sun, X.; Chen, W.; Gao, X.; Zhang, Z. Protein phosphatase 2A effectively modulates basal
L-type Ca2+ current by dephosphorylating Cav1.2 at serine 1866 in mouse cardiac myocytes. Biochem. Biophys. Res. Commun.
2012, 418, 792–798. [CrossRef]

77. Schlender, K.K.; Hegazy, M.G.; Thysseril, T.J. Dephosphorylation of cardiac myofibril C-protein by protein phosphatase 1 and
protein phosphatase 2A. Biochim. Biophys. Acta 1987, 928, 312–319. [CrossRef]

78. Jideama, N.M.; Crawford, B.H.; Hussain, A.K.M.A.; Raynor, R.L. Dephosphorylation specificities of protein phosphatase for
cardiac troponin I, troponin T, and sites within troponin T. Int. J. Biol. Sci. 2006, 2, 1–9. [CrossRef]

79. Terentyev, D.; Viatchenko-Karpinski, S.; Gyorke, I.; Terentyeva, R.; Gyorke, S. Protein Phosphatases Decrease Sarcoplasmic
Reticulum Calcium Content by Stimulating Calcium Release in Cardiac Myocytes. J. Physiol. 2003, 552, 109–118. [CrossRef]

80. Xiao, B.; Zhong, G.; Obayashi, M.; Yang, D.; Chen, K.; Walsh, M.P.; Shimoni, Y.; Cheng, H.; Ter Keurs, H.; Chen, S.R.W. Ser-2030,
but not Ser-2808, is the major phosphorylation site in cardiac ryanodine receptors responding to protein kinase A activation upon
β-adrenergic stimulation in normal and failing hearts. Biochem. J. 2006, 396, 7–16. [CrossRef]

81. Little, S.C.; Curran, J.; Makara, M.A.; Kline, C.F.; Ho, H.-T.; Xu, Z.; Wu, X.; Polina, I.; Musa, H.; Meadows, A.M.; et al. Protein
phosphatase 2A regulatory subunit B56α limits phosphatase activity in the heart. Sci. Signal. 2015, 8, ra72. [CrossRef] [PubMed]

82. MacDougall, L.K.; Jones, L.R.; Cohen, P. Identification of the major protein phosphatases in mammalian cardiac muscle which
dephosphorylate phospholamban. Eur. J. Biochem. 1991, 196, 725–734. [CrossRef] [PubMed]

83. Silverstein, A.M.; Barrow, C.A.; Davis, A.J.; Mumby, M.C. Actions of PP2A on the MAP kinase pathway and apoptosis are
mediated by distinct regulatory subunits. Proc. Natl. Acad. Sci. USA 2002, 99, 4221–4226. [CrossRef] [PubMed]

84. Lee, T.; Kim, S.J.; Sumpio, B.E. Role of PP2A in the regulation of p38 MAPK activation in bovine aortic endothelial cells exposed
to cyclic strain. J. Cell. Physiol. 2003, 194, 349–355. [CrossRef]

85. Foley, T.D.; Armstrong, J.J.; Kupchak, B.R. Identification and H2O2 sensitivity of the major constitutive MAPK phosphatase from
rat brain. Biochem. Biophys. Res. Commun. 2004, 315, 568–574. [CrossRef] [PubMed]

86. Letourneux, C.; Rocher, G.; Porteu, F. B56-containing PP2A dephosphorylate ERK and their activity is controlled by the early
gene IEX-1 and ERK. EMBO J. 2006, 25, 727–738. [CrossRef]

87. Rose, B.A.; Force, T.; Wang, Y. Mitogen-Activated Protein Kinase Signaling in the Heart: Angels Versus Demons in a Heart-
Breaking Tale. Physiol. Rev. 2010, 90, 1507–1546. [CrossRef]

88. Han, X.; Xu, B.; Beevers, C.S.; Odaka, Y.; Chen, L.; Liu, L.; Luo, Y.; Zhou, H.; Chen, W.; Shen, T.; et al. Curcumin inhibits protein
phosphatases 2A and 5, leading to activation of mitogen-activated protein kinases and death in tumor cells. Carcinogenesis 2012,
33, 868–875. [CrossRef]

http://doi.org/10.1016/j.molcel.2008.08.006
http://doi.org/10.1016/S0021-9258(19)69517-7
http://doi.org/10.1016/S0021-9258(17)44374-2
http://doi.org/10.1021/bi00434a067
http://doi.org/10.1096/fasebj.9.8.7768349
http://www.ncbi.nlm.nih.gov/pubmed/7768349
http://doi.org/10.1074/jbc.M207088200
http://www.ncbi.nlm.nih.gov/pubmed/12189155
http://doi.org/10.1074/jbc.M410242200
http://www.ncbi.nlm.nih.gov/pubmed/15533936
http://doi.org/10.1074/jbc.M702582200
http://www.ncbi.nlm.nih.gov/pubmed/17548350
http://doi.org/10.1126/scisignal.aax2713
http://www.ncbi.nlm.nih.gov/pubmed/32636306
http://doi.org/10.1152/physrev.1990.70.2.247
http://doi.org/10.1126/science.1075762
http://doi.org/10.1126/scisignal.aag1796
http://www.ncbi.nlm.nih.gov/pubmed/28400531
http://doi.org/10.1016/j.cell.2004.05.018
http://doi.org/10.1016/0014-5793(88)80493-9
http://doi.org/10.1161/01.RES.0000033988.13062.7C
http://www.ncbi.nlm.nih.gov/pubmed/12242270
http://doi.org/10.1016/j.bbrc.2012.01.105
http://doi.org/10.1016/0167-4889(87)90191-1
http://doi.org/10.7150/ijbs.2.1
http://doi.org/10.1113/jphysiol.2003.046367
http://doi.org/10.1042/BJ20060116
http://doi.org/10.1126/scisignal.aaa5876
http://www.ncbi.nlm.nih.gov/pubmed/26198358
http://doi.org/10.1111/j.1432-1033.1991.tb15871.x
http://www.ncbi.nlm.nih.gov/pubmed/1849481
http://doi.org/10.1073/pnas.072071699
http://www.ncbi.nlm.nih.gov/pubmed/11904383
http://doi.org/10.1002/jcp.10211
http://doi.org/10.1016/j.bbrc.2004.01.096
http://www.ncbi.nlm.nih.gov/pubmed/14975738
http://doi.org/10.1038/sj.emboj.7600980
http://doi.org/10.1152/physrev.00054.2009
http://doi.org/10.1093/carcin/bgs029


Antioxidants 2021, 10, 663 22 of 26

89. Wlodarchak, N.; Xing, Y. PP2A as a master regulator of the cell cycle. Crit. Rev. Biochem. Mol. Biol. 2016, 51, 162–184. [CrossRef]
90. Ariño, J.; Woon, C.W.; Brautigan, D.L.; Miller, T.B.; Johnson, G.L. Human liver phosphatase 2A: cDNA and amino acid sequence

of two catalytic subunit isotypes. Proc. Natl. Acad. Sci. USA 1988, 85, 4252–4256. [CrossRef]
91. Hemmings, B.A.; Adams-Pearson, C.; Maurer, F.; Muller, P.; Goris, J.; Merlevede, W.; Hofsteenge, J.; Stone, S.R. a- and b-forms of

the 65-kDa subunit of protein phosphatase 2A have a similar 39 amino acid repeating structure. Biochemistry 1990, 29, 3166–3173.
[CrossRef] [PubMed]

92. Stone, S.R.; Hofsteenge, J.; Hemmings, B.A. Molecular cloning of cDNAs encoding two isoforms of the catalytic subunit of protein
phosphatase 2A. Biochemistry 1987, 26, 7215–7220. [CrossRef] [PubMed]

93. Cohen, P. The Structure and Regulation of Protein Phosphatases. Annu. Rev. Biochem. 1989, 58, 453–508. [CrossRef] [PubMed]
94. Götz, J.; Probst, A.; Ehler, E.; Hemmings, B.; Kues, W. Delayed embryonic lethality in mice lacking protein phosphatase 2A

catalytic subunit C. Proc. Natl. Acad. Sci. USA 1998, 95, 12370–12375. [CrossRef] [PubMed]
95. Janssens, V.; Goris, J. Protein phosphatase 2A: A highly regulated family of serine/threonine phosphatases implicated in cell

growth and signalling. Biochem. J. 2001, 353, 417–439. [CrossRef] [PubMed]
96. Shi, Y. Serine/Threonine Phosphatases: Mechanism through Structure. Cell 2009, 139, 468–484. [CrossRef]
97. Lubbers, E.R.; Mohler, P.J. Roles and regulation of protein phosphatase 2A (PP2A) in the heart. J. Mol. Cell. Cardiol. 2016, 101,

127–133. [CrossRef]
98. McCright, B.; Rivers, A.M.; Audlin, S.; Virshup, D.M. The B56 Family of Protein Phosphatase 2A (PP2A) Regulatory Subunits

Encodes Differentiation-induced Phosphoproteins That Target PP2A to Both Nucleus and Cytoplasm. J. Biol. Chem. 1996, 271,
22081–22089. [CrossRef]

99. Bhasin, N.; Cunha, S.R.; Mudannayake, M.; Gigena, M.S.; Rogers, T.B.; Mohler, P.J. Molecular basis for PP2A regulatory subunit
B56α targeting in cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H109–H119. [CrossRef] [PubMed]

100. Heijman, J.; Dewenter, M.; El-Armouche, A.; Dobrev, D. Function and regulation of serine/threonine phosphatases in the healthy
and diseased heart. J. Mol. Cell. Cardiol. 2013, 64, 90–98. [CrossRef]

101. Gigena, M.S.; Ito, A.; Nojima, H.; Rogers, T.B. A B56 regulatory subunit of protein phosphatase 2A localizes to nuclear speckles in
cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H285–H294. [CrossRef] [PubMed]

102. Yin, X.; Cuello, F.; Mayr, U.; Hao, Z.; Hornshaw, M.; Ehler, E.; Avkiran, M.; Mayr, M. Proteomics Analysis of the Cardiac
Myofilament Subproteome Reveals Dynamic Alterations in Phosphatase Subunit Distribution. Mol. Cell. Proteom. 2010, 9, 497–509.
[CrossRef] [PubMed]

103. Usui, H.; Inoue, R.; Tanabe, O.; Nishito, Y.; Shimizu, M.; Hayashi, H.; Kagamiyama, H.; Takeda, M. Activation of protein
phosphatase 2A by cAMP-dependent protein kinase-catalyzed phosphorylation of the 74-kDa B” (δ) regulatory subunit in vitro
and identification of the phosphorylation sites. FEBS Lett. 1998, 430, 312–316. [CrossRef]

104. Margolis, S.S.; Perry, J.A.; Forester, C.M.; Nutt, L.K.; Guo, Y.; Jardim, M.J.; Thomenius, M.J.; Freel, C.D.; Darbandi, R.; Ahn, J.-H.;
et al. Role for the PP2A/B56δ Phosphatase in Regulating 14-3-3 Release from Cdc25 to Control Mitosis. Cell 2006, 127, 759–773.
[CrossRef] [PubMed]

105. Ahn, J.-H.; McAvoy, T.; Rakhilin, S.V.; Nishi, A.; Greengard, P.; Nairn, A.C. Protein kinase A activates protein phosphatase 2A by
phosphorylation of the B56 subunit. Proc. Natl. Acad. Sci. USA 2007, 104, 2979–2984. [CrossRef] [PubMed]

106. Dodge-Kafka, K.L.; Bauman, A.; Mayer, N.; Henson, E.; Heredia, L.; Ahn, J.; McAvoy, T.; Nairn, A.C.; Kapiloff, M.S. cAMP-
stimulated Protein Phosphatase 2A Activity Associated with Muscle A Kinase-anchoring Protein (mAKAP) Signaling Complexes
Inhibits the Phosphorylation and Activity of the cAMP-specific Phosphodiesterase PDE4D3. J. Biol. Chem. 2010, 285, 11078–11086.
[CrossRef]

107. Ranieri, A.; Kemp, E.; Burgoyne, J.R.; Avkiran, M. β-Adrenergic regulation of cardiac type 2A protein phosphatase through
phosphorylation of regulatory subunit B56δ at S573. J. Mol. Cell. Cardiol. 2018, 115, 20–31. [CrossRef] [PubMed]

108. Ohama, T.; Brautigan, D.L. Endotoxin Conditioning Induces VCP/p97-mediated and Inducible Nitric-oxide Synthase-dependent
Tyr284 Nitration in Protein Phosphatase 2A. J. Biol. Chem. 2010, 285, 8711–8718. [CrossRef]

109. Sripathi, S.R.; He, W.; Um, J.-Y.; Moser, T.; Dehnbostel, S.; Kindt, K.; Goldman, J.; Frost, M.C.; Jahng, W.J. Nitric oxide leads to
cytoskeletal reorganization in the retinal pigment epithelium under oxidative stress. Adv. Biosci. Biotechnol. 2012, 3, 1167–1178.
[CrossRef]

110. Yakovlev, V.A. Nitric Oxide–Dependent Downregulation of BRCA1 Expression Promotes Genetic Instability. Cancer Res. 2013, 73,
706–715. [CrossRef]

111. An, X.-Z.; Zhao, Z.-G.; Luo, Y.-X.; Zhang, R.; Tang, X.-Q.; Hao, D.-L.; Zhao, X.; Lv, X.; Liu, D.-P. Netrin-1 suppresses the MEK/ERK
pathway and ITGB4 in pancreatic cancer. Oncotarget 2016, 7, 24719–24733. [CrossRef]

112. Lee, J.; Stock, J. Protein phosphatase 2A catalytic subunit is methyl-esterified at its carboxyl terminus by a novel methyltrans-ferase.
J. Biol. Chem. 1993, 268, 19192–19195. [CrossRef]

113. Xie, H.; Clarke, S. Protein phosphatase 2A is reversibly modified by methyl esterification at its C-terminal leucine residue in
bovine brain. J. Biol. Chem. 1994, 269, 1981–1984. [CrossRef]

114. Lee, J.; Chen, Y.; Tolstykh, T.; Stock, J. A specific protein carboxyl methylesterase that demethylates phosphoprotein phosphatase
2A in bovine brain. Proc. Natl. Acad. Sci. USA 1996, 93, 6043–6047. [CrossRef] [PubMed]

115. Ogris, E.; Gibson, D.M.; Pallas, D.C. Protein phosphatase 2A subunit assembly: The catalytic subunit carboxy terminus is
important for binding cellular B subunit but not polyomavirus middle tumor antigen. Oncogene 1997, 15, 911–917. [CrossRef]

http://doi.org/10.3109/10409238.2016.1143913
http://doi.org/10.1073/pnas.85.12.4252
http://doi.org/10.1021/bi00465a002
http://www.ncbi.nlm.nih.gov/pubmed/2159327
http://doi.org/10.1021/bi00397a003
http://www.ncbi.nlm.nih.gov/pubmed/2827745
http://doi.org/10.1146/annurev.bi.58.070189.002321
http://www.ncbi.nlm.nih.gov/pubmed/2549856
http://doi.org/10.1073/pnas.95.21.12370
http://www.ncbi.nlm.nih.gov/pubmed/9770493
http://doi.org/10.1042/bj3530417
http://www.ncbi.nlm.nih.gov/pubmed/11171037
http://doi.org/10.1016/j.cell.2009.10.006
http://doi.org/10.1016/j.yjmcc.2016.11.003
http://doi.org/10.1074/jbc.271.36.22081
http://doi.org/10.1152/ajpheart.00059.2007
http://www.ncbi.nlm.nih.gov/pubmed/17416611
http://doi.org/10.1016/j.yjmcc.2013.09.006
http://doi.org/10.1152/ajpheart.01291.2004
http://www.ncbi.nlm.nih.gov/pubmed/15778281
http://doi.org/10.1074/mcp.M900275-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/20037178
http://doi.org/10.1016/S0014-5793(98)00684-X
http://doi.org/10.1016/j.cell.2006.10.035
http://www.ncbi.nlm.nih.gov/pubmed/17110335
http://doi.org/10.1073/pnas.0611532104
http://www.ncbi.nlm.nih.gov/pubmed/17301223
http://doi.org/10.1074/jbc.M109.034868
http://doi.org/10.1016/j.yjmcc.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29294329
http://doi.org/10.1074/jbc.M109.099788
http://doi.org/10.4236/abb.2012.38143
http://doi.org/10.1158/0008-5472.CAN-12-3270
http://doi.org/10.18632/oncotarget.8348
http://doi.org/10.1016/S0021-9258(19)36497-X
http://doi.org/10.1016/S0021-9258(17)42124-7
http://doi.org/10.1073/pnas.93.12.6043
http://www.ncbi.nlm.nih.gov/pubmed/8650216
http://doi.org/10.1038/sj.onc.1201259


Antioxidants 2021, 10, 663 23 of 26

116. Xing, Y.; Li, Z.; Chen, Y.; Stock, J.B.; Jeffrey, P.D.; Shi, Y. Structural Mechanism of Demethylation and Inactivation of Protein
Phosphatase 2A. Cell 2008, 133, 154–163. [CrossRef] [PubMed]

117. Cho, U.S.; Xu, W. Crystal structure of a protein phosphatase 2A heterotrimeric holoenzyme. Nature 2007, 445, 53–57. [CrossRef]
[PubMed]

118. Ikehara, T.; Ikehara, S.; Imamura, S.; Shinjo, F.; Yasumoto, T. Methylation of the C-terminal leucine residue of the PP2A catalytic
subunit is unnecessary for the catalytic activity and the binding of regulatory subunit (PR55/B). Biochem. Biophys. Res. Commun.
2007, 354, 1052–1057. [CrossRef]

119. Longin, S.; Zwaenepoel, K.; Louis, J.V.; Dilworth, S.; Goris, J.; Janssens, V. Selection of Protein Phosphatase 2A Regulatory
Subunits Is Mediated by the C Terminus of the Catalytic Subunit. J. Biol. Chem. 2007, 282, 26971–26980. [CrossRef]

120. Chen, J.; Parsons, S.; Brautigan, D. Tyrosine phosphorylation of protein phosphatase 2A in response to growth stimulation and
v-src transformation of fibroblasts. J. Biol. Chem. 1994, 269, 7957–7962. [CrossRef]

121. Brautigan, D.L. Flicking the switches: Phosphorylation of serine/threonine protein phosphatases. Semin. Cancer Biol. 1995, 6,
211–217. [CrossRef]

122. Chen, J.; Martin, B.L.; Brautigan, D.L. Regulation of protein serine-threonine phosphatase type-2A by tyrosine phosphorylation.
Science 1992, 257, 1261–1264. [CrossRef]

123. Guo, H.; Damuni, Z. Autophosphorylation-activated protein kinase phosphorylates and inactivates protein phosphatase 2A.
Proc. Natl. Acad. Sci. USA 1993, 90, 2500–2504. [CrossRef] [PubMed]

124. Nemani, R.; Lee, E. Reactivity of Sulfhydryl Groups of the Catalytic Subunits of Rabbit Skeletal Muscle Protein Phosphatases 1
and 2A. Arch. Biochem. Biophys. 1993, 300, 24–29. [CrossRef] [PubMed]

125. Codreanu, S.G.; Adams, D.G.; Dawson, E.S.; Wadzinski, B.E.; Liebler, D.C. Inhibition of Protein Phosphatase 2A Activity by
Selective Electrophile Alkylation Damage. Biochemistry 2006, 45, 10020–10029. [CrossRef]

126. Whisler, R.L.; Goyette, M.A.; Grants, I.S.; Newhouse, Y.G. Sublethal Levels of Oxidant Stress Stimulate Multiple Serine/Threonine
Kinases and Suppress Protein Phosphatases in Jurkat T Cells. Arch. Biochem. Biophys. 1995, 319, 23–35. [CrossRef] [PubMed]

127. Rao, R.; Clayton, L. Regulation of protein phosphatase 2A by hydrogen peroxide and glutathionylation. Biochem. Biophys. Res.
Commun. 2002, 293, 610–616. [CrossRef]

128. Sommer, D.; Coleman, S.; Swanson, S.A.; Stemmer, P.M. Differential susceptibilities of serine/threonine phosphatases to oxidative
and nitrosative stress. Arch. Biochem. Biophys. 2002, 404, 271–278. [CrossRef]

129. Kim, H.S.; Song, M.-C.; Kwak, I.H.; Park, T.J.; Lim, I.K. Constitutive Induction of p-Erk1/2 Accompanied by Reduced Activities
of Protein Phosphatases 1 and 2A and MKP3 Due to Reactive Oxygen Species during Cellular Senescence. J. Biol. Chem. 2003, 278,
37497–37510. [CrossRef]

130. Foley, T.D.; Kintner, M.E. Brain PP2A is modified by thiol-disulfide exchange and intermolecular disulfide formation. Biochem.
Biophys. Res. Commun. 2005, 330, 1224–1229. [CrossRef]

131. Foley, T.D.; Petro, L.A.; Stredny, C.M.; Coppa, T.M. Oxidative Inhibition of Protein Phosphatase 2A Activity: Role of Catalytic
Subunit Disulfides. Neurochem. Res. 2007, 32, 1957–1964. [CrossRef]

132. Shima, H.; Tohda, H.; Aonuma, S.; Nakayasu, M.; DePaoli-Roach, A.A.; Sugimura, T.; Nagao, M. Characterization of the PP2A
alpha gene mutation in okadaic acid-resistant variants of CHO-K1 cells. Proc. Natl. Acad. Sci. USA 1994, 91, 9267–9271. [CrossRef]
[PubMed]

133. Teruya, T.; Simizu, S.; Kanoh, N.; Osada, H. Phoslactomycin targets cysteine-269 of the protein phosphatase 2A catalytic subunit
in cells. FEBS Lett. 2005, 579, 2463–2468. [CrossRef]

134. Takeuchi, T.; Takahashi, N.; Ishi, K.; Kusayanagi, T.; Kuramochi, K.; Sugawara, F. Antitumor antibiotic fostriecin covalently
binds to cysteine-269 residue of protein phosphatase 2A catalytic subunit in mammalian cells. Bioorganic Med. Chem. 2009, 17,
8113–8122. [CrossRef] [PubMed]

135. Ikehara, T.; Imamura, S.; Sano, T.; Nakashima, J.; Kuniyoshi, K.; Oshiro, N.; Yoshimoto, M.; Yasumoto, T. The effect of structural
variation in 21 microcystins on their inhibition of PP2A and the effect of replacing cys269 with glycine. Toxicon 2009, 54, 539–544.
[CrossRef] [PubMed]

136. Foley, T.D.; Melideo, S.L.; Healey, A.E.; Lucas, E.J.; Koval, J.A. Phenylarsine Oxide Binding Reveals Redox-Active and Potential
Regulatory Vicinal Thiols on the Catalytic Subunit of Protein Phosphatase 2A. Neurochem. Res. 2010, 36, 232–240. [CrossRef]
[PubMed]

137. Chen, L.; Liu, L.; Yin, J.; Luo, Y.; Huang, S. Hydrogen peroxide-induced neuronal apoptosis is associated with inhibition of
protein phosphatase 2A and 5, leading to activation of MAPK pathway. Int. J. Biochem. Cell Biol. 2009, 41, 1284–1295. [CrossRef]

138. Lechward, K.; Sugajska, E.; De Baere, I.; Goris, J.; Hemmings, B.A.; Zolnierowicz, S. Interaction of nucleoredoxin with protein
phosphatase 2A. FEBS Lett. 2006, 580, 3631–3637. [CrossRef]

139. Funato, Y.; Miki, H. Nucleoredoxin, a Novel Thioredoxin Family Member Involved in Cell Growth and Differentiation. Antioxid.
Redox Signal. 2007, 9, 1035–1058. [CrossRef]

140. Raman, D.; Pervaiz, S. Redox inhibition of protein phosphatase PP2A: Potential implications in oncogenesis and its progression.
Redox Biol. 2019, 27, 101105. [CrossRef]

141. DeGrande, S.T.; Little, S.C.; Nixon, D.J.; Wright, P.; Snyder, J.; Dun, W.; Murphy, N.; Kilic, A.; Higgins, R.; Binkley, P.F.; et al.
Molecular Mechanisms Underlying Cardiac Protein Phosphatase 2A Regulation in Heart. J. Biol. Chem. 2013, 288, 1032–1046.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2008.02.041
http://www.ncbi.nlm.nih.gov/pubmed/18394995
http://doi.org/10.1038/nature05351
http://www.ncbi.nlm.nih.gov/pubmed/17086192
http://doi.org/10.1016/j.bbrc.2007.01.085
http://doi.org/10.1074/jbc.M704059200
http://doi.org/10.1016/S0021-9258(17)37144-2
http://doi.org/10.1006/scbi.1995.0028
http://doi.org/10.1126/science.1325671
http://doi.org/10.1073/pnas.90.6.2500
http://www.ncbi.nlm.nih.gov/pubmed/7681598
http://doi.org/10.1006/abbi.1993.1004
http://www.ncbi.nlm.nih.gov/pubmed/8380964
http://doi.org/10.1021/bi060551n
http://doi.org/10.1006/abbi.1995.1263
http://www.ncbi.nlm.nih.gov/pubmed/7771789
http://doi.org/10.1016/S0006-291X(02)00268-1
http://doi.org/10.1016/S0003-9861(02)00242-4
http://doi.org/10.1074/jbc.M211739200
http://doi.org/10.1016/j.bbrc.2005.03.108
http://doi.org/10.1007/s11064-007-9394-x
http://doi.org/10.1073/pnas.91.20.9267
http://www.ncbi.nlm.nih.gov/pubmed/7937753
http://doi.org/10.1016/j.febslet.2005.03.049
http://doi.org/10.1016/j.bmc.2009.09.050
http://www.ncbi.nlm.nih.gov/pubmed/19857968
http://doi.org/10.1016/j.toxicon.2009.05.028
http://www.ncbi.nlm.nih.gov/pubmed/19501114
http://doi.org/10.1007/s11064-010-0310-4
http://www.ncbi.nlm.nih.gov/pubmed/21080067
http://doi.org/10.1016/j.biocel.2008.10.029
http://doi.org/10.1016/j.febslet.2006.04.101
http://doi.org/10.1089/ars.2007.1550
http://doi.org/10.1016/j.redox.2019.101105
http://doi.org/10.1074/jbc.M112.426957
http://www.ncbi.nlm.nih.gov/pubmed/23204520


Antioxidants 2021, 10, 663 24 of 26

142. Liu, Q.; Hofmann, P.A. Protein phosphatase 2A-mediated cross-talk between p38 MAPK and ERK in apoptosis of cardiac
myocytes. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H2204–H2212. [CrossRef] [PubMed]

143. Deshmukh, P.A.; Blunt, B.C.; Hofmann, P.A. Acute modulation of PP2a and troponin I phosphorylation in ventricular myocytes:
Studies with a novel PP2a peptide inhibitor. Am. J. Physiol. Heart Circ. Physiol. 2007, 292, H792–H799. [CrossRef] [PubMed]

144. Low, I.C.C.; Loh, T.; Huang, Y.; Virshup, D.M.; Pervaiz, S. Ser70 phosphorylation of Bcl-2 by selective tyrosine nitration of
PP2A-B56δ stabilizes its antiapoptotic activity. Blood 2014, 124, 2223–2234. [CrossRef] [PubMed]

145. Carr, A.N.; Schmidt, A.G.; Suzuki, Y.; Del Monte, F.; Sato, Y.; Lanner, C.; Breeden, K.; Jing, S.-L.; Allen, P.B.; Greengard, P.; et al.
Type 1 Phosphatase, a Negative Regulator of Cardiac Function. Mol. Cell. Biol. 2002, 22, 4124–4135. [CrossRef]

146. Kirchhefer, U.; Baba, H.A.; Bokník, P.; Breeden, K.M.; Mavila, N.; Brüchert, N.; Justus, I.; Matus, M.; Schmitz, W.; DePaoli-Roach,
A.A. Enhanced cardiac function in mice overexpressing protein phosphatase Inhibitor-2. Cardiovasc. Res. 2005, 68, 98–108.
[CrossRef]

147. Pathak, A.; del Monte, F.; Zhao, W.; Schultz, J.E.; Lorenz, J.N.; Bodi, I.; Weiser, D.; Hahn, H.; Carr, A.N.; Syed, F.; et al. Enhancement
of Cardiac Function and Suppression of Heart Failure Progression by Inhibition of Protein Phosphatase 1. Circ. Res. 2005, 96,
756–766. [CrossRef]

148. Copeland, O.; Sadayappan, S.; Messer, A.E.; Steinen, G.J.; van der Velden, J.; Marston, S.B. Analysis of cardiac myosin binding
protein-C phosphorylation in human heart muscle. J. Mol. Cell. Cardiol. 2010, 49, 1003–1011. [CrossRef]

149. Kuster, D.W.D.; Bawazeer, A.C.; Zaremba, R.; Goebel, M.; Boontje, N.M.; Van Der Velden, J. Cardiac myosin binding protein C
phosphorylation in cardiac disease. J. Muscle Res. Cell Motil. 2012, 33, 43–52. [CrossRef]

150. Zhao, S.; Brandt, N.R.; Caswell, A.H.; Lee, E.Y. Binding of the catalytic subunit of protein phosphatase-1 to the ryanodine-sensitive
calcium release channel protein. Biochemistry 1998, 37, 18102–18109. [CrossRef]

151. Yang, F.; Aiello, D.L.; Pyle, W.G. Cardiac myofilament regulation by protein phosphatase type 1α and CapZ. Biochem. Cell Biol.
2008, 86, 70–78. [CrossRef] [PubMed]

152. Steenaart, N.A.; Ganim, J.R.; Di Salvo, J.; Kranias, E.G. The phospholamban phosphatase associated with cardiac sarcoplasmic
reticulum is a type 1 enzyme. Arch. Biochem. Biophys. 1992, 293, 17–24. [CrossRef]

153. Nicolaou, P.; Kranias, E.G. Role of PP1 in the regulation of Ca cycling in cardiac physiology and pathophysiology. Front. Biosci.
2009, 14, 3571–3585. [CrossRef] [PubMed]

154. Wozniak, E.; Ołdziej, S.; Ciarkowski, J. Molecular modeling of the catalytic domain of serine/threonine phosphatase-1 with the
Zn2+ and Mn2+ di-nuclear ion centers in the active site. Comput. Chem. 2000, 24, 381–390. [CrossRef]

155. Ceulemans, H.; Bollen, M. Functional Diversity of Protein Phosphatase-1, a Cellular Economizer and Reset Button. Physiol. Rev.
2004, 84, 1–39. [CrossRef] [PubMed]

156. Sasaki, K.; Shima, H.; Kitagawa, Y.; Irino, S.; Sugimura, T.; Nagao, M. Identification of Members of the Protein Phosphatase
1 Gene Family in the Rat and Enhanced Expression of Protein Phosphatase 1 alpha Gene in Rat Hepatocellular Carcinomas.
Jpn. J. Cancer Res. 1990, 81, 1272–1280. [CrossRef] [PubMed]

157. Zhang, Z.; Bai, G.; Shima, M.; Zhao, S.; Nagao, M.; Lee, E. Expression and Characterization of Rat Protein Phosphatases-1α, -1γ1,
-1γ2, and -1δ. Arch. Biochem. Biophys. 1993, 303, 402–406. [CrossRef]

158. Weber, S.; Meyer-Roxlau, S.; Wagner, M.; Dobrev, D.; El-Armouche, A. Counteracting Protein Kinase Activity in the Heart: The
Multiple Roles of Protein Phosphatases. Front. Pharmacol. 2015, 6, 270. [CrossRef]

159. Smith, G.D.; Wolf, D.P.; Trautman, K.C.; da Cruz e Silva, E.F.; Greengard, P.; Vijayaraghavan, S. Primate Sperm Contain Protein
Phosphatase 1, a Biochemical Mediator of Motility1. Biol. Reprod. 1996, 54, 719–727. [CrossRef]

160. Korrodi-Gregório, L.; Esteves, S.L.; Fardilha, M. Protein phosphatase 1 catalytic isoforms: Specificity toward interacting proteins.
Transl. Res. 2014, 164, 366–391. [CrossRef]

161. Dohadwala, M.; da Cruz e Silva, E.F.; Hall, F.L.; Williams, R.T.; Carbonaro-Hall, D.A.; Nairn, A.C.; Greengard, P.; Berndt, N.
Phosphorylation and inactivation of protein phosphatase 1 by cyclin-dependent kinases. Proc. Natl. Acad. Sci. USA 1994, 91,
6408–6412. [CrossRef] [PubMed]

162. Rubin, E.; Tamrakar, S.; Ludlow, J.W. Protein phosphatase type 1 the product of the retinoblastoma susceptibility gene and cell
cycle control. Front. Biosci. 1998, 3, D1209–D1219. [CrossRef]

163. Peti, W.; Nairn, A.C.; Page, R. Structural basis for protein phosphatase 1 regulation and specificity. FEBS J. 2013, 280, 596–611.
[CrossRef] [PubMed]

164. Cohen, P.T.W. Protein phosphatase 1–targeted in many directions. J. Cell Sci. 2002, 115, 241–256.
165. Lesage, B.; Beullens, M.; Pedelini, L.; Garcia-Gimeno, M.A.; Waelkens, E.; Sanz, P.; Bollen, M. A Complex of Catalytically Inactive

Protein Phosphatase-1 Sandwiched between Sds22 and Inhibitor-3. Biochemistry 2007, 46, 8909–8919. [CrossRef]
166. Huang, F.L.; Glinsmann, W.H. Separation and Characterization of Two Phosphorylase Phosphatase Inhibitors from Rabbit

Skeletal Muscle. Eur. J. Biochem. 1976, 70, 419–426. [CrossRef]
167. Iyer, R.B.; Koritz, S.B.; Kirchberger, M.A. A regulation of the level of phosphorylated phospholamban by inhibitor-1 in rat heart

preparations in vitro. Mol. Cell. Endocrinol. 1988, 55, 1–6. [CrossRef]
168. Neumann, J.; Gupta, R.C.; Schmitz, W.; Scholz, H.; Nairn, A.C.; Watanabe, A.M. Evidence for isoproterenol-induced phosphoryla-

tion of phosphatase inhibitor-1 in the intact heart. Circ. Res. 1991, 69, 1450–1457. [CrossRef]
169. Endo, S.; Zhou, X.; Connor, J.; Wang, B.; Shenolikar, S. Multiple Structural Elements Define the Specificity of Recombinant Human

Inhibitor-1 as a Protein Phosphatase-1 Inhibitor. Biochemistry 1996, 35, 5220–5228. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpheart.01050.2003
http://www.ncbi.nlm.nih.gov/pubmed/14962831
http://doi.org/10.1152/ajpheart.00225.2006
http://www.ncbi.nlm.nih.gov/pubmed/17012362
http://doi.org/10.1182/blood-2014-03-563296
http://www.ncbi.nlm.nih.gov/pubmed/25082878
http://doi.org/10.1128/MCB.22.12.4124-4135.2002
http://doi.org/10.1016/j.cardiores.2005.05.019
http://doi.org/10.1161/01.RES.0000161256.85833.fa
http://doi.org/10.1016/j.yjmcc.2010.09.007
http://doi.org/10.1007/s10974-011-9280-7
http://doi.org/10.1021/bi982144k
http://doi.org/10.1139/O07-150
http://www.ncbi.nlm.nih.gov/pubmed/18364747
http://doi.org/10.1016/0003-9861(92)90359-5
http://doi.org/10.2741/3472
http://www.ncbi.nlm.nih.gov/pubmed/19273294
http://doi.org/10.1016/S0097-8485(99)00079-0
http://doi.org/10.1152/physrev.00013.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715909
http://doi.org/10.1111/j.1349-7006.1990.tb02690.x
http://www.ncbi.nlm.nih.gov/pubmed/2177460
http://doi.org/10.1006/abbi.1993.1301
http://doi.org/10.3389/fphar.2015.00270
http://doi.org/10.1095/biolreprod54.3.719
http://doi.org/10.1016/j.trsl.2014.07.001
http://doi.org/10.1073/pnas.91.14.6408
http://www.ncbi.nlm.nih.gov/pubmed/8022797
http://doi.org/10.2741/a357
http://doi.org/10.1111/j.1742-4658.2012.08509.x
http://www.ncbi.nlm.nih.gov/pubmed/22284538
http://doi.org/10.1021/bi7003119
http://doi.org/10.1111/j.1432-1033.1976.tb11032.x
http://doi.org/10.1016/0303-7207(88)90084-6
http://doi.org/10.1161/01.RES.69.6.1450
http://doi.org/10.1021/bi952940f
http://www.ncbi.nlm.nih.gov/pubmed/8611507


Antioxidants 2021, 10, 663 25 of 26

170. Gupta, R.C.; Neumann, J.; Watanabe, A.M.; Lesch, M.; Sabbah, H.N. Evidence for presence and hormonal regulation of protein
phosphatase inhibitor-1 in ventricular cardiomyocyte. Am. J. Physiol. Heart Circ. Physiol. 1996, 270, H1159–H1164. [CrossRef]
[PubMed]

171. El-Armouche, A.; Rau, T.; Zolk, O.; Ditz, D.; Pamminger, T.; Zimmermann, W.H.; Jackel, E.; Harding, S.E.; Boknik, P.; Neumann,
J.; et al. Evidence for protein phosphatase inhibitor-1 playing an amplifier role in b-adrenergic signaling in cardiac myocytes.
FASEB J. 2003, 17, 437–439. [CrossRef]

172. El-Armouche, A.; Bednorz, A.; Pamminger, T.; Ditz, D.; Didié, M.; Dobrev, D.; Eschenhagen, T. Role of calcineurin and protein
phosphatase-2A in the regulation of phosphatase inhibitor-1 in cardiac myocytes. Biochem. Biophys. Res. Commun. 2006, 346,
700–706. [CrossRef]

173. Aitken, A.; Bilham, T.; Cohen, P. Complete Primary Structure of Protein Phosphatase Inhibitor-1 from Rabbit Skeletal Muscle.
Eur. J. Biochem. 1982, 126, 235–246. [CrossRef]

174. Huang, K.-X.; Paudel, H.K. Ser67-phosphorylated inhibitor 1 is a potent protein phosphatase 1 inhibitor. Proc. Natl. Acad. Sci. USA
2000, 97, 5824–5829. [CrossRef] [PubMed]

175. Bibb, J.A.; Nishi, A.; O’Callaghan, J.P.; Ule, J.; Lan, M.; Snyder, G.L.; Horiuchi, A.; Saito, T.; Hisanaga, S.-I.; Czernik, A.J.; et al.
Phosphorylation of Protein Phosphatase Inhibitor-1 by Cdk5. J. Biol. Chem. 2001, 276, 14490–14497. [CrossRef]

176. Braz, J.C.; Gregory, K.; Pathak, A.; Zhao, W.; Sahin, B.; Klevitsky, R.; Kimball, T.F.; Lorenz, J.N.; Nairn, A.C.; Liggett, S.B.; et al.
PKC-α regulates cardiac contractility and propensity toward heart failure. Nat. Med. 2004, 10, 248–254. [CrossRef] [PubMed]

177. Rodriguez, P.; Mitton, B.; Nicolaou, P.; Chen, G.; Kranias, E.G. Phosphorylation of human inhibitor-1 at Ser67 and/or Thr75
attenuates stimulatory effects of protein kinase A signaling in cardiac myocytes. Am. J. Physiol. Heart Circ. Physiol. 2007, 293,
H762–H769. [CrossRef] [PubMed]

178. Rodriguez, P.; Mitton, B.; Waggoner, J.R.; Kranias, E.G. Identification of a Novel Phosphorylation Site in Protein Phosphatase
Inhibitor-1 as a Negative Regulator of Cardiac Function. J. Biol. Chem. 2006, 281, 38599–38608. [CrossRef] [PubMed]

179. O’Loghlen, A.; Perez-Morgado, M.; Salinas, M.J.; Martin, M. Reversible inhibition of the protein phosphatase 1 by hydrogen
peroxide. Potential regulation of eIF2α phosphorylation in differentiated PC12 cells. Arch. Biochem. Biophys. 2003, 417, 194–202.
[CrossRef]

180. Santos, C.X.; Hafstad, A.D.; Beretta, M.; Zhang, M.; Molenaar, C.; Kopec, J.; Fotinou, D.; Murray, T.V.; Cobb, A.M.; Martin, D.;
et al. Targeted redox inhibition of protein phosphatase 1 by Nox4 regulates eIF 2α-mediated stress signaling. EMBO J. 2016, 35,
319–334. [CrossRef]

181. Maynes, J.T.; Bateman, K.S.; Cherney, M.M.; Das, A.K.; Luu, H.A.; Holmes, C.F.; James, M.N. Crystal Structure of the Tumor-
promoter Okadaic Acid Bound to Protein Phosphatase-1. J. Biol. Chem. 2001, 276, 44078–44082. [CrossRef] [PubMed]

182. Zhang, L.; Zhang, Z.; Long, A.F.; Lee, E.Y.C. Tyrosine-272 Is Involved in the Inhibition of Protein Phosphatase-1 by Multiple
Toxins. Biochemistry 1996, 35, 1606–1611. [CrossRef] [PubMed]

183. Wu, J.Q.; Kosten, T.R.; Zhang, X.Y. Free radicals, antioxidant defense systems, and schizophrenia. Prog. Neuro Psychopharmacol.
Biol. Psychiatry 2013, 46, 200–206. [CrossRef] [PubMed]

184. Emiliani, F.E.; Sedlak, T.W.; Sawa, A. Oxidative stress and schizophrenia: Recent breakthroughs from an old story.
Curr. Opin. Psychiatry 2014, 27, 185–190. [CrossRef]

185. Foley, T.D.; Katchur, K.M.; Gillespie, P.F. Disulfide Stress Targets Modulators of Excitotoxicity in Otherwise Healthy Brains.
Neurochem. Res. 2016, 41, 2763–2770. [CrossRef]

186. Singh, S.; Lammle, S.; Giese, H.; Kammerer, S.; Meyer-Roxlau, S.; Alfar, E.A.; Dihazi, H.; Guan, K.; El-Armouche, A.; Richter,
F. The reduced activity of PP-1a under redox stress condition is a consequence of GSH-mediated transient disulfide formation.
Sci. Rep. 2018, 8, 17711. [CrossRef]

187. Akki, A.; Zhang, M.; Murdoch, C.; Brewer, A.; Shah, A.M. NADPH oxidase signaling and cardiac myocyte function. J. Mol. Cell.
Cardiol. 2009, 47, 15–22. [CrossRef]

188. Zhang, M.; Prosser, B.L.; Bamboye, M.A.; Gondim, A.N.; Santos, C.X.; Martin, D.; Ghigo, A.; Perino, A.; Brewer, A.C.; Ward, C.W.;
et al. Contractile Function During Angiotensin-II Activation: Increased Nox2 Activity Modulates Cardiac Calci-um Handling via
Phospholamban Phosphorylation. J. Am. Coll. Cardiol. 2015, 66, 261–272. [CrossRef]

189. Wittköpper, K.; Dobrev, D.; Eschenhagen, T.; El-Armouche, A. Phosphatase-1 inhibitor-1 in physiological and pathological
-adrenoceptor signalling. Cardiovasc. Res. 2011, 91, 392–401. [CrossRef]

190. Leopold, J.A. Antioxidants and coronary artery disease: From pathophysiology to preventive therapy. Coron. Artery Dis. 2015, 26,
176–183. [CrossRef]

191. Rapola, J.M.; Virtamo, J.; Haukka, J.K.; Heinonen, O.P.; Albanes, D.; Taylor, P.R.; Huttunen, J.K. Effect of Vitamin E and Beta
Carotene on the Incidence of Angina Pectoris. A randomized, double-blind, controlled trial. JAMA 1996, 275, 693–698. [CrossRef]

192. Virtamo, J.; Rapola, J.M.; Ripatti, S.; Heinonen, O.P.; Taylor, P.R.; Albanes, D.; Huttunen, J.K. Effect of Vitamin E and Beta Carotene
on the Incidence of Primary Nonfatal Myocardial Infarction and Fatal Coronary Heart Disease. Arch. Intern. Med. 1998, 158,
668–675. [CrossRef]

193. Hodis, H.N.; Mack, W.J.; LaBree, L.; Mahrer, P.R.; Sevanian, A.; Liu, C.-R.; Liu, C.-H.; Hwang, J.; Selzer, R.H.; Azen, S.P.; et al.
Alpha-tocopherol supplementation in healthy individuals reduces low-density lipoprotein oxidation but not atherosclerosis: The
Vitamin E Atherosclerosis Prevention Study (VEAPS). Circulation 2002, 106, 1453–1459. [CrossRef]

http://doi.org/10.1152/ajpheart.1996.270.4.H1159
http://www.ncbi.nlm.nih.gov/pubmed/8967352
http://doi.org/10.1096/fj.02-0057fje
http://doi.org/10.1016/j.bbrc.2006.05.182
http://doi.org/10.1111/j.1432-1033.1982.tb06771.x
http://doi.org/10.1073/pnas.100460897
http://www.ncbi.nlm.nih.gov/pubmed/10811908
http://doi.org/10.1074/jbc.M007197200
http://doi.org/10.1038/nm1000
http://www.ncbi.nlm.nih.gov/pubmed/14966518
http://doi.org/10.1152/ajpheart.00104.2007
http://www.ncbi.nlm.nih.gov/pubmed/17416610
http://doi.org/10.1074/jbc.M604139200
http://www.ncbi.nlm.nih.gov/pubmed/17046826
http://doi.org/10.1016/S0003-9861(03)00368-0
http://doi.org/10.15252/embj.201592394
http://doi.org/10.1074/jbc.M107656200
http://www.ncbi.nlm.nih.gov/pubmed/11535607
http://doi.org/10.1021/bi9521396
http://www.ncbi.nlm.nih.gov/pubmed/8634292
http://doi.org/10.1016/j.pnpbp.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23470289
http://doi.org/10.1097/YCO.0000000000000054
http://doi.org/10.1007/s11064-016-1991-0
http://doi.org/10.1038/s41598-018-36267-6
http://doi.org/10.1016/j.yjmcc.2009.04.004
http://doi.org/10.1016/j.jacc.2015.05.020
http://doi.org/10.1093/cvr/cvr058
http://doi.org/10.1097/MCA.0000000000000187
http://doi.org/10.1001/jama.1996.03530330037026
http://doi.org/10.1001/archinte.158.6.668
http://doi.org/10.1161/01.CIR.0000029092.99946.08


Antioxidants 2021, 10, 663 26 of 26

194. Heart Outcomes Prevention Evaluation Study Investigators; Yusuf, S.; Dagenais, G.; Pogue, J.; Bosch, J.; Sleight, P. Vitamin E
Supplementation and Cardiovascular Events in High-Risk Patients. N. Engl. J. Med. 2000, 342, 154–160. [CrossRef]

195. Lee, I.-M.; Cook, N.R.; Gaziano, J.M.; Gordon, D.; Ridker, P.M.; Manson, J.E.; Hennekens, C.H.; Buring, J.E. Vitamin E in the
Primary Prevention of Cardiovascular Disease and Cancer: The Women’s Health Study: A randomized controlled trial. JAMA
2005, 294, 56–65. [CrossRef]

196. Cook, N.R.; Albert, C.M.; Gaziano, J.M.; Zaharris, E.; MacFadyen, J.; Danielson, E.; Buring, J.E.; Manson, J.E. A Randomized
Factorial Trial of Vitamins C and E and Beta Carotene in the Secondary Prevention of Cardiovascular Events in women: Results
from the Women’s Antioxidant Cardiovascular Study. Arch. Intern. Med. 2007, 167, 1610–1618. [CrossRef] [PubMed]

197. Lonn, E.; Bosch, J.; Yusuf, S.; Sheridan, P.; Pogue, J.; Arnold, J.M.O.; Ross, C.; Arnold, A.; Sleight, P.; Probstfield, J.; et al. Effects of
Long-term Vitamin E Supplementation on Cardiovascular Events and Cancer: A randomized controlled trial. JAMA 2005, 293,
1338–1347. [CrossRef] [PubMed]

198. Tita, C.; Gilbert, E.M.; Van Bakel, A.B.; Grzybowski, J.; Haas, G.J.; Jarrah, M.; Dunlap, S.H.; Gottlieb, S.S.; Klapholz, M.; Patel, P.C.;
et al. A Phase 2a dose-escalation study of the safety, tolerability, pharmacokinetics and haemodynamic effects of BMS-986231 in
hospitalized patients with heart failure with reduced ejection fraction. Eur. J. Heart Fail. 2017, 19, 1321–1332. [CrossRef] [PubMed]

199. Cowart, D.; Venuti, R.P.; Lynch, K.; Guptill, J.T.; Noveck, R.J.; Foo, S.Y. A Phase 1 Randomized Study of Single Intravenous
Infusions of the Novel Nitroxyl Donor BMS-986231 in Healthy Volunteers. J. Clin. Pharmacol. 2018, 59, 717–730. [CrossRef]
[PubMed]

200. Felker, G.M.; McMurray, J.J.V.; Cleland, J.G.; O’Connor, C.M.; Teerlink, J.R.; Voors, A.A.; Belohlavek, J.; Böhm, M.; Borentain, M.;
Bueno, H.; et al. Effects of a Novel Nitroxyl Donor in Acute Heart Failure: The STAND-UP AHF Study. JACC Hear. Fail. 2021, 9,
146–157. [CrossRef]

201. Donzelli, S.; Fischer, G.; King, B.S.; Niemann, C.; Dumond, J.F.; Heeren, J.; Wieboldt, H.; Baldus, S.; Gerloff, C.; Eschenhagen, T.;
et al. Pharmacological Characterization of 1-Nitrosocyclohexyl Acetate, a Long-Acting Nitroxyl Donor That Shows Vasorelaxant
and Antiaggregatory Effects. J. Pharmacol. Exp. Ther. 2012, 344, 339–347. [CrossRef]

202. Donzelli, S.; Goetz, M.; Schmidt, K.; Wolters, M.; Stathopoulou, K.; Diering, S.; Prysyazhna, O.; Polat, V.; Scotcher, J.; Dees, C.;
et al. Oxidant sensor in the cGMP-binding pocket of PKGIα regulates nitroxyl-mediated kinase activity. Sci. Rep. 2017, 7, 9938.
[CrossRef] [PubMed]

203. Zhu, G.; Groneberg, D.; Sikka, G.; Hori, D.; Ranek, M.J.; Nakamura, T.; Takimoto, E.; Paolocci, N.; Berkowitz, D.E.; Friebe, A.; et al.
Soluble Guanylate Cyclase Is Required for Systemic Vasodilation but Not Positive Inotropy Induced by Nitroxyl in the Mouse.
Hypertension 2015, 65, 385–392. [CrossRef] [PubMed]

204. Gao, W.D.; Murray, C.I.; Tian, Y.; Zhong, X.; Dumond, J.F.; Shen, X.; Stanley, B.A.; Foster, D.B.; Wink, D.A.; King, S.B.; et al.
Nitroxyl-Mediated Disulfide Bond Formation Between Cardiac Myofilament Cysteines Enhances Contractile Function. Circ. Res.
2012, 111, 1002–1011. [CrossRef]

205. Sivakumaran, V.; Stanley, B.A.; Tocchetti, C.G.; Ballin, J.D.; Caceres, V.; Zhou, L.; Keceli, G.; Rainer, P.P.; Lee, D.I.; Huke,
S.; et al. HNO Enhances SERCA2a Activity and Cardiomyocyte Function by Promoting Redox-Dependent Phospholamban
Oligomerization. Antioxid. Redox Signal. 2013, 19, 1185–1197. [CrossRef]

206. Sabbah, H.N.; Tocchetti, C.G.; Wang, M.; Daya, S.; Gupta, R.C.; Tunin, R.S.; Mazhari, R.; Takimoto, E.; Paolocci, N.; Cowart, D.;
et al. Nitroxyl (HNO): A novel approach for the acute treatment of heart failure. Circ. Hear. Fail. 2013, 6, 1250–1258. [CrossRef]

207. Roof, S.R.; Ueyama, Y.; Mazhari, R.; Hamlin, R.L.; Hartman, J.C.; Ziolo, M.T.; Reardon, J.E.; Del Rio, C.L. CXL-1020, a Novel
Nitroxyl (HNO) Prodrug, Is More Effective than Milrinone in Models of Diastolic Dysfunction—A Cardiovascular Therapeutic:
An Efficacy and Safety Study in the Rat. Front. Physiol. 2017, 8, 894. [CrossRef] [PubMed]

208. Keceli, G.; Majumdar, A.; Thorpe, C.N.; Jun, S.; Tocchetti, C.G.; Lee, D.I.; Mahaney, J.E.; Paolocci, N.; Toscano, J.P. Nitroxyl (HNO)
targets phospholamban cysteines 41 and 46 to enhance cardiac function. J. Gen. Physiol. 2019, 151, 758–770. [CrossRef]

209. Liu, Q.; Sabnis, Y.; Zhao, Z.; Zhang, T.; Buhrlage, S.J.; Jones, L.H.; Gray, N.S. Developing Irreversible Inhibitors of the Protein
Kinase Cysteinome. Chem. Biol. 2013, 20, 146–159. [CrossRef]

210. Abdeldayem, A.; Raouf, Y.S.; Constantinescu, S.N.; Moriggl, R.; Gunning, P.T. Advances in covalent kinase inhibitors.
Chem. Soc. Rev. 2020, 49, 2617–2687. [CrossRef] [PubMed]

211. Cohen, M.S.; Zhang, C.; Shokat, K.M.; Taunton, J. Structural Bioinformatics-Based Design of Selective, Irreversible Kinase
Inhibitors. Science 2005, 308, 1318–1321. [CrossRef] [PubMed]

212. Sutanto, F.; Konstantinidou, M.; Dömling, A. Covalent inhibitors: A rational approach to drug discovery. RSC Med. Chem. 2020,
11, 876–884. [CrossRef] [PubMed]

213. Coover, R.A.; Luzi, N.M.; Korwar, S.; Casile, M.E.; Lyons, C.E.; Peterson, D.L.; Ellis, K.C. Design, synthesis, and in vitro evaluation
of a fluorescently labeled irreversible inhibitor of the catalytic subunit of cAMP-dependent protein kinase (PKACα). Org. Biomol.
Chem. 2016, 14, 4576–4581. [CrossRef]

214. Tomasovic, A.; Brand, T.; Schanbacher, C.; Kramer, S.; Hümmert, M.W.; Godoy, P.; Schmidt-Heck, W.; Nordbeck, P.; Ludwig, J.;
Homann, S.; et al. Interference with ERK-dimerization at the nucleocytosolic interface targets pathological ERK1/2 signaling
without cardiotoxic side-effects. Nat. Commun. 2020, 11, 1733. [CrossRef] [PubMed]

215. Haque, A.; Andersen, J.N.; Salmeen, A.; Barford, D.; Tonks, N.K. Conformation-Sensing Antibodies Stabilize the Oxidized Form
of PTP1B and Inhibit Its Phosphatase Activity. Cell 2011, 147, 185–198. [CrossRef] [PubMed]

http://doi.org/10.1056/nejm200001203420302
http://doi.org/10.1001/jama.294.1.56
http://doi.org/10.1001/archinte.167.15.1610
http://www.ncbi.nlm.nih.gov/pubmed/17698683
http://doi.org/10.1001/jama.293.11.1338
http://www.ncbi.nlm.nih.gov/pubmed/15769967
http://doi.org/10.1002/ejhf.897
http://www.ncbi.nlm.nih.gov/pubmed/28677877
http://doi.org/10.1002/jcph.1364
http://www.ncbi.nlm.nih.gov/pubmed/30703258
http://doi.org/10.1016/j.jchf.2020.10.012
http://doi.org/10.1124/jpet.112.199836
http://doi.org/10.1038/s41598-017-09275-1
http://www.ncbi.nlm.nih.gov/pubmed/28855531
http://doi.org/10.1161/HYPERTENSIONAHA.114.04285
http://www.ncbi.nlm.nih.gov/pubmed/25452469
http://doi.org/10.1161/CIRCRESAHA.112.270827
http://doi.org/10.1089/ars.2012.5057
http://doi.org/10.1161/CIRCHEARTFAILURE.113.000632
http://doi.org/10.3389/fphys.2017.00894
http://www.ncbi.nlm.nih.gov/pubmed/29209225
http://doi.org/10.1085/jgp.201812208
http://doi.org/10.1016/j.chembiol.2012.12.006
http://doi.org/10.1039/C9CS00720B
http://www.ncbi.nlm.nih.gov/pubmed/32227030
http://doi.org/10.1126/science1108367
http://www.ncbi.nlm.nih.gov/pubmed/15919995
http://doi.org/10.1039/D0MD00154F
http://www.ncbi.nlm.nih.gov/pubmed/33479682
http://doi.org/10.1039/C6OB00529B
http://doi.org/10.1038/s41467-020-15505-4
http://www.ncbi.nlm.nih.gov/pubmed/32265441
http://doi.org/10.1016/j.cell.2011.08.036
http://www.ncbi.nlm.nih.gov/pubmed/21962515

	Introduction 
	PKA Isoforms 
	Cardiac PKA Substrate Phosphorylation and Contractile Function 
	Oxidative Post-Translational Modification of PKA-RI 
	Oxidative Post-Translational Modification of PKA-C 
	Regulation of PKA Signaling by Protein Phosphatase 2A 
	Regulation of PP2A by Post-Translational Modification 
	Regulation of PKA Signaling by Protein Phosphatase 1 
	Regulation of PP1 by Post-Translational Modification 
	Therapeutic Modulation of Kinase/Phosphatase Signaling 
	Conclusions 
	References

