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I. OVERVIEW
The ryanodine receptors (RyRs) are cation-selective channels that release Ca2+ from an
intracellular Ca2+ storing compartment, the endo/sarcoplasmic reticulum, during an action
potential in a process known as excitation–contraction coupling. The released Ca2+ ions
regulate a wide variety of biological functions. In striated muscle, the release of Ca2+ from
the sarcoplasmic reticulum into the cytoplasm leads to muscle contraction. This chapter
focuses on the regulation of the skeletal muscle and cardiac muscle RyRs by protein kinases
and redox active species. The RyRs are 2200 kDa Ca2+-gated ion channels that are
regulated, in addition to Ca2+ and endogenous effectors such as Mg2+ and ATP, by cAMP-
dependent protein kinase A, calmodulin-dependent kinase II, protein kinase C, and protein
phosphatases 1 and 2A. Thiols that serve as targets for reactive oxygen and nitrogen
molecules determine the redox state and modulate the activity of the RyRs.

II. INTRODUCTION
The RyRs are large multiprotein complexes composed of four 560-kDa RyR subunits, four
small FK506 binding protein (FKBP, also known as calstabin) subunits, and multiple
associated proteins that include triadin, junctin, junctophilin, protein kinases and
phosphatases, and calmodulin (Fill & Copello, 2002; Franzini-Armstrong & Protasi, 1997;
Meissner, 1994; Zalk, Lehnart, & Marks, 2007). There are three mammalian RyR isoforms.
RyR1 is found in the sarcoplasmic reticulum (SR) membrane of skeletal muscle, while
RyR2 is present in heart muscle. In mammalian cells, RyR3 is coexpressed with one or two
of the other RyR isoforms at low levels. All three isoforms are present in smooth muscle
(Neylon, Richards, Larsen, Agrotis, & Bobik, 1995) and brain (Furuichi et al., 1994).

The mechanisms of RyR ion channel regulation have been most extensively studied in
striated muscle. RyR1 and RyR2 reside in the junctional SR membrane near plasmalemmal
L-type Ca2+ channels. An action potential in skeletal muscle initiates L-type Ca2+ channel
protein conformational changes that alter the conformation of RyR1 by a direct physical
interaction. In cardiac muscle, an action potential results in the influx of extracellular Ca2+.
Both mechanisms lead to the release of Ca2+ from the SR and subsequent muscle
contraction (Fabiato, 1983; Rios & Pizarro, 1991). Sequestration of released Ca2+ by the SR
Ca2+-transporting ATPase (SERCA) and extrusion by the Na+–Ca2+ exchanger restore the
myofibrillar Ca2+ concentration from 10−6–10−5 to ~10−7 M, causing muscle to relax.

The RyRs share ~70% sequence homology, with the greatest homology in the carboxyl-
terminal region. In all isoforms, the C-terminal portion of the protein contains the
transmembrane domain. Hydropathy analysis suggests between 4 and 12 transmembrane
segments per RyR subunit (Takeshima et al., 1989; Zorzato et al., 1990). More recent
studies using green fluorescence protein inserts and protease digestion indicate that each
RyR1 subunit contains six to eight transmembrane helices (Du et al., 2004; Du, Sandhu,
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Khanna, Guo, & MacLennan, 2002). That six membrane spanning segments are sufficient to
form a channel is supported by single channel recordings of tryptic fragments (Callaway et
al., 1994), the presence of six transmembrane segments in the related inositol 1,4,5-
trisphosphate receptor (Michikawa et al., 1994), and RyR cryo-electron microscopy data
(Samso, Feng, Pessah, & Allen, 2009). The remaining RyR amino acids form the large
catalytic cytoplasmic ‘‘foot’’ structure (Franzini-Armstrong & Protasi, 1997). As shall be
discussed later, experimental evidence for several phosphorylation sites and redox-sensitive
sites in the cytoplasmic structure has been described.

III. RYR1 AND RYR2 PHOSPHORYLATION
A. RyR Phosphorylation Sites

Primary sequence analysis suggests the presence of many phosphorylation sites in the large
cytoplasmic foot region of the RyRs (Takeshima et al., 1989; Zorzato et al., 1990). Kinases
and phosphatases that are part of the RyR1 and RyR2 multiprotein complexes include
protein kinase A (PKA), Ca2+/calmodulin-dependent protein kinase II (CaMKII), and
protein phosphatase 1 (PP1) (Currie, Loughrey, Craig, & Smith, 2004; Dulhunty et al., 2001;
Hohenegger & Suko, 1993; Marx et al., 2000; Marx, Reiken, et al., 2001; Ruehr et al.,
2003). The RyR2 complex also contains protein phosphatase 2A (PP2A) (Marx et al., 2000).
Protein phosphatase 2B (calcineurin) associates with RyR1 (Shin et al., 2002). Anchoring
proteins mediate the interaction between RyRs and associated kinases and phosphatases
through conserved leucine/isoleucine motifs. A-kinase anchoring protein targets PKA and
phosphodiesterase 4D3, spinophilin targets PP1, and PR130 mediates the interaction of
PP2A with RyR2 (Zalk et al., 2007).

Initial studies indicated that the RyRs have one phosphorylation site, RyR2-Ser2809
(Witcher, Kovacs, Schulman, Cefali, & Jones, 1991). Different functional effects following
CaMK-, PKA-, and cGMP-dependent protein kinase phosphorylation indicated the presence
of additional phosphorylation sites (Hain, Onoue, Mayrleitner, Fleischer, & Schindler, 1995;
Takasago, Imagawa, Furukawa, Ogurusu, & Shigekawa, 1991). Xiao et al. (2005) observed
that substitution of RyR2-Ser2809 with an alanine did not abolish PKA phosphorylation of
RyR2 and by peptide mapping identified Ser2030 as a second phosphorylation site of RyR2.
Wehrens, Lehnart, Reiken, and Marks (2004) showed that CaMKII uniquely phosphorylates
Ser2815 near Ser2809 in recombinant RyR2 expressed in human embryonic kidney 293
cells. However, incorporation of more than one 32P per monomer into the native,
immunoprecipitated receptor indicated the presence of an additional CaMKII site in RyR2,
in partial agreement with Rodriguez, Bhogal, and Colyer (2003) that there are four CaMKII
phosphorylation sites relative to one PKA site, or eight sites based on two PKA sites per
RyR2 monomer. The ryanodine receptor-calcium release channel in skeletal muscle was
phosphorylated at Ser2843 (corresponding to Ser2809 in RyR2) by cAMP-, cGMP-, and
CaM-dependent protein kinases (Suko et al., 1993). However, the presence of additional
phosphorylation sites seems likely, since CaMKII also phosphorylated threonine residue(s).

B. RyR Modulation by PKA-Mediated Phosphorylation and the Role of FK506 Binding
Proteins

During exercise and stress, β-adrenergic receptor stimulation results in increased PKA
activity and changes in the activity of Ca2+ handling proteins involved in the release of Ca2+

(L-type Ca2+ channel, RyR2) and removal of Ca2+ (SERCA2a and its regulatory protein
phospholamban) (Bers, 2002; Meissner, 2002). On the other hand, chronic stimulation of the
sympathetic system can lead to maladaptive changes of β-adrenergic receptor signaling,
cardiomyocyte death, and heart failure (Koch, 2004). In vitro phosphorylation of Ser2809 by
CaMK, and to a lesser extent by PKA, activated the RyR ion channel isolated from cardiac
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muscle (Witcher et al., 1991). PKA regulated the ATP and Mg2+ sensitivity of RyR2 (Hain
et al., 1995; Uehara, Yasukochi, Mejia-Alvarez, Fill, & Imanaga, 2002), changed channel
kinetics, and increased the sensitivty to Ca2+ (Valdivia, Kaplan, Ellis-Davies, & Lederer,
1995). Single channel activity was lowest when RyR2-Ser2809 was phosphorylated to about
75% (Carter, Coyler, & Sitsapesan, 2006). Either a decreased or enhanced phosphorylation
increased single channel activity. Marx et al. (2000) showed that PKA phosphorylation
releases the small subunit FKBP12.6 (calstabin 2) from RyR2, which increased channel
sensitivity to Ca2+ and induced the formation of channel substates. In failing hearts, RyR2
was PKA hyperphosphorylated, depleted of the FKBP12.6 subunit, and exhibited increased
channel activity. Similarly, in skeletal muscle of animal models with heart failure and
patients with heart diseases, exercise was linked to hyperphosphorylation and FKBP12
depletion of the skeletal muscle RyR1, increased RyR1 channel activity, and decreased
exercise capacity (Reiken, Lacampagne, et al., 2003; Ward et al., 2003). These findings led
Marks and coworkers to propose that PKA hyperphosphorylation and dissociation of the
small FKBP subunit from the RyRs result in increased RyR sensitivity to cytosolic Ca2+,
referred to as leaky SR Ca2+ channels, and in the case of SR, Ca2+ handling referred to as
SR Ca2+ leak.

The small 12 and 12.6 kDa FK506 binding proteins are predominantly associated with RyR1
and RyR2, respectively (Lam et al., 1995). They belong to the family of immunophilins,
exhibit cis/trans isomerase activity, and their removal is reported to functionally uncouple
groups of channels and increase channel activity (Brillantes et al., 1994; Marx, Gaburjakova,
et al., 2001). Mechanisms implicated in RyR2 hyperphosphorylation and FKBP depletion
include increased PKA activity and loss of PP1, PPA2, and phosphodiesterase 4D from the
RyR2 macromolecular complex in failing hearts (Lehnart et al., 2005; Reiken, Gaburjakova,
et al., 2003; Reiken, Lacampagne, et al., 2003). PKA-mediated hyperphosphorylation of
RyR1 differed from that of RyR2 in that it failed to dissociate PP1 (Reiken, Lacampagne, et
al., 2003).

Chen and colleagues (Jones et al., 2008; Meng et al., 2007) showed that the Ser2030 and
Ser2809 phosphorylation sites in RyR2 are not located close to the FKBP12.6 binding site,
as determined by cryo-electron microscopy. Therefore, it is unlikely that PKA-mediated
phosphorylation of serines directly inhibits binding of FKBP12.6 to RyR2.

In attempts to define the specificity and functional consequences of RyR1 and RyR2
phosphorylation,mutantswere prepared to mimic the dephosphorylated (alanine) or
phosphorylated (aspartic acid) forms. A Ca2+-dependent increase in open channel
probability (Po) was observed with recombinant RyR2-S2809D, whereas RyR2-S2815A
open channel probability was comparable to WT-RyR2 (Wehrens, Lehnart, et al., 2004).
The recombinant RyR1-S2843A mutant exhibited a single channel behavior similar to WT-
RyR1, whereas the RyR1-S2843D mutation increased channel activity (Reiken,
Lacampagne, et al., 2003). There was an increase in number of channel events, and current
histograms indicated the appearance of substates similar to those observed in native, PKA-
phosphorylated RyRs. In binding assays, RyR2-S2809A bound FKBP12.6 with an affinity
comparable to nonphosphorylated WT-RyR2,whereas Ser2809Ddisplayed a reduced binding
affinity comparable to PKA-phosphorylated WT-RyR2 (Wehrens et al., 2004). These
findings suggested that RyR phosphorylation and release of the accessory FKBPs lead to
dysfunctional SR Ca2+ handling in striated muscle.

Several laboratories have challenged the hyperphosphorylation/FKBP depletion hypothesis
of Marks and colleagues, which postulates that PKA hyperphosphorylation leads to FKBP
depletion and leaky RyRs. Stange, Xu, Balshaw, Yamaguchi, and Meissner (2003)
expressed RyR1-Ser2843A, RyR1-Ser2843D, RyR2-Ser2809A, and RyR2-Ser2809D
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phosphorylation mutants in HEK293 cells. In single channel and [3H]-ryanodine binding
assays, neither the skeletal nor cardiac mutants showed differences from wild type (WT)
with regard to regulation by Ca2+, Mg2+, or ATP. Furthermore, no significant alterations in
the FKBP/RyR binding ratios were observed. The PKA hyperphosphorylation/FKBP
depletion hypothesis has also been disputed by Chen and colleagues (Xiao et al., 2006).
FKBP12.6 bound to both the phosphorylated and nonphosphorylated forms of Ser2809.
Ser-2030, but not Ser-2809, was the major RyR2 phosphorylation site responding to protein
kinase A activation upon β-adrenergic stimulation in normal and failing hearts. RyR2-
S2830D mutation sensitized the recombinant channel to luminal Ca2+, referred to as store-
overload-induced Ca2+ release (SOICR) (Xiao, Tian, Xie, et al., 2007).

Yano et al. (2000) assessed the functional interaction of FKBP12.6 with RyR2 in a canine
model of pacing-induced heart failure, using the FKBP-interacting drug [3H]-dihydro-
FK506. The stoichiometry of FKBP12.6 to RyR2 was lowered from 3.6 in normal hearts to
1.6 in failing hearts. Xin et al. (2002) made the interesting observation that knockout of the
FKBP12.6 gene resulted in cardiac hypertrophy in male but not female mice. Treatment with
tamoxifen, an estrogen receptor α antagonist, resulted in cardiac hypertrophy, which
suggested that estrogen protects the female FKBP12.6 null mice from cardiac hypertrophy.
Additional studies indicated that FKBP12.6−/− mice exhibited exercise-induced arrhythmias
that were similar to those observed in patients carrying RyR2 mutations associated with
catecholaminergic polymorphic ventricular tachycardia (CPVT) (Wehrens et al., 2003).
CPVT mutations decreased the binding affinity of FKBP12.6 and showed an increased
single channel activity compared to WT following PKA phosphorylation. It was also shown
that substitution of an aspartic residue with serine (FKBP12.6-D37S) increased the binding
affinity of the FKBP12.6 mutant to PKA-phosphorylated WT-RyR2, RyR2-S2809D mutant,
and CPVT-associated RyR2 mutants. Binding of the FKBP12.6 mutant restored normal
channel function. Consistent with these findings, conditional overexpression of FKBP12.6
abrogated triggered ventricular tachycardia (Gellen et al., 2008).

Other studies have failed to establish that PKA phosphorylation of RyR2-S2809 and
dissociation of FKBP12.6 from RyR2 are associated with a leaky SR Ca2+ channel. Li,
Kranias, Mignery, and Bers (2002) measured resting Ca2+ sparks in permeabilized
ventricular myocytes isolated from WT mice and mice lacking SERCA-regulatory subunit,
phospholamban. The finding that PKA-mediated phosphorylation increased Ca2+ spark
amplitude and duration in WT but not phospholamban knockout myocytes suggested that
the primary mechanism of PKA action causing alterations in Ca2+-homeostasis during heart
failure involves phospholamban phosphorylation, and thus SERCA activity. Jiang et al.
(2002) investigated the SR Ca2+ handling properties of human failing hearts and in a
tachycardia-induced canine model of heart failure. The amplitude and kinetics of the Ca2+

transients were reduced. However, RyR2s isolated from canine and human heart failure
tissues displayed no major structural or functional differences compared with controls.
Furthermore, phosphorylation of RyRs by PKA did not appear to dissociate FKBP12.6 from
the RyR2s. Xiao, Tian, Jones, et al. (2007) showed that removal of FKBP12.6 neither
altered the functional properties of RyR2 nor increased the susceptibility of FKBP12.6−/−

mice to stress-induced ventricular arrhythmias. Moreover, deletion of the Ser2809
phosphorylation site did not alter the β-adrenergic response in whole hearts and isolated
cardiomyocytes. Aortic-banded RyR2-S2809A and WT mice both developed cardiac
hypertrophy in absence of PKA-mediated phosphorylation of RyR2 (Benkusky et al., 2007;
MacDonnell et al., 2008).

In skeletal muscle, during exercise, hyperphosphorylation of RyR1-Ser2843 by PKA, S-
nitrosylation (see below), loss of phosphodiesterase PDE4D3, and the RyR1 subunit
FKBP12 have been linked to decreased muscle function (Bellinger et al., 2008). A small
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molecule, S107 (whose action is discussed later in more detail), resulted in improved muscle
function by stabilizing the RyR1–FKBP12 complex.

C. RyR Modulation by CaMKII-Mediated Phosphorylation
Phosphorylation of RyR2 by CaMKII has also been implicated in muscle diseases. Single
channel recordings indicated that phosphorylation by CaMKII increases WT-RyR2 activity
and Ca2+ sensitivity, but not of RyR2-S2815A that lacks the RyR2 CaMKII phosphorylation
site (Wehrens, Lehnart, et al., 2004). Hain et al. (1995) proposed that phosphorylation of one
subunit of the tetrameric RyR2 by endogenous CaMKII results in channel blockade by
Mg2+, whereas phosphorylation of all four subunits by exogenous CaMKII opens the
channel. Transgenic mice that overexpressed the major cytosolic form of CaMKII
(CaMKIIδc) had an increased phosphorylation of RyR2 and phospholamban, and died
prematurely (Zhang et al., 2003). Ca2+ spark activities were enhanced in transgenic
CaMKIIδc overexpressing hearts despite reduced SR Ca2+ content (Maier et al., 2003). This
implied that CaMKII-mediated RyR2 phosphorylation results in the formation of leaky SR
Ca2+ channels. In support of this view, creation of a genetic mouse model of CaMKII kinase
inhibition protected the heart against excessive β adrenergic stimulation and myocardial
infarction (Zhang et al., 2005). An opposing view is that acute overexpression of
constitutively active CaMKII phosphorylates RyR2 and decreases the rate of local Ca2+

release events (Ca2+ sparks) and Ca2+ waves in cultured rat cardiomyocytes (Yang et al.,
2007). In more recent studies using transgenic and KO mouse models, increased CaMKII
activity contributed to increased SR leak, cardiac arrhythmogenesis and heart failure,
whereas CaMKII deficiency reduced isoproterenol-induced arrhythmias and progression to
heart failure (Ling et al., 2009; Sag et al., 2009). Chelu et al. (2009) reported that rapid atrial
pacing unmasked increased vulnerability to atrial fibrillation in a genetic RyR2 gain-of-
function mouse model compared to WT. This was ascribed to increased SR Ca2+ leak due to
enhanced CaMKII-mediated phosphorylation of RyR2.

D. Protective Effects of 1,4-Benzothiazepine Derivatives JTV519 (K201) and S107
JTV519 (also known as K201) is a 1,4-benzothiazepine derivative that has a strong
cardioprotective effect. This results from presumably inhibiting a broad spectrum of ion
channel function (Hasumi, Matsuda, Shimamoto, Hata, & Kaneko, 2007). Yano et al. (2003)
found that JTV519 reduced SR Ca2+ leak and improved cardiac function in dogs subjected
to 4 weeks of chronic right ventricular pacing by minimizing RyR2 hyperphosphorylation
and stabilizing the RyR2/FKBP12.6 complex. Single channel recordings showed that
JTV519 stabilizes the closed state of RyR2 by promoting FKBP12.6 binding (Wehrens et
al., 2004). The ineffectiveness of JTV519 to prevent exercise-induced ventricular
tachyarrhythmias and death in FKBP12.6−/− mice suggested that binding of FkBP12.6 to
RyR2 is a critical step for the drug having a beneficial effect. In two recent studies, the
RyR2-specific derivative of JTV519, S107, enhanced the binding of FKBP12.6 to CPVT-
associated RyR2-R2474S mutant (Lehnart et al., 2008), and in a dystrophic mouse model
binding of FKBP12 to the hypernitrosylated RyR1 (Bellinger et al., 2009). In both cases,
inhibition of channel leak was observed. At variance, JTV519 suppressed spontaneous Ca2+

release in FK506 treated HEK 293 cells and inhibited [3H]-ryanodine binding to RyR2-
N4104K linked to ventricular tachycardia, in the absence of FKPB12.6 (Hunt et al., 2007).
Blayney, Jones, Griffiths, and Lai (2009) recently reported that both PKA-mediated
phosphorylation and JTV519 change the affinity of FKBP12.6 binding to RyR2. Both
reduced binding affinity to the closed RyR2 at 10−8 M Ca2+, whereas a moderate increase in
binding affinity was observed to the partially open channel at 10−3 M Ca2+. Matsuzaki and
colleagues (Oda et al., 2005; Tateishi et al., 2009) provided an explanation for the
observation that JTV519 and its derivative S107 restore normal function for both
phosphorylated and nitrosylated channels. These authors reported that disrupted (unzipped)
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domain interactions between the N-terminal and central domains of RyR2 are responsible
for diastolic Ca2+ leak in failing hearts. Stabilization of these interactions by JTV519
improved cardiac function.

IV. RYR MODULATION BY REACTIVE OXYGEN AND NITROGEN SPECIES
A. RyRs and Reactive Oxygen Species

Active muscle produces reactive nitrogen and oxygen species that modulate contraction and
relaxation (Ji, 2000; Reid, 1996; Stamler & Meissner, 2001). During strenuous exercise or
short episodes of ischemia followed by reoxygenation, increased levels of reactive oxygen
species impose oxidative stress. Reactive oxygen species can be formed by several
mechanisms. These include the mitochondrial electron transport chain, xanthine oxidase,
and NAD(P)H oxidases. Cells respond to excessive reactive oxygen species via the action of
superoxide dismutase which converts superoxide (O2

•−) to O2 and H2O2, and catalase and
glutathione peroxidase which decompose H2O2.

Early studies showed that redox active reagents such as heavy metals, N-ethylmaleimide,
diamide, O2

•−, and H2O2 modulate RyR activity (Abramson & Salama, 1989; Aghdasi,
Zhang, Wu, Reid, & Hamilton, 1997; Anzai et al., 1998; Kawakami & Okabe, 1998; Oba,
Ishikawa, & Yamaguchi, 1998). RyRs are good targets for redox active species because they
contain a large number of thiols. The tetrameric mammalian skeletal and cardiac RyRs have
404 and 364 cysteines, with 100 and 89 cysteines per 560 kDa subunit, and 1 and 2 per
FK506 binding protein, respectively.

The number of free thiols in purified RyR1 was determined using the lipophilic, thiol-
specific probe, monobromobimane (Eu, Sun, Xu, Stamler, & Meissner, 2000). Nearly half of
the 404 cysteines in the tetrameric RyR1 channel complex were labeled, that is, free in the
presence of 5 mM reduced glutathione (GSH) at pO2 ~ 10 mmHg. An increase in oxygen
tension from ~10 mmHg (simulating tissue pO2) to ambient air (pO2 ~ 150 mmHg) in the
presence of 5 mM GSH, resulted in loss of six to eight free thiols/RyR1 subunit without
appreciably changing RyR1 activity. Substitution of GSH with oxidized glutathione (GSSG)
at pO2 ~ 10 mmHg or ambient air reduced the number of free thiols/RyR1 subunit and
resulted in a large increase in RyR1 activity. The number of free thiols in RyR2-enriched
fractions in the presence of 5mMGSH was 50 per mg protein at pO2 ~ 150 mmHg and 58
per mg protein ~10 mmHg (Sun et al., 2008). In the presence of 5 mM GSSG, a lower
number of free cysteines were measured. There existed a good correlation between RyR2
activity and free RyR2 thiol content; however, because RyR2 was only partially purified, the
exact number of glutathione and pO2-sensitive thiols in native RyR2 remains to be
determined. The results suggest thatRyR1 and RyR2 have functional thiols that respond to
the cells’ pO2 and GSH/GSSG redox state.

Additional cellular parameters influence the redox state of RyRs. Single channel
measurements have shown that RyR1 responds to changes in cytosolic and SR luminal
glutathione redox potential (Feng, Liu, Allen, & Pessah, 2000). Micromolar activating Ca2+

concentrations lowered the redox state of RyR1 and favored channel opening, whereas
inhibitory concentrations of Ca2+ and Mg2+ had opposite effects (Xia, Stangler, &
Abramson, 2000). The observation that channel activators such as caffeine may act as
electron acceptors, whereas inhibitors such as tetracaine may act as electron donors,
suggested that nonthiol channel modulators regulate channel activity by shifting the thiol–
disulfide ratio in the RyRs (Marinov, Olojo, Xia, & Abramson, 2007). RyR1-associated
proteins have been shown to also affect receptor redox state. Channel closing unmasked the
presence of hyperreactive cysteine residues in both RyR1 and triadin (Liu, Abramson, Zable,
& Pessah, 1994), and SepN1, a selenoprotein, maintained the receptor’s normal sensitivity
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to redox active species (Jurynec et al., 2008). Varied regulation of RyRs by plasmalemmal-
and SR-associated NAD(P)H oxidases has been described (Espinosa et al., 2006; Hidalgo,
Sanchez, Barrientos, & Aracena-Parks, 2006; Sanchez et al., 2008; Xia, Webb, Gnall,
Cutler, & Abramson, 2003; Zima & Blatter, 2006).

A number of redox reactive cysteines among the 100 cysteines per RyR1 subunit have been
identified, although the functional significance of specific cysteines remains elusive. Voss,
Lango, Ernst-Russell, Morin, and Pessah (2004) determined by mass spectrometric analysis
seven hyperreactive RyR1 cysteines (Cys-1040, 1303, 2436, 2565, 2606, 2611, and 3635)
that were selectively labeled by 7-diethylamino-3-(4′-maleimidylphenyl)-4-
methylcoumarin(CPM) under conditions that favored channel closing. Petrotchenko et al.
(2006) identified by mass spectrometry one cysteine in RyR1 (Cys2327) that responded to a
change in glutathione redox state. Aracena-Parks et al. (2006) showed that nine RyR1
cysteines (Cys-36, 315, 811, 906, 1591, 2326, 2363, 3193, and 3635) are endogenously
modified and another three (Cys-253, 1040, and 1303) are modified by exogenous reactive
oxygen and nitrogen molecules.

B. Regulation of RyRs by Nitric Oxide and Related Molecules
Nitric oxide (NO) is a ubiquitous regulator of cellular function and physiological modulator
of cardiac and skeletal muscle excitation–contraction coupling. S-Nitrosylation of cardiac L-
type Ca2+ channel (Sun et al., 2006) and RyRs (see below) have been described.
Mammalian tissues express four isoforms of nitric oxide synthase: endothelial (eNOS),
neuronal (nNOS), inducible (iNOS), and mitochondrial (mNOS) forms. In normal skeletal
and cardiac muscle, the predominant isoforms, nNOS and eNOS, are targeted to the
sarcolemma via interaction with the dystrophin-associated glycoprotein complex (Brenman,
Chao, Xia, Aldape, & Bredt, 1995) and the caveolae structural protein caveolin-3 (Feron et
al., 1996), respectively. Immunoelectron microscopy showed nNOS labeling in isolated
cardiac SR vesicles, whereas no labeling was detected in skeletal muscle SR vesicles (Xu,
Huso, Dawson, Bredt, & Becker, 1999). This suggested that NO regulates cardiac function
by spatial confinement of nNOS and eNOS isoforms, S-nitrosylating RyR2 and
plasmalemmal L-type Ca2+ channel, respectively. Studies with eNOS−/− and nNOS−/− mice
support the idea that nNOS has a specific role in regulating SR Ca2+ release (Barouch et al.,
2002). Although both NOS−/− mice developed age-related hypertrophy, only eNOS−/− mice
were hypertensive. nNOS−/− mice exhibited a reduced ionotropic response, whereas
eNOS−/− mice had enhanced contractility due to increased SR Ca2+ release. iNOS is absent
or very low in normal heart but may increase in concentration, depending on the disease
state (Arstall, Sawyer, Fukazawa, & Kelly, 1999).

NO exerts its cellular effects via cGMP-dependent and -independent pathways (Stamler &
Hausladen, 1998). In the cGMP-dependent pathway, binding of NO to the heme group of
guanylate cyclase increases the production of intracellular cGMP and activation of cGMP-
dependent kinase, which was reported to phosphorylate RyR2 (Takasago et al., 1991). NO
operates independently of cGMP through S-nitrosylation of proteins, most often at a single
cysteine in acid–base or hydrophobic motifs (Hess, Matsumoto, Nudelman, & Stamler,
2001). Modification of RyR may involve other species, such as peroxynitrite (OONO−),
which is formed via a reaction of NO with superoxide. Peroxynitrite extensively oxidizes the
RyRs (Sun, Xu, Eu, Stamler, & Meissner, 2001; Xu, Eu, Meissner, & Stamler, 1998) and
has been implicated in myocardial injury and loss of RyR2 activity in the postischemic heart
(Tang et al., 2009; Wang & Zweier, 1996).

Both RyR1 (Eu et al., 2000) and RyR2 (Xu et al., 1998) are endogenously S-nitrosylated,
suggesting that NO is a physiological modulator of skeletal and cardiac muscle excitation–
contraction coupling. In in vitro studies, NO or NO-related species activated or inhibited
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RyRs depending on donor concentration, membrane potential, the presence of channel
agonists, and other sulfhydryl modifying reagents (Aghdasi, Reid, & Hamilton, 1997; Hart
& Dulhunty, 2000; Meszaros, Minarovic, & Zahradnikova, 1996; Suko, Drobny, &
Hellmann, 1999; Zahradnikova, Minarovic, Venema, & Meszaros, 1997). Low physiological
concentrations of NO S-nitrosylated and activated RyR1 at tissue pO2 (~10 mmHg) but not
in ambient air (pO2 ~ 150 mmHg) (Eu et al., 2000). Changes in oxygen tension oxidized/
reduced as many as six to eight thiols in each RyR1 subunit, which may explain the
responsiveness of RyR1 to NO at tissue pO2 but not ambient air. In intact muscle, NO
modulated the O2 tension dependence of SR Ca2+ release and contractility (Eu et al., 2003).
The results suggest that RyR1 is an O2 and NO sensing molecule, an idea questioned by
Cheong, Tumbev, Stoyanovsky, and Salama (2005). These investigators found that NO did
not activate RyR1 under a range of pO2. Like RyR1, RyR2 activity is dependent on pO2
(Sun et al., 2008). However, unlike RyR1, RyR2 was not effectively activated and S-
nitrosylated by NO. RyR2 was nonetheless modified and activated by S-nitrosoglutathione
(GSNO) and ONOO−.

3-Morpholinosydnonimine (SIN-1) (which generates peroxynitrite, ONOO−), NOC12
(which generates a variety of reactive nitrogen oxides), and GSNO activate RyR1
independently of oxygen tension. NOC-12 activated by S-nitrosylation (Sun, Xu, Eu,
Stamler, &Meissner, 2003), SIN-1 by oxidation of thiols (Sun, Xu, et al., 2001b), and
GSNO by S-nitrosylation/oxidation (Sun et al., 2003) and S-glutathionylation (Aracena,
Sanchez, Donoso, Hamilton, & Hidalgo, 2003). Peroxynitrite also modifies protein tyrosines
(Souza, Peluffo, & Radi, 2008). The isolation of 3-nitrotyrosine containing fragments from
type 2a Ca2+ ATPase (SERCA2a) and type 3 RyR (RyR3) isoforms in aging skeletal muscle
was reported (Kanski, Hong, & Schoneich, 2005).

Site-directed mutagenesis studies demonstrated that at physiological O2 concentrations, NO
specifically S-nitrosylated Cys3635 out of ~50 free cysteines/RyR1 subunit (Sun, Xin, Eu,
Stamler, & Meissner, 2001). Cys3635 is located in the CaM binding domain of RyR1
(Porter Moore, Zhang, & Hamilton, 1999; Yamaguchi, Xin, & Meissner, 2001), which
provides an explanation that NO transduces its functional effect only in the presence of
calmodulin. In contrast, activation of RyR1 by GSNO was independent of C3635 and
calmodulin. Likewise, the corresponding RyR2 cysteine (C3602) was not required for RyR2
activation by GSNO (Sun et al., 2008).

C. RyR Oxidation and S-Nitrosylation in Normal and Diseased Muscle
Given the large number of free thiols, it is not surprising that abnormal modulation of RyRs
by redox active molecules is implicated in muscle diseases. Durham et al. (2008) studied the
role of RyR1-Y522S mutation in a knockin mouse model. In humans, the mutation is
associated with malignant hyperthermia and a high incidence of central cores (Quane et al.,
1994). Heterozygous expression of RyR1-Y522S increased SR Ca2+ leak, which led to the
increased production of reactive nitrogen species. Increased S-nitrosylation of RyR1 further
enhanced SR Ca2+ leak and resulted in increased susceptibility to heat-induced death. In
fast-twitch fibers, the skeletal muscle-specific neuronal nitric oxide synthase (nNOSµ) is
localized to the sarcolemma via interaction with the dystrophin-associated glycoprotein
complex (Brenman et al., 1995). In mdx mice and in humans with Duchenne muscular
dystrophy (the most common form of muscular dystrophy) disruption of the dystrophin-
associated glycoprotein complex decreased the expression of nNOSµ. Despite a decreased
nNOSµ expression, RyR1 was hypernitrosylated in mdx mice (Bellinger et al., 2009). This
was due to increased expression and formation of a complex of inducible nitric oxide
synthase (iNOS) with RyR1. Increased S-nitrosylation of RyR1 correlated with dissociation
of FKBP12 from RyR1 and formation of leaky Ca2+ channels. S107, a compound previously
shown by the authors to enhance the binding affinity of FKBP to hyperphosphorylated RyRs
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(Bellinger et al., 2008), enhanced muscle performance by increasing FKBP binding affinity
to RyR1. SR Ca2+ leak and muscle damage were reduced. Interestingly, no increases in
PKA-mediated phosphorylation of RyR1 at Ser2843 were observed in mdx mice. Thus,
S107 may stabilize the FKBP–RyR1 complex under conditions where RyR1 is modified by
very different mechanisms.

Aberrant oxidation and S-nitrosylation of RyR2 have been implicated in ischemic and
failing hearts. Physical association of xanthine oxidoreductase (Khan et al., 2004) and nNOS
(Khan et al., 2004; Xu et al., 1999) suggests that RyR2 is subjected to modifications by NO
and superoxide (O2

•−) and their derivatives. NO can form HNO, an 1 electron reduction
product of NO, reacts with O2

•− to form peroxynitrite (OONO− ), and reacts with
glutathione to generate GSNO. All three products activate RyR2 (Cheong, Tumbev,
Abramson, Salama, & Stoyanovsky, 2005; Tocchetti et al., 2007; Xu et al., 1998). Adding to
the complexity of the potential regulation ofRyR2bymultiple oxygen and nitrogen reactive
species, a translocation of nNOS from the SR to the sarcolemmal caveolae was observed in
a rat model of heart failure (Bendall et al., 2004) and failing human hearts (Damy et al.,
2004). Displacement of nNOS from RyR2 removes inhibition of xanthine oxidoreductase by
NO, which can increase O2

•− production and oxidative stress in failing hearts.

In the ischemic heart, increased NO production was associated with reduced myocardial
contractility (Node et al., 1996; Zweier, Wang, & Kuppusamy, 1995). In the postischemic
heart during the early period of reflow, NO production increased and reacted with
superoxide to form peroxynitrite (OONO−), which caused amino acid nitration and cellular
injury (Wang & Zweier, 1996). Other studies have suggested that NO has a cardioprotective
role. Physiologically relevant concentrations of peroxynitrite protected against myocardial
reperfusion injury (Lefer et al., 1997). Cardiomyocyte-specific overexpression of eNOS
limited left ventricular dysfunction after myocardial infarction (Janssens et al., 2004).
Preconditioning and application of GSNO resulted in a similar pattern in protein S-
nitrosylation and cardiac protection against ischemia/reperfusion (Sun, Morgan, Shen,
Steenbergen, & Murphy, 2007). This suggested that S-nitrosylation of protein thiols protects
cells from further oxidative damage. Although it is likely that RyR2 is modified in the
ischemic/reperfused heart, the redox modifications that may occur are unclear.

Gonzalez, Beigi, Treuer, and Hare (2007) reported that diastolic Ca2+ levels increased in
nNOS−/− but not eNOS−/− mice. nNOS elimination was associated with decreased S-
nitrosylation, increased oxidation of RyR2 and SR Ca2+ leak, and arrhythmogenesis in
cardiomyocytes. FKBP12.6 binding and phosphorylation of RyR2 were not altered in
nNOS−/− mice. On the other hand, in hearts of mdx mice an increased S-nitrosylation and
partial dissociation of FKBP12.6 from RyR2 was associated with a diastolic Ca2+ leak and
arrhythmias (Fauconnier et al., 2010). S107 stabilized the RyR2/FKBP16.6 complex,
reduced the SR Ca2+ leak, and prevented arrhythmias in vivo, without affecting the S-
nitrosylation state of RyR2. The possibility of increased oxidation of RyR2 in mdx mice was
not described by Fauconnier et al. (2010) but may have contributed to the formation of the
SR Ca2+ leak, because treatment of cardiac and skeletal muscle SR membranes with the
sulfhydryl oxidizing agents, H2O2 and diamide, diminished FKBP12.6 binding
(Zissimopoulos, Docrat, & Lai, 2007). Consistent with this finding, Terentyev et al. (2008)
observed that oxidizing agents increased SR Ca2+ leak in cardiomyocytes from normal
hearts. In cardiomyocytes isolated from a chronic model of heart failure, reduced/oxidized
glutathione ratio was decreased. The reduced level of free RyR2 thiols and enhanced SR
Ca2+ leak were partially restored to normal levels by treating heart failure cardiomyocytes
with sulfhydryl reducing agents.
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V. CONCLUSIONS
Although recent work improved our understanding of the interaction of protein kinases and
redox active molecules with the RyRs, their mechanisms in modulating Ca2+ handling in
normal and dysfunctional muscle remain controversial. The third mammalian RyR isoform,
RyR3, contains putative phosphorylation and redox active sites; however, coexpression with
the other mammalian RyR isoforms has hindered establishment of a specific cellular role.
Importantly, progress has been made in the development of drugs that stabilize RyR activity
in dysfunctional muscle. However, their mechanism of action remains elusive. One major
limitation in studying the RyRs is that their solution structure has not been solved. Cellular
studies of protein kinases and redox active molecules are complicated by multiple
interactions of the RyRs and potential changes in additional signaling mechanisms and
transport proteins.
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