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Abstract Ryanodine receptor calcium release channels (RyRs) play central roles
in controlling intracellular calcium concentrations in excitable and non-excitable
cells. RyRs are located in the sarcoplasmic or endoplasmic reticulum, intracellular
Ca’t storage compartment, and release Ca>* during cellular action potentials or
in response to other cellular stimuli. Mammalian cells express three structurally
related isoforms of RyR. RyR1 and RyR2 are the major RyR isoforms in skeletal and
cardiac muscle, respectively, and RyR3 is expressed in various tissues along with the
other two isoforms. A prominent feature of RyRs is that the Ca?* release channel
activities of RyRs are regulated by calcium ions; therefore, intracellular Ca®*
release controls positive- and negative-feedback phenomena through the RyRs. RyR
channel activities are also regulated by Ca2T indirectly, i.e. through Ca?* binding
proteins at both cytosolic and sarco/endoplasmic reticulum luminal sides. Here, I
summarize Ca2"-dependent feedback regulation of RyRs including recent progress
in the structure/function aspects.

Keywords Ryanodine receptor - Excitation-contraction coupling - Calcium
release channel - Intracellular calcium - Calmodulin

Transient increase of intracellular Ca>* concentration plays a pivotal role in numer-
ous cell functions, including muscle contraction, neuronal plasticity, and immune
responses. Multiple sources of Ca’* are involved in this signaling, including Ca>*
influx from the extracellular spaces and Ca”* release from intracellular Ca®* stores:
the endo/sarcoplasmic reticulum (ER/SR), nuclear envelope, and mitochondria
[1-3]. Ryanodine receptors (RyRs) are Ca®* release channels located in the ER/SR
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Fig. 13.1 A schematic of the RyR Ca2* release channel regulation by Ca?*. RyRs have been
suggested to possess at least three Ca>T regulatory sites; cytoplasmic high affinity activation (A)
and low affinity inhibition (I) sites, and luminal regulatory (L) site. Mg?* inhibits RyRs by binding
to A or I sites. Calcium ions passing through the RyR from ER/SR lumen to the cytoplasm are
considered to bind to RyR-A and I sites and cytoplasmic accessory proteins, CaM and S100A1.
The low affinity luminal Ca2* binding protein, CSQ, forms a macromolecular complex via its
interaction with RyR accessory proteins, triadin (TRD) and junctin (JTN). CSQ may also bind to
RyR directly

and play a primary role in Ca>* release from SR during skeletal and cardiac muscle
contraction [4-6]. Additionally, RyRs play an important role in smooth muscle,
neurons, and other cell types by co-existing with another family of Ca’>* release
channels called inositol-trisphosphate receptors [3]. RyRs release Ca>* from the
ER/SR and are regulated by Ca®T [4-6], suggesting that RyRs have a self-regulatory
mechanism controlled by Ca?*, i.e. RyR-released Ca’>* regulates the same or
neighboring RyRs. This chapter focuses on the structure-function aspect of RyR
regulation by Ca>* and Ca®* binding proteins such as calmodulin and calsequestrin
(Fig. 13.1).

13.1 Molecular Structure of RyRs

In striated muscle, RyRs are localized in the junctional SR membrane in close
proximity to transverse (T)-tubule membranes, invaginations of the plasma mem-
brane into the myofibrils. In skeletal muscle the SR is typically on both sides of
the T-tubule (triad), while in cardiomyocytes, the SR is only on one side of the
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T-tubule (dyad). In both triadic and dyadic junctions, electron microscopy shows
foot structures spanning between the SR and T-tubule [4]. Molecular identification
of RyRs was first performed with rabbit fast twitch skeletal muscle using ryanodine,
a specific ligand of RyRs. Isolated RyRs are homotetramers of a ~500 kDa
polypeptide. Morphological analysis of the reconstituted purified proteins identified
RyRs as the foot structures [7—10]. Molecular cloning of RyRs showed that
mammals express three different RyR isoforms [11-16]. Skeletal muscle expresses
primarily RyR1. The dominant RyR isoform in cardiac muscle is RyR2. RyR3 was
initially identified in the brain; however, the brain expresses all three RyR isoforms.
Although expression patterns depend on the locations in the brain, in general, RyR2
is widely dispersed over the whole brain [17]. RyR3 is also expressed together with
RyR1 in the diaphragm and slow twitch muscle [18, 19], thus functional character-
ization of RyR1 is mainly performed with fast twitch muscle. In amphibians and
avian skeletal muscle, two RyR isoforms, aRyR and BRyR, are recognized and
correspond to the mammalian RyR1 and RyR3, respectively [20-22].

All three isoforms of RyR have a large cytoplasmic domain, which possesses
multiple regulatory sites for channel activity. The carboxyl-terminal end of the RyR
spans the SR membrane six times, in which a pore helix and the transmembrane
segment form the channel pore [23-27]. RyRs are activated by micromolar Ca>*
and adenine nucleotide, and are inhibited by millimolar Ca’>T and Mgt [4-6]. A
number of proteins have been found to interact with RyRs and regulate their channel
activity. These include triadin, junctin, FK506-binding proteins, protein kinases and
phosphatases, and Ca>* binding proteins such as calmodulin and SI00A 1. Recently,
cryo-electron microscopy and 3D image reconstruction of the purified full-length
RyRs and crystal structural analysis of truncated recombinant RyRs have detailed
the structures of RyR1 and RyR2 at near atomic resolution [24-30].

13.2 Activation by Cytoplasmic Ca?*

Skeletal and cardiac muscle contractions are triggered by SR Ca** release mediated
by RyR1 and RyR2. Two different mechanisms are now recognized to open RyRs.
In skeletal muscle, direct interaction between RyR1 and the T-tubule voltage sensor,
also recognized as the DHP receptor L-type Ca** channel (Cavl.1), opens RyR1
during skeletal action potential (voltage-induced Ca** release) [31]. Alternatively,
in cardiac muscle, small Ca2" influx through the cardiac L-type Ca** channel
(Cavl.2) increases intracellular Ca2*, and at ~micromolar concentrations opens
RyR2 by means of Ca>*-induced Ca®* release (CICR) [32]. The CICR mechanism
was initially recognized in skeletal muscle contraction [33, 34]; however, elimina-
tion of Ca** from the extracellular space or blocking Ca®* influx through Cavl.1
did not abolish voltage-dependent intracellular Ca?* transients [35, 36]. Thus,
CICR in skeletal muscle (RyR1) is not considered a trigger for muscle contraction.
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Furthermore, slower kinetics of CICR in contrast to the rapid Ca?* release in
skeletal muscle also supported the idea that CICR is not a physiological trigger
for skeletal muscle contraction [37]. However, CICR may play a role in amplifying
Ca’* signaling by activating RyR1s which do not couple with DHP receptors or
the small population of RyR3s [38]. Calcium-dependent activation of RyR1 can be
altered by RyR1 missense mutations associated with skeletal myopathies such as
malignant hyperthermia, thus, CICR may impact these pathologies [37, 39]. Ca>*-
dependent activation of RyRs has been well characterized using isolated membrane
fractions, intact cells and muscle fibers, purified RyR proteins, and recombinant
RyRs by several different methods including muscle tension measurements, Ca>*
flux measurements using Ca®* indicator dyes or radioactive **Ca®*, single channel
recordings, and specific ligand ([*H]ryanodine) binding assays [37, 40, 41]. All
three mammalian RyR isoforms are activated by ~0.5-5 uM Ca’** depending
on assay conditions. Several potential Ca>* binding sites were initially identified
using truncated RyR1 proteins and Ca®*t overlays [42—44]. Subsequently, site-
directed mutagenesis showed that E3987 in RyR2 (E4032 in RyR1) was critical for
Ca®t-dependent activation of RyRs [45, 46]. The mutant RyRs showed impaired
Ca®* dependent activation in single channel recordings and [*H]ryanodine binding
assay. E4032A-RyR 1 expressing myotubes were impaired in caffeine-induced Ca®*
release, but the aberrant function was restored in the presence of ryanodine [47].
Recently, near-atomic level cryo-electron microscopy analysis of RyR1 (~4 A
resolution) determined the open and closed state conformations of RyR1 [30].
The structure of RyR1 with 30 WM Ca**t, which is optimal for RyR activation,
identified a new Ca?*t binding site in RyR1. The Ca** binding site is formed by 3
essential amino acids, E3893, E3967, and T5001, together with two auxiliary amino
acids, H3895 and Q3970, for secondary coordination of the Ca?t sphere [30]. In
this structural model, E4032 is distal from the bound calcium ion, but forms an
interface with carboxyl terminal tail where T5001 locates. This suggests that E4032
contribute to stabilize the conformation of Ca** bound RyR1 [30]. Murayama
and colleagues introduced point mutations on RyR2 amino acids corresponding to
the RyR1 E3893, E3967, and Q3970, and found that the mutations altered Ca?*t-
dependent activation of RyR2 [48]. These functional results support the idea that
the identified Ca>* binding site serves as a functional Ca2T regulatory site. Further
detail analysis including assessments of other amino acids combined in the presence
of other channel agonists and antagonists will further advance structure and function
relationship of Ca®*-dependent activation of RyRs. Another ~6 A resolution cryo-
electron micrograph of RyR 1 suggested that 10 mM Ca?* changed the conformation
of the EF hand-type Ca** binding domain of RyR 1; therefore, it was proposed as a
Ca®* activation site [24]. However, studies with recombinant proteins including the
EF hand domain showed Ca%+ affinity was >60 uM [49, 50], which is much higher
than the RyR-activating Ca** concentration. Also, functional study scrambling of
the EF hand sequence in RyR1 and deletion of the entire EF hand in RyR2 did
not affect the Ca?t activation of RyRs [51, 52]. Considering that the structural
analysis was determined with 10 mM Ca®*, the EF hand site is likely to be a Ca®*
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inactivation site [53]. We also found that the EF hand domain contributes to the
isoform-specific regulation of RyRs by calmodulin (see below) [54].
Ca’*-dependent activation of RyR1 and RyR2 are similar in single chan-
nel recordings and flux measurements in the SR vesicles; however, Ogawa and
colleagues pointed out that RyR2 in rat ventricular SR or as a recombinant
form exhibited a suppressed activity at 10-100 uM Ca®* using [*H]ryanodine
equilibrium binding assay [55]. Similar suppressed RyR2 activities were observed
in our own study with rabbit recombinant RyR2 using the same technique [56].
Surprisingly, this suppressed activity was restored by ~1 mM Mgt [55], which
is usually considered to be an inhibitor of RyR channel activity by competing off
Ca’t at the Ca’* activation site or binding to the Ca’* inhibitory site [40, 57].
RyR2 in the rabbit ventricular SR showed this suppression only when AMP or
caffeine, RyR activators, were added, suggesting that the suppressed effects depend
on the type of RyR2 sample. One possibility for this mechanism is therefore that
regulatory factors were removed during the sample preparations. Another possible
explanation is that the RyR2 conformation is not very stable under long time
(>8 h) equilibrium conditions in the [*H]ryanodine binding assays. We found that
replacement of the RyR1-EF hand domain with corresponding RyR2 sequence or
the introduction of point mutations in the cytoplasmic loop between the second and
the third transmembrane segments (S2-S3 loop) of RyR1 resulted in suppressed
activity at 10-100 M Ca?* [53, 58]. The results suggested that the EF hand and
S2-S3 cytoplasmic loop of RyRs are involved in the conformational stability and
Ca’*-dependent regulation (activation/inhibition) of RyR channels.

13.3 Inhibition by Cytoplasmic Ca?*

While RyRs are activated by micromolar cytosolic Ca**, higher concentrations of
Ca®* (>1 mM) inhibit RyR channel activities. Thus, RyRs have a high affinity Ca®*
activation site and a low affinity Ca?* inactivation site (A and I sites, respectively in
Fig. 13.1). These sites are also implicated in Mg?* inhibition, namely submillimolar
Mg?t competes with activating Ca®t at A site and millimolar Mg+ binds to
the I site for inhibitory effect [57, 59]. Although the physiological significance
of RyR inactivation by millimolar levels of Ca** has been questioned, local rise
of cytosolic Ca** around the RyRs may be sufficient to inhibit RyR channel
activity. Single channel recording showed that Ca?>* flux from the lumen to the
cytosolic side resulted in a decrease of open probability of both the RyR1 and
RyR2 channel, supporting Ca>*-dependent inactivation of RyRs by the released
Ca?t in intact tissues [60, 61]. All three mammalian isoforms of RyR are inhibited
by high concentrations of Ca®*; however, affinity for inhibitory Ca** in RyR1
is 5-10 times higher than those in RyR2 and RyR3 [6, 53, 62]. Deletion of
52 amino acids including a large cluster (42 amino acids) of negatively charged
amino acids in RyR1 resulted in a threefold decrease in Ca>* inactivation affinity
[63]; yet, this change in the local electrostatics property may have caused a large
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Fig. 13.2 High resolution cryo-electron microscopy structure of RyR1. The closed state
of RyR1 (Protein Data Bank Accession 5TBO [30]) is presented by UCSF Chimera program
(https://www.cgl.ucsf.edu/chimera/) [121]. (Left panel) Structure of tetrameric RyR1. TM denotes
transmembrane region. (Right panel) Enlargement of region marked with red circle in left panel.
The EF hand domain (red) is shown to be adjacent to the S2-S3 loop (blue) in the neighboring
subunit [25]. In this structure, Gly4733 and neighboring amino acids are located in close proximity
to the EF hand domain, and point mutations on these amino acid residues altered Ca®*-dependent
inactivation of RyR1 [58]. Thus, the S2-S3 loop of RyR may transduce its Ca®"-dependent
inhibitory signal through the EF hand domain. Note that the S2 transmembrane (green) has also
been shown to be involved in Ca?t-dependent inactivation of RyRs [53]

conformational change. Construction and characterization of RyR1/RyR2 chimeras
highlighted differences of Ca>T -inactivation affinity between the two RyR isoforms.
Chimeric RyRs showed that RyR isoform specific Ca>* inactivation depends on the
sequence of the carboxyl-terminal quarter (~1000 amino acids) [62, 64, 65]. Further
characterization suggested that the second transmembrane segment (S2) and EF
hand type Ca>* binding motifs are involved in the isoform-specific Ca>*-dependent
inactivation of RyRs [53]. In agreement with these observations, scrambling one
EF hand sequence (EF1) in RyR1 resulted in a twofold reduction in the affinity of
Ca’*-dependent inhibition [51]. In near-atomic level cryo-electron microscopy, the
EF hand domain and S2-S3 cytoplasmic loop are in close proximity [25]. In another
structural model, 10 mM Ca?* changed the conformation of the EF hand domain
[24]. Site-directed mutagenesis of the S2-S3 loop of RyR1 impaired the affinity for
Ca’*-dependent inactivation, and resulted in RyR2-type Ca’>*-dependent activity
profiles [58]. Considering the Ca®* affinity of the recombinant EF hand domain
(60 pM-4 mM) [49, 50], the Ca®t inactivation site of the RyR is the EF hand
motif. One possible mechanism is that the S2-S3 loop transduces the signal of
Ca’* binding to the EF hand domain to the channel pore region including S2
[58]. It should be noted that a point mutation in G4733 of RyR1, which is in
close proximity to the EF hand domain (Fig. 13.2), significantly suppressed Ca>*-
dependent inactivation [58].
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13.4 Regulation by Luminal Ca*

RyRs could also be regulated by SR luminal Ca>*, as during Ca’* release the
junctional SR Ca’* concentration drastically drops. This suggests that RyR channel
gating can be regulated directly by luminal Ca’>*; e.g. SR Ca’* filling status
regulates RyR channel opening and closing. It is known that the SR Ca’* store
with a certain level of Ca?t exhibits spontancous Ca’" release in mammalian
cardiac muscle cells [66, 67]. Chen and colleagues found that the store overload-
induced Ca®>* release (SOICR) was observed in heterologous cells expressing
recombinant RyR channels; therefore, it is likely an intrinsic property of RyRs.
[68]. SOICR mechanisms were implicated in the aberrant Ca’* signaling found in
RyR mutation-related skeletal and cardiac muscle diseases [68—70]. The muscular
disease-associated RyR mutations reduce the threshold for SOICR; therefore,
spontaneous Ca’* release (Ca>* spills) occurs when the SR Ca?* store loading is
increased by the triggers of pathologies such as catecholamine release. The luminal
Ca’*-sensing gate of RyRs was investigated by site-directed mutagenesis, revealing
that E4872 on the inner pore helix (S6 transmembrane segment) of RyR2 is essential
for luminal Ca%t activation of RyR2 and SOICR [71]. Knock-in mice harboring the
E4872Q-RyR2 mutation were resistant to Ca>t-dependent ventricular tachycardia,
suggesting that SOICR is a critical mechanism for arrhythmogenesis [71].

It also should be noted that luminal Ca’t can also access cytosolic Ca’**
activation and inactivation sites [60, 61] (Fig. 13.1). In single channel measurements
of RyR1 and RyR2, luminal Ca>* passed through RyRs to the cytosolic side
in conjunction with potassium ions under a voltage gradient, and activated and
inhibited the same RyR channels depending on luminal Ca>* concentration [60, 61],
which suggests that during excitation-contraction coupling, local cytoplasmic Ca>*
concentrations can reach millimolar levels and are sufficient for Ca’T-dependent
inactivation of RyRs.

13.5 Regulation by Calmodulin and S100A1

Calmodulin (CaM) is a 16.7-kDa protein that possesses 2 EF hand-type Ca>*
binding sites on both the amino and carboxyl-terminal. Thus, CaM works as a Ca>*
sensing subunit of multiple ion channels [72]. CaM modifies RyR channel function
independently from regulation by Ca>*; therefore, RyRs have “dual” cytosolic Ca>*
dependent regulatory mechanisms (direct and indirect). RyRs are regulated by not
only the Ca>* bound form of CaM, but also by CaM at cellular resting Ca>*
concentrations (~0.1 uM). Ca*t bound CaM inhibits all three mammalian isoforms
of RyR, while CaM activates RyR1 and RyR3 and inhibits RyR2 at submicromolar
Ca”* concentrations [73—77], suggesting that CaM constitutively binds to RyRs
to regulate their channel activities by sensing cytoplasmic Ca>* concentrations. In
vitro experiments also showed that CaM regulation of the RyR depends on redox
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state. Affinities for CaM regulation of RyR channel activity at the oxidized condition
are 2-20 fold lower than at the reduced condition [77, 78]. The results are consistent
with observations that CaM is dissociated from RyR2, resulting in a Ca>* leak from
SR in failing hearts [79], in which the redox balance possibly shifts to the more
oxidized condition [80, 81].

Purified RyR1 and RyR2 as well as the recombinant RyR3 bind 4 CaM per
tetrameric RyR, i.e. one RyR subunit binds one CaM [56, 77, 78, 82]. The CaM
binding and regulatory domain was identified by trypsin digestion, binding of
synthetic RyR1 peptides, and site directed mutagenesis of RyR1 amino acids 3614—
3643 [82-84]. This domain was confirmed to be conserved in RyR2 and RyR3 by
site-directed mutagenesis [56, 78]. Crystal structure analysis of a synthetic RyR1
peptide (amino acids 3614-3643) and CaM complex revealed that the carboxyl-
terminal lobe of CaM binds to the peptide, while the amino-terminal lobe binds
with low affinity or is free [85], which may explain that multiple RyR domain
peptides or fusion proteins can bind to CaM [44, 86—88]. Point mutations in RyR1
3614-3643 or the corresponding RyR2 and RyR3 domains eliminated CaM binding
and regulation of channel activities [56, 78, 82, 89]; thus, this conserved domain
likely plays a primary role for CaM-dependent regulation. Although the primary
CaM regulatory domain is well conserved, RyR isoform-specific CaM regulation
at submicromolar (cellular resting level) Ca’t concentrations, namely activation
of RyR1 and RyR3 versus inhibition of RyR2, was investigated using RyR1/RyR2
chimera channels. Replacing the flanking regions of the RyR2 CaM binding domain
with the RyR 1 sequence abolished CaM regulation of RyR2 at submicromolar Ca>*
concentrations [90]. More recently, the EF hand domain and large N-terminal region
were shown to be important for isoform-specific CaM regulation of RyRs [54].
These domains possibly mediate long-range interaction between the CaM binding
domain and the functional effects on the channel, as the CaM binding domain is
~10 nm apart from the RyR channel pore region in cryo-electron micrographs [91].

In vivo significance of CaM regulation of RyR1 and RyR2 was studied
with genetically modified mice. Knock-in mice carrying point mutations in the
RyR2 CaM regulatory domain (W3587A/L3591D/F3603A: ADA mutations)
were impaired in CaM binding and regulation of cardiac RyR2 [89]. The mice
showed rapidly developing cardiac hypertrophy and died 2-3 weeks after birth.
Cardiomyocytes isolated from the mutant mouse hearts exhibited long durations of
the spontaneous Ca>* transients or Ca>* sparks, indicating that CaM inhibition of
RyR2 contributes to the termination of SR Ca’* release, which is important for heart
physiology and growth [89, 92]. The knock-in ADA mice were impaired in CaM
regulation of RyR2 at both diastolic (submicromolar) and systolic (micromolar)
Ca®™ concentrations, while knock-in mice with a single mutation (L3591D), were
only impaired in CaM regulation of RyR2 during diastole and showed more modest
levels of cardiac hypertrophy, suggesting that CaM regulation of RyR2 at systolic
Ca”t levels plays a major role in vivo [93]. The corresponding RyR1 mutation
(RyR1-L3624D) attenuated both CaM activation and inhibition at submicromolar
and micromolar Ca?T concentrations [82]. However, knock-in mice carrying RyR1-
L3624D showed only modest effects on skeletal muscle excitation-contraction
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coupling without lethality, suggesting that CaM regulation of RyR1 plays a minor
role in skeletal physiology [94]. More recently, missense mutations in calmodulin
genes were identified in patients with catecholaminergic polymorphic ventricular
tachycardia (CPVT) [95], in which CaM mutations likely alter RyR2 regulation
[96-98]. Thus, the CaM-RyR2 interaction can be a good therapeutic target for the
cardiac pathologies [99].

S100A1, another EF hand type Ca®>* binding protein, is also expressed in
skeletal and cardiac muscle and regulates intracellular Ca®* signaling by interacting
with multiple Ca?* handling proteins including RyRs [100-103]. Competitive
binding experiments showed that SI00A1 shares a common binding site on RyR1
with CaM [104, 105]. Consistently, the L3624D-RyR1 mutation impaired both
CaM and S100A1 activation of RyR1 at submicromolar Ca>t concentrations in
single channel recordings [94]. On the other hand, the corresponding L3591D-
RyR2 mutation abolished CaM regulation only at submicromolar Ca>* level, while
S100A1 regulation of the mutant RyR2 was impaired at both submicromolar and
micromollar Ca?* concentrations [93]. The mutations and functional experiments
suggested that SIO0A 1 and CaM do not share exactly the same binding site in RyR2.
Recent FRET experiments also showed that SI00A1 interacts allosterically with the
CaM binding site in RyR1 and RyR2 rather than through direct binding [106].

13.6 Regulation by Calsequestrin

On the SR luminal side, the low affinity but high capacity Ca?* binding protein,
calsequestrin (CSQ), localizes to the junctional SR [107, 108]. RyR-associated
proteins, triadin and junctin appear to anchor CSQ to the junctional SR through
charge interactions [109-111] (Fig. 13.1). In addition, it was recently shown that
cardiac CSQ could also directly bind to the luminal side of RyR2 [112]. Two
isoforms, CSQ1 and CSQ2, are dominantly expressed in skeletal and cardiac
muscle, respectively. Direct regulation of RyR channel activities by CSQ have been
investigated by planar bilayer single channel recordings, where luminal conditions
can be controlled. CSQ regulates the RyR channel in a luminal Ca** concentration
dependent manner. With high luminal Ca?* concentrations, CSQ was dissociated
from the RyR accessory proteins, triadin and junctin, while CSQ inhibited the
RyR channel through the accessory proteins at the intermediate Ca>t concentration
[113-115].

Gene knockout of the CSQ in mice demonstrated both its physiological and
pathological significance. CSQ1 (Casql) knockout mice were viable and fertile;
however, modest structural and functional changes were observed in the fast twitch
skeletal muscle. Ablation of CSQ1 resulted in slightly slower force development and
relaxation of the fast twitch muscle. Structural analysis showed that CSQ1 knockout
muscle exhibited low SR volume and high mitochondria density, suggesting that
CSQI is important for muscle development [116]. CSQ2 has been implicated in
cardiac pathology. Missense mutations in human CASQ?2 gene, resulting in gene
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knockout or single amino acid substitutions, were found in patients afflicted with
catecholaminergic polymorphic ventricular tachycardia [117, 118]. Both mouse
models exhibited arrhythmogenesis under the stress conditions of exercise or
catecholamine infusion [119, 120]. Consistently, intracellular Ca?t handling was
altered by catecholamine in mutant cardiomyocytes isolated from mouse hearts.
These results indicate that CSQ2 regulation of SR Ca>* and RyR2 channels is
pathologically important.

13.7 Closing Remarks

Almost 50 years have passed since Ca>*-induced Ca>™ release, that we now know
is associated with Ca>*-dependent activation of RyR, was first reported [33, 34].
In the last 20 years molecular biology and genetic techniques greatly advanced
our understanding of the structure/function relationship of RyR channel regulation
by small molecules and proteins. More recently, high resolution three dimensional
structural analyses have revealed the detailed protein conformations of the RyR
channel complexes under different conditions corresponding to the open/closed
channels [24-27, 30]. Combining these approaches and using computational mod-
eling will provide more detailed molecular insights into RyR regulation by Ca>*
and Ca®* binding proteins at near atomic levels.
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