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Abstract Abnormal regulation of intracellular Ca* by sarcoplasmic reticulum plays
a part in the mechanism underlying contractile and relaxation dysfunction in heart
failure (HF). The protein-kinase-A-mediated hyperphosphorylation of ryanodine
receptors in the sarcoplasmic reticulum has been shown to cause the dissociation of
FKBP12.6 (also known as calstabin-2) from ryanodine receptors in HF. In addition,
several disease-linked mutations in the ryanodine receptors have been reported in
patients with catecholaminergic polymorphic ventricular tachycardia or arrhy-
thmogenic right ventricular cardiomyopathy type2. The unique distribution of these
mutation sites has led to the concept that the interaction among the putative regula-
tory domains within the ryanodine receptors has a key role in regulating channel
opening. The knowledge gained from various studies of ryanodine receptors under
pathologic conditions might lead to the development of new pharmacological or
genetic strategies for the treatment of HF or cardiac arrhythmia. In this review, we
focus on the role of the Ca*-release channel, the ryanodine receptor, in the pathogene-
sis of HF and fatal arrhythmia, and the possibility of developing new therapeutic

strategies by targeting this receptor.
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Introduction

Regardless of the initial cause of myocar-
dial damage — for example, hypertension,
myocardial ischemia or cardiomyopathy —
heart failure (HF) eventually occurs in paral-
lel with the activation of neurohumoral fac-
tors if the damage persists for a long period
of time."” A substantial amount of evidence
suggests that the abnormal regulation of
intracellular Ca* by the sarcoplasmic reticu-
lum plays a key part in the development of
HF.” In many cases, altered Ca* cycling
causatively affects the depression of mechani-
cal performance and, consequently, improve-
ment of Ca* cycling has potential as a new
therapeutic strategy against HF.?” In this
review, we focus on the role of the Ca*-release

channel, referred to as the ryanodine receptor
(RyR), in the pathogenesis of HF and fatal
arrhythmia, and on the possibility of develop-
ing a new therapeutic strategy by targeting
this receptor.

Concept of intramolecular domain unzipping

Missense mutations in the homologous
RyR1 channel gene that have been linked to
diseases of the skeletal muscle, including ma-
lignant hyperthermia (MH) and central core
disease (CCD), cluster into three well-known
regions of the RyR1 channel that correspond
to the mutable regions of the RyR2 channel
seen in patients with (Arrhythmogenic right
ventricular cardiomyopathy (ARVC) or
(Catecholaminergic polymorphic ventricular
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tachycardia (CPVT ).

Under experimental conditions, MH mu-
tant RyR1 channels display a phenotype simi-
lar to CPVT mutations in RyR2, hyperactiv-
ity under resting conditions, and Ca* leak
from the SR into the cytoplasm. Ikemoto and
colleagues have proposed that N-terminal and
central domains in RyR1 contribute to the
conformational stabilization of the closed
state of the channel via zipped interaction of
these two domains.”®

More simply put, they predict that se-
quences of the channel that are not adjacent
to one another in the linear peptide sequence
can interact once the channel is folded into its
3-dimensional structure. Furthermore, Ike-
moto and colleagues have proposed that chan-
nel opening during excitation-contraction
coupling requires domain unzipping to reduce
the conformational energy constraints neces-
sary to induce the open state.”® According
to the domain-zipping model, MH-associated
mutations occurring in either the N-terminal
or central domains of RyR1 reduce the affin-
1ty of the zipper domains, resulting in leaky
channels.

Defective intermolecular domain interactions
in the cardiac RyR2 isoform and correlation
with structural studies

Because skeletal RyR1 and cardiac RyR2
are 66% homologous at the protein level, it
was proposed that domain unzipping may
also occur in the cardiac Ca* -release channel
RyR2. We have designed a synthetic peptide
(DPc10), corresponding to Gly2460-Pro2495 of
RyR2. Binding of the peptide DPcl0 to the
hypothetical N-terminal zipper domain of Ry
R2 was found to increase sensitivity to Ca*
-dependent channel activation and diastolic
SR Ca* leak to levels observed in failing
hearts. In contrast, introduction of the
CPVT-associated RyR2 mutation Arg2474Ser
into DPcl0 (DPcl0-mut) abolished these ef-
fects indirectly, suggesting that the DPcl0-
mut peptide, which was not able to interfere
with the interdomain interaction or to pro-
duce domain unzipping effects, may mimic
effects of the identical CPVT mutation in the
RyR2 channel. To further test the hypothesis
that DPc10 produces unzipping of interacting

N-terminal and central domains in RyR2,
RyR2 was fluorescently labeled with MCA
using DPc10 as a site-directing carrier.
Site-specific antibody labeling of calpain-
digested RyR2 fragments revealed that MCA
fluorescence bound to the N-terminal 120 kDa
of RyR2. These data support the idea that the
N-terminal and central domains of RyR2
interact with each other. Interestingly, the
clamp structure containing the N-terminus
projection was shown to undergo conforma-
tional changes corresponding to channel
opening and closing”® and appears to be
localized near the FKBP12 binding region.?
Because others group have shown that
FKBP12 binds to the central domain of the
full-length RyR1 involving the critical amino
acid Val2461 corresponding to Ile2427 in the
cardiac RyR2,'”" the structural and experi-
mental data provide further support for the
concept of N-terminal and central domain
interaction. Because of the high degree of
sequence identity, it is likely that RyR1
intradomain mechanisms and interactions
with FKBP12 (calstabinl) similarly apply to
the cardiac RyR2 and FKBP12.6. Further
support for the hypothesis of inter-domain
interaction between N-terminal and central
domains within RyR2 was obtained by chemi-
cal quenching assay using the bulky fluores-
cence quencher QSY-BSA. The rationale of
peptide targeting of the MCA fluorescent
probe to the N-terminus of RyR2 was used in
combination with the large fluorescence
quencher to monitor accessibility of unzipped
domain configurations. Quenching extent of
MCA fluorescence by large chemical quencher
QSY-BSA was considerably increased after
treatment with DPcl0 or cAMP (which in-
creases PKA phosphorylation of RyR2 at
Ser2809)."”” Accessibility of the QSY-BSA
quencher was also significantly increased in
SR preparations from failing hearts, which
indicates domain unzipping of the regulatory
domains resulting from PKA hyper-
phosphorylation of RyR2."” Under physio-
logical conditions, stress or exercise result in
transiently increased PKA phosphorylation
of RyR2 at Ser2809, which transiently de-
creases the binding affinity of FKBP12.6
(calstabin2) to RyR2 and increases Ca® -
dependent activation of the channel.””™"
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Thus, after PKA phosphorylation of RyR2,
there is increased SR Ca” release for any
given trigger [Ca® ]i."”"” On the other hand,
chronic PKA hyperphosphorylation of RyR2
in HF results in incomplete channel closure
during diastole, which causes depletion of
the SR Ca* store and reduced systolic Ca*
release.”''” Experiments with the QSY-BSA
fluorescence quencher revealed that DPcl0-
induced domain unzipping does not induce
calstabin2 dissociation by itself. Rather,
These data suggest that domain unzipping
may facilitate PKA phosphorylation of RyR2
and hence may enhance calstabin2 dissocia-
tion in response to PKA phosphorylation of
RyR2. Peptide-induced domain unzipping
would increase the accessibility of the PKA
catalytic subunit (which is bound to RyR2 via
the targeting protein mAKAP) to the PKA
phosphorylation site Ser2809 on RyR2." Al-
ternatively, under physiological conditions
PKA phosphorylation may be expected to
induce conformational changes in RyR2 con-
sistent with domain unzipping. Determina-
tion of the exact role of domain unzipping in
the gating mechanism and regulation of
RyR2 will require further studies. Such stud-
les may also reveal how conformational
changes in RyR2 resulting from PKA
phosphorylation and domain unzipping re-
duce FKBP12.6 binding affinity to the chan-
nel complex.

Leaky RyR2 channels as a therapeutic target
for heart failure

This study provides additional confirma-
tion that abnormal RyR2 channel function in
failing hearts is caused by PKAhyper-
phosphorylation of the channel, followed by
dissociation of FKBP12.6 from RyR2. More
importantly, domain unzipping was found to
be a source mechanism of RyR2 channel dys-
function in HF. In our study, JTV519 inhib-
ited both the FK506-induced Ca* leak from
the RyR2 in normal sarcoplasmic reticulum
and the spontaneous Ca* leak in failing
sarcoplasmic reticulum isolated from a pac-
ing induced dog HF model. No abnormal C
a” leak was noted in the sarcoplasmic reticu-
lar vesicles isolated from JTV519-treated
hearts; the amount of the RyR2-bound

FKBP12.6 was restored to a normal level. In
JTV519-untreated hearts, the RyR2 was
PKA-hyperphosphorylated, whereas the op-
posite was seen in JTV519-treated hearts, in
which the channel phosphorylation was re-
turned to levels similar to those seen in nor-
mal hearts. We reported that JTV519 re-
stored the zipped state of interactions be-
tween domains within RyR2, which prevented
Ca” leak from occurring in failing
sarcoplasmic reticulum isolated from a pac-
ing-induced dog HF model."” These beneficial
effects of JTVH19 were not mediated by re-
binding of (RyR-unbound) FKBP12.6."” This
finding suggests that the primary mecha-
nism of pharmacological action of JTV519 is
to stabilize the interactions between domains
and, in turn, prevent FKBP12.6 dissociation
and Ca™ leak (Fig. 1). Further study is clearly
needed to find out whether JTV519 is still
effective for modulation of RyR2 channel
gating in FKBP12.6-depleted (by PKA-
phosphorylation or FKb06) RyR2. Overall,
although uncertainty still exists about the
mechanism by which JTV519 stabilizes RyR2
channel gating in failing hearts, the above
data suggest that stabilization of the RyR2
represents a new molecular target for the
treatment or prevention of exercise-induced
arrhythmias and sudden death in patients
with catecholaminergic polymorphic ventricu-
lar tachycardia mutations and HF.
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Schematic diagram of domain-domain interaction within the ryanodine
receptor as a new therapeutic target. The N-terminal and central domain
interact with each other to function as a regulatory switch for channel
gating, with a tight zipping of the interacting domains serving to stabilize
the channel. A mutation in either domain weakens the interdomain interac-
tion (unzipping), which causes activation and leakiness of the calcium ion
channel. Synthetic domain peptides corresponding to key subdomains of the
ryanodine receptor 2 are capable of mimicking diseased conditions of the
ryanodine receptor 2 channel by interfering with the interactions between
domains. The new 1,4-benzothiazepin derivative, JTV519, directly restores
the zipped state of the interdomain interaction within the ryanodine recep-
tor 2, in turn stabilizing the channel gating. ARVD, arrhythmogenic right
ventricular cardiomyopathy type 2; CPVT, catecholaminergic polymorphic
ventricular tachycardia.
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