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Aims Calmodulin (CaM) is well known to modulate the channel function of the cardiac ryanodine receptor (RyR2).
However, the possible role of CaM on the aberrant Ca2+ release in diseased hearts remains unclear. In this
study, we investigated the state of RyR2-bound CaM and channel dysfunctions in pacing-induced failing hearts.

Methods
and results

The characteristics of CaM binding to RyR2 and the role of CaM on the aberrant Ca2+ release were assessed in
normal and failing canine hearts. The affinity of CaM binding to RyR2 was lower in failing sarcoplasmic reticulum
(SR) than in normal SR. Addition of FK506, which dissociates FKBP12.6 from RyR2, to normal SR reduced the
CaM-binding affinity. Dantrolene restored a normal level of the CaM-binding affinity in either FK506-treated
(normal) SR or failing SR, suggesting that the defective inter-domain interaction between the N-terminal domain
and the central domain of RyR2 (the therapeutic target of dantrolene) is involved in the reduction of the CaM-
binding affinity in failing hearts. In saponin-permeabilized cardiomyocytes, the frequency of spontaneous Ca2+

sparks was much more increased in failing cardiomyocytes than in normal cardiomyocytes, whereas the addition
of a high concentration of CaM attenuated the aberrant increase of Ca2+ sparks.

Conclusion The defective inter-domain interaction between N-terminal and central domains within RyR2 reduces the binding
affinity of CaM to RyR2, thereby causing the spontaneous Ca2+ release events in failing hearts. Correction of the
defective CaM binding may be a new strategy to protect against the aberrant Ca2+ release in heart failure.
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1. Introduction
A growing body of evidence in the literature suggests that abnormal
channel gating of the sarcoplasmic reticulum (SR) Ca2+ release
channel, the cardiac ryanodine receptor (RyR2), is one of the major
causative factors of heart failure.1 The RyR2 plays a key role in the regu-
lation of intracellular Ca2+ homeostasis, and its defect may be respon-
sible for the diastolic Ca2+ leak in diseased hearts.1 Several pathogenic
mechanisms for the channel disorder of the RyR2 in diseased hearts
have been reported, e.g. PKA-mediated hyperphosphorylation and

subsequent FKBP12.6 dissociation2,3 and Ca2+–calmodulin (CaM)-
dependent protein kinase-II (CaMKII) activation.4

The RyR2 is also linked with some types of inherited form of
lethal arrhythmia. Namely, more than 70 mutations have been
found in the four regions (i.e. N-terminal: 1–600; central:
2000–2500; C-terminal: 3700–4200; 4500–5000) in patients with
arrhythmogenic right ventricular cardiomyopathy type 2 or catechol-
aminergic polymorphic ventricular tachycardia (CPVT).5 This
suggests that these regions are critically important for the regulation
of channel opening.
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On the basis of the fact that single-point mutation in either the N-
terminal domain or the central domain in skeletal RyR1, produces an
abnormal channel opening, generally referred to as hyper-activation
and hyper-sensitization effects, Ikemoto and Yamamoto6 proposed
that these two domains interact with each other to act as the implicit
on/off switch for channel opening and closing (the interacting domain
pair was designated as ‘domain switch’); zipping of the interacting
domains closes the channel and unzipping opens the channel. A
mutation in either domain weakens the inter-domain interaction
and causes domain unzipping, resulting in channel activation and dias-
tolic Ca2+ leak.6

We have shown that the defective inter-domain interaction
between the N-terminal and the central domains is indeed involved
in the pathogenic process of heart failure.7 Thus, RyR2 from failing
hearts showed a clear indication of domain unzipping of domain
switch, diastolic Ca2+ leak, decreased SR Ca2+ content, and con-
tractile dysfunction. Correction of the defective inter-domain inter-
action (namely, correction of aberrant unzipped state to normal
zipped state), by cardioprotective agent K201 (JTV519) or its
peptide analogue reduced the frequency of diastolic Ca2+ sparks
and improved the function of failing cardiomyocyte.7,8 It is clear
from these studies that RyR2 plays an important role in the patho-
genic process of heart failure, but the important question remains
to be solved about how the pathogenic conformational signal eli-
cited in the domain switch is transmitted to the transmembrane
channel domain.

CaM is a ubiquitous Ca2+-binding protein that regulates Ca2+

channel functions by its direct binding to the ryanodine receptor.
CaM inhibits both skeletal isoform (RyR1) and cardiac isoform
(RyR2) above the threshold concentration of Ca2+ for muscle con-
traction;9,10 at sub-threshold concentrations, CaM still inhibits
RyR2,10 but activates RyR1.9 In both RyR1 and RyR2 isoforms,
one CaM binds to one subunit of the RyR.9,11 CaM binding takes
place to the residues 3614–3643 of the RyR111 and to the resi-
dues 3583–3603 of the RyR2;10 both regions show highly homolo-
gous primary structure. The fact that mutation of several critical
residues in this region abolished the CaM binding to both RyR1
and RyR210 supports the notion that both RyR1 and RyR2 have
at least one common CaM-binding domain (CaMBD) in the corre-
sponding 3614–3643 and 3583–3603 regions, respectively. The
critical role of the RyR2-bound CaM in normal muscle function
and pathogenic role of CaM dissociation in the development of
cardiac disorder have been shown in recent report by Meissner
and his colleagues.12 They generated a mouse with three amino
acid substitutions of the RyR2 in the CaMBD to make the RyR2
unable to bind CaM and found that the mutant mouse developed
hypertrophic cardiomyopathy with severely impaired contractile
function and early death. Since the binding site of CaM locates in
the midway between the domain switch region and the transmem-
brane channel region,13 we hypothesize that the RyR2-bound CaM
has some control of the cross-talk between the domain switch and
the Ca2+ channel.

In this study, we investigated the state of CaM binding to the RyR2
and its effect on the Ca2+ release activity in failing hearts and demon-
strated that the defective inter-domain interaction between the N-
terminal (1–600) and the central domain (2000–2500) deteriorates
normal activity of CaM binding to the RyR2 and induces diastolic
Ca2+ leak.

2. Methods
For a detailed description, see also the expanded materials and methods
in Supplementary material online.

2.1 Materials
FK506 was provided by Astellas Pharmaceutical Co. Ltd. (Osaka, Japan).

2.2 Animal model
In beagle dogs weighing 10–13 kg, we induced heart failure by continuous
application of rapid ventricular pacing at 250 bpm using an externally pro-
grammed miniature pacemaker (Taisho Biomed Instruments Co., Ltd) for
28 days, as described previously.3 This study conforms to the Guide for
the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996). The
care of the animals and the protocols used were in accord with guidelines
laid down by the Animal Ethics Committee of Yamaguchi University
School of Medicine.

2.3 Preparation of SR vesicles
We prepared SR vesicles from dog LV muscle as described previously,3

with a slight modification. Briefly, LV homogenate was centrifuged at
5500 g and the resultant supernatant fraction was purified with further
extensive centrifugation (12 000 g, 143 000 g × 3), to a final concen-
tration of about 10–20 mg protein/mL.

2.4 Peptides used and peptide synthesis
We used the following domain peptide: DPc10, which harbours
CPVT-type mutation site (R2474S), as described previously.7

DPc10: (DPc2460–2495) 2460GFCPDHKAAMVLFLDRVYGIEVQDFLL
HLLEVGFLP2495

Peptides were synthesized on an Applied Biosystems model 431A
synthesizer employing Fmoc [N-(9-fluorenyl)methoxycarbonyl] as the
alpha-amino protecting group, as described previously.14

2.5 Site-directed fluorescent labelling of DPc10
binding site in the RyR2
Specific fluorescence labelling of the RyR2 was performed with the use
of a conjugate of the fluorescent conformational probe, sulfosuccinimidyl
2-(7-azido-4-methylcoumarin-3-acetamido) ethyl-1,3′-dithiopropionate
(PIERCE) with DPc10 (a site-specific carrier), as described previously.7,14

2.6 Fluorescence quenching assay of the
methylcoumarin acetamido probe attached
to the binding site of DPc10
The zipping/unzipping mode of regulatory domains within the RyR2 was
evaluated as described previously.7,14 The principle of the fluorescence
quenching assay of domain unzipping is that a bulky fluorescence
quencher (QSYw-BSA conjugate) is not accessible to the attached methyl-
coumarin acetamido (MCA) in the zipped state, whereas it becomes
accessible to the MCA in the unzipped state.

2.7 Preparation of isolated cardiomyocytes and
measurement of Ca21 sparks
Cardiomyocytes were isolated from canine LV, as described previously.7

Briefly, a wedge of LV free wall was perfused with a collagenase-containing
buffer solution. Then, rod-shapedadult canine cardiomyocytes wereprepared.

Ca2+ sparks were measured using Fluo-3, in saponin-permeabilized car-
diomyocytes with a laser scanning confocal microscope (LSM-510, Carl
Zeiss).15 Data were analysed with SparkMaster, an automated analysis
program which allows rapid and reliable spark analysis.16
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2.8 CaM binding to the RyR2
The mammalian CaM cDNA was kindly provided by Dr Z. Grabarek
(Boston Biomedical Institute, Boston, MA, USA). Expression and purification
of CaM were carried out as described previously.17 We assessed the CaM
binding to the RyR2 using a photoreactive crosslinker, sulfosuccinimidyl-
6-[4′-azido-2′-nitrophenylamino]hexanoate (Sulfo-SANPAH, PIERCE).
First, CaM-SANPAH conjugate was mixed with SR protein in the dark
and photolysed with UV light. Then, the mixture was immunoblotted
with a monoclonal anti-CaM antibody (Millipore, CA, USA) to detect
the RyR2-bound CaM.

2.9 Immunoblot analysis
We performed immunoblot analyses for CaM and RyR2 by using
anti-CaM antibody (Millipore), anti-RyR antibody (mouse monoclonal
C3-33, Sigma or rabbit polyclonal C-terminal Ab4963, an order-made
from Sigma)8 and the antibody against CaMBD (3583–3603) (an order-
made from Sigma). The amount of RyR2-bound FKBP12.6 was determined
by immunoblot analysis as described previously,3 which involved
co-immunoprecipitation of FKBP12.6/RyR2 using the anti-RyR2 antibody
and anti-FKBP12 (C-19) antibody (Santa Cruz Biotechnology, CA, USA).

2.10 Determination of the binding of
exogenous CaM to the RyR2 in
saponin-permeabilized cardiomyocytes
The exogenous CaM, fluorescently labelled with Alexa Fluor 488 (Mol-
ecular Probes, OR, USA), was added to the saponin-permeabilized
normal and failing cardiomyocytes under the same conditions as the
above-mentioned Ca2+ spark measurements. We then quantified the dis-
tribution of localized CaM through densitometric measurement of
CaM-Alexa fluorescence.

2.11 Determination of the binding of
endogenous CaM to the RyR2 in intact
cardiomyocytes
The isolated cardiomyocytes were fixed with 4% paraformaldehyde and
permeabilized in 0.5% Triton X-100 and 1% BSA. Endogenous CaM
co-localized with the RyR2 was then detected by immunofluorescent
assay.

2.12 Statistics
Unpaired t-test was used for statistical comparison of the data between
two different situations. Data are expressed as means+ SD. We accepted
a P-value ,0.05 as statistically significant.

3. Results

3.1 Cross-linking of CaM-SANPAH to the
RyR2 in normal and failing SR vesicles
CaM binding to the RyR2 was evaluated by densitometric analysis of
the immunoblots of CaM cross-linked to the RyR2. The antibody
against CaM detected only RyR2 among many other proteins in the
SR, indicating that CaM binding to the RyR2 was very specific (see
Supplementary material online, Figure S1). CaM-SANPAH binding to
the RyR2 showed Ca2+-dependent increase in a range of 0.03–
1 mmol/L free [Ca2+], suggesting that physiological property of CaM
was maintained in the CaM-SANPAH (see Supplementary material
online, Figure S2). As shown in Figure 1A, the affinity of the CaM
binding to the RyR2 is considerably reduced in failing SR compared
with normal SR, as indicated by significant right shift of the CaM con-
centration dependence of CaM binding curve of the failing RyR2.

CaM binding to the RyR2 in both normal and failing SRs was markedly
inhibited by the addition of the antibody against the CaMBD (3583–
3603) (Figure 1B), suggesting that the domain 3583–3603 is indeed
the major CaM-binding site in the RyR2. In normal SR, the affinity of
CaM binding to the RyR2 was lowered in the presence of FK506
that was previously shown to induce spontaneous Ca2+ leak due to
FKBP12.6 dissociation from the RyR2.3 Interestingly, dantrolene,
which corrects defective inter-domain interaction between N-terminal
and central domains within the RyR2 and inhibits spontaneous Ca2+

leak in failing hearts as shown in our report,18 restored normal CaM
binding both in FK506-treated normal SR and failing SR (Figure 1B).

3.2 Direct binding of a covalently coupled
CaM-Alexa Fluor 488 to the RyR2 in the
saponin-permeabilized cardiomyocytes
To further examine the relationship between the state of domain
switch and CaM binding under a more physiological condition, we
evaluated the binding of Alexa labelled CaM to subcellular fractions
in the saponin-permeabilized cardiomyocytes (Figure 2A). The Alexa
fluorescence signal (green) was detected along sarcomeres in the car-
diomyocytes. To confirm the exogenously introduced CaM-Alexa has
been bound to the RyR2 in the subcellular fractions, we merged the
image of CaM-Alexa fluorescence with the immunofluorescence
image of the anti-RyR2 antibody (Figure 2A). As seen, CaM-Alexa flu-
orescence is co-localized with the immuno-stain with anti-RyR2 anti-
body, suggesting that exogenously introduced CaM has bound to the
RyR2. When we plot the intensity of the Alexa fluorescence along
with sarcomeres (see Methods) as a function of the concentration
of the exogenous CaM-Alexa, the concentration dependence of
CaM binding was shifted towards higher concentrations in failing car-
diomyocytes than in normal cardiomyocytes (Figure 2B). These data
are consistent with the data of CaM-SANPAH binding to the SR ves-
icles (Figure 1). In normal cardiomyocytes, addition of FK506 signifi-
cantly decreased the CaM binding (Figure 2C). In the presence of
dantrolene, the decreased CaM binding in FK506-treated normal
and failing cardiomyocytes was reversed (Figure 2C). These data
again support the idea that defective inter-domain interaction (viz.
domain unzipping of domain switch) reduces the affinity of CaM
binding to the RyR2.

Exogenous CaM-Alexa binding to the RyR2 showed [Ca2+]-
dependent increase in a range of 0.03–0.3 mmol/L free [Ca2+];
buffered by 1 mmol/L EGTA/calcium buffer. This indicates that the
physiological property of CaM is maintained in the CaM-Alexa
(see Supplementary material online, Figure S3).

To further assess the amount of endogenous CaM bound with
RyR2, we performed the immunofluorescent staining using the
anti-CaM antibody (see Methods). As shown in Figure 3A, CaM was
detected along with sarcomeres, showing a good co-localization
with the RyR2. In the presence of FK506, the intensity of CaM staining
was decreased, whereas normal intensity was restored by dantrolene
in normal cardiomyocytes (Figure 3B). In failing cardiomyocytes, the
intensity of CaM staining was decreased even in the absence of
FK506, and it was again restored by dantrolene.

To investigate the effect of endogenous CaM on the exogenous
CaM-Alexa binding, we assessed the exogenous CaM-Alexa binding
with or without pre-incubation by 5 mM EGTA in saponin-
permeabilized cardiomyocytes. Endogenous CaM was largely disso-
ciated with pre-incubation by 5 mmol/L EGTA (see Supplementary
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material online, Figure 4A). Then, after replacing the solution with a
75 nM free [Ca2+] solution (an optimal concentration for CaM
binding), we determined the protein concentration dependence of
CaM-Alexa binding. As shown in Supplementary material online,
Figure S4B, there was no difference in the concentration dependence
of the CaM-Alexa binding with or without pre-treatment by 5 mM
EGTA. Moreover, upon addition of 200 nmol/L exogenous CaM,
there was no change in CaM (detected by anti-CaM antibody) irre-
spective of pre-incubation by 5 mM EGTA (see Supplementary
material online, Figure 4A). This suggests that the endogenous CaM
bound to the RyR2 did not significantly affect the exogenous CaM
binding, probably because the endogenous CaM is readily replaced
with an excess amount of exogenously added CaM-Alexa in a rapid
equilibrium.

3.3 Control of Ca21 sparks by the
RyR2-bound CaM in normal and failing
cardiomyocytes
To examine whether CaM binding plays a critical role in the local
Ca2+ release events in failing hearts, we measured the Ca2+ sparks
in saponin-permeabilized cardiomyocytes. In further support of our
recent observation,8 the Ca2+ spark frequency was significantly
increased in both FK506-treated normal cardiomyocytes and failing
cardiomyocytes (Figure 4A). Addition of a high concentration CaM
(1 mmol/L) or dantrolene (1 mmol/L) significantly decreased the
Ca2+ spark frequency in both cardiomyocytes. In both FK506-treated

normal cardiomyocytes and failing cardiomyocytes, the full width at
half maximum (FDHM) was increased, whereas it was decreased by
either dantrolene or CaM (see Supplementary material online,
Figure S5). These results suggest that as Ca2+ spark frequency
increases, Ca2+ spark amplitude decreases, and the duration of each
Ca2+ spark prolongs, all of which are restored to normal states by
either dantrolene or CaM.

To assess the effect of various compounds on the Ca2+ spark fre-
quency and SR Ca2+ content, we applied caffeine (10 mmol/L) to the
saponin-permeabilized cardiomyocytes. As shown in Figure 4B, the
dependence of Ca2+ spark frequency on the SR Ca2+ content
shifted to the upper and left side in FK506-treated normal cardiomyo-
cytes and in failing cardiomyocytes, whereas it was moved back to
lower and right in the presence of either CaM or dantrolene.

3.4 Addition of saturating concentration
of CaM has no effect on defective
inter-domain interaction within
the domain switch
In failing SR or cardiomyocytes, CaM binding to the CaMBD was wea-
kened and diastolic Ca2+ leak was induced, as manifested in the
increased spontaneous Ca2+ sparks as shown above (Sections 3.1–
3.3). Addition of saturating concentration of CaM restored normal
channel function as evidenced by reduced frequency of spontaneous
Ca2+ sparks. The next question is then whether the addition of

Figure 1 Cross-linking of CaM to the RyR2 in normal and failing SR vesicles. (A) Representative western blotting of CaM cross-linked to the RyR2
(top) and the summarized data (bottom). The immunoblot density of CaM cross-linked to the RyR2 was determined at various concentrations of
CaM-SANPAH as indicated and expressed as the ratio to maximum value obtained at 1 mmol/L CaM. (B) Effects of the antibody against CaMBD
(3583–3603; Anti-CaMBD Ab), FK506 (30 mmol/L), and/or dantrolene (1 mmol/L) on the cross-linking of CaM (128 nmol/L) to the RyR2 in
normal and failing SR vesicles. Anti-CaMBD Ab: anti-CaMBD antibody. Representative western blots of CaM bound to the RyR2 (top) and the sum-
marized data (bottom). The immunoblot density of CaM cross-linked to the RyR2 was measured and expressed as the ratio to control. Data represent
means+ SD of 3–4 SR preparations.
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saturating concentration of CaM restores normal mode inter-domain
interaction within the domain switch. In order to examine this point,
we fluorescently labelled the N-terminal domain of RyR2, by using
DPc10 as a carrier, as previously reported.7 DPc10 that was used
as a site-directing carrier mediated a specific MCA fluorescence lab-
elling of the RyR2, as indicated by the fact that an excess concen-
tration of DPc10 (10 mmol/L) prevented the DPc10-mediated MCA
labelling (‘cold-chase’ effect) (see Supplementary material online,
Figure S6, Figure 3A in Oda et al.7). Using the fluorescently labelled
SR, we monitored the mode of inter-domain interaction between

the N-terminal (0–600) and central (2000–2500) domains. In agree-
ment with our previous report,7 the slope of the Stern–Volmer plot
(KQ), which is a measure of the degree of domain unzipping, increased
in FK506-treated normal SR and failing SR (Figure 5). Addition of CaM
(1 mmol/L) was without effect on the KQ in both FK506-treated
normal SR and failing SR. In contrast, dantrolene-inhibited domain
unzipping in FK506-treated normal SR (Figure 5) and in failing SR
(Figure 5 and Figure 3 in Yamamoto et al.18). These results suggest
that unlike dantrolene a saturating concentration of CaM restores
normal channel function without modifying inter-domain interaction.

Figure 2 Localization and the binding characteristics of exogenously introduced CaM in saponin-permeabilized cardiomyocytes. The CaM, fluor-
escently labelled with Alexa Fluor 488 (Molecular Probes, OR, USA), was delivered into the cardiomyocytes. The fluorescently labelled cardiomyo-
cytes were laser-scanned with the confocal microscope system (LSM-510, Carl Zeiss). (A) (left) Representative images of exogenously introduced
CaM co-localized with the RyR2 in normal cardiomyocytes. Left; CaM-Alexa (green); middle; RyR2 (red); right; merged image. (Right) Periodical
increases in the Alexa fluorescence signals of either RyR2 (red) or CaM (green). (B) Delivery of various concentrations of the CaM-Alexa (left)
and the summarized data (right). Data represent means+ SD of 22–26 cells from 3–4 hearts. The CaM-Alexa fluorescence was measured and
expressed as the ratio to its maximum value. (C ) Effect of FK506 (30 mmol/L) or dantrolene (1 mmol/L) on the CaM-Alexa (200 nmol/L) binding
on the RyR2 in normal or failing cardiomyocytes. Representative images (top) and the summarized data (bottom). The CaM-Alexa fluorescence
was measured and expressed as the ratio to the control value. Data represent means+ SD of 24–40 cells from 3–4 hearts.
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3.5 Dantrolene and a saturating
concentration of CaM do not protect
FK506-induced dissociation of FKBP12.6
from the RyR2
Since FK506-induced spontaneous Ca2+ sparks seem to be a result
from the dissociation of RyR2-bound FKBP12.6, we examined the
effect of dantrolene or CaM on FK506-induced dissociation of
FKBP12.6 from the RyR2 in normal SR vesicles. The addition of
FK506 to the normal SR vesicles completely dissociated FKBP12.6
from the RyR2, regardless of the presence of dantrolene or CaM
(see Supplementary material online, Figure S7). Neither dantrolene
nor CaM produced any appreciable effect on the RyR2-associated
FKBP12.6 in failing SR vesicles. These results exclude the possibility
that re-association of FKBP12,6 with RyR2 might be involved in the
restoration of normal channel function (less frequent spontaneous
Ca2+ sparks) produced by dantrolene or a saturating concentration
of CaM.

4. Discussion
We previously demonstrated that a tight interaction between the
N-terminal domain and the central domain of the RyR2 (domain
zipping) stabilizes the channel gating, and their interaction
becomes defectively loose in failing hearts (domain unzipping),

resulting in Ca2+ leak and contractile dysfunction of cardiomyo-
cytes.7 We also have shown that both K201 (JTV519)8 and dantro-
lene18 reverse the mode of inter-domain interaction from a
defective unzipped configuration to a normal zipped configuration,
and stops Ca2+ leak. As shown in our recent report,8 the specific
binding site of K201 is localized in the 2114–2149 residue region
of the RyR2, and dantrolene binding site in the 600–620 region.
It is worth noting that these two different types of reagents bind
to the domain switch and exert the identical effect: correction of
defective inter-domain interaction within the RyR2.18 These findings
clearly indicate that defective inter-domain interaction plays a
crucial role in the pathogenesis of heart failure and correction of
the defectiveness is a possible new strategy of the treatment of
heart failure. However, the question has remained unsolved about
how the pathogenic conformational signal elicited in the domain
switch is transmitted to the channel pore region, thereby making
the channel leaky.

CaM, one of the accessory proteins of the RyR2, is known to inhibit
Ca2+ release in a physiological range of [Ca2+],10 thereby stabilizing
the channel in a normal state. The fact that the mutated RyR2,
which cannot bind CaM, induced abnormal hypertrophy with dilata-
tion of the left ventricle12 suggests that the CaM binding is a critical
factor for the maintenance of normal function and structure of the
left ventricle. Moreover, single particle analyses13,19,20 have shown
that CaM-binding region (in the so-called ‘handle’ region) locates in

Figure 3 Localization and the binding characteristics of endogenous CaM in normal and failing cardiomyocytes. (A) (left) Representative images of
the endogenous CaM, detected by the anti-CaM antibody, co-localized with the RyR2 in normal cardiomyocytes. Left; CaM (red); middle; RyR2
(green); right; merged image. (Right) Periodical increases in the Alexa fluorescence signals of either CaM (red) or RyR2 (green). (B) Effect of
FK506 (30 mmol/L) and/or dantrolene (1 mmol/L) on the endogenous CaM binding on the RyR2. Representative images of the endogenous CaM
bound to the RyR2 (top) and the summarized data (bottom). The fluorescence signal of the endogenous CaM was measured and expressed as
the ratio to control. Data represent means+ SD of 19–22 cells from 3–4 hearts.
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Figure 4 Effect of FK506 (30 mmol/L), dantrolene (1 mmol/L), and/or CaM (1 mmol/L) on Ca2+ sparks in normal and failing saponin-permeabilized
cardiomyocytes. (A) Representative images. (B) Relationship between the Ca2+ spark frequency and SR Ca2+ content. SR Ca2+ content was obtained
by the application of 10 mmol/L caffeine. Ca2+ spark images were obtained in the presence of the CaMKII inhibitor KN-93 (1 mmol/L). Data represent
means+ SD of 31–54 cells from 4–5 hearts.

Figure 5 Fluorescence quenching analysis of the domain unzipping. Evaluation of the domain unzipping between the N-terminal (1–600) and the
central domains (2000–2500). The accessibility of the RyR2-bound MCA to a macromolecular fluorescence quencher BSA-QSY conjugate was
measured and the Stern–Volmer fluorescence quenching constant (i.e. the slope of the Fo/F vs. [BSA-QSY] plot) was determined as a measure
of the degree of domain unzipping. Statistical comparison of the slope of each plot, which is equivalent to the Stern–Volmer quenching constant
(KQ) (bottom figures). Data represent means+ SD of four SR preparations. Diagrams for data interpretation are added at the bottom of each figure.
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the midway between the domain switch (in the so-called ‘clamp’
region) and the channel (in the transmembrane region), suggesting
that the RyR2-bound CaM controls the cross-talk between the
domain switch and the channel. The present study has provided
some new insight into this mechanism.

The most important finding of this study in this regard is that
domain unzipping between the N-terminal and the central domains
causes dissociation of CaM from the RyR2, thereby rendering the
channel leaky in failing hearts, and rebinding of CaM to the failing
RyR2 corrects its aberrant Ca2+ leak. Thus, in normal SR vesicles
or cardiomyocytes domain unzipping between the N-terminal and
the central domains induced by FK506 (mimicking defective confor-
mational regulation of the failing RyR2) decreased the affinity of CaM
binding, and in turn induced spontaneous Ca2+ sparks. In failing SR
or cardiomyocytes, in which domain unzipping between the N-
terminal and the central domains has already taken place, CaM-
binding affinity was indeed decreased, and correction of defective
inter-domain interaction (i.e. domain unzipping to zipping) by dantro-
lene increased the CaM binding. Interestingly, the addition of an
excess concentration of CaM (1 mmol/L) to saturate the CaM-
binding site located in the CaMBD could also attenuate diastolic
Ca2+ sparks without affecting the state of domain switch (i.e.
domain unzipping) in failing cardiomyocytes. These results suggest
that the pathological conformational signal elicited in the domain
switch is transmitted to the CaMBD, dissociates CaM from the
RyR2, and then induces Ca2+ leak. Therefore, restoration of the
CaM binding to the RyR2 or correction of the defective inter-domain
interaction, or both, may be effective therapeutic treatments of heart
failure.

With regard to the mechanism by which the binding of CaM to the
RyR inhibits the channel activity, it has been reported that CaMBD
(CaMBD: 3614–3643) of the RyR1 interacts with CaM-like domain
(CaMLD: 4064–4210) in the RyR1.21– 23 On the basis of the obser-
vation that both antibodies against the two domains inhibited the
RyR1 channel activity, it has been proposed that close contact
between CaMBD and CaMLD activates the Ca2+ channel.23 This
mechanism accounts for the present finding that CaM dissociation
induced increased frequency of spontaneous Ca2+ sparks, because
association of CaM with the RyR2 will interfere with the formation
of CaMBD–CaMLD link, stabilizing the closed state of the channel,
and upon dissociation of CaM the activation link is formed, causing
aberrant channel activation.

Because CaM is a ubiquitous protein, the beneficial effect of CaM
may be induced by another mechanism unrelated to the RyR2.
Therefore, to evaluate the specific effect of CaM bound to the
RyR2, we introduced the antibody against the CaMBD (3583–
3603) of the RyR2 and examined how the CaM binding to the
RyR2 is modified by this antibody. As shown in the present study
(Figure 1), in the presence of the antibody most of the CaM
binding on the RyR2 was abolished, indicating that CaMBD (3583–
3603) seems to be a major target, by which the observed effects
have been manifested. CaM is also a cofactor for CaM kinase
II-induced phosphorylation of the RyR2, activating the RyR opening
and diastolic SR Ca2+ release.24,25 In this study, we inhibited
CaMKII activity by using KN93 in order to evaluate the specific
effect of the RyR2-bound CaM on the channel gating. Nonetheless,
we neither measured the phosphorylation level of the RyR2 nor
observed the effect of CaM on channel function under CaMKII
stimulation. Because CaMKII has an important effect on normal

channel gating, further study is needed to assess the role of
CaMKII as well as CaM on channel function.

In conclusion, we demonstrated that CaM plays a critical role as a
regulator of transmitting the conformational signal from the domain
switch to the transmembrane channel-pore region. Domain unzipping
decreases the binding affinity of CaM to the RyR2, rendering the
channel leaky. Re-association of CaM to the failing RyR2 restores
normal channel gating, even with an unzipped domain switch. Prevent-
ing pathological decrease in the CaM-binding affinity to the RyR2 will
be a new therapeutic strategy against heart failure.
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