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Abstract. Ryanodine-sensitive Ca** release channels
(ryanodine receptors, RyRs) play a crucial role in the
mobilization of Ca?* from the sarcoplasmic reticulum (SR)
during the excitation-contraction coupling of muscle cells.
In skeletal muscle, depolarization of transverse tubules
activates the RyR, whereas in cardiac muscle, a Ca?" influx
through an L-type Ca? channel activates the RyR. The RyR
is also activated by caffeine, a low concentration (<10 M)
of ryanodine or cyclic ADP-ribose. RyR activity is inhibited
by Mg?, ruthenium red, or higher concentrations (=100 M)
of ryanodine. The activity of RyR channels is modulated
by phosphorylation and by associated proteins, including
calmodulin (CaM), calsequestrin (CSQ) and FK506-binding
proteins (FKBPs). In muscle cells, apoCaM (Ca*-free CaM)
activates the RyR channel, and Ca** CaM (Ca?*-bound CaM)
inhibits the channel. CSQ can bind approximately 40 moles
of Ca*/mole of CSQ in the SR lumen of muscle cells, and
interacts functionally with RyR protein. When the RyR is
stimulated, Ca?* released from the lumen is dissociated from
the CSQ-Ca* complex. A 12-kDa or 12.6-kDa FK506-binding
protein (FKBP12 or FKBP12.6, respectively) is associated
with RyR protein. When FKBP12 or FKBP12.6 is dissociated
from the FKBP-RyR complex, the RyR is modulated
(activated). Phosphorylation of the RyR by cAMP-dependent
protein kinase (PKA) and Ca?*/calmodulin-dependent protein
kinase II modulates the channel. PKA phosphorylation of
the RyR on the skeletal and cardiac muscle SR dissociates
FKBP12 or FKBP12.6 from the RyR complex. This review
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deals with the modulation mechanisms of RyR proteins by
associated proteins and phosphorylation.
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1. Introduction

In many cell types, intracellular Ca** stores play an essential
role in the regulation of cytosolic Ca** concentration ([Ca®],),
the elevation of which triggers various cellular events, including
muscle contraction, enzyme secretion, cell proliferation and egg
fertilization. Two distinct classes of Ca2?* release channels,
which induce release of Ca?* from the stores into the cytosole,
have been identified. One is sensitive to the ubiquitous second
messenger inositol 1,4,5-trisphosphate (IP;), which is formed
by stimulation of a cell surface receptor with hormones or
neurotransmitters (1). Ca** channels (receptors) sensitive to IP,
are widely distributed on the endoplasmic reticulum (ER) of
many tissues. The other is sensitive to the plant alkaloid
ryanodine. Ca? channels (receptors) sensitive to ryanodine are
activated by caffeine, ryanodine, Ca?* and an NAD* metabolite
cyclic ADP-ribose (cADPR). Ryanodine receptors (RyRs) were
first identified in the skeletal and cardiac muscle sarcoplasmic
reticulum (SR) (2,3), and were found to play a major role in
Ca?* mobilization during excitation-contraction (E-C) coupling.
The channel protein has been purified (4,5) and cloned (6,7) in
the skeletal and cardiac muscle SR. RyRs have also been
identified in the ER of non-muscle cells, including brain (8,9),
liver (10) and exocrine (11) cells. At present, the RyR is thought
to play a role in the regulation of [Ca?]; in many cell types. The
RyR has been shown to be a high molecular weight
homotetramer (12). Each subunit of the receptor is a compound
with a molecular mass of ~565 kDa (6). Three RyR isoforms
(RyR1, 2 and 3) have been found to be expressed (13-15), RyR1
and 2 in skeletal and cardiac muscle, respectively, and RyR3 in
the brain and smooth muscle.

In the skeletal muscle SR, RyR proteins have several
binding sites to calmodulin (CaM) (16,17), which is a ubig-
uitous Ca**-binding protein within cells. CaM is known to
modulate Ca? release through the RyR (18-20). RyR proteins
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have been shown to be linked to the Ca?*-binding protein calse-
questrin (CSQ), located inside the SR, via the action of anchor
proteins on the junctional region of the SR membrane (21-23).
CSQ is known to activate or inhibit RyR channel activity
(24-26). The immunosuppressant drug FK506 is known to
modulate RyR proteins. A 12- or 12.6-kDa FK506-binding
protein (FKBP12 or FKBP12.6, respectively) has been shown
to be associated with RyR proteins on the skeletal or cardiac
muscle SR, respectively (27-30). FK506 modulates (activates)
the RyR by dissociating FKBP12 or FKBP12.6 from the RyR
complex (31-33). RyR proteins on the skeletal and cardiac
muscle SR are phosphorylated by cAMP-dependent protein
kinase (PKA), cGMP-dependent protein kinase (PKG) or Ca?*/
calmodulin-dependent protein kinase II (CaMKII) (34-38).
Phosphorylation of the RyR in skeletal and cardiac muscle cells
by PKA or CaMKII modulates the channel activity (38-41).

In this review, the activation mechanisms of the RyR are
described in brief, and the modulation mechanisms of RyR
proteins by associated proteins and by phosphorylation are
described in detail.

2. Activation of the ryanodine receptor

The activation mechanism of the RyR in E-C coupling of skel-
etal muscle is different from that of cardiac muscle. In skeletal
muscle, RyR1 channels interact with voltage-dependent Ca
channels (dihydropyridine receptors; DHPRs) located on the
transverse tubule (t-tubule) membrane. DHPRs act as voltage
sensors for E-C coupling (42). Depolarization of the t-tubule
membrane activates RyR1 via a direct physical DHPR-RyR1
linkage (43-45). The activation of RyR1 induces Ca** release
from the SR lumen into the cytosol. In cardiac muscle, depo-
larization-induced Ca?* influx through DHPR (an L-type Ca
channel) activates RyR2 and induces Ca** release from the
SR (46-48). This process is referred to as ‘Ca*-induced Ca*
release’. The Ca? dependence of Ca?-induced Ca** release
forms a bell-shaped curve with a maximum at 2-20 uM of
cytosolic-free Ca?* concentration (49,50). The activation mech-
anism of RyRs in Ca?* mobilization in non-muscle cells has
not been elucidated. Recently, the endogenous ligand cADPR
has been shown to be capable of inducing Ca** release from
the RyR in sea urchin eggs (51,52), and cADPR-induced Ca
release from RyRs has also been reported in various tissues,
including cardiac muscle cells (53), brain cells (54), pancreatic
[-cells (55) and pancreatic acinar cells (56,57). This compound
is thought to be an intracellular messenger in addition to IP;
(58,59). Caffeine and ryanodine are known to be pharmaco-
logical agents for RyRs. Caffeine increases the Ca>* sensitivity
of Ca*-induced Ca* release (60). Ryanodine locks the RyR
channel to an ‘open state’ at low concentrations (<10 yM) and
to a ‘closed state’ at higher concentrations (=100 M) (61,62).
Not only higher concentrations of ryanodine but also millimolar
concentrations of Mg? (49,50,63,64) and micromolar concen-
trations of ruthenium red (65-67) inhibit the activity of RyRs.

3. Modulation of the ryanodine receptor
Calmodulin. CaM is a ubiquitous Ca?*-binding protein of 16.7

kDa. Early sequence analysis of RyR proteins in the skeletal
muscle SR showed that the receptor has several binding sites
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for CaM (16,17). A study using '>I (18) or fluorescently (68)
labeled CaM in skeletal muscle has indicated that RyR1 has
4-6 binding sites per subunit of the receptor for apoCaM (Ca?*-
free CaM), and 1 binding site per subunit of the receptor for
Ca?* CaM (Ca*-bound CaM). However, recent studies using
35S-labeled CaM in both skeletal and cardiac muscle have shown
that RyRs have only one binding site per subunit of the receptor
for both apoCaM and Ca?* CaM (20,69,70), and that the binding
sites for apoCaM and Ca** CaM are in the same region (amino
acid residues 3630-3637) (69). It has been suggested that the
larger number of binding sites for apoCaM previously reported
may be due to an artificial effect (69). Studies on both Ca*
efflux and single channel activity using lipid bilayer membranes
have demonstrated that apoCaM, the concentration of which is
increased at nanomolar Ca? concentrations, activates the RyR1
channels (18-20,71), but not the RyR2 channels (20,72). Ca*
CaM, the concentration of which is increased at micromolar
to millimolar Ca* concentrations, inhibits both the RyRI1
(18-20,71-73) and RyR2 (20,50,72) channels. It has also been
shown that apoCaM activates the RyR1 channels by increasing
the Ca?* sensitivity of Ca?-induced Ca** release (19,20).
The effect of CaM on RyR3 from rabbit uterus expressed in
HEK?293 cells has also been reported. Similar to RyR1, RyR3
was activated by apoCaM and inhibited by Ca> CaM (74). It
has been shown in sea urchin eggs that caffeine-, ryanodine-
or cADPR-induced Ca* release from microsomal vesicles is
enhanced by the presence of exogenously added CaM (75,76),
and that CaM can bind to the microsomes (76). This suggests
that CaM bound to the RyR of sea uchin eggs can modulate
the Ca?* release through the receptor. It has been found in rat
pancreatic acinar cells that caffeine-, ryanodine- or cADPR-
induced “Ca? release from microsomal vesicles is stimulated
by exogenously added CaM, and is inhibited by the CaM
antagonist W-7 (56). It is possible that CaM bound to the RyR
of rat pancreatic acinar cells modulates the Ca** release, since
KN-62, a CaMKII inhibitor, was not observed to inhibit the
caffeine-induced “Ca?* release from the vesicles (56).

Calsequestrin. CSQ is the major Ca?*-binding protein located
in the terminal cisternae of the skeletal and cardiac muscle
SR. The molecular mass of the CSQ monomer is 41-46 kDa
(77). The protein has been purified (78-80) and cloned (81,82)
in the skeletal and cadiac muscle SR. The protein is acidic
and can bind 40-50 moles of Ca?*/mole of CSQ for skeletal
muscle (78,79,83-85) and 18-40 moles of Ca**/mole of CSQ
for cardiac muscle (86,87). CSQ acts as a Ca?* buffer in the
lumen of SR Ca?* storage pools to lower free Ca** concen-
trations. The conformation of CSQ changes with an increase
in the free Ca** concentration of the lumen (22,23). CSQ
monomer polymerizes at Ca* concentrations over 10 pM.
The polymer is stable at a Ca** concentration of ~1 mM and
is anchored to the SR membrane by binding to the intrinsic
membrane proteins triadin and junctin, which have binding
sites for RyR protein (21-23). CSQ can interact functionally
with the RyR protein via the anchoring proteins or by direct
binding (23). Evidence suggests that Ca?* released from the
SR lumen is dissociated from the CSQ-Ca* complex after
stimulation of the RyR (24,88,89). Thus, CSQ functions as
a regulator of the RyR during muscle contraction. Studies
using lipid bilayer membranes have shown that the addition of
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CSQ activates (24,25,90) or inhibits (26) the RyR1 channels,
whereas CSQ just inhibits the RyR2 channels (91).

FK506-binding protein. FKBPs, intracellular receptors for
the immunosuppressant drug FK506, are abundant within
cells and comprise a family of proteins (92). A 12-kDa FKBP
(FKBP12) has been shown to be tightly associated with RyR1
on the SR of skeletal muscle (27,28). One mole of FKBP12 is
associated with each protomer of homotetrameric RyR1 (31). In
association with RyR1, FKBP12 has been shown to stabilize the
closed conformation of the Ca?* channel (31). FK506 has been
shown to promote the dissociation of FKBP12 from the RyR1
complex (31). The ECs, value for dissociation of FKBP12 from
the RyR1 complex in skeletal muscle has been reported to be
in the concentration range of 0.12-0.5 yuM FK506 (31). By the
removal of FKBP12, RyR1 exhibits subconductance states (93),
and the Ca?* or caffeine sensitivity of the channel is enhanced
(31,94). Compared with control SR vesicles, FKBP12-deficient
SR vesicles in skeletal muscle have been shown to increase
open probability and mean open times for single channel
recordings of the RyR1 (94-96). Recently, in the skeletal
muscle SR, FKBP12 has been found to be dissociated from
the RyR1 complex by PKA phosphorylation of the receptor
(97) (see Phosphorylation). In cardiac type RyR (RyR2), one
mole of FKBP12.6 is associated with each protomer of RyR2
(29,30). Activation of RyR2 by dissociation of FKBP12.6
from the RyR2 complex in cardiac muscle is controversial. In
some cases, dissociation of FKBP12.6 from the RyR2 complex
increased the open probability for single channel recordings
of RyR2 (98,99). However, in other cases, dissociation of
FKBPI12.6 from the RyR2 complex did not activate the RyR2
channel (30,96). Activation of RyR by dissociation of FKBP12.6
from the RyR complex has also been reported in tissues other
than cardiac muscle. It has been shown in pancreatic islets
that FK506 induces Ca*" release from RyR2 by dissociating
FKBPI12.6 from the RyR2 complex (32). Although the type of
RyR is unclear, FK506 has been shown to increase the open
probability of reconstituted RyRs (Ca** channels) in coronary
arterial smooth muscle cells, in which FKBP12.6 has been
detected (33). This suggests that FK506 activates the RyR in
this tissue by dissociating FKBP12.6 from the receptor. FK506
has been shown to shift the dose-response curve of ryanodine-
or caffeine-induced #Ca?* release from the microsomal
vesicles of rat pancreatic acinar cells to the left (57). Since an
RyR?2 isoform has been identified in rat pancreatic acinar cells
(100,101), FKBP12.6 may be involved in the modulation of
Ca?* release through the RyR by FK506. It has been found that
cADPR as well as FK506 can bind to FKBP12.6, and dissociate
FKBP12.6 from pancreatic islet microsomes to release Ca>
(32). An antibody against FKBP12.6 has been shown to inhibit
the activation of the RyR induced not only by FK506 but also
by cADPR in coronary arterial smooth muscle cells (33). These
findings suggest that cADPR dissociates FKBP12.6 from the
RyR-FKBP12.6 complex to activate the Ca?* channel. It has
been found in rat pancreatic acinar cells that cADPR shifts
the dose-response curve of ryanodine- or caffeine-induced
Ca’ release to the left by the same extent as that in the case
of FK506, and that the stimulatory effects on ryanodine- or
caffeine-induced “Ca? release by cADPR and by FK506 are
not additive (57). This suggests that cADPR modulates the
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RyR in pancreatic acinar cells by the same mechanism as that
by which FK506 modulates the RyR. The endogenous ligand
cADPR might induce the activation or modulation of the
RyR by dissociating FKBP12.6 from the RyR complex under
physiological conditions. Recently, it has been shown in the
cardiac muscle SR that FKBP12.6 is dissociated from the RyR2
complex by PKA phosphorylation of the receptor (102) (see
Phosphorylation).

Phosphorylation. RyR proteins have many phosphorylation
sites (6,103). In the skeletal muscle SR, RyR1 has been
found to be phosphorylated by PKA, PKG and CaMKII
(34,36,37,104). The phosphorylation site of RyR1 is serine
2843 (36,105). The channel activity of RyR1 incorporated into
planar lipid bilayers has been shown to be enhanced by PKA
or CaMKII phosphorylation (39,106,107). It has also been
demonstrated that depolarization-induced Ca?* release from the
skeletal muscle SR is stimulated by cAMP (108). This suggests
that endogenous PKA modulates the Ca’ release via the
phosphorylation of RyR1 during the E-C coupling of skeletal
muscle. Recently, it has been shown that PKA phosphorylation
of RyRI1 at serine 2843 dissociates FKBP12 (see FK506-
binding protein) from the receptor (97), and increases the
open probability of the channel (97). In the cardiac muscle SR,
RyR2 has been shown to be phosphorylated by PKA, PKG
and CaMKII (34,35,37,38,109). Witcher et al reported that
the phosphorylation site of RyR2 is serine 2809 (38). It is well
known that the PK A activity of cardiac muscle cells is increased
via the elevation of intracellular cAMP after B-adrenergic
stimulation (110). The B-adrenergic agonist isoproterenol and
cAMP have been shown to stimulate the ATP-induced PKA
phosphorylation of RyR2 in cardiac myocytes (111). It has
also been shown that PKA activates the RyR2 Ca?* channel
on planar lipid bilayers (40,112). The activation of RyR2 via
PKA phosphorylation may induce a positive inotropic action
during p-adrenergic stimulation of cardiac muscle cells. It
has been shown that PKA phosphorylation of RyR2 at serine
2809 dissociates FKBP12.6 (see FK506-binding protein) from
the receptor (102), and increases the open probability of the
channel (102,113). In heart failure, the 3-adrenergic receptor is
chronically stimulated. The phosphorylation of RyR2 by PKA
in failing hearts is increased by ~4-fold compared with that in
non-failing hearts (102). The hyperphosphorylation of RyR2
by PKA in failing hearts induces a depletion of FKBP12.6 from
the RyR2 complex (102,114) and an abnormal Ca?* leak from
RyR2 (115,116). In cardiac muscle, CaMKII has been shown
to activate (38,40) or inhibit (41) the RyR2 Ca?* channel on
planar lipid bilayers. A recent study in cardiac muscle cells has
indicated that the CaMKII phosphorylation site on RyR2 is
serine 2815, not serine 2809 (117). Phosphorylation of RyR2
by CaMKII at serine 2815 activates the Ca** channel without
dissociating FKBP12.6 from the receptor (117). In addition,
the CaMKII phosphorylation of RyR2 showed a positive
correlation with heart rate (117). The time-averaged [Ca]; is
increased at higher heart rates. The increased [Ca*"]; enhances
the activity of CaMKII in cardiac muscle cells and induces the
phosphorylation of RyR2. The phosphorylation of RyR2 by
CaMKII increases the open probability of the channel (117),
and also increases Ca* release from RyR2 (118). Thereby, the
‘positive force-frequency relationship’ (119) may be explained.
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Phosphorylation of RyR by CaMKII has also been observed in
brain cells (120). It has been shown in rat parotid acinar cells
that cAMP induces Ca?* release from microsomal vesicles,
and that the release is inhibited by a high concentration of
ryanodine and the potent PKA inhibitor, H-89 (121). These
results suggest that endogenous PKA phosphorylates the RyR
of rat parotid acinar cells to activate Ca** release from the
receptor. In rat pancreatic islets, cADPR-induced Ca?* release
from the microsomes has been shown to be enhanced by
exogenously added CaM and inhibited by the CaMKII inhibitor
KN-62 (122). These results suggest that endogenous CaMKII
phosphorylates the RyR of pancreatic islets and mediates the
cADPR-induced Ca? release from the receptor.

4. Conclusion

Depolarization of the t-tubule membrane triggers Ca? release
from RyRs in muscle cells. In addition to depolarization, RyRs
are activated by Ca?, caffeine, ryanodine and cADPR. The
Ca? release through RyRs is modulated by phosphorylation of
the receptors and by the proteins bound to the receptors. As for
the associated proteins, CaM and CSQ had been considered
important modulators of RyRs. It is thought that CSQ functions
as a regulator of the RyR inside the SR of muscle cells. Recent
studies on the modulation of RyRs have focused on the presence
of FKBPs. The activity of the RyR channel is enhanced by
the dissociation of FKBP from the RyR complex, and the
Ca? release through the channel is modulated (activated).
Modulation of RyRs by PKA phosphorylation in muscle cells
can be explained by the dissociation of FKBP from the RyR
complex. Further studies are required to elucidate the role and
function of FKBPs in Ca* mobilization from RyRs.

References

1. Berridge MJ and Irvine RF: Inositol trisphosphate, a novel second
messenger in cellular signal transduction. Nature 312: 315-321,
1984.

2. Fleischer S, Ogunbunmi EM, Dixon MC and Fleer EAM:
Localization of Ca* release channels with ryanodine in junctional
terminal cisternae of sarcoplasmic reticulum of fast skeletal
muscle. Proc Natl Acad Sci USA 82: 7256-7259, 1985.

3. Pessah IN, Waterhouse AL and Casida JE: The calcium-ryanodine
receptor complex of skeletal and cardiac muscle. Biochem Biophys
Res Commun 128: 449-456, 1985.

4. Inui M, Saito A and Fleischer S: Purification of the ryanodine
receptor and identity with feet structures of junctional terminal
cisternae of sarcoplasmic reticulum from fast skeletal muscle. J
Biol Chem 262: 1740-1747, 1987.

5. Inui M, Saito A and Fleischer S: Isolation of the ryanodine
receptor from cardiac sarcoplasmic reticulum and identity with
the feet structures. J Biol Chem 262: 15637-15642, 1987.

6. Takeshima H, Nishimura S, Matsumoto T, Ishida H, Kangawa K,
Minamino N, Matsuo H, Ueda M, Hanaoka M, Hirose T and
Numa S: Primary structure and expression from complementary
DNA of skeletal muscle ryanodine receptor. Nature 339: 439-445,
1989.

7. Otsu K, Willard HF, Khanna VK, Zorzato F, Green NM and
MacLennan DH: Molecular cloning of cDNA encoding the Ca*
release channel (ryanodine receptor) of rabbit cardiac muscle
sarcoplasmic reticulum. J Biol Chem 265: 13472-13483, 1990.

8. Ashley RH: Activation and conductance properties of ryanodine-
sensitive calcium channels from brain microsomal membranes
incorporated into planar lipid bilayers. ] Membr Biol 111: 179-189,
1989.

9. McPherson PS and Campbell KP: Solubilization and biochemical
characterization of the high affinity [*H]ryanodine receptor from
rabbit brain membranes. J Biol Chem 265: 18454-18460, 1990.

OZAWA: MODULATION OF RYANODINE RECEPTOR

10. Shoshan-Barmatz V: High affinity ryanodine binding sites in rat
liver endoplasmic reticulum. FEBS Lett 263: 317-320, 1990.

11. DiJulio DH, Watson EL, Pessah IN, Jacobson KL, Ott SM,
Buck ED and Singh JC: Ryanodine receptor type III (Ry;R)
identification in mouse parotid acini: properties and modulation
of [*H]ryanodine-binding sites. J Biol Chem 272: 15687-15696,
1997.

12. Lai FA, Misra M, Xu L, Smith HA and Meissner G: The ryanodine
receptor-Ca** release channel complex of skeletal muscle sarco-
plasmic reticulum: evidence for a cooperatively coupled, negatively
charged homotetramer. J Biol Chem 264: 16776-16785, 1989.

13. Meissner G: Ryanodine receptor/Ca* release channels and
their regulation by endogenous effectors. Annu Rev Physiol 56:
485-508, 1994.

14. Coronado R, Morrissette J, Sukhareva M and Vaughan DM:
Structure and function of ryanodine receptors. Am J Physiol 266:
C1485-C1504, 1994.

15. Giannini G and Sorrentino V: Molecular structure and tissue
distribution of ryanodine receptor calcium channels. Med Res
Rev 15: 313-323, 1995.

16. Zorzato F, Fujii J, Otsu K, Phillips M, Green NM, Lai FA,
Meissner G and MacLennan DH: Molecular cloning of cDNA
encoding human and rabbit forms of the Ca** release channel
(ryanodine receptor) of skeletal muscle sarcoplasmic reticulum.
J Biol Chem 265: 2244-2256, 1990.

17. Menegazzi P, Larini F, Treves S, Guerrini R, Quadroni M and
Zorzato F: Identification and characterization of three calmodulin
binding sites of the skeletal muscle ryanodine receptor.
Biochemistry 33: 9078-9084, 1994.

18. Tripathy A, Xu L, Mann G and Meissner G: Calmodulin
activation and inhibition of skeletal muscle Ca** release channel
(ryanodine receptor). Biophys J 69: 106-119, 1995.

19. Ikemoto T, Iino M and Endo M: Enhancing effect of calmodulin
on Ca2*-induced Ca?* release in the sarcoplasmic reticulum of
rabbit skeletal muscle fibres. J Physiol 487: 573-582, 1995.

20. Fruen BR, Bardy JM, Byrem TM, Strasburg GM and Louis CF:
Differential Ca’* sensitivity of skeletal and cardiac muscle
ryanodine receptors in the presence of calmodulin. Am J Physiol
279: C724-C733, 2000.

21. Zhang L, Kelley J, Schmeisser G, Kobayashi YM and Jones LR:
Complex formation between junctin, triadin, calsequestrin, and the
ryanodine receptor: proteins of the cardiac junctional sarcoplasmic
reticulum membrane. J Biol Chem 272: 23389-23397, 1997.

22. Wang S, Trumble WR, Liao H, Wesson CR, Dunker AK and
Kang CH: Crystal structure of calsequestrin from rabbit skeletal
muscle sarcoplasmic reticulum. Nat Struct Biol 5: 476-483, 1998.

23. Beard NA, Laver DR and Dulhunty AF: Calsequestrin and the
calcium release channel of skeletal and cardiac muscle. Prog
Biophys Mol Biol 85: 33-69, 2004.

24. Kawasaki T and Kasai M: Regulation of calcium channel in
sarcoplasmic reticulum by calsequestrin. Biochem Biophys Res
Commun 199: 1120-1127, 1994.

25. Szegedi C, Sdrkozi S, Herzog A, Jéna 1 and Varsdnyi M:
Calsequestrin: more than ‘only” a luminal Ca** buffer inside the
sarcoplasmic reticulum. Biochem J 337: 19-22, 1999.

26. Beard NA, Sakowska MM, Dulhunty AF and Laver DR:
Calsequestrin is an inhibitor of skeletal muscle ryanodine
receptor calcium release channels. Biophys J 82: 310-320, 2002.

27. Collins JH: Sequence anaslysis of the ryanodine receptor:
possible association with a 12K, FK506-binding immunophilin/
protein kinase C inhibitor. Biochem Biophys Res Commun 178:
1288-1290, 1991.

28. Jayaraman T, Brillantes A-M, Timerman AP, Fleischer S,
Erdjument-Bromage H, Tempst P and Marks AR: FK506 binding
protein associated with the calcium release channel (ryanodine
receptor). J Biol Chem 267: 9474-9477, 1992.

29. Lam E, Martin MM, Timerman AP, Sabers C, Fleischer S, Lukas T,
Abraham RT, O'Keefe SJ, O'Neill EA and Wiederrecht GJ: A
novel FK506 binding protein can mediate the immunosuppressive
effects of FK506 and is associated with the cardiac ryanodine
receptor. J Biol Chem 270: 26511-26522, 1995.

30. Timerman AP, Onoue H, Xin H-B, Barg S, Copello J,
Wiederrecht G and Fleischer S: Selective binding of FKBP12.6 by
the cardiac ryanodine receptor. J Biol Chem 271: 20385-20391,
1996.

31. Timerman AP, Ogunbumni E, Freud E, Wiederrecht G, Marks AR
and Fleischer S: The calcium release channel of sarcoplasmic
reticulum is modulated by FK-506-binding protein: dissociation
and reconstitution of FKBP-12 to the calcium release channel
of skeletal muscle sarcoplasmic reticulum. J Biol Chem 268:
22992-22999, 1993.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

MOLECULAR MEDICINE REPORTS 3: 199-204, 2010

Noguchi N, Takasawa S, Nata K, Tohgo A, Kato I, Ikehata F,
Yonekura H and Okamoto H: Cyclic ADP-ribose binds to FK506-
binding protein 12.6 to release Ca** from islet microsomes. J Biol
Chem 272: 3133-3136, 1997.

Tang W-X, Chen Y-F, Zou A-P, Campbell WB and Li P-L: Role
of FKBP12.6 in cADPR-induced activation of reconstituted
ryanodine receptors from arterial smooth muscle. Am J Physiol
282: H1304-H1310, 2002.

Seiler S, Wegener AD, Whang DD, Hathaway DR and Jones LR:
High molecular weight proteins in cardiac and skeletal muscle
junctional sarcoplasmic reticulum vesicles bind calmodulin, are
phosphorylated, and are degraded by Ca?*-activated protease. J
Biol Chem 259: 8550-8557, 1984.

Takasago T, Imagawa T, Furukawa K, Ogurusu T and
Shigekawa M: Regulation of the cardiac ryanodine receptor
by protein kinase-dependent phosphorylation. J Biochem 109:
163-170, 1991.

Suko J, Maurer-Fogy I, Plank B, Bertel O, Wyskovsky W,
Hohenegger M and Hellmann G: Phosphorylation of serine 2843
in ryanodine receptor-calcium release channel of skeletal muscle
by cAMP-, cGMP- and CaM-dependent protein kinase. Biochim
Biophys Acta 1175: 193-206, 1993.

Strand MA, Louis CF and Mickelson JR: Phosphorylation of
the porcine skeletal and cardiac muscle sarcoplasmic reticulum
ryanodine receptor. Biochim Biophys Acta 1175: 319-326, 1993.
Witcher DR, Kovacs RJ, Schulman H, Cefali DC and Jones LR:
Unique phosphorylation site on the cardiac ryanodine
receptor regulates calcium channel activity. J Biol Chem 266:
11144-11152, 1991.

Hain J, Nath S, Mayrleitner M, Fleischer S and Schindler H:
Phosphorylation modulates the function of the calcium release
channel of sarcoplasmic reticulum from skeletal muscle. Biophys
J67:1823-1833, 1994.

Hain J, Onoue H, Mayrleitner M, Fleischer S and Schindler H:
Phosphorylation modulates the function of the calcium release
channel of sarcoplasmic reticulum from cardiac muscle. J Biol
Chem 270: 2074-2081, 1995.

Lokuta AJ, Rogers TB, Lederer WJ and Valdivia HH: Modulation
of cardiac ryanodine receptors of swine and rabbit by a
phosphorylation-dephosphorylation mechanism. J Physiol 487:
609-622, 1995.

Rios E and Brum G: Involvement of dihydropyridine receptors in
excitation-contraction coupling in skeletal muscle. Nature 325:
717-720, 1987.

Tanabe T, Beam KG, Adams BA, Niidome T and Numa S:
Regions of the skeletal muscle dihydropyridine receptor critical
for excitation-contraction coupling. Nature 346: 567-569, 1990.
Proenza C, O'Brien J, Nakai J, Mukherjee S, Allen PD and
Beam KG: Identification of a region of RyR1 that participates in
allosteric coupling with the a5 (CaV1.1) II-III loop. J Biol Chem
277: 6530-6535, 2002.

Protasi F: Structural interaction between RYRs and DHPRs in
calcium release units of cardiac and skeletal muscle cells. Front
Biosci 7: d650-d658, 2002.

Nibauer M, Callewaert G, Cleemann L and Morad M: Regulation
of calcium release is gated by calcium current, not gating charge,
in cardiac myocytes. Science 244: 800-803, 1989.

Sham JS, Cleemann L and Morad M: Functional coupling of Ca?*
channels and ryanodine receptors in cardiac myocytes. Proc Natl
Acad Sci USA 92: 121-125, 1995.

Cannell MB and Soeller C: Numerical analysis of ryanodine
receptor activation by L-type channel activity in the cardiac
muscle diad. Biophys J 73: 112-122, 1997.

Meissner G: Adenine nucleotide stimulation of Ca**-induced Ca*
release in sarcoplasmic reticulum. J Biol Chem 259: 2365-2374,
1984.

Meissner G and Henderson JS: Rapid calcium release from
cardiac sarcoplasmic reticulum vesicles is dependent on Ca?* and
is modulated by Mg?*, adenine nucleotide and calmodulin. J Biol
Chem 262: 3065-3073, 1987.

Galione A, Lee HC and Busa WB: Ca?*-induced Ca?* release in
sea urchin egg homogenates: modulation by cyclic ADP-ribose.
Science 253: 1143-1146, 1991.

Lee HC: Potentiation of calcium- and caffeine-induced calcium
release by cyclic ADP-ribose. J Biol Chem 268: 293-299, 1993.
Mészdros LG, Bak J and Chu A: Cyclic ADP-ribose as an endog-
enous regulator of the non-skeletal type ryanodine receptor Ca’
channel. Nature 364: 76-79, 1993.

White AM, Watson SP and Galione A: Cyclic ADP-ribose-
induced Ca?* release from rat brain microsomes. FEBS Lett 318:
259-263, 1993.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

203

Takasawa S, Nata K, Yonekura H and Okamoto H: Cyclic
ADP-ribose in insulin secretion from pancreatic f§ cells. Science
259: 370-373, 1993.

Ozawa T: Ryanodine-sensitive Ca’* release mechanism of rat
pancreatic acinar cells is modulated by calmodulin. Biochim
Biophys Acta 1452: 254-262, 1999.

Ozawa T: Elucidation of the ryanodine-sensitive Ca** release
mechanism of rat pancreatic acinar cells: modulation by cyclic
ADP-ribose and FK506. Biochim Biophys Acta 1693: 159-166,
2004.

Berridge MJ: A tale of two messengers. Nature 365: 388-389,
1993.

Lee HC, Aarhus R and Walseth TF: Calcium mobilization by
dual receptors during fertilization of sea urchin eggs. Science
261: 352-355, 1993.

Endo M: Calcium release from the sarcoplasmic reticulum.
Physiol Rev 57: 71-108, 1977.

Meissner G: Ryanodine activation and inhibition of the Ca?
release channel of sarcoplasmic reticulum. J Biol Chem 261:
6300-6306, 1986.

Chu A, Diaz-Munoz M, Hawkes MJ, Brush K and Hamilton SL:
Ryanozine as a probe for the functional state of the skeletal
muscle sarcoplasmic reticulum calcium release channel. Mol
Pharmacol 37: 735-741, 1990.

Meissner G, Darling E and Eveleth J: Kinetics of rapid Ca*
release by sarcoplasmic reticulum: effects of Ca*, Mg?** and
adenine nucleotides. Biochemistry 25: 236-244, 1986.

Laver DR, Baynes TM and Dulhunty AF: Magnesium inhibition
of ryanodine-receptor calcium channels: evidence for two
independent mechanisms. J Membr Biol 156: 213-229, 1997.
Miyamoto H and Racker E: Mechanism of calcium release from
skeletal sarcoplasmic reticulum. J Membr Biol 66: 193-201,
1982.

Chiesi M, Schwaller R and Calviello G: Inhibition of rapid
Ca-release from isolated skeletal and cardiac sarcoplasmic
reticulum (SR) membranes. Biochem Biophys Res Commun
154: 1-8, 1988.

Ma J: Block by ruthenium red of the ryanodine-activated calcium
release channel of skeletal muscle. J Gen Physiol 102: 1031-1056,
1993.

Yang HC, Reedy MM, Burke CL and Strasburg GM: Calmodulin
interaction with the skeletal muscle sarcoplasmic reticulum
calcium channel protein. Biochemistry 33: 518-525, 1994.
Moore CP, Rodney G, Zhang JZ, Santacruz-Toloza L, Strasburg G
and Hamilton SL: Apocalmodulin and Ca?** calmodulin bind to
the same region on the skeletal muscle Ca?* release channel.
Biochemistry 38: 8532-8537, 1999.

Balshaw DM, Xu L, Yamaguchi N, Pasek DA and Meissner G:
Calmodulin binding and inhibition of cardiac muscle calcium
release channel (ryanodine receptor). J Biol Chem 276:
20144-20153, 2001.

Buratti R, Prestipino G, Menegazzi P, Treves S and Zorzato F:
Calcium dependent activation of skeletal muscle Ca** release
channel (ryanodine receptor) by calmodulin. Biochem Biophys
Res Commun 213: 1082-1090, 1995.

Smith JS, Rousseau E and Meissner G: Calmodulin modulation
of single sarcoplasmic reticulum Ca?**-release channels from
cardiac and skeletal muscle. Circ Res 64: 352-359, 1989.
Meissner G: Evidence of a role for calmodulin in the regulation
of calcium release from skeletal muscle sarcoplasmic reticulum.
Biochemistry 25: 244-251, 1986.

Chen SR, Li X, Ebisawa K and Zhang L: Functional char-
acterization of the recombinant type 3 Ca’* release channel
(ryanodine receptor) expressed in HEK293 cells. J Biol Chem
272:24234-24246, 1997.

Lee HC, Aarhus R, Graeff R, Gurnack ME and Walseth TF:
Cyclic ADP ribose activation of the ryanodine receptor is
mediated by calmodulin. Nature 370: 307-309, 1994.

Lee HC, Aarhus R and Graeff RM: Sensitization of calcium-
induced calcium release by cyclic ADP-ribose and calmodulin. J
Biol Chem 270: 9060-9066, 1995.

Yano K and Zarain-Herzberg A: Sarcoplasmic reticulum
calsequestrins: structural and functional properties. Mol Cell
Biochem 135: 61-70, 1994.

MacLennan DH and Wong PT: Isolation of a calcium-sequestering
protein from sarcoplasmic reticulum. Proc Natl Acad Sci USA 68:
1231-1235, 1971.

Meissner G, Conner GE and Fleischer S: Isolation of sarco-
plasmic reticulum by zonal centrifugation and purification of
Ca?*-pump and Ca*-binding proteins. Biochim Biophys Acta 298:
246-269, 1973.



204

80. Campbell KP, MacLennan DH, Jorgensen AO and Mintzer MC:
Purification and characterization of calsequestrin from canine
cardiac sarcoplasmic reticulum and identification of the 53,000
dalton glycoprotein. J Biol Chem 258: 1197-1204, 1983.

81. Fliegel L, Ohnishi M, Carpenter MR, Khanna VK, Reithmeier RA
and MacLennan DH: Amino acid sequence of rabbit fast-twitch
skeletal muscle calsequestrin deduced from cDNA and peptide
sequencing. Proc Natl Acad Sci USA 84: 1167-1171, 1987.

82. Scott BT, Simmerman HK, Collins JH, Nadal-Ginard B and
Jones LR: Complete amino acid sequence of canine cardiac
calsequestrin deduced by cDNA cloning. J Biol Chem 263:
8958-8964, 1988.

83.Ikemoto N, Bhatnagar GM, Nagy B and Gergely J: Interaction
of divalent cations with the 55,000-dalton protein component of
the sarcoplasmic reticulum: studies of fluorescence and circular
dichroism. J Biol Chem 247: 7835-7837, 1972.

84.0stwald TJ and MacLennan DH: Isolation of a high affinity
calcium-binding protein from sarcoplasmic reticulum. J Biol
Chem 249: 974-979, 1974.

85.Cozens B and Reithmeier RA: Size and shape of rabbit skeletal
muscle calsequestrin. J Biol Chem 259: 6248-6252, 1984.

86. Slupsky JR, Ohnishi M, Carpenter MR and Reithmeier RA:
Characterization of cardiac calsequestrin. Biochemistry 26:
6539-6544, 1987.

87.Mitchell RD, Simmerman HK and Jones LR: Ca?** binding
effects on protein conformation and protein interactions of
canine cardiac calsequestrin. J Biol Chem 263: 1376-1381,
1988.

88.Ikemoto N, Ronjat M, Mészdros LG and Koshita M: Postulated
role of calsequestrin in the regulation of calcium release from
sarcoplasmic reticulum. Biochemistry 28: 6764-6771, 1989.

89.Ikemoto N, Antoniu B, Kang JJ, Mészdros LG and Ronjat M:
Intravesicular calcium transient during calcium release from
sarcoplasmic reticulum. Biochemistry 30: 5230-5237, 1991.

90.Ohkura M, Ide T, Furukawa K, Kawasaki T, Kasai M and
Ohizumi Y: Calsequestrin is essential for the Ca?* release induced
by myotoxin a in skeletal muscle sarcoplasmic reticulum. Can J
Physiol Pharmacol 73: 1181-1185, 1995.

91.Gyorke S, Gyorke I, Terentyev D, Viatchenko-Karpinski S and
Williams SC: Modulation of sarcoplasmic reticulum calcium
release by calsequestrin in cardiac myocytes. Biol Res 37:
603-607, 2004.

92.Marks AR: Cellular functions of immunophilins. Physiol Rev
76: 631-649, 1996.

93.Brillantes A-MB, Ondria§ K, Scott A, Kobrinsky E,
Ondriasovd E, Moschella MC, Jayaraman T, Landers M, Ehrlich
BE and Marks AR: Stabilization of calcium release channel
(ryanodine receptor) function by FK506-binding protein. Cell
77:513-523, 1994.

94. Mayrleitner N, Timerman AP, Wiederrecht G and Fleischer S:
The calcium release channel of sarcoplasmic reticulum is
modulated by FK-506 binding protein: effect of FKBP-12 on
single channel activity of the skeletal muscle ryanodine receptor.
Cell Calcium 15: 99-108, 1994.

95. Ahern GP, Junankar PR and Dulhunty AF: Single channel
activity of the ryanodine receptor calcium release channel is
modulated by FK-506. FEBS Lett 352: 369-374, 1994.

96.Barg S, Copello JA and Fleischer S: Different interactions of
cardiac and skeletal muscle ryanodine receptors with FK-506
binding protein isoforms. Am J Physiol 272: C1726-C1733,
1997.

97.Reiken S, Lacampagne A, Zhou H, Kherani A, Lehnart SE,
Ward C, Huang F, Gaburjakova M, Gaburjakova J, Rosemblit N,
Warren MS, He KL, Yi GH, Wang J, Burkhoftf D, Vassort G and
Marks AR: PKA phosphorylation activates the calcium release
channel (ryanodine receptor) in skeletal muscle: defective regu-
lation in heart failure. J Cell Biol 160: 919-928, 2003.

98.Kaftan E, Marks AR and Ehrlich BE: Effects of rapamycin on
ryanodine receptor/Ca*-release channels from cardiac muscle.
Circ Res 78: 990-997, 1996.

99. Xiao RP, Valdivia HH, Bogdanov K, Valdivia C, Lakatta EG and
Cheng H: The immunophilin FK506-binding protein modulates
Ca?* release channel closure in rat heart. J Physiol 500: 343-354,
1997.

100. Leite MF, Dranoff JA, Gao L and Nathanson MH: Expression
and subcellular localization of the ryanodine receptor in rat
pancreatic acinar cells. Biochem J 337: 305-309, 1999.

101. Fitzsimmons TJ, Gukovsky I, McRoberts JA, Rodriguez E, Lai FA
and Pandol SJ: Multiple isoforms of the ryanodine receptor are
expressed in rat pancreatic acinar cells. Biochem J 351: 265-271,
2000.

OZAWA: MODULATION OF RYANODINE RECEPTOR

102. Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D,
Rosemblit N and Marks AR: PKA phosphorylation dissociates
FKBP12.6 from the calcium release channel (ryanodine receptor):
defective regulation in failing hearts. Cell 101: 365-376, 2000.

103. Takeshima H: Primary structure and expression from cDNAs of
the ryanodine receptor. Ann NY Acad Sci 707: 165-177, 1993.

104.Chu A, Sumbilla C, Inesi G, Jay SD and Campbell KP: Specific
association of calmodulin-dependent protein kinase and related
substrates with the junctional sarcoplasmic reticulum of skeletal
muscle. Biochemistry 29: 5899-5905, 1990.

105. Varsdnyi M and Meyer HE: Sarcoplasmic reticular Ca** release
channel is phosphorylated at serine 2843 in intact rabbit skeletal
muscle. Biol Chem Hoppe-Seyler 376: 45-49, 1995.

106. Sonnleitner A, Fleischer S and Schindler H: Gating of the
skeletal calcium release channel by ATP is inhibited by protein
phosphatase 1 but not by Mg?*. Cell Calcium 21: 283-290,
1997.

107. Dulhunty AF, Laver D, Curtis SM, Pace S, Haarmann C and
Gallant EM: Characteristics of irreversible ATP activation
suggest that native skeletal ryanodine receptors can be phospho-
rylated via an endogenous CaMKII. Biophys J 81: 3240-3252,
2001.

108. Igami K, Yamaguchi N and Kasai M: Regulation of depolarization-
induced calcium release from skeletal muscle triads by cyclic
AMP-dependent protein kinase. Jpn J Physiol 49: 81-87, 1999.

109. Takasago T, Imagawa T and Shigekawa M: Phosphorylation
of the cardiac ryanodine receptor by cAMP-dependent protein
kinase. J Biochem 106: 872-877, 1989.

110. Sutherland EW: Studies on the mechanism of hormone action.
Science 177: 401-408, 1972.

111. Yoshida A, Takahashi M, Imagawa T, Shigekawa M, Takisawa H
and Nakamura T: Phosphorylation of ryanodine receptors in
rat myocytes during [-adrenergic stimulation. J Biochem 111:
186-190, 1992.

112. Valdivia HH, Kaplan JH, Ellis-Davies GC and Lederer W1I:
Rapid adaptation of cardiac ryanodine receptors: modulation by
Mg?* and phosphorylation. Science 267: 1997-2000, 1995.

113. Wehrens XH, Lehnart SE, Huang F, Vest JA, Reiken SR,
Mohler PJ, Sun J, Guatimosim S, Song LS, Rosemblit N,
D'Armiento JM, Napolitano C, Memmi M, Priori SG, Lederer WJ
and Marks AR: FKBP12.6 deficiency and defective calcium
release channel (ryanodine receptor) function linked to exercise-
induced sudden cardiac death. Cell 113: 829-840, 2003.

114. Reiken S, Gaburjakova M, Gaburjakova J, He KL, Prieto A,
Becker E, Yi GH, Wang J, Burkhoff D and Marks AR:
[-adrenergic receptor blockers restore cardiac calcium release
channel (ryanodine receptor) structure and function in heart
failure. Circulation 104: 2843-2848, 2001.

115.Ono K, Yano M, Ohkusa T, Kohno M, Hisaoka T, Tanigawa T,
Kobayashi S, Kohno M and Matsuzaki M: Altered interaction of
FKBP12.6 with ryanodine receptor as a cause of abnormal Ca*
release in heart failure. Cardiovasc Res 48: 323-331, 2000.

116. Yano M, Ono K, Ohkusa T, Suetsugu M, Kohno M, Hisaoka T,
Kobayashi S, Hisamatsu Y, Yamamoto T, Kohno M, Noguchi N,
Takasawa S, Okamoto H and Matsuzaki M: Altered stoichi-
ometry of FKBP12.6 versus ryanodine receptor as a cause of
abnormal Ca?* leak through ryanodine receptor in heart failure.
Circulation 102: 2131-2136, 2000.

117. Wehrens XH, Lehnart SE, Reiken SR and Marks AR: Ca?*/
calmodulin-dependent protein kinase II phosphorylation
regulates the cardiac ryanodine receptor. Circ Res 94: e61-¢70,
2004.

118.Li L, Satoh H, Ginsburg KS and Bers DM: The effect of
Ca?*-calmodulin-dependent protein kinase II on cardiac
excitation-contraction coupling in ferret ventricular myocytes. J
Physiol 501: 17-31, 1997.

119. Buckley NM, Penefsky ZJ and Litwak RS: Comparative
force-frequency relationships in human and other mammalian
ventricular myocardium. Pflugers Arch 332: 259-270, 1972.

120. Witcher DR, Strifler BA and Jones LR: Cardiac-specific phos-
phorylation site for multifunctional Ca?*/calmodulin-dependent
protein kinase is conserved in the brain ryanodine receptor. J
Biol Chem 267: 4963-4967, 1992.

121.0zawa T: Cyclic AMP induces ryanodine-sensitive Ca?* release
from microsomal vesicles of rat parotid acinar cells. Biochem
Biophys Res Commun 246: 422-425, 1998.

122. Takasawa S, Ishida A, Nata K, Nakagawa K, Noguchi N,
Tohgo A, Kato I, Yonekura H, Fujisawa H and Okamoto H:
Requirement of calmodulin-dependent protein kinase II in
cyclic ADP-ribose-mediated intracellular Ca’** mobilization. J
Biol Chem 270: 30257-30259, 1995.



