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Abstract

Ryanodine receptor (RyR) is the Ca*"-induced Ca®" release channel in cells. RyR1 and RyR2 are its isoforms expressed in the skel-
etal and cardiac muscles, respectively. Their missense mutations, which are clustered in three regions that correspond to each other, cause
hereditary disorders such as malignant hyperthermia and central core disease in skeletal muscle and catecholaminergic polymorphic ven-
tricular tachycardia in cardiac muscle. Their pathogeneses, however, are not well understood. The following hypotheses are favorably
discussed in this article: phenotypes with RyR1 and RyR2 mutations are mainly caused by dysregulations of their functions through

the interdomain interaction and luminal Ca*, respectively.
© 2007 Elsevier Inc. All rights reserved.
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Professor Ebashi suggested the following two projects to
me in 1965 when I joined his laboratory as a postgraduate.
The first was whether the rate of muscle relaxation could be
explained by the uptake rate of Ca>" by the sarcoplasmic
reticulum (SR) (“Ca”*" binding rate” in his words). Nota-
bly, the relaxation rate from twitch is about several times
faster than that from the tetanus. The second was to inves-
tigate Ca®" release. At that time, a hypothesis that Ca®*
release would be the reversal of Ca?" uptake was prevalent.
Professor Ebashi, in contrast, had claimed that Ca*"
release and Ca®" uptake should be independent analogous
to Na™ channel vs. Na® pump [1]. This has been proved
true by the isolation of purified ryanodine receptors (RyRs)
as Ca®*-induced Ca®" release (CICR) channels from skele-
tal and cardiac muscles by Fleischer and his colleagues [2].
Since then, great advancements have been made together
with the accumulation of a great number of findings [3,4].
Malignant hyperthermia (MH) and central core disease
(CCD) linked to a missense mutation of the RyR isoform
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in the skeletal muscle (RyR1) have now been reported,
whereas catecholaminergic polymorphic ventricular tachy-
cardia (CPVT) and arrhythmogenic right ventricular dys-
plasia type 2 (ARVD2) caused by mutated RyR isoform
in the cardiac muscle (RyR2) are also well known [5-8].
However, the precise mechanism by which channel func-
tion is altered by disease-linked mutations is poorly under-
stood. Because this is my current interest, I will focus on
this aspect in this article.

Brief overview of RyR and mutation-linked diseases

In vertebrates, three genetically distinct isoforms of RyR
are detected: RyR1-3. RyR1 and RyR3 are expressed in
almost equal amounts in many vertebrate skeletal muscles,
but RyR3 is mostly degenerated and disappears in adult
mammalian skeletal muscles, except diaphragm [9-12].
Therefore, it may be concluded that RyR1 is the main iso-
form expressed in the mammalian skeletal muscles,
whereas RyR?2 is its counterpart in cardiac muscles.

RyR isoforms show ~70% overall sequence identity and
structural similarities. The monomer of RyR is a polypeptide
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of about 5000 amino acid residues with a MW of about
560 kDa [9-12]. Residues 1-4000 and the C-terminus lie in
the cytoplasm, and only the one tenth or one fifth in the C-ter-
minal exists within the membrane (4-8 transmembrane seg-
ments) and the lumen. Residues 4894-4917 in RyR1 and
48204829 in RyR2 form the channel pore and ion filter.
The Ca®*-release channel in the SR is composed of the homo-
tetramer of RyR and some accessory proteins: calsequestrin,
triadin, calmodulin (CaM), FK 506 binding proteins 12/12.6
(FKBP 12/12.6) and others. The cytoplasmic part, referred
to as the foot, appears to be a square or rhomboid of about
27 x 27 x 10 nm, connected to a smaller transmembrane part
(12 x 12 x 7 nm). The two parts are skew to each other. All
three isoforms can be activated to open the gate by Ca®*, giv-
ingrise to CICR. Only RyR 1 can also be activated directly by
a conformational change of dihydropyridine receptor
(DHPR) upon depolarization of the T-tubule membrane in
skeletal muscle. In other words, DHPR in the skeletal muscle
works as a voltage sensor, whereas DHPR in the cardiac
muscle works exclusively as a voltage dependent Ca** chan-
nel. CICR plays the pivotal role in various Ca®" signaling
processes, including cardiac muscle contraction. Although
it is controversial how CICR is involved in the physiological
skeletal muscle contraction, it clearly plays the primary role
in the pharmacological contracture caused by caffeine, halo-
thane, and other drugs.

MH is a hereditary disorder characterized by an abrupt
rise of body temperature and high fever on exposure to vol-
atile anesthesias. The disorder accompanied by muscle con-
tracture has been a preferred target for study [13].
Although the genetic locus is of various origins, a missense
mutation of RyR1 is well studied. Without such an episode
as a surgical operation, however, many patients would not
acknowledge themselves to be unusual. CCD is character-
ized by hypotonia and proximal muscle weakness together
with characteristic histology of amorphous central areas
(cores) in type | muscle fibers which consist of unstructured
myofibrils and lack of mitochondria and oxidative enzyme
activity. CCD is also linked to mutations in the RyR1 gene.
In some cases, it is accompanied by MH. All of the identi-
fied MH and CCD point mutations in RyR1 are clustered
in three regions: the N-terminal region or regionl (residues
35-614), the central region or region2 (residues 2129-2458),
and the C-terminal membrane-associated region or region3
(residues 3916-4973) [5-8]. Mutations in regionl and
region2 are common among MH, whereas region3 is often
related with CCD [14]. CPVT and ARVD2 are exercise and
stress induced hereditary ventricular tachycardia (VT)
which is linked to missense mutations of RyR2. The
mutated sites are also clustered in three regions, notably
being homologous to each within RyR1: residues 77466
(regionl), 1724-2958 (region2), and 3778-4959 (region3)
[7]. Mutations in region3 are frequently identified in the
inherited VT.

The cytoplasmic Ca>" concentration is largely regulated
by Ca’" release from and Ca®* uptake by SR and extrusion
of Ca?" out of cells by the Na*/Ca®" exchange (NCX)

reaction [15]. Extremely low permeability to Ca®" of the
SR membrane at rest is a unique characteristic of adult
skeletal muscle. Application of CPA or thapsigargin alone
does not induce Ca®* leakage from the SR in adult skeletal
muscle. Stimulation of Ca®" release is necessary for deple-
tion of the SR [16,17]. This property is in marked contrast
to the cases with other materials including the primary cul-
tured cells from skeletal muscle or myotubes, cardiac myo-
cytes and a wide range of other kinds of cells where
instantaneous massive Ca®' leakage can be observed
[5,6,18]. Whereas skeletal muscle shows a low NCX activ-
ity, great NCX activity in the cardiac myocytes strongly
buffers cytoplasmic Ca”" in spite of Ca’" release, resulting
in depletion of the Ca”" store. This is the reason why ryan-
odine exerts negative inotropy on cardiac muscle, whereas
the reagent causes marked contracture with skeletal mus-
cles. Dirksen and his colleagues [5,6] have proposed
“leaky-channel model” and “EC uncoupling model” for
the pathophysiology underlying MH and CCD, using dys-
pedic myotubes homologously expressing recombinant
RyR1. These models would offer understandable explana-
tions of the underlying processes. The actual events in the
adult skeletal muscle, however, may be different. Abrupt
rise in the cytoplasmic Ca®* would lead to the muscle con-
traction in skeletal muscle, and slow increase may result in
degeneration of mitochondria, because metabolic processes
are affected at lower Ca®" than the mechanical system. It
also should be noted that NCX is electrogenic. VT, a lead-
ing cause of sudden death, is believed primarily to be
caused by delayed afterdepolarizations, which are pro-
duced by spontaneous Ca’' release from the SR during
Ca*" overload and electrogenic NCX activity. Ca*" acti-
vated chloride current and inward rectifier potassium cur-
rent may also be involved in change in the membrane
potential. Physical and emotional stress, resulting in tachy-
cardia followed by Ca*" overload, are critical triggers for
VT. These events also activate the B-adrenergic receptor/
protein kinase A signaling pathway.

Properties of CICR in relation to pathogeneses

It is generally assumed that CICR from mutated RyR is
unusually enhanced on triggering stimuli, otherwise no
abnormality could apparently be detected. CICR activity
of RyR is modulated by many endogenous and exogenous
agents including Ca’", Mg®", adenine nucleotides, -SH
modifying agents, pH, CaM, FKBP 12/12.6, luminal
Ca”", RyR domain peptides which may affect interdomain
interactions within RyR molecules, and pharmacological
reagents [9-15]. Ca®* and Mg”>" are of primary importance
among these factors. Ca>" stimulates CICR at low concen-
trations (UM order), whereas it inhibits CICR at 0.1 mM or
higher. This biphasic Ca®>" dependence is explained by the
integration of two independent effects on the activating (A-
site) and inactivating (I-site) Ca>" sites on the RyR mole-
cules. Mg”" exerts an effect antagonistic to Ca®" on the
A-site and synergistic with Ca®" on the I-site, shifting the
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relationship between Ca®" and CICR to a higher Ca®"
range and reducing activity. An adenine nucleotide such
as ATP or a non-hydrolyzable ATP analog (AMPPCP or
B, y-methylene adenosine triphosphate) stimulates CICR
in its dose-dependent manner without change in the Ca*"
dependence. This means that occupation by Ca>" of the
Ca’" sites may be a necessary, but not a sufficient condition
for CICR [19]. A similar situation is observed with
[*H]ryanodine binding, a biochemical measure of CICR,
to RyR1 and RyR3 in the SR membrane. Purified RyR1
and RyR3 showed almost equivalent [*’H]ryanodine bind-
ing activities to each other, to which the activity of RyR3
in the SR membrane approximately corresponded [20,21].
The RyR1 in the SR membrane, in contrast, showed an
activity as low as about one seventh, without the change
in the Ca®>" dependence. This stabilized state in the SR
membrane was referred to as suppression [20]. Addition
of a domain peptide, DP4 (a 36-residue peptide in region2
which corresponds to 2442-2477 of RyR1 [14]) specifically
increased [*H]ryanodine binding in a dose-dependent man-
ner. These findings may indicate that the channel activity of
RyR1 in the SR membrane is strongly stabilized at a low
activity by a certain interdomain interaction between the
N-terminal and central regions within RyR1 molecules as
proposed by Ikemoto and his colleagues [14], but that such
regulation (suppression) is negligible with RyR3 [22].
FKBP 12 also contributes partly (about 10%) to the sup-
pression of RyR1. RyR3, by the way, is not affected by
FKBP 12, although the isoform can bind it [21]. On the
other hand, the presence of a physiological cytoplasmic
concentration of Mg®" (0.3-1 mM) is necessary for the
functional integrity of RyR2, being free of suppression
[23]. Without Mg®*, RyR2 in the SR membrane may be
frozen to a level in activity at intermediate Ca>" concentra-
tions (10-100 pM) [23]. In conclusion, RyR1 is unique in
that the isoform is stabilized at a low CICR activity in
the SR membrane of the skeletal muscle, whereas RyR2
shows unsuppressed activity in the presence of about
I mM Mg?" [23]. Regulation of RyR2 through FKBP
12/12.6 is controversial [4]. Here, I would like briefly to
state that FK506 treatment did not change the activity of
RyR2 in our hands [23].

The effect of luminal Ca®>" on CICR activity has been
controversial. The critical point is that it depends entirely
on the kind of muscles. Kurebayashi and Ogawa [24] inves-
tigated Ca”" influx into the empty SR in skinned frog skel-
etal muscle fibers and compared it with Ca®>" efflux from
the loaded SR, i.e., Ca’" release, to understand more
deeply the properties of the Ca®'-release channel. The
major Ca’" influx pathway was found to be the CICR
channel. They also reached the conclusion that luminal
Ca®" has an inhibitory impact on CICR, although the
apparent rate constant for Ca®" efflux changed little when
the loading level was decreased to one third. Kurebayashi
and her colleagues [25] also examined the behavior of
Ca’* waves in multicellular preparations from guinea-pig
cardiac ventricles and concluded that these waves occurred

when Ca”" content in the store attained a fixed level and
that the majority of the releasable Ca*" in the store was
released in an almost all-or-none fashion. The cytoplasmic
Ca®" concentration cannot be the trigger, because Ca®*
waves occurred when it was decreasing. The stored Ca®"
level was dependent on the heart rate, being greater as
the rate increased. Notably, the Ca®" wave hardly propa-
gated over the cell boundary, even though the wave
appeared to propagate in one direction through a prepara-
tion during Ca*" overload. Consistently, Chen and his col-
leagues [26-28] reported as follows: (1) Spontaneous Ca>"
releases in cardiac cells occurred more frequently as ambi-
ent Ca®" concentrations increased. The amplitude of the
Ca®* wave, however, was kept relatively constant. (2)
Unlike cardiac cells, skeletal muscle cells exhibited few such
spontaneous Ca®" releases. (3) HEK293 heterologously
expressing RyR2 exhibited robust spontaneous Ca®"
waves, whereas no Ca>" wave was observed in HEK293
expressing RyR1. (4) To identify the molecular determi-
nants responsible for these differences, two chimera
between RyR1 and RyR2 were examined: N-RyRI1(1-
4006)/C-RyR2(3962-4968) and  N-RyR2(1-3961)/C-
RyR1(4007-5037). The C-terminal region of RyR2 is an
essential determinant of spontaneous Ca®' waves and
response to luminal Ca*", and the channel activity of the
C-terminal region is subjected to the inhibitory impact
caused by the N-terminal cytoplasmic part within RyR2,
as replacement by the counterpart of RyR1 increases activ-
ity. Similar regulation between the channel part and the
cytoplasmic part is also the case within RyR1. (5) RyR2
mutations linked to CPVT and ARVD2 reduced the
threshold level of luminal Ca*" to induce Ca*" waves.
Ogawa and Kurebayashi [29] reported that the Ca®"
releasing action of halothane on rabbit skeletal muscle
SR vesicles was greater in a higher temperature, whereas
with frog skeletal muscle SR vesicles it was weaker. This
result suggests that localized increase in temperature
caused by muscular fasciculation accompanying adminis-
tration of a depolarizing relaxant is an explanation other
than the coexisting 4-chloro-m-cresol [30] for the reason
that use of succinylcholine precipitates the induction of
MH. Murayama and his colleagues [31] found that the
SR from MH susceptible pig skeletal muscle with R615C
mutation in RyR1 showed 8-fold greater [*H]ryanodine
binding compared with that from the wild type skeletal
muscle, although there was only minor difference, if any,
in the sensitivity to several ligands including Ca*", Mg>"
and adenine nucleotide or in the FKBP 12 regulation.
The affinity for Mg”" of the A-site and that for Ca*" of
the I-site were lower in the mutated RyR1. However, the
combined effect of the two would amount at most to only
a two-fold increase in activity in the presence of the activat-
ing Ca®" concentrations and 1 mM Mg>". Therefore, the
change in affinities to ligands would play only a minor part.
The addition of DP4 produced only weak enhancement on
the R615C mutated RyR1, whereas it stimulated the wild
type RyR1 to a level comparable with that of mutated
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RyR1. This is the first paper that clearly shows de-suppres-
sion of mutated RyR1 in the SR obtained from the native
material. Furthermore, the SR vesicles from the mutant
skeletal muscle were apparently more sensitive to caffeine
in the Ca®" releasing action. Murayama et al. conclude that
the affected interdomain interaction between regionl and
region? is the major underlying mechanism for dysfunction
observed in the MHS pig and that this hypothesis should
be the case with human MH phenotype linked to mutations
in regionl or region2. Interestingly, Oyamada et al. [32]
reported that skinned fibers from MHS human biopsied
muscle with L4838V mutation in RyR1 increased the
Ca’* dependent rate of CICR without change in Ca®" sen-
sitivity. This finding suggests that phenotypes linked to
mutation in region3 also are probably subjected to modu-
lation from the cytoplasmic domain, as in the case with
RyR2. It also should be noted that regionl and region2
are closely localized at the “clamp region’” in the three-
dimensional structure of RyR [33,34], which are far from
the pore region that is localized in the center of the struc-
ture [34].

References

[1] Y. Ogawa, S. Harigaya, S. Ebashi, K.S. Lee, Sarcoplasmic reticulum:
calcium uptake, and release systems in muscles, in: A. Schwarz (Ed.),
Methods in Pharmacology, Vol. 1, Appleton-Century-Crofts, New
York, 1971, pp. 327-346.

[2] S. Fleischer, M. Inui, Biochemistry and biophysics of excitation-
contraction coupling, Ann. Rev. Biophys. Biophys. Chem. 18 (1989)
333-364.

[3] H.H. Valdivia (Ed.), The Structure and Function of Ryanodine
Receptors, Frontiers in Bioscience, http://www.bioscience.org.

[4] X.H.T. Wehrens, A.R. Marks (Eds.), Ryanodine Receptors: Struc-
ture, function and dysfunction in clinical disease, Springer, New
York, 2005.

[5] R.T. Dirksen, G. Avila, Altered ryanodine receptor function in
central core disease: Leaky or uncoupled Ca®" release channels,
Trends Cardiovasc. Med. 12 (2002) 189-197.

[6] A.D. Lyfenko, S.A. Goonasekera, R.T. Dirksen, Dynamic alterations
in myoplasmic Ca®" in malignant hyperthermia and central core
disease, Biochem. Biophys. Res. Commun. 322 (2004) 1256-1266.

[7] M. Brini, Ryanodine receptor defects in muscle genetic diseases,
Biochem. Biophys. Res. Commun. 322 (2004) 1245-1255.

[8] N.A. Benkusky, E.F. Farrell, H.H. Valdivia, Ryanodine receptor
channelopathies, Biochem. Biophys. Res. Commun. 322 (2004) 1280—
1285.

[9] G. Meissner, Ryanodine receptor/Ca®" release channels and their
regulation by endogenous effectors, Ann. Rev. Physiol. 56 (1994) 485-
508.

[10] V. Sorrentino (Ed.), Ryanodine Receptors, CRC Press, Boca Raton,
1996.

[11] R. Sitsapesan, A.J. Williams (Eds.), The Structure and Function of
Ryanodine Receptors, Imperial College Press, London, 1998.

[12] Y. Ogawa, N. Kurebayashi, T. Murayama, Ryanodine receptor
isoforms in excitation—contraction coupling, Adv. Biophys. 36 (1999)
27-64.

[13] J.R. Mickelson, C.F. Louis, Malignant hyperthermia: Excitation-
contraction coupling, Ca®" release channel, and cell Ca>" regulation
defects, Physiol. Rev. 76 (1996) 537-592.

[14] N. Ikemoto, T. Yamamoto, Regulation of calcium release by
interdomain interaction within ryanodine receptors, Front. Biosci. 7
(2002) d671-d683.

[15] D. Bers, Excitation-Contraction Coupling and Cardiac Contractile
Force, second ed., Kluwer Academic Publishers, Dordrecht, 2001.

[16] N. Kurebayashi, Y. Ogawa, Depletion of Ca?" in the sarcoplasmic
reticulum stimulates Ca>" entry into mouse skeletal muscle fibres, J.
Physiol. 533 (2001) 185-199.

[17] N. Kurebayashi, H. Takeshima, M. Nishi, T. Murayama, E.
Suzuki, Y. Ogawa, Changes in Ca®>" handling in adult M29-
deficient skeletal muscle, Biochem. Biophys. Res. Commun. 310
(2003) 1266-1272.

[18] Z. Pan, D. Yang, R.Y. Nagaraj, T.A. Nosek, M. Nishi, H.
Takeshima, H. Cheng, J. Ma, Dysfunction of stored-operated calcium
channel in muscle cells lacking mg29, Nature Cell Biol. 4 (2002) 379—
383.

[19] T. Murayama, N. Kurebayashi, Y. Ogawa, Role of Mg®" in Ca®*-
induced Ca®" release through ryanodine receptors of frog skeletal
muscle: Modulations by adenine nucleotides and caffeine, Biophys. J.
78 (2002) 1810-1814.

[20] T. Murayama, Y. Ogawa, Selectively suppressed Ca?" -induced Ca**
release activity of o-ryanodine receptor (0-RyR) in frog skeletal
muscle sarcoplasmic reticulum: Potential distinct modes in Ca®"
release between a- and B-RyR, J. Biol. Chem. 276 (2001) 2953-2960.

[21] T. Murayama, Y. Ogawa, RyR1 exhibits lower gain of CICR activity
than RyR3 in the SR: Evidence for selective stabilization of RyR1
channel, Am. J. Physiol. Cell Physiol. 287 (2004) C36-C45.

[22] T. Murayama, T. Oba, S. Kobayashi, N. Ikemoto, Y. Ogawa,
Postulated role of interdomain interactions within the typel ryano-
dine receptor in the low gain of Ca>" -induced Ca®" release activity of
mammalian skeletal muscle sarcoplasmic reticulum, Am. J. Physiol.
Cell Physiol. 288 (2005) C1220-C1230.

[23] A. Chugun, O. Sato, H. Takeshima, Y. Ogawa, Mg>" activates the
ryanodine receptor type 2 (RyR2) at intermediate Ca>" concentra-
tions, Am. J. Physiol. Cell Physiol. 292 (2007) C535-C544.

[24] N. Kurebayashi, Y. Ogawa, Effect of luminal calcium on Ca®" release
channel activity of sarcoplasmic reticulum in situ, Biophy. J. 74 (1998)
1795-1808.

[25] N. Kurebayashi, H. Yamashita, Y. Nakazato, H. Daida, Y.
Ogawa, Behavior of Ca®" waves in multicellular preparation from
guinea-pig ventricle, Am. J. Physiol. Cell Physiol. 287 (2004)
C1646-C1656.

[26] H. Kong, R. Wang, W. Chen, L. Zhang, K. Chen, Y. Shimoni, H.J.
Duff, S.R.W. Chen, Skeletal and cardiac ryanodine receptors exhibit
differential responses to Ca®" overload and luminal Ca>", Biophys. J.
92 (2007) 2757-2770.

[27] D. Jiang, B. Xiao, D. Yang, R. Wang, P. Choi, L. Zhang, H. Chen,
S.R.W. Chen, RyR2 mutations linked to ventricular tachycardia and
sudden death reduce the threshold for store-overload-induced Ca**
release (SOICR), Proc. Natl. Acad. Sci. USA 101 (2004) 13062—
13067.

[28] D. Jiang, R. Wang, B. Xiao, H. Kong, D.J. Hunt, P. Choi, L. Zhang,
S.R.W. Chen, Enhanced store overload-induced Ca®' release and
channel sensitivity to luminal Ca®" activation are common defects of
RyR2 mutations linked to ventricular tachycardia and sudden death,
Circ. Res. 97 (2005) 1173-1181.

[29] Y. Ogawa, N. Kurebayashi, The Ca-releasing action of halothane
on fragmented sarcoplasmic reticulum, J. Biochem. 92 (1982) 899-
905.

[30] F. Zorzato, E. Scutari, V. Tegazzin, E. Clementi, S. Treves,
Chlorocresol: an activator of ryanodine receptor-mediated Ca®*
release, Mol. Pharmacol. 44 (1993) 1192-1201.

[31] T. Murayama, T. Oba, H. Hara, K. Wakabe, N. Ikemoto, Y. Ogawa,
Postulated role of interdomain interaction between regions 1 and 2
within type | ryanodine receptor in the pathogenesis of porcine
malignant hyperthermia, Biochem. J. 402 (2007) 349-357.

[32] H. Oyamada, K. Oguchi, N. Saitoh, T. Yamazawa, K. Hirose, Y.
Kawana, K. Wakatsuki, K. Oguchi, M. Tagami, K. Hamaoka, M.
Endo, M. lino, Novel mutations in C-terminal region of the
ryanodine receptor in malignant hyperthermia patients, Jpn. J.
Pharmacol. 88 (2002) 159-166.


http://www.bioscience.org

212 Y. Ogawa | Biochemical and Biophysical Research Communications 369 (2008) 208-212

[33] T. Murayama, T. Oba, E. Katayama, H. Oyamada, K. Oguchi, M. [34] R.Wang, W. Chen, S. Cai,J. Zhang,J. Bolstad, T. Wagenknecht, Z. Liu,
Kobayashi, K. Otsuka, Y. Ogawa, Further characterization of the S.R.W. Chen, Localization of an NH2-terminal disease-causing muta-
type 3 ryanodine receptor (RyR 3) purified from rabbit diaphragm, J. tion hot spot to the “clamp” region in the three-dimensional structure of
Biol. Chem. 274 (1999) 17297-17308. the cardiac ryanodine receptor, J. Biol. Chem. 282 (2007) 17785-17793.



	Distinct mechanisms for dysfunctions of mutated ryanodine  receptor isoforms
	Brief overview of RyR and mutation-linked diseases
	Properties of CICR in relation to pathogeneses
	References


