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Summary

1. Contractile function of the heart requires release
of Ca2+ from the intracellular Ca2+ stores in the
sarcoplasmic reticulum (SR) of cardiac muscle cells.The
efficacy of Ca2+ release depends on the amount of Ca2+

loaded into the Ca2+ store and the way in which this “Ca2+

load” influences the activity of the ryanodine receptor
(RyR2) Ca2+ release channel.

2. The influence of the Ca2+ load on Ca2+ release
through RyR2 is facilitated by (a) the sensitivity of RyR2
itself to luminal Ca2+ concentration and (b) interactions
between the cardiac Ca2+ binding protein (calsequestrin,
CSQ2) and RyR2, transmitted through the “anchoring”
proteins junctin and/or triadin.

3. Mutations in RyR2 are linked to
catecholaminergic polymorphic ventricular tachycardia
(CPVT) and sudden cardiac death.The tachycardia is
associated with changes in the sensitivity of RyR2 to
luminal Ca2+. Triadin-, junctin- or CSQ-null animals
survive but their longevity and ability to tolerate stress is
compromised. Thesestudies reveal the importance of the
proteins in normal muscle function but do not reveal the
molecular nature of their functional interactions which must
be defined before changes in the proteins leading to CPVT
and heart disease can be understood.

4. We discuss known interactions between the RyR,
triadin, junctin and CSQ with emphasis on the cardiac
isoforms of the proteins. Where there is little known about
the cardiac isoforms, we discuss evidence from skeletal
isoforms.

Introduction

A paradigm shift in understanding Ca2+ dynamics in
the heart occurred with recognition of the role of protein
interactions in the lumen of the sarcoplasmic reticulum
(SR). Theseluminal interactions are critical not only for
provision of adequate Ca2+, but also ensuring that open
probability of the cardiac ryanodine receptor Ca2+ release
channel (RyR2), is high during systole (contraction) and
low during diastole (relaxation).Ca2+ release is determined
by luminal [Ca2+] (Ca2+ load) and its detection by RyR2.1-3

Ca2+ load depends on the high Ca2+ binding capacity of the
Ca2+ binding protein calsequestrin (CSQ), which allows
∼20mM Ca2+ to be accumulated in SR. SR Ca2+ load also
depends on a balance during diastole between Ca2+

accumulation by SERCA (the sarcoplasmic/endoplasmic

reticulum Ca2+ ATPase) and Ca2+ leak through the cardiac
RyR (RyR2). The importance of luminal Ca2+ detection by
RyR2 is underlined by mutations in the channel that lead to
often fatal catecholaminergic polymorphic ventricular
tachycardia (CPVT) through increasing the sensitivity of
RyR2 to luminal [Ca2+].4,5 As a consequence, the mutant
RyR2 channels are more active than normal during diastole
and described as “leaky”. The high “leak” results in an
increase in cytoplasmic [Ca2+] to lev els sufficient to trigger
delayed after depolarizations (DADS) and asynchronous
action potential activity resulting in arrhythmia. Inaddition
several mutations in cardiac CSQ (CSQ2) also lead to
CPVT, further underlining the essential role of luminal Ca2+

in regulating Ca2+ signalling.6,7 Transgenic animals
expressing either RyR2 or CSQ2 with CPVT mutations
display abnormalities in Ca2+ signalling as do animals
where CSQ2 expression is up or down regulated.8,9 Not
unexpectedly, proteins in the SR lumen that associate with
CSQ2 and RyR2 (Figure 1A), triadin, junctin and the
histidine rich calcium binding protein (HRC), also influence
Ca2+ signalling. Knockout, knockdown or overexpression
of all three associated proteins results in defective Ca2+

signalling. Thesestudies have established that luminal Ca2+

concentration and/or RyR2’s sensitivity to luminal Ca2+

levels are essential for normal Ca2+ signalling, normal heart
function and long term survival, and have been extensively
reviewed elsewhere.10-14 At the same time we have
remarkably little information about the molecular
mechanisms and protein-protein interactions in the SR
lumen that allow the RyR2 to “sense” and respond to
changes in luminal [Ca2+]. The molecular interactions can
only be addressed usingin vitro techniques, where
interactions between the isolated proteins can be examined,
and their interdependence and dependence on luminal
[Ca2+] measured.

The aim of this review is to consider what we know
or do not know about the luminal domain of RyR2, its
intrinsic response to changes in luminal Ca2+ and how
interactions with associated proteins modulate this response
in the healthy heart and in disease.Of particular
importance are associated proteins in the lumen of the SR
that are implicated in Ca2+ signalling. Theseare the CSQ2
and HRC Ca2+ binding proteins and the two “anchoring
proteins”, triadin and junctin, which bind to both RyR2 and
CSQ2. Triadin and junctin are dubbed “anchoring
proteins” because they are generally believed to “anchor”
CSQ2 to RyR2 to form a luminal SR Ca2+ sensing protein
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Figure 1. A: The major proteins in the dyadic junction between the surface/t-tubule and junctional SR membranes of car-
diac ventricular myocytes. The DHPR with its 5 subunits is in the surface/t-tubule membrane, adjacent to the RyR2
homotetramer in the SR membrane. Triadin and junctin are also embedded in the SR membrane and interact with both the
luminal and cytoplasmic domains of RyR2.Within the lumen of the SR, CSQ2 and HRC bind Ca2+, CSQ2 binds to triadin
and junctin while HRC binds to triadin.B: A 32 residue C-terminal domain of triadin binds to RyR1 and CSQ1 individu-
ally and to both proteins at one time. A peptide corresponding to these 32 residues (upper sequence inC) was labelled with
biotin, immobilized on streptavidin agarose and exposed to RyR1 (left) or CSQ1 (centre) or to both proteins at saturating
concentrations (right). Immunodetection of bound RyR1 and CSQ1 is shown.C: Sequence of the 32 residue skeletal tri-
adin (Trisk95) peptide used inB is given in the upper sequence. The equivalent region of cardiac triadin is the lower
sequence. The KEKE motif is enclosed in a box. Even residues mutated in cardiac triadin and shown to effect binding24

are highlighted.

complex.
Interactions between the proteins forming the luminal

Ca2+ sensing complex and their response to changes in
luminal [Ca2+] are addressed in the context of physiological
changes in luminal Ca2+ that occur during the normal Ca2+

cycling between systole and diastole.Important events in
this cycle are described in detail elsewhere.15 Briefly, each
systole is preceded by the upstroke of the action potential,

which triggers an influx of extracellular Ca2+ through
dihydropyridine-sensitive voltage-dependent L-type Ca2+

channels, dihydropyridine receptors (DHPRs) located in
both the surface membrane and its transverse (t) tubule
invaginations. DHPRsare clustered in regions of the
surface/t-tubule membranes that are in close proximity to
the SR membrane, in dyadic junctions where the opposing
and internal SR membrane is rich in RyR2 channels (Figure
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1A). Thegeometry is such that the surface DHPR and the
intracellular RyR2 ion channels are co-localized.Ca2+ that
enters the fibres through the DHPR is delivered close to
RyR2 and binds to its cytoplasmic Ca2+ activation sites.
The cytoplasmic [Ca2+] within the dyadic cleft increases
from its end diastolic level of ∼100nM to 10-100µM, a
concentration sufficient to massively increase the open
probability of RyR2 channels and release a large fraction of
the SR Ca2+. This Ca2+-induced Ca2+ release (CICR), is
fundamental to excitation-contraction (EC) coupling in
cardiac myocytes. TheCa2+ released as a result of CICR
must be returned to the SR during diastole by SERCA, to
be available for release in the following systole.Ca2+

homeostasis is further maintained by the sodium calcium
exchanger (NCX) which extrudes an amount of Ca2+

equivalent to that entering through the DHPR during
systole. The process that terminates the intrinsically
positive feedback cycle in CICR remains a subject of debate
in the field.16

The RyR2 luminal Ca2+ sensing complex

Numerous proteins are associated with the junctional
SR membrane.17 Although the function of these proteins
and the extent of their associations with each other and with
RyR2 are not well defined, it is likely that the Ca2+ sensing
complex in the SR lumen includes proteins in addition to
those in the quaternary RyR2/triadin/junctin/CSQ2
complex. One such protein is HRC (Figure 1A), which
influences Ca2+ signalling and interacts with RyR2 by
binding to triadin.18,19 HRC binding to triadin increases
with increasing [Ca2+] f rom 10nM-100µM with little
further change from 100µM-1mM.18 HRC also interacts
with SERCA, with highest affinity when luminal [Ca2+] is
∼100nM, decreasing as [Ca2+] increases towards 1mM.18

The functional implications of HRC binding to the
triadin/RyR2 complex, and competition between HRC and
CSQ2 binding to triadin, pose interesting questions.It is
hypothesized that HRC interacts with SERCA2 when Ca2+

load is decreased at the end of systole and that this has an
affect SERCA2 activity.20 However it is unlikely that
luminal Ca2+ falls below 100µM in normal hearts.

Triadin

Several isoforms of the triadin gene are expressed in
striated muscle and serve a variety of functions. For
example triadin may play a structural role through
microtubule associations.21 The 32kDa isoform of triadin is
associated with RyR2 in the heart,22 while a 95kDa triadin,
Trisk95, associates with RyR1 in skeletal muscle.23 All
isoforms of triadin contain a short N-terminal domain in the
cytoplasm, a single transmembrane helix and finally a C-
terminal domain within the SR lumen, which is truncated in
the shorter isoforms.The C-terminal domain contains the
bulk of the protein and is highly charged, with several
stretches of KEKE residues and KEKE motifs which
interact with RyRs, CSQ and HRC.24-26

Curiously, the region of the 32kDa isoform that binds
to CSQ224 has a high sequence identity with the region of

Trisk95 which binds to RyR126 (Figure 1C). Neither the
CSQ1 binding site on Trisk95 nor the RyR2 binding site on
the 32kDa isoform are known, but are likely to be the same
in both isoforms, given the sequence identity in the binding
regions. Indeedour preliminary data indicate that the 32aa
region in the 32kDa isoform that binds to RyR2 also binds
to RyR1. We find that the 32aa region of Trisk95 does bind
both separately as well simultaneously to CSQ1 and RyR1
(Figure 1B), indicating that there are separate binding sites
for both CSQ1 and RyR1 within this short 32aa sequence of
Trisk95. An alternative explanation for the data in Figure
1B is that one subpopulation of Trisk95 binds to CSQ1 and
a second subpopulation binds to RyR1.However to our
knowledge only one population of Trisk95 has been
identified. Althoughequivalent experiments have yet to be
done with CSQ2 and RyR2 we predict that similar results
will be obtained.

Trisk95 binding to RyR127 and a 32aa sequence that
binds to RyR1 (Figure 1C), both increase in RyR1 activity,
indicating that 32aa sequence is the binding and activation
domain of triadin. It was assumed that triadin and junctin
had similar functions because of the structural similarities
and binding to both the RyR and CSQ.However common
functions are not supported by the distinct phenotypes with
changes in expression,28-30which point to discrete functions
of the two proteins. Also,in vitro, CSQ1 addition to the
RyR1/Trisk95 complex in vitro, does not alter RyR1
activity and the RyR1/Trisk95/ CSQ1 complex is not
regulated by luminal [Ca2+].27 Trisk95 does however play a
role in EC coupling in skeletal muscle.30,31 The mechanism
by which Trisk95 interacts with skeletal EC coupling is not
known, but as it does bind to CSQ1, it may convey changes
in luminal [Ca2+] f rom CSQ1 to RyR1 when the Ca2+

release channel is activated by the voltage sensor during EC
coupling.

In one study, interactions between the 32kDa isoform
of triadin, CSQ2 and RyR2 indicated that triadin activates
canine RyR2 and addition of CSQ2 to the
RyR2/triadin/junctin complex inhibits RyR2 and allows SR
luminal Ca2+ regulation of the channel.32 In contrast, our
results with sheep RyR2 under different conditions show
that CSQ2 activates (does not inhibit) the RyR2/32kDa
triadin/junctin complex.3 Species-dependent differences and
effects of experimental conditions on the interactions
between the cardiac isoforms of the proteins need further
clarification. It is suggested that reduced EC coupling in
triadin-null skeletal myotubes is due to dissociation of the
12kDa FK-506 binding protein (FKBP12).33 If triadin
stabilizes the association of the cardiac isoform of FKBP12
(FKBP12.6) with RyR2, then triadin may be an important
anti-arrhythmic agent. There is a correlation between
FKBP12.6 dissociation and the “leaky” RyR2 phenotype in
heart disorders.34

The luminal binding site for triadin on RyR1 includes
Asp4878, Asp4907 and Glu4908 of the M8-M10 pore
loop.26,31 The pore loop contains the pore helix and
selectivity filter for the Ca2+ channel (Figure 2).This
location of the Trisk95 binding site should allow an
influence on RyR1 gating and conductance.Notably,
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Figure 2. A:. The predicted transmembrane domain of RyR2, based on data for RyR1.51,52The blue circles indicate poten-
tial cardiac triadin binding domains.The green oval indicates acidic residues contributing to a ring of negative charge at
the mouth of the pore;58 the blue regions indicate the GGGIG selectivity filter. The red lines indicate regions in RyR2 which
bind to junctin.39 B: Cryo electron microscopy structure of the RyR showing cytoplasmic, transmembrane and luminal
domains (modified from Samsoet al.59).

Trisk95 increases the RyR1 opening to the maximum
conductance and reduces openings to submaximal levels.27

The binding site on RyR2 for the 32kDa isoform of triadin
is not determined, but is likely to be the same as RyR1
because of the high sequence homology between RyR1 and
RyR2 in the pore region. The32aa RyR binding region of
triadin extends from the membrane spanning helix into the
SR lumen and is present in all triadin isoforms. It is likely
that there is also an interaction between the cytoplasmic N-
terminal domains of Trisk95 and RyR1.35 This cytoplasmic
interaction is weak as mutation of the luminal binding
residues prevents RyR1 co-immunoprecipitation by
Trisk95.31 However since (a) there is a cytoplasmic
interaction and (b) Trisk95 is implicated in EC coupling, it
is possible that Trisk95 interacts with the DHPR/RyR1 EC
coupling complex as suggested in the first publications
describing triadin.36 Another remote possibility, also
suggested previously,37 is that triadin can flip in the
membrane so that the longer C-terminal part of the protein
might at times face the lumen of the SR and associate with
CSQ and the RyR, and under different conditions “flip” so

that its C-terminal part faces the cytoplasm and can
associate with the DHPR. Immunolocalization studies
show clearly that under normal conditions in isolated SR,
the vast majority of triadin molecules exist in the one
orientation with the N-termini facing the cytoplasm.38

Junctin

Junctin is a non-catalytic splice variant of the
aspartate-β –hydroxylase gene, with one isoform expressed
in many tissues and in cardiac and skeletal muscle.The
structure of junctin is similar to that of triadin in that both
have short N-terminal domains in the cytoplasm, single
transmembrane helices and highly charged C-terminal
domains in the SR lumen which bind to both the RyR and
CSQ. Consequently, the two proteins have been assigned
the role of simply “anchoring” CSQ to the RyR.However
it is becoming increasingly clear that their roles are more
complex, and that the proteins have separate functions in
addition to their anchoring roles which are indicated by
different phenotypes following knockdown or
overexpression,28-30 as well as different functionsin vitro.
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Once again, there is a more substantial body of work
examining the molecular effects of junctin on EC coupling
and RyR activity in skeletal than in cardiac systems.Unlike
triadin, junctin is not implicated in skeletal EC coupling,31

but instead it regulates Ca2+ release from the SR in skeletal
cells, when the RyR1 is not activated by the DHPR,30 and
conveys signals from CSQ1 to RyR1.27

There is a recent report of junctin binding sites on
RyR2.39 Luminal residues 47-77 of junctin bind to RyR2
between residues 4520 and 4553, on the luminal M5-M6
linker (Figure 2A). In addition, luminal residues 78-210
bind to a region that encompasses the pore loop of RyR2
(residues 4789-4846, Figure 2A), in the same region in
which triadin binds to RyR1,31 and also in a strategic
location to influence the gating and conductance of the
channel. Incontrast to the single triadin binding site on
RyR2, there are at least two binding sites on RyR2 for
junctin. It may be significant that there is also a single
binding site on triadin for CSQ2 and multiple binding sites
on junctin for CSQ2.24 Our recent (unpublished) functional
work also indicates more than one region of junctin
interacts with RyR2, in this case on cytoplasmic and
luminal domains. A peptide corresponding to the
cytoplasmic N-terminal tail of junctin (residues 1 to 22)
activates RyR2 when added to the cytoplasmic solution.In
contrast the C-terminal domain of junctin inhibits RyR2
when added to the luminal solution (Figure 3).The
inhibition of RyR2 by the luminal domain may be a
composite effect of junctin binding to the two luminal
sites.39 In contrast to the C-terminal domain, full length
junctin in fact activates RyR2 when added to the luminal
solution, in our experiments and in others.32 Thus
functional data suggest that the channel activation induced
by the cytoplasmic interaction is the dominant functional
effect of the full length protein on the RyR.One study
failed to show an interaction between the N-terminal
residues of junctin and RyR2,40 but this may be explained if
the binding site is buried within the protein or if the
cytoplasmic binding is weak.It is clear that junctin has a
more complex structural and functional association with
RyR2 than triadin.

Calsequestrin

CSQ is integral to proper Ca2+ signalling in striated
muscle. Mutationsin CSQ2 are as effective as mutations in
RyR2 in inducing arrhythmias and sudden cardiac death.11

CSQ1 knockout produces a MH-like phenotype in skeletal
muscle.41 CSQ binds to triadin and/or junctin and thus
exerts its influence on the RyR through its interactions with
these proteins. The precise influence that CSQ has on the
RyR is highly isoform specific. As mentioned above,
CSQ1 inhibits RyR1 through specific binding to junctin.27

In contrast CSQ2 activates RyR2,3 when added to the
RyR2/32KDa triadin/junctin complex, although it is not
known whether this is through binding to triadin or junctin
or to both proteins, or indeed to other luminal proteins
associated with the RyR2 complex.

The relative Ca2+ binding capacity of CSQ and its

influence on RyRs depend on the degree of CSQ
polymerization.42,43 The highly charged C-terminal tail of
CSQ forms the major Ca2+ binding domain of the protein,43

and is longer in CSQ2 than in CSQ1.Thus CSQ2 should
have a greater Ca2+ binding capacity, yet the measured
capacity is less than that of CSQ1.44 However the Ca2+

binding capacity increases with polymerization,43,44 and
CSQ2 is less polymerized than CSQ1 in the presence of
1mM Ca2+.3,45,46The longer, highly charged C-terminal tail
of CSQ2 may impede polymerization.There are
differences in reports of CSQ2 polymerization from
different laboratories.Wei et al.3 found that sheep CSQ2 is
largely monomeric at 1mM Ca2+, whereas greater
polymerization is seen in canine or rat CSQ2.45,47 The
CSQ2 polymerization levels detected by Wei et al. may
have been artificially low because the amounts of CSQ2
were underestimated and lower than concentration of CSQ2
in the SR. These differences remain to be fully explored.
Ventricular tissue from sheep contains relatively large
amounts of CSQ2 that would keep free [Ca2+] within the
SR low, while allowing accumulation of large total amounts
of Ca2+.48 Interestingly, HRC is up-regulated in CSQ2-null
mice, perhaps to compensate for the absence of CSQ2.48 It
is not known whether or how the triadin/HRC complex
regulates RyR2 in response to changes in luminal Ca2+

concentration.
Another largely unexplored factor is the expression of

CSQ2 in slow-twitch skeletal muscle, along with RyR1 and
CSQ1.49 As CSQ2 activates, and CSQ1 inhibits RyR1,3 an
immediate question is the regulation of RyR1 by
combinations of CSQ2 and CSQ1 in slow-twitch (type I)
fibres and how this might impose fibre-type differences in
regulation of the RyR1 channel.Rat soleus consists of 80%
type I and 20% type II fibres.49 All soleus type I fibres
contain CSQ1 (approximately 1/3 of that expressed in EDL)
and significant amounts of CSQ2, while soleus type II
fibres contain CSQ1, but no CSQ2.49 Maximum SR Ca2+

content increases with CSQ1 content, but endogenous SR
Ca2+ content is inversely related to CSQ1 and much lower
in EDL than in soleus type I fibres.49 This, along with
variation in the isoform of SERCA expressed, is thought to
explain differences in endogenous Ca2+ loading capacity of
fast and slow twitch fibres.49 The regulation of RyR1/CSQ1
and RyR1/CSQ2 by luminal Ca2+ is yet to be explored.

Luminal Ca2+ sensing by the RyR2 channel complex

The intrinsic luminal Ca2+ sensing capacity of purified
RyR2

The response of single RyR2 channels to changes in
luminal Ca2+ response is measured in artificial lipid
bilayers, where luminal [Ca2+] can be carefully controlled.
The RyR has an intrinsic capacity to detect and respond to
changes in luminal [Ca2+] which is indicated by the
response of purified RyR2 channels to luminal Ca2+. The
activity of purified RyR2 increases as luminal [Ca2+]
increases into the millimolar range (1-5mM) under
conditions which clearly indicate that there are luminal
Ca2+ sensors on the RyR2 protein, with cytoplasmic [Ca2+]s
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Figure 3. Single channel currents recorded from purified RyR2 channels exposed to 213nM of full length junctin (FLjun)
or the C-terminal domain of junctin (JunC) in (A) and (B) respectively added to the luminal (trans) solution, or (C) the N-
terminal tail of junctin (JunN) added to the cytoplasmic solution.Channel activity was recorded at -40mV, with opening
downward to the maximum single channel current of O1 or to O2 when two channels open simultaneously. Cytoplasmic
[Ca2+] was 10µM. OtherMethods are given in Weiet al.27

where cytoplasmic activation sites are saturated by Ca2+.50

As purified channels do not have associated junctin, triadin,
CSQ2 or HRC, the Ca2+ sensors in the purified protein are
intrinsic to RyR2 and must reside in residues exposed to the
luminal solution, presumably on the luminal loops of the
protein. Thuswe briefly consider the structure of the
luminal domain of the channel (Figure 2B) and how it
might in fact respond to changes in luminal [Ca2+].

The luminal domain of the RyR

The luminal domain of the RyR contains parts of the
transmembrane helices that are accessible to the SR luminal
solution and loops that connect the luminal ends of the
helices (Figure 2).The luminal domain encompasses the
Ca2+ ion pore. The membrane spanning pore helices form
the ion channel itself, while the adjacent helices form an
outer ring. Thus the membrane helices with their
cytoplasmic and luminal connectors can directly influence
the opening and closing kinetics of the ion channel and thus
affect the amount of Ca2+ that can flow from the SR.

A synthesis of hydropathy models and experimental
data,51,52 provide a picture of the membrane spanning
domain and luminal/cytoplasmic loops of RyR2 (Figure
2A). A high resolution crystal structure of the RyR is not
yet available, but cryo electron microscopy has yielded
lower resolution structures that give critical information on
the three dimensional profile of the channel without
defining the precise location of individual residues (Figure
2B). The highly negatively charged residues leading into
the selectivity filter could interact with Ca2+ ions, detect
luminal [Ca2+] and modify channel gating.

The luminal domain of the RyR channel is minimal
(Figure 2). The bulk of the protein is in the cytoplasm. The
predicted luminal loops contain a total of 121 residues,
<2.4% of the total protein.However more of the protein
may be exposed to the luminal solution, by analogy to K+

channels,53 where hydrophilic pockets extending into the

membrane increase the area of protein available to sense the
luminal [Ca2+]. However, since the entire membrane
spanning segment extends from 4498-4867 (Figure 2A), the
maximum area exposed to the luminal solution must <7%
of the total protein.

The Ca2+ sensing ability of the luminal RyR2 protein
complex

RyR2 regulation by changes in luminal [Ca2+] is
more commonly studied using “native” preparations in
which RyR2 remains embedded in the SR membrane of
intact SR vesicles, and where the luminal Ca2+-sensing
protein complex is intact. Thepresence RyR2, triadin,
junctin and CSQ2 in SR vesicle preparations has been
verified using immuno-detection techniques.54

Understanding the contribution of each of the components
of the complex to the overall response requires a
reconstitution approach,27 where purified RyR channels are
inserted into the bilayer and the protein complex
reconstituted by adding each of the components
sequentially to the luminal side of the RyR.The impact of
each of these proteins on RyR activity and the response of
the reconstituted complex to luminal [Ca2+] can be
measured. Thishas been done with RyR1,27 but not yet
with RyR2.

The response of “native” RyR2 channels to changes in
luminal [Ca2+]

Native RyR2 activity increases as luminal Ca2+ is
raised and this is particularly apparent within the
physiological range of concentrations between 100µM and
1mM (Figure 4).2 RyR channel activity is low when the SR
is depleted of Ca2+ at the end of diastole, presumably
reducing Ca2+ efflux, when the [Ca2+] in the SR must build
up to maximal end diastolic levels by SERCA. As the
luminal [Ca2+] increases, RyR2 activity increases and the
channel becomes primed for maximal Ca2+ release during
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systole when it is fully activated by Ca2+ entering through
the DHPR Ca2+ channel.
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Figure 4. Impact of CSQ2 on the relative open probability
of RyR2 channels as a function of luminal [Ca2+]. Cyto-
plasmic [Ca2+] was 1µM and symmetrical 250mM Cs+ was
the current carrier.3,27 The filled circles show data from
native RyR2 channels with CSQ2 associated. The open cir-
cles show data from native RyR2 channels after CSQ2
removal by exposure to 500mM Cs+ in the transchamber
for 3 to 5min until a decrease in activity indicating CSQ2
dissociation was recorded. Note that open probability
increases at lower luminal [Ca2+], and increases more
steeply, in the absence of CSQ2 than in the presence of
CSQ2. Each point shows mean±SEM (N=8 14 observa-
tions for each data point. # indicates a significant differ-
ence between native RyR2 with CSQ2 associated and RyR2
following CSQ2 dissociation (Students t-test,P<0.05).
Methods are described elsewhere.3,27

The components of the luminal Ca2+ sensing complex
fine tune the intrinsic response of RyR2 to cyclical
variations in luminal [Ca2+], to provide the precise open
probability that is required for correct Ca2+ cycling between
systole and diastole.There is an increase in RyR2 activity
as luminal [Ca2+] approaches 1mM in both the absence and
presence of the associated luminal proteins.However, the
slope of the changes in RyR2 channel activity as luminal
Ca2+ fluctuates are influenced by the presence or absence of
the associated luminal proteins (Figure 4).39 Relatively
small changes in the response of RyR2 channels from
junctin- and CSQ2-null animals lead to abnormal Ca2+

signalling and CPVT.39

It is informative to compare the increase in open
probability as a function of luminal [Ca2+] in the presence
and absence of CSQ2 shown in Figure 4, with that in the
presence and absence of junctin (Figure 6 in Altschaflet
al.39). The increase is steeper in the absence of either
CSQ2 or junctin. This begs the question of whether the
different response in the absence of junctin is due to the

absence of junctinper seor due to the removal of CSQ2
which is not anchored normally to RyR2 through junctin.
CSQ2 regulation of RyR2 through triadin has not been
explored with the cardiac proteins but, as mentioned
previously, CSQ1 does not interact with RyR1 through
Trisk 95,27 so it is likely that CSQ2/triadin association can
compensate for the loss of the CSQ2/junctin interaction.It
is notable that CSQ2-null and the junctin-null transgenic
animals are susceptible to delayed after depolarizations
(DADS) and arrhythmia. Onehypothesis applicable to both
the CSQ-null and the junctin-null situations is that, if RyR2
open probability increases too steeply as luminal [Ca2+]
rises during diastole, then the extrusion processes (SERCA
and NCX) may not be able to compensate for the excess
“leak” from the SR. In this case cytoplasmic Ca2+ would be
higher than normal during diastole, leading to DADS and
arrhythmia.

It is worth noting that the changes in RyR2 activity in
response to changes in luminal [Ca2+] are often studied
using Ca2+ levels outside the physiological range
encountered during normal Ca2+ cycling in intact cardiac
myocytes. Themaximum end diastolic [Ca2+] is 800µM-
1mM and the minimum at the end of systole is
100-300µM.55,56 The use of extreme Ca2+ concentrations
from 100nM to 30mM may distort the structure of the
highly charged intrinsic Ca2+ sensing residues and alter the
response to transient exposure to Ca2+ concentrations within
the physiological range. In addition, many experiments
have been performed under conditions in which the protein
composition of the luminal Ca2+ sensing complex could
vary. For example exposure to 6-30mM luminal Ca2+

would result in supercompaction of CSQ2 and its
dissociation from the RyR2/triadin/junctin complex.43,54 At
the other extreme, exposure to very low luminal Ca2+ would
depolymerize and unfold CSQ2 and dissociate all but the
terminal CSQ2 monomer from triadin and junctin.42 Indeed
continuous exposure to a physiological [Ca2+] of 100µM for
several minutes would cause significant dissociation of
dimers into monomers.42 Raising the Ca2+ concentration to
1mM may not then re-polymerize the CSQ2 associated with
RyR2 because of the vast dilution of the dissociated
molecules in the bilayer solutions. The bilayer situation is
not equivalent to the intact cell where CSQ2 is contained
within the tiny volume of the junctional SR and cannot
easily diffuse away from the RyR2 complex.

Other aspects of the response of the “native” RyR2
channels to changes in luminal Ca2+

The response of the “native” RyR2 in a bilayer
situation has yielded information about the Ca2+ and Mg2+

binding sites on the luminal and cytoplasmic side of the
RyR2 complex and interactions between these sites as
luminal [Ca2+] changes,57 without assigning the sites to
specific components of the RyR/triadin/junctin complex.
The response of RyR2 to changes in luminal [Ca2+] depend
on the cytoplasmic and luminal Ca2+ and Mg2+

concentrations in a complex manner. In addition, the actual
luminal [Mg2+] and whether it changes during the
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systole/diastole cycle is not known. Nevertheless, the
results suggest that the presence of Mg2+ in the lumen of
the SR at∼1mM would produce greater inhibition of the
RyR at an end-systolic luminal [Ca2+] of ∼100µM than at
the end diastolic concentration of∼1mM. The curves in
Figure 4 may be steeper in the presence of 1mM luminal
Mg2+. Furthermore, 1mM luminal Mg2+ has little effect at
systolic cytoplasmic Ca2+ concentrations of 3 to 10µM, but
a strong inhibition at the end-diastolic cytoplasmic Ca2+

concentration of 0.1µM.

Conclusion

The importance of luminal [Ca2+] in the in vitro
regulation of RyR2 channels and Ca2+ release from cardiac
SR has long been recognized.However the in vivo
significance of these observations and the recent explosion
of interest in the area came with the realization that point
mutations in RyR2 have devastating effects on life
expectancy by altering the sensitivity of the ion channel to
changes in luminal Ca2+ concentration. Atthe same time it
was discovered that mutations in CSQ2 led to a similar
phenotype by altering the amount of Ca2+ that could be
accumulated in the SR or by altering communication
between CSQ2 and the RyR2. These observations raise the
possibility of using the sensitivity of the RyR to changes in
luminal Ca2+ in therapeutic strategies to combat the effects
of the RyR2/CSQ2 mutations on cardiac function and
deleterious changes that occur in heart failure. Beforethis
possibility can be realized, the molecular mechanisms that
underlie luminal Ca2+ sensitivity must be understood and
are slowly being unravelled.
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