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Summary reticulum C&* ATPase) and C# leak through the cardiac
) ) ) RyR (RyR2). The importance of luminal €aletection by

1. Contractile function of the heart requires releasgyRo is underlined by mutations in the channel that lead to
of C&" from the intracellular Cd stores in the ofien fatal catecholamingic polymorphic entricular
sarcoplasmic reticulum (SR) of cardiac muscle cellbe tactycardia (CPVT) through increasing the seniiti of
efficagy of Ca?* release depends on the amount o?*CaRyRZ to luminal [C&].45 As a consequence, the mutant
loaded into the C4 store and the way in which this “€a RyR2 channels are more aetihan normal during diastole
load” influences the activity of the ryanodine receptok,q described as “legk The high “leak’ results in an
(RyR2) C&" release channel. . increase in ytoplasmic [C&"] to levds sufficient to trigger

2. The influence of the Caload on C&' release gelayed after depolarizations (DADS) and asynchronous
through RyR2 is facilitated by (&) the sensitivity of RyRZction potential activity resulting in agmia. Inaddition
itself to luminal C&" concentration and (b) interactionSgga/eral mutations in cardiac CSQ (CSQ2) also lead to
between the cardiac €abinding protein (cals?questrlln, CPVT, further underlining the essential role of luminafCa
CSQ2) and RyR2, transmitted through the “anchoringp regulating C&* signalling®” Transgenic animals
proteins junctin and/or triadin. _ expressing either RyR2 or CSQ2 with CPVT mutations

3. Mutations in RyR2 are linked 10 gigplay abnormalities in G4 signalling as do animals
catecholamingjic polymorphic entricular tachicardia \yhere CSQ2 expression is up ondo regulated®® Not
(CPVT) and sudden cardiac deatfihe tachycardia is ynexpectediyproteins in the SR lumen that associate with
associated l’V'th changes in the sewsti of RyR2 10 c5Q2 and RyR2 (Figure 1A), triadin, junctin and the
luminal C#". Triadin-, junctin- or CSQ-null animals histidine rich calcium binding protein (HRC), also influence
survive lut their longeity and ability to tolerate stress is o+ signalling. Knockut, knockdown or werexpression
compromised. Thesstudies reeal the importance of the ¢ )| three associated proteins results in defec?*

proteins in normal muscle functiorutbdo not reeal the  gignalling. Thesstudies hee established that luminal G
molecular nature of their functional interactions which mugtoncentration and/or RyR2'ensitiity to luminal C&*
be defined before changes in the proteins leading to CPYggis are essential for normal €aignalling, normal heart

and heart disease can be understood. function and long term sumal, and hae keen &tensiely
4. We dscuss knan interactions between the RYR, aviaved elswherel®4 At the same time we ha

triadin, junctin and CSQ with emphasis on the cardiggmarkably litle information about the molecular
isoforms of the proteins. Where there is little Wmoabout  mechanisms and protein-protein interactions in the SR
the cardiac isoforms, we discuss evidence fromlesél |, nen that allw the RyR2 to “sense” and respond to

isoforms. changes in luminal [G4. The molecular interactions can
only be addressed usingn vitro techniques, where
interactions between the isolated proteins canxaenmed,

A paradigm shift in understanding €alynamics in and their interdependence and dependence on luminal
the heart occurred with recognition of the role of proteifCa¢*] measured.
interactions in the lumen of the sarcoplasmic reticulum  The aim of this reiew is to consider what we kv
(SR). Thesduminal interactions are critical not only for or do not kna about the luminal domain of RyR2, its
provision of adequate &4 but also ensuring that openintrinsic response to changes in luminal?Cand hov
probability of the cardiac ryanodine receptor’Ceelease interactions with associated proteins modulate this response
channel (RyR2), is high during systole (contraction) anié the healtli heart and in disease.Of particular
low during diastole (relaxation)Ca* release is determined importance are associated proteins in the lumen of the SR
by luminal [C&'] (C&* load) and its detection by RyR3. that are implicated in Casignalling. Thesare the CSQ2
Ca* load depends on the high Thinding capacity of the and HRC C&" binding proteins and the tw“anchoring
Ca* binding protein calsequestrin (CSQ), which a#o proteins”, triadin and junctin, which bind to both RyR2 and
[20mM C&* to be accumulated in SR. SR%#ad also CSQ2. Tiadin and junctin are dubbed “anchoring
depends on a balance during diastole betweeR* C#roteins” because theare generally belieed to “anchor”
accumulation by SERCA (the sarcoplasmic/endoplasm@SQ2 to RyR2 to form a luminal SR £aensing protein

I ntroduction
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Figure 1. A: The major poteins in the dyadic junction between the surface/t-tubule and junctional SR membranes of car
diac ventricular myocytes. The DHPR with its 5 wits is in the surface/t-tubule merabe adjacent to the RyR2
homotetamer in the SR mendmre Triadin and junctin ae dso embedded in the SR membrane and interact with both the
luminal and cytoplasmic domains of RyR&ithin the lumen of the SR, CSQ2 and HRC bin#f G2SQ2 binds to triadin

and junctin while HRC binds to triadirB: A 32 residue C-terminal domain of triadin binds to RyR1 and CSQ1 individu-
ally and to both proteins at one timé peptide corresponding to these 32 residues (upper seque@evas labelled with
biotin, immobilized on streptavidirgarose and exposed to RyR1 (left) or CSQ1 (centre) or to both proteins atisatur
concentations (right). Immunodetection of bound RyR1 and CSQ1 is sh@wvnSequence of the 32 residue skeletal tri-
adin (Trisk95) peptide used B is given in the upper sequencé&he equivalentegon of cardiac triadin is the lower
sequence The KEKE motif is enclosed in a box. Even residues mutated in cardiac triadin and shown to effecthinding
are highlighted.

complex. which triggers an influx of extracellular €athrough
Interactions between the proteins forming the luminalinydropyridine-sensite \oltage-dependent L-type €a
Ca* sensing comple and their response to changes irchannels, dipdropyridine receptors (DHPRs) located in
luminal [C&*] are addressed in the cortef physiological both the surface membrane and its transver¥eufule
changes in luminal Cathat occur during the normal €a invaginations. DHPRsare clustered in regions of the
cycling between systole and diastolenportant ents in  surface/t-tuble membranes that are in close proximity to
this g/cle are described in detail elggerel® Briefly, each the SR membrane, in dyadic junctions where the opposing
systole is preceded by the upstalf the action potential, and internal SR membrane is rich in RyR2 channels (Figure
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1A). Thegeometry is such that the surface DHPR and th&isk95 which binds to RyR¢ (Figure 1C). Neither the
intracellular RyR2 ion channels are co-localiz&* that CSQ1 binding site onriBk95 nor the RyR2 binding site on
enters the fibres through the DHPR is wkld close to the 32kDa isoform are known, but are likely to be the same
RyR2 and binds to its cytoplasmic Laactivation sites. in both isoforms, gien the sequence identity in the binding
The cytoplasmic [CH] within the dyadic cleft increases regions. Indeedur preliminary data indicate that the 32aa
from its end diastolic kel of (110ONM to 10-10QM, a region in the 32kDa isoform that binds to RyR2 also binds
concentration sufficient to maedy increase the open to RyR1. We find that the 32aa g@n of Trisk95 does bind
probability of RyR2 channels and release a large fraction bbth separately as well simultaneously to CSQ1 and RyR1
the SR C&. This C&*-induced C& release (CICR), is (Figure 1B), indicating that there are separate binding sites
fundamental to »itation-contraction (EC) coupling in for both CSQ1 and RyR1 within this short 32aa sequence of
cardiac myoytes. TheCa" released as a result of CICRTrisk95. Analternatve explanation for the data in Figure
must be returned to the SR during diastole by SERCA, i® is that one subpopulation ofigk95 binds to CSQ1 and
be aailable for release in the following systoleC&* a scond subpopulation binds to RyRHowever to our
homeostasis is further maintained by the sodium calciukmovledge only one population of rifk95 has been
exchanger (NCX) which xrudes an amount of €a identified. Althoughequivalent experiments hva yet to be
equivaent to that entering through the DHPR duringlone with CSQ2 and RyR2 we predict that similar results
systole. The process that terminates the intrinsicallywill be obtained.

positive feedback cycle in CICR remains a subject of debate  Trisk95 binding to RyR¥ and a 32aa sequence that

in the field® binds to RyR1 (Figure 1C), both increase in RyR1végti
) ot ) indicating that 32aa sequence is the binding anaatiot
TheRyR2 luminal Ca”" sensing complex domain of triadin. It was assumed that triadin and junctin

gﬁd similar functions because of the structural similarities
and binding to both the RyR and CS&owever common
pfmctions are not supported by the distinct phenotypes with
changes inxpressiort8-3%which point to discrete functions
f the two proteins. Also,in vitro, CSQ1 addition to the
yR1/Trisk95 compl& in vitro, does not alter RyR1
activity and the RyR1/Trisk95/ CSQ1 compldas mot
regulated by luminal [CH].%” Trisk95 does hwever play a
role in EC coupling in sietal musclé®31 The mechanism
by which Trisk95 interacts with skeletal EC coupling is not
known, kut as it does bind to CSQ1, it may wen changes
in luminal [C&'] from CSQ1 to RyR1 when the €a
release channel is adted by the voltage sensor during EC

Numerous proteins are associated with the junction
SR membrané’ Although the function of these proteins
and the gtent of their associations with each other and wit
RyR2 are not well defined, it is likely that the?Caensing
compl in the SR lumen includes proteins in addition t
those in the quaternary RyR2/triadin/junctin/CSQ
compl. One such protein is HRC (Figure 1A), which
influences C# signalling and interacts with RyR2 by
binding to triadint®® HRC binding to triadin increases
with increasing [C&] from 10nM-10QM with little
further change from 1QMM-1mM.® HRC also interacts
with SERCA, with highest affinity when luminal [€his
(MOOnM, decreasing as [€hincreases twards 1mMI8 ;
The functional implications of HRC binding to thecoupllng. . . .
triadin/RyR2 complex, and competition between HRC and._ _ . In. one studymteracUon_s bgtween the 32kpa |so_form
CSQ2 binding to triadin, pose interesting questiolisis of tnadm, CSQ2 and RyR2 |_n_d|cated that triadin téis
hypothesized that HRC interacts with SERCA2 wheR*catanine RyR2 ~and addition of CSQ2 1o the

load is decreased at the end of systole and that this ha%QXﬁZ/triadiT/junctin_compbeinhibits RyR2 and alles SR
affiect SERCA?2 aciity.? However it is wnlikely that uminal C&* regulation of the channéf. In contrast, our

luminal C&* falls below 100uM in normal hearts. results with shgep RyR2 under. diffgrent conditionswsho
O that CSQ2 actites (does not inhibit) the RyR2/32kDa
Triadin triadin/junctin complg.2 Species-dependent differences and
_ o effects of e&perimental conditions on the interactions
~ Several isoforms of the triadin gene are expressed ipetween the cardiac isoforms of the proteins need further
striated muscle and serva \ariety of functions. For  clarification. Itis suggested that reduced EC coupling in
example triadin may play a structural role throughriadin-null skeletal myotubes is due to dissociation of the
microtulule associationd: The 32kDa isoform of triadin is 12kDa FK-506 binding protein (FKBP13. If triadin
associated with RyR2 in the he&ftthile a 95kDa triadin, - stabilizes the association of the cardiac isoform of FKBP12
Trisk95, associates with RyR1 in eds&tal musclé® Al (FKBP12.6) with RyR2, then triadin may be an important
isoforms of triadin contain a short N-terminal domain in thgnti_arrfythmic agent_ There is a correlation between
cytoplasm, a single transmembrane helix and finally a GkBP12.6 dissociation and the “leaky” RyR2 phenotype in
terminal domain within the SR lumen, which is truncated iReart disorder&
the shorter isoformsThe C-terminal domain contains the The luminal binding site for triadin on RyR1 includes
buk of the protein and is highly chged, with seeral Asp4878, Asp4907 and Glu4908 of the M8-M10 pore
stretches of KEKE residues and KEKE motifs WhiChoop_25v31 The pore |oop contains the pore helix and
interact with RyRs, CSQ and HRE?6 selectiity filter for the C&" channel (Figure 2).This
Curiously the region of the 32kDa isoform that bindSocation of the Tisk95 binding site should allo an
to CSQ2“ has a high sequence identity with the region afifluence on RyR1 gating and conductanceotably,
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Figure2. A:. The predicted insmembane domain of RyR2, based on data for R¥R4The blue cicles indicate poten-
tial cardiac triadin binding domainsThe green oval indicates acidic residues contributing to a ring of negatargeca
the mouth of the perP® the blue egons indicate the GGGIG selectivity filtéfhe red lines indicateegons in RyR2 whit
bind to junctin®® B: Cryo electron microscopy structuof he RyR showing cytoplasmicatismembane and luminal
domains (modified from Samebal®9).

Trisk95 increases the RyR1 opening to the maximuthat its C-terminal partates the cytoplasm and can
conductance and reduces openings to submaxivelsfé  associate with the DHPR. Immunolocalization studies
The binding site on RyR2 for the 32kDa isoform of triadirshav clearly that under normal conditions in isolated SR,
is not determined, but is likely to be the same as RyRle vast majority of triadin molecules exist in the one
because of the high sequence homology between RyR1 amigntation with the N-termini facing the cytoplagtn.

RyR2 in the pore gion. The32aa RyR binding region of )

triadin extends from the membrane spanning helix into thisNctin

SR lumen and is present in all triadin isoforms. It iglik
that there is also an interaction between the cytoplasmic N- : :

erminldemains of k55 nd RYRE Thi topasmic. 1 araoh Y052 gene ih ne soformizesses
mte_ractlon Is weak as mutatlo_n of the Iu_m_ma_l blndlm%tructure of junctin is similar to that of triadin in that both
re_S|due§l preents R.le co—|mmun<_)preC|p|tat|on _by have dort N-terminal domains in theymwplasm, single
_Trlsk95: However since. (f"‘) t_here IS a ytloplas_mlc_ transmembrane helices and highly charged C-terminal
interaction and (b) sk95 is implicated in EC coupling, it domains in the SR lumen which bind to both the RyR and
is possible that fisk95 interacts with the DHPR/RyR1 ECCSQ. Consequentlyhe to proteins hae keen assigned
coupli_ng com_plg_ as siggested in the first _pL_J_incationsthe role of simply “anchoring” CSQ to the RyRlowever
describing  triadir?” Another remote possibility dso it is becoming increasingly clear that their roles are more

X 37 o )
suggested pwously,”” is that triadin can flip in the comple, and that the proteins ve& ®parate functions in

mgmbrang so that the longer C-terminal part of the_ proteé dition to their anchoring roles which are indicated by
might at times face the lumen of the SR and associate w& ferent  phenotypes follaing knockdown  or

CSQ and the RyR, and under different conditions "flip” SBverexpressiort®3 as well as different functionisi vitro.

Junctin is a non-catalytic splice variant of the
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Once again, there is a more substantial body ofkw influence on RyRs depend on thegadm of CSQ
examining the molecular ffcts of junctin on EC coupling polymerizatior?43 The highly chaged C-terminal tail of
and RyR activity in skeletal than in cardiac systetdslike ~CSQ forms the major €abinding domain of the proteits,
triadin, junctin is not implicated in skeletal EC couplidg, and is longer in CSQ2 than in CSQThus CSQ2 should
but instead it regulates €arelease from the SR ineletal have a geater C&" binding capacity yet the measured
cells, when the RyR1 is not aaied by the DHPR? and capacity is less than that of CS¢1However the C&*
corveys sgnals from CSQ1 to RyR%. binding capacity increases with polymerizatféi* and
There is a recent report of junctin binding sites o€SQ2 is less polymerized than CSQL1 in the presence of
RyR23° Luminal residues 47-77 of junctin bind to RyR21mM C&*.34546The longerhighly chaged C-terminal tail
between residues 4520 and 4553, on the luminal M5-M8 CSQ2 may impede polymerization.There are
linker (Figure 2A). In addition, luminal residues 78-21Qlifferences in reports of CSQ2 polymerization from
bind to a rgion that encompasses the pore loop of RyRdifferent laboratoriesWei et al found that sheep CSQ?2 is
(residues 4789-4846, Figure 2A), in the samgiore in largely monomeric at 1mM G4 whereas greater
which triadin binds to RyR3. and also in a straggc polymerization is seen in canine or rat CS®%. The
location to influence the gating and conductance of tHeSQ2 polymerization iels detected by Wi et al. may
channel. Incontrast to the single triadin binding site orhave keen artificially lav because the amounts of CSQ2
RyR2, there are at least awbinding sites on RyR2 for were underestimated anduder than concentration of CSQ2
junctin. It may be significant that there is also a singlen the SR. These differences remain to be fullypéored.
binding site on triadin for CSQ2 and multiple binding site¥entricular tissue from sheep contains refdli large
on junctin for CSQZ4 Our recent (unpublished) functionalamounts of CSQ2 thatomld keep free [C4] within the
work also indicates more than onegi@n of junctin SR law, while allowing accumulation of large total amounts
interacts with RyR2, in this case on cytoplasmic andf C&*.*® Interestingly HRC is up-regulated in CSQ2-null
luminal domains. A peptide corresponding to the mice, perhaps to compensate for the absence of ¢5Q2.
cytoplasmic N-terminal tail of junctin (residues 1 to 22)s not known whether or ko the triadin/HRC comple
activates RyR2 when added to thgt@plasmic solution.In  regulates RyR2 in response to changes in lumin&* Ca
contrast the C-terminal domain of junctin inhibits RyRZoncentration.
when added to the luminal solution (Figure 3)he Another largely uneplored factor is the expression of
inhibition of RyR2 by the luminal domain may be aCSQ?2 in slow-twitch sédetal muscle, along with RyR1 and
composite effect of junctin binding to the dwuminal CSQ1%° As CSQ2 actiates, and CSQ1 inhibits RyRlan
sites® In contrast to the C-terminal domain, full lengthimmediate question is the regulation of RyR1 by
junctin in fact actiates RyR2 when added to the luminalcombinations of CSQ2 and CSQ1 in slow-twitch (type 1)
solution, in our experiments and in oth&sThus fibres and ha this might impose fibre-type differences in
functional data suggest that the channelvaiitin induced regulation of the RyR1 channeRat soleus consists of 80%
by the cytoplasmic interaction is the dominant functionaype | and 20% type |l fibre$. All soleus type | fibres
effect of the full length protein on the RyROne study contain CSQ1 (approximately 1/3 of thapeessed in EDL)
failed to shev an interaction between the N-terminaland significant amounts of CSQ2, while soleus type Il
residues of junctin and RyR2 put this may be explained if fibres contain CSQ1,ub no CSQZ? Maximum SR C&
the binding site is Uried within the protein or if the content increases with CSQ1 content, but endogenous SR
cytoplasmic binding is weaklt is clear that junctin has a C&* content is imersely related to CSQ1 and muclwier
more complg structural and functional association within EDL than in soleus type | fibré3.This, along with

RyR2 than triadin. variation in the isoform of SERCAxgressed, is thought to
) explain differences in endogenous T4oading capacity of
Calsequestrin fast and slev twitch fibres?® The regulation of RyR1/CSQ1

CSQ is integral to proper €asignalling in striated and RyR1/CSQ2 by luminal €is yet to be explored.

muscle. Mutationsn CSQ2 are as fefctive & mutations i | yminal Ca?* sensing by the RyR2 channel complex
RyR2 in inducing arrhythmias and sudden cardiac déath.

CSQ1 knockout produces a MH-<ikhenotype in siletal The intrinsic luminal C& sensing capacity of purified
muscle®* CSQ binds to triadin and/or junctin and thusRyR2

exats its influence on the RyR through its interactions with ) )
these proteins. The precise influence that CSQ has on the The response of single RyR2 channels to changes in
RyR is highly isoform specific. As mentioned abo Igmmal ca* response is measured in artificial lipid
CSQ1 inhibits RyR1 through specific binding to junéfin. bilayers, where Iu_mmal_[(?ﬂ can be carefully controlled.

In contrast CSQ2 aetites RyR2 when added to the The RyR has an intrinsic capacity to d_etgct and respond to
RyR2/32KDa triadin/junctin complex, although it is notchanges in luminal [G4 which is indicated by the
known whether this is through binding to triadin or junctif®SPonse of purified RyR2 channels to luminat*Calhe

or to both proteins, or indeed to other luminal protein@Ctvity of purified RyR2 increases as luminal fda
associated with the RyR2 complex. increases into the millimolar range (1-5mM) under

The relatve G22* binding capacity of CSQ and its conditions which clearly indicate that there are luminal
C&* sensors on the RyR2 protein, with cytoplasmic’[za
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Figure 3. dngle channel currentsecoided from purified RyR2 channels exposed to 213nM of full length junctin (FLjun)
or the C-terminal domain of junctin (JunC) iA)(and (B) respectively added to the luminaafg solution, or C) the N-
terminal tail of junctin (JunN) added to the cytoplasmic soluti@®mannel activity wasecoided at -40mMwith opening
downwad to the maximum single channel current og@ to O, when two channels open simultaneouslytoplasmic
[Ca?*] was 1QM. OtherMethods ae gven in Weket al?”

where cytoplasmic actition sites are saturated by & membrane increase the area of proteailable to sense the
As purified channels do notVveasociated junctin, triadin, luminal [C&*]. However, snce the entire membrane
CSQ2 or HRC, the Casensors in the purified protein arespanning segment extends from 4498-4867 (Figure 2A), the
intrinsic to RyR2 and must reside in residuggased to the maximum area exposed to the luminal solution must <7%
luminal solution, presumably on the luminal loops of thef the total protein.

protein. Thuswe briefly consider the structure of the ] o ] ]

luminal domain of the channel (Figure 2B) andwhi 1 neCa?" sensing ability of the luminal RyR2 protein

might in fact respond to changes in luminal{Qa complex

RyR2 reulation by changes in luminal [€3 is
more commonly studied using “nef preparations in
The luminal domain of the RyR contains parts of thevhich RyR2 remains embedded in the SR membrane of
transmembrane helices that are accessible to the SR lumingdct SR vesicles, and where the luminal®@ensing
solution and loops that connect the luminal ends of thotein complg is intact. Thepresence RyR2, triadin,
helices (Figure 2).The luminal domain encompasses thgunctin and CSQ2 in SRegicle preparations has been
C&* ion pore. The membrane spanning pore helices formerified using immuno-detection techniqués.
the ion channel itself, while the adjacent helices form ddnderstanding the contrtion of each of the components
outer ring. Thus the membrane helices with theirof the complg to the overall response requires a
cytoplasmic and luminal connectors can directly influencesconstitution approact,where purified RyR channels are
the opening and closing kinetics of the ion channel and thuserted into the bilayer and the protein comple
affect the amount of Gathat can flav from the SR. reconstituted by adding each of the components
A synthesis of fidropatly models and xperimental sequentially to the luminal side of the RyRhe impact of
data®'®? provide a picture of the membrane spanningach of these proteins on RyR wit§i and the response of
domain and luminaljdoplasmic loops of RyR2 (Figure the reconstituted completo luminal [C&'] can be
2A). A high resolution crystal structure of the RyR is nomeasured. Thihias been done with RyR1,but not yet
yet available, hut cryo electron microscgphas yielded with RyR2.
lower resolution structures thatvgi aitical information on ) )
the three dimensional profile of the channel withoufn® response of “native” RyR2 channels to changes in
defining the precise location of individual residues (Figur&'minal [Ca*]
2B). Thehighly negatively charged residues leading into
the selectivity filter could interact with €aions, detect
luminal [C&*] and modify channel gating.

The luminal domain of the RyR

Native RyR2 activity increases as luminal Tas
raised and this is particularly apparent within the

hysiological range of concentrations betweenMGnd

The luminal domain of the RyR channel is minimaE ; C
. e mM (Figure 4f RyR channel activity is i8 when the SR
(Figure 2). The bulk of the protein is in thetaplasm. The depleted of Cd at the end of diastole, presumably

predicted luminal loops contain a total of 121 residue§educing CA& efflux, when the [CH] in the SR must tild
<2.4% of the total proteinHowever more of the protein p to maximal en’d diastolic vels by SERCA. As the

rr;]ay bel §e;<pohsed todthe L‘%I'.‘"“a' skolut|on, byd_anal_ogy*tﬁ uminal [C&*] increases, RyR2 activity increases and the
channels’” where lydrophilic pockets extending into t € channel becomes primed for maximal’Ceelease during
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systole when it is fully actated by C&" entering through absence of junctiper seor due to the remal of CSQ2

the DHPR C#&' channel. 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

6.0 ~@— NATIVERYR2 + CSQ2 T previously CSQ1 does not interact with RyR1 through
- —~O— native RyR2- CSQ2 /,//O Trisk 9527 so it is likely that CSQ2/triadin association can
50+ T compensate for the loss of the CSQ2/junctin interactibn.
P is notable that CSQ2-null and the junctin-null transgenic

animals are susceptible to delayed after depolarizations
g (DADS) and arriithmia. Onehypothesis applicable to both
the CSQ-null and the junctin-null situations is that, if RyR2
open probability increases too steeply as luminalf{Ca
rises during diastole, then the extrusion processes (SERCA

Relative P,
w SN
o o
S
o
\ O
}—.\
e

L and NCX) may not be able to compensate for theess
2.0r / “leak” from the SR. In this casg/mplasmic C&" would be
i g//. higher than normal during diastole, leading taA@% and
1.0 ‘ ‘ ‘ ‘ arrhythmia.
) 300 700 1100 1500 It is worth noting that the changes in RyR2 activity in

response to changes in luminal fQaare often studied
using C&' levels outside the physiological range
encountered during normal €acycling in intact cardiac
Figure 4. Impact of CSQ2 on the relative opemlmbility myogtes. Themaximum end diastolic [C§ is 800uM-

of RyR2 channels as a function of luminal {Ja Cyto- 1mM and the minimum at the end of systole is
plasmic [C&*] was JuM and symmetrical 250mM Csvas  100-30QuM.55%6 The use of extreme €aconcentrations
the current carrie?’” The filled circles show dataoim from 100nM to 30mM may distort the structure of the
native RyR2 channels with CSQ2 associated. The open ¢ilghly charged intrinsic G4 sensing residues and alter the
cles show data ém native RyR2 channels after CSQ2esponse to transient exposure t@*@ancentrations within
removal by &posue to 0mM CS in the transchamber the physiological range. In addition, nyamxperiments
for 3 to 5min until a deease in activity indicating CSQ2 have teen performed under conditions in which the protein
dissociation was acoded. Notethat open pobability —composition of the luminal C& sensing comple could
increases at lower luminal [G4], and increases mer vary. For example exposure to 6-30mM luminal °Ca
steeply in the absence of CSQ2 than in the presence wbuld result in supercompaction of CSQ2 and its
CSQ2. Eab point shows mearSEM (N=8 14 observa- dissociation from the RyR2/triadin/junctin comyf&:5* At
tions for eab data point. # indicates a significant dér-  the other extreme, exposure to veny leminal C&* would
ence between native RyR2 with CSQ2 associated and Rylepolymerize and unfold CSQ2 and dissociate @il the
following CSQ2 dissociation (Students t-teB&0.05). terminal CSQ2 monomer from triadin and jundfinndeed
Methods ae described elsewhef?’ continuous exposure to a physiological {Gaf 100uM for
several minutes wuld cause significant dissociation of
dimers into monomer¥. Raising the C# 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 eguaent to the intact cell where CSQ2 is contained
systole and diastoleThere is an increase in RyR2 aiti q Q

as luminal [C&] approaphes 1mM in both Fhe absence an\g;gill; éir;fistgww;}?lf%nrﬁ tﬁfe Q;RJ; r;%trlggfg X.SR and cannot

presence of the associated luminal proteidswever, the

slope of the changes in RyR2 channelvtgtias luminal  Other aspects of the response of the “native” RyR2

Ca* fluctuates are influenced by the presence or absence:Rinnels to changes in luminal &a

the associated luminal proteins (Figure3%)Relatively

small changes in the response of RyR2 channels from The response of the “ne&’ RyR2 in a bilayer

junctin- and CSQ2-null animals lead to abnormaP*Casituation has yielded information about the*Cand Md*

signalling and CPV? binding sites on the luminal and cytoplasmic side of the
It is informatve © compare the increase in openRYR2 compl& and interactions between these sites as

probability as a function of luminal [¢4 in the presence luminal [C&*] change$’ without assigning the sites to

and absence of CSQ2 shown in Figure 4, with that in tisgecific components of the RyR/triadin/junctin comple

presence and absence of junctin (Figure 6 in Altsatafl The response of RyR2 to changes in luminaP{{Cdepend

al39). The increase is steeper in the absence of eithen the gtoplasmic and luminal G4 and Mg*

CSQ2 or junctin. This begs the question of whether trgoncentrations in a complénanner In addition, the actual

different response in the absence of junctin is due to th#minal [Mg?] and whether it changes during the

luminal [Ca?*] (uM)

The components of the luminal €aensing comple
fine tune the intrinsic response of RyR2 tgclical
variations in luminal [C&7, to provide the precise open
probability that is required for correct €aycling between
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systole/diastole yxle is not knwn. Nevertheless, the Abnormal interactions of calsequestrin with the
results suggest that the presence ofMg the lumen of ryanodine receptor calcium release channel cample
the SR attllmM would produce greater inhibition of the linked to eercise-induced sudden cardiac death.
RyR at an end-systolic luminal [€% of (10QuUM than at Circ. Res2006;98:1151-8.

the end diastolic concentration @lmM. Thecurvwes in 7. Matchenlo-Karpinski S, €rentye D, Gyorke |,
Figure 4 may be steeper in the presence of 1mM luminal Terentyva R Volpe R Priori SG, Napolitano C,

Mg?*. Furthermore, 1mM luminal Mg has little effect at Nori A, Williams SC, Gyork S Abnormal calcium
systolic cytoplasmic G4 concentrations of 3 to L, but signaling and sudden cardiac death associated with
a grong inhibition at the end-diastolicytoplasmic C& mutation of calsequestrin. Circ. Res. 2004;
concentration of O{IM. 94:471-7.

) 8. Liu N, Colombi B, Memmi M, Zissimopoulos S, Rizzi
Conclusion N, Negri S, Imbriani M, Napolitano C, LaiAF

Priori SG. Arrhythmogenesis in catecholamigar
polymorphic ventricular tagitardia: insights from a
RyR2 R4496C knock-in mouse modeCirc. Res.
2006;99:292-8.

Rizzi N, Liu N, Napolitano C, Nori A, Turcato,F
Colombi B, Bicciato S, Arcelli D, Spedito A, Scelsi
M, Villani L, Esposito G, Boncompagni S, Protasi F
\Volpe B Priori SG. Unexpected structural and
functional consequences of the R33Q homozygous
mutation in cardiac calsequestrin. a comple
arrhythmogenic cascade in a knock in mouse model.
Circ. Res2008;103:298-306.

10. Liu N, Rizzi N, Boveri L, Priori SG. Ryanodine

receptor and calsequestrin in atfimogenesis:

what we hse learnt from genetic diseases and

The importance of luminal [G§ in the in vitro
regulation of RyR2 channels and Laelease from cardiac
SR has long been recognizedHowever the in vivo
significance of these observations and the recgribgion
of interest in the area came with the realization that poiﬁt
mutations in RyR2 hee devestating effects on life
expectang by dtering the senstitity of the ion channel to
changes in luminal Caconcentration. Athe same time it
was dscovered that mutations in CSQ2 led to a similar
phenotype by altering the amount of ?Cghat could be
accumulated in the SR or by altering communication
between CSQ2 and the RyR2. These olm&ms raise the
possibility of using the sensitty of the RyR to changes in
luminal C&" in therapeutic stratges to combat the fefcts
of the RyR2/CSQ2 mutations on cardiac function and . . .
deleterious changes that occur in heaitufe. Beforethis tra.nsgemc mice. J. Mol. - Cell. Cardiol. 2009;
possibility can be realized, the molecular mechanisms that 46:149-59.

underlie luminal C# sensitvity must be understood and 11. Priori SG, Qhen SR' Inherited dysfu_nction of
are slowly being uncalled. sarcoplasmic  reticulum €a handling and

arrhythmogenesisCirc. Res2011;108:871-83.
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