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Summary the SR C#& release channel (the ryanodine receptor (RyR))
. . ) by an interaction with the dyldropyridine receptor
. 1. Mary biological processes which arevgmed by  (pHpPR), the major G4 channel in the suate membrane.
intracellular calcium signals rely on intracellular stores thal, skeletal muscle this interaction is mechanical, whereby
provide a reliable, controlled release of calcium into thg,e |- loop of the DHPR is thought to pically couple
cytoplasm. Calcium release through the ryanodine receptgy part of the gtoplasmic portion of the RyR, causing
the main ion channel in the sarcoplasmic reticulum (thg,annel actiation. In cardiac muscle, Gaions enter the
calcium store in muscle) is thek determinant of muscle cytoplasm  through the DHPR channel initiating
force. _ _ _ _ Ca*-activated C&* release through the RyR. Both the RyR
2. Calsequestrin, the main calciumufter in the gy pHPR are essential for skeletal and cardiac muscle

sarcoplasmic reticulum, prales a pool of calcium for ynction, as failure in theirxpression leads to death at or
release through the ryanodine receptor and acts as a lUmigi&gre pirth.

calcium sensor for the channela its interactions with Both the skeletal (RyR1) and cardiac (RyR2)

triadin and junctin. Until recently how calsequestrin jsoforms form the hub of giant macromolecular comge
communicated the store €aload to the RyR remained vty transmembrane, luminal and cytoplasmic proteins. The
elusive. _ _ activity of the channels is set by the igtated effects of

3. Calsequestrin 1 (shetal calsequestrin) has beemyggociated proteins/ligands vetent modification by redox
shavn to both inhibit and aatéte the skeletal ryanodine reactions and phosphorylation. Luminal interactions, such
receptor 1, dependent on whether dt'bound to the 59 that with the major SR &a binding protein —
ryanodine receptdt drectly, or indirectly, via anchoring  cgjsequestrin (CSQ) — are essential for communicating the

proteins . _ [Ca]inthe SR store to the Ry
4. The phosphorylation status of calsequestriis

deemed important; it influences calsequestrirC2?* Calsequestrin
binding capacitythe way in which calsequestrihregulates

the ryanodine receptdr and haw it interacts with the &y - CSQ is a small acidic C%‘a_binding glycoprotein
anchoring protein junctin. which resides within the terminal cisternae of the*SBnd

5. In skeletal muscle junctin plays a more criticahich has a moderatefiity and high capacity for Ca®
role than triadin in the mechanism which control ofiCa CSQ binds to the transmembrane proteins triadin and

release from the SR. junctin (Figure 1A), forming a protein complen the

6. The close relationship between alteregression lumen of the SR capable of associating with, and
and dysfunction of calsequestrin inveml skeletal and COoMmmunicating store Caload to, the RyRZ It is thought
cardiac disorders highlights the critical role thathatin the absence of ET?CS_Q is a random coil monomer
calsequestrin plays in maintaining Zdomeostasis and &nd folds into thioredoxin-lé& domains (found in seral
regulation of muscle contraction. C&* binding proteins). The protein then dimerise and

polymerise as [C4] increases tall mM (Figure 1A). It is
Introduction this polymer which ensures that free?Qaithin the SR is
S _ _ buffered to 1 mM° even though the total [CH] varies

Cellular signaling in most eukaryotic gamnisms greatly during C# release ycled! and falls toD.5 mM
depends on Gé release from intracellular é”‘astorgs. The after a single heart beat (cardiac) or to as &s DO UM
efficagy of this release depends on both the’-fC_blndlng (skeletal) after experimentally-induced Tarelease?13
capacity of the gtore proteins and the activity of2.+Ca Polymerisation allvs CSQ to bind G4 with high capacity
release channels in the store membrane. TRe stare In - anq to transmit the information about the 3gdo triadin
striated muscle, the sarcoplasmic reticulum (SR)ust@i  4nq junctin so that the multi-protein compla the lumen
to the vital function of meement, respiration and heart 5 the SR forms a luminal & transduction machine
beat. (Figure 1A). It appears that vivo, control of the RyRvia

Excitation ~ contraction (EC) coupling is thecsq in skletal muscle is mostly mediated by junctin and
mechanism linking depolarisation of the surface membrage, qin (see below).

with C&* release from the SR and initiates skeletal and Two CSQ isoforms are found in muscle, encoded by
cardiac contraction. EC coupling depends onvaiatin of  yifferent genes. Skeletal CSQ1 is the only isoform
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fast-twitch muscle. Whilst the CSQ sequence is highly
A consered across isoforms and speciesyiéwed in Beard,
Surface Membrane Laver & Dulhunty 2004'%), the CSQ isoforms differ mainly
in their C-terminal rgion, with CSQ2 having anxtended
C-terminus (residues 367-391) containing 71% acidic

residues.
g O%) The C-terminus of CSQ contains one (CSQ1) ar tw
g csQ (CSQ2) glycosylation sites as well as one (CSQ1) or three

(CSQ2) phosphorylation sites for casein kinase |l
(CKI) 1819 (Figure 1B). This region, which is rich in acidic
residues and contains the single binding site for triadin, is
believed to form part of the binding site for junctin and is

Sarcoplasmic reticulum
B ng stte.
also purported to form a €abinding sink upon CSQ1

C-terminus 351 intedddded ddddddd polymerisatiort?-22

Triadin and junctin
C

Indirect Direct Junctin and triadin are irdeal transmembrane
proteins found in the SR of cardiac ancelskal muscle.
Both triadin and junctin hee a éngle membrane spanning
O%,,P‘b ‘ﬁ domain, a short cytoplasmic N-terminus and a longer
highly charged C-terminal tail in the SR lum&tf.Junctin
is expressed in mgntissues and is a splice variant of
aspartyl —hydroxylase, missing the N-terminal catalytic
csQ +CSQ e + deP- CSQ sEtunit of tgis enlzyme. \(]junctinIZEUI sz)hhaT) beefn .
m T ‘ i — Tk il characterized mainly in cardiac muscle and has been foun
to associate with triadin, the RyR and C5Qnlike the
Channel is inhibited Channel is activated binding site on CSQ1 for triadin (see paragraphvedhe
association between junctin and CSQ1 or CSQ2 does not
Figure 1. Association of CSQ with triadin, junctin andthe involve one discrete site, but is kky to contain seeral
RyR in skeletal muscle. A: Shematic structue of he slele-  binding motifs?0
tal triad junction. DHPR tetrads in the t-tule membane
oppose eery other RyR embedded in the SR manwr
The RyR1 is associated with CS@4 two anchoring po-
teins, triadin (T) and junctin (J)B: Rabbit skeletal CSQ1
sequence C —terminaggon, with phosphorylatable tho-
nine residue in purpleand the acidic rib regon responsi-
ble for CSQ1 associating with triadin and junctin (and th

proposed C#& binding motif) underlinedC: CSQL egi-  cpannel activity of natie keletal RyRs under pisiological
lates the skeletal RyRdia two distinct meleanisms, one or resting C&" conditions? Under natie cnditions, the

which involves inhibition of Rle aCtiVity by blndlng to tri- Rle is embedded into the ||p|d b”ayer with the full

adin and junctin (left), and the other by activating the RyRlymnjiment of associated proteins, which includes triadin,
in a phosphorylation-dependent manner by bindingally ;,,ctin and CSQ1. An early report indicated that CSQ1 can
to the RyRL1 itself (right). Beneatheathown single ban- also bind to the RyR1 direc¥ a finding which we hee

nel recodings (3 s) illustrating the effect of émaecha- oheated in our laboratorwhen the RyR s purified (and
nism when CSQ1 binds to the native RyR1 conlgi}) or  yiaqin, junctin and CSQ remed), addition of &ogenous
to purified RyR1s (right). Whilst the panel on the left hanflgg1 acgiated the RyR1 (under certain conditions, see
side shows native RyR1 inhibition after addition of phosstion entitied the role of CSQ phosphorylation in the RyR

phorylated CSQ1, very similar inhibition of channel aCtiViWesponse to luminal @9. Thesedata led to theypothesis
is observed after the addition of dephosphorylated CSQHat there are tw distinct mechanisms for CSQ1
(data not shown). In cordst, only dephosphorylated CSQ1

) . i association with, and regulation of, the RyR1 (Figure 1C):
(deP-CSQ) activated the purified RyRIg(ffe 1C, right 5, jngirect associationvi triadin and junctin) whereby

panel). CSQ1 inhibits RyR1 aatity (Figure 1C, left panel); and a
direct interaction between CSQ1 and the RyR1, resulting in
expressed in fast-twitch skeletal muscle, and is the majehannel actiation (Figure 1C, right panel). The
isoform epressed in slow-twitch skeletal muscle, but igontritution of a direct interaction between CSQ1 and the
absent in the heatt:36In contrast, CSQ2, (cardiac CSQ) isRyR1 to CSQ1-mediated gelation of SR C# release is
the sole isoform expressed in cardiac muscle, is a mingiknavn. The fact that CSQ1 significantly inhibits RyR1
transcript in slow-twitch sietal muscle and is absent inchannel activity when all proteins are preserg. fatve

CSQ influences RyR activity

CSQ is normally considered to interact with the RyR
only via triadin and junctin, forming a luminal protein
complex capable of controlling release through the RyR,
termed the luminal G4 transduction machine. In artificial
‘ﬁpid bilayer experiments, CSQ1 has been shown to inhibit
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RyR1)!1%indicates either that the direct aeting skeletal CSQ1, since both inhibit RyR1s in a similar manner (Beard
CSQ1-RyR1 interaction does not ogcor that if CSQ1 et al;! Figure 1C, left panel).

does bind to the RyR1 directlychannel actiation is Despite not héng ary influence on RyR1 channel
masled by the inhibition that occurs when CSQ1 binds tgating, the phosphorylation status of CSQ1 does influence
triadin and junctin. the C&* binding capacity of CSQ1, which is reduced by

Cardiac CSQ has been reported not to alter purifiedore than 1/8 when skeletal CSQ is dephosphorylatéd.
RyR2 activity in the heart,ub to actvate?® or inhibit® RyR2  This reduction in CH binding capacity may reflect a
activity when anchoring proteins triadin and junctin areeduced ability of dephosphorylated CSQ1 to polyméfise.
associated with the RyR2 atwo(20 pM) luminal C&*3 The major effects of CSsQ1
Association of CSQ2 with nat RyR2s confers phosphorylation/dephosphorylation on the conformation of
responsieness to luminal G4, particularly over the CSQ1 and C# binding capacity did not affect the way in
physiologically releant ranges of 10QuM-1 mM C&*2® which CSQ1 influences RyR1s (at ffa of 100
So CSQ2 is a major luminal €asensor in the heart. The uM-1 mM,3* which occurin vivo).}2 Apparently CSQ1 can
role of CSQ2 on stabilizing RyR2 release has been definstill function as a pysiological regulator of the sketal
further and it is reported that CSQ2 can inhibit RyRRyR and maintain store load, despitevihng a reduced
specifically through its interaction with triadih. No capacity for binding C4.

systematic study on the action(s) of CSQ2 onveatnd ) _ _
purified RyR2 under plsiological [C&*] has been CSQ1 dephosphorylation alters the CSQZ1/junctin

published thus far. interaction and enhances SR CH depletion
The role of CSQ1 phosphorylation on the RyR1 CSQ1 phosphorylation does not alter the way in
response to luminal C&* which it interacts with the anchoring protein triadimt b

surprisingly does alter the interaction with junctin and the

CSQ phosphorylation & originally thought to be functional action of séletal CSQ on RyR1. Junctin has
essential for retention of CSQL1 in the SR, as CSQ1 lackeen shown to bind very strongly to C3@? and this
the cowentional luminal targeting sequence (KDEZ). process is highly CGadependent! Junctins drongest
However, mutation of the phosphorylation site did not alteassociation with phosphorylated CSQ1 is in the absence of
targeting of CSQ1 to the SR luméhthus there must be Ca*, dthough a significant proportion of junctin associates
alternatve reasons for CSQ1 phosphorylatidn vivo. with phosphorylated CSQlven at 1 nM Ca?*.2134 In
Whilst these heae rot been definitiely identified, there are marked contrast, at @ luminal C&*, dephosphorylation of
several lines of evidence to support the hypothesis th&SQ1 significantly reduces (at 10M Ca2*) or completely
CSQ1 phosphorylation may alter the response of the RyRlholishes (100 nM €& its association with junctin,
to CSQ1 and thus regulate Taelease. CSQ1 can bealthough binding at resting [€3 is unaffected. The
isolated from skletal muscle tissue in both predominantlyeduced ability of dephosphorylated CSQ1 to bind to
non-phosphorylatéd?® or predominantly phosphorylated junctin at lav luminal C&* is associated with a change in
forms 130 with the phosphorylation Vel estimated to be 1 the way CSQ regulates the RyR in skeletal muscle.
mmol P/mol CSQ30 ATP entry pathways into the SR va Dephosphorylated CSQ1 actually satés the natie
been describéd and CKIl (for which CSQ contains a skeletal RyR in this situation (o Ca?*), which is in stark
consensus sequence and for which CSQ1 and CSQR areontrast to the strong inhibition imposed at 1 mM*Ca
vitro phosphorylation targets) has been localized to tHadeed, at I luminal C&*, dephosphorylated CSQ1
SR3  Therefore, it seems likely that a CSQIregulates the RyR1 in a manner strikingly similar to the
phosphorylation cycle may e regulatory impactin vivo. CSQ2-imposed aetition of RyR2 in the heart (at 1 mM
The sequence required for CKIl catalysis is S/TXXD/Eluminal C&*2% or the phosphorylation-dependant
The only threonine with this CKIlI consensus sequence activation of the purified séletal RyR (when triadin and
rabbit skeletal CSQ is located at thegin@ing of the C- junctin are absent) (with 1 mM luminal €24. Although
terminus ¢°°TEDD; Figure 1B) which can be CKII- the mechanisms are undefined, it appears that when the
phosphorylatedh vitro.'8 Ca&* stores are M, dephosphorylation of CSQ1 auld

CSQ1 actiation of purified skeletal RyRs (seeenhance Ca depletion of the SR. It is tempting to
above) is dependant on the phosphorylation status of CSQ4&peculate that the mechanism for thisvatitn is someha
Dephosphorylated CSQ1 induced an almost 5-fold increalieked to dephosphorylated CS®1reduced binding to
in skeletal RyR open probability (Syediet al, 1999*and junctin. Thisprovides insight into the previously obscure
Figure 1C, right panel), whilst the phosphorylated form ables of triadin and junctin and suggests that the function of
CSQ1 was unable to galate the purified channel, despitethe two anchoring proteins may differ.
their similar high dfnity binding to the RyR%2 Curiously, . . o .
it was found that 1% of dephosphorylated CSQQSWJunctm mediates the inhibitory action of CSQL1 on the
sufiicient to actvate the RyRE* which is depicted in Skeletal RyR

Figure 1C, right panel). In contrast, matikeletal RyRs It appears that skeletal junctin plays sofal role in

upder resting luminal [Cg (1 mM) failed to sho a inhibiting RyR1 when C# stores are depleted and in
difference between phosphorylated and dephosphorylatr% intaining a normal intracellular &acycling in a
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phosphorylation- and €&dependent mannerWe were CSQ1 (compared with dephosphorylated CSQ) in the
interested in imestigating the role of junctin in modulating presence of M luminal C&* is likely to be important in
SR C&* release \(ia the RyR1), particularly as therevea RyR1 regulation by CSQ1 and maintenance of SR' Ca
been no reports on thefefts of junctin on the RyR1 under these conditions.
directly, or its role in f&cilitating CSQ1 regulation of the
RyR1. Pure RyR

A review of current literature does veal, hOVEVEr,  ummahmimitsmivirmmmm
the potential role of junctin in modulating the SRICa
release. Junctin verexpression in mouse hearts elicits
hearts with impaired muscle relaxation and contragtility + Junctin + Triadin
with decreases inxpression of the cardiac forms of Rywmmwmwm
and triadin, and with a reduced SR?Cstore?335-37Down- | ! | u” iy
regulation of junctin in cardiac myocytes increases the
fractional shortening and maximal rates of muscle + CSQ +CSQ
contraction/relaxatiof®4° Knockout of junctin in a mouse [ St WW
model causes enhanced 2Caspark amplitude and }

[
frequeng, a reduction in spark duratiéhand an apparent 20 pA !
oveload of the SR C4 store (it no alterations in the

Pure RyR

expression leels of other C&' handling proteins). Thus it s
appears that junctin influences the size of the SR Qare
and C3&* release in the heart. Figure 2. Junctin, but not triadin, potentiates CSQL inhi-

The first study to look at the direcffedts of junctin  bition of the skeletal RyR. Recodings (3s) of purified
on the cardiac RyR channel géatly showed that junctin Skeletal RyR activityat —40 mV where channel opening is
and triadin added together cannot confer RyRgownwad from zro current €) to maximum open conduc-
responsieness to luminal G4, but that the tw proteins tance ¢). Additionof 5 xg/ml junctin (29 row left) or 5
can communicate the agifory message of CSQ2 to thexg/ml triadin (2 row right) ead activated the RyR1han-
RyR23 Triadin appears to be important for stabilizing thé'€l.- Addition of 16.g/ml CSQL1 to junctin-associatetian-
cardiac CSQ_RyR interactidd. The On|y aperiments so nels caused channel Inhlbltl0n“{3OW IEft) Theaddition
far to dissect the indiidual roles of triadin and junctin in Of 16 xg/ml CSQL1 to triadin-associatechannels did not
regulating the RyR1 has been done in our laborafiiigse  result in any channelegulation (3¢ row right).
experiments consistently vealed that junctin alone is
essential for maintaining the elktal luminal transduction
machine (Figure 2 and unpublished data) and that t
minimal construct of the luminal transduction machine is

RyR1/junctin/CSQL. Inlipid bilayers, purified rabbit Store-dependent Earelease processes require a well
skeletal triadin, junctin and CSQ were re-associated Withyaintained intracellular G4 store and are essential to the
the purified RyR1 sequentially or in combination, and thef{jnction of most eukaryotic cell types. The role of CSQ in
effects on channel activity recorded at 1 mM luminaf*Ca regulating the RyR and gerning the C&" store in both
Our |n|t|a.| I’esultS (Figure 2) indicate that junCtin alonet(b Ske'eta' and Cardiac musc|e appears{oﬂ' to store-

not triadin alone), mediates edktal RyR inhibition by dependent G4 release in these tissues, particularly in
CSQ1. Inthe presence of junctin alone (using proteiRieletal muscle. This role is in part dependant ofi-Cad
concentrations pueously reported to modulate RyR phosphorylation-dependent structural changes in CSQ, as
function in cardiac RyR in lipid bilayes CSQ1 induced ell as on its associations with &and with the anchoring

an around 60% RyR1 inhibition, reminiscent of CSQlgrotein triadin and more importantly in skeletal muscle,
effect on the nate RyR1? Triadin alone could not with junctin. The crucial role of CSQ in store La
potentate aneffect of CSQ1 on the purified RyR1, despitgegulation processess highlighted by the influence of
extended incubation times or different concentrations Qfjtered CSQ »pression, CSQ point mutation and CSQ-
proteins added to the channel (N=5)e fihd that junctin  tameted drug-induced toxicity on \a®al disease states.
plays a role in mediation of the normal inhibitory action o§eletal muscle fibres from patients with Duchenne
skeletal CSQ on the sketal RyR in a luminal C& and  muscular dystrop/f243 and in a mouse model of
phosphorylation-dependent ~ manner Thus,  the streptozotocin-induced diabetes shaltered epression of
characteristic decline in RyR1 adty induced by csSQ144 which leads to muscle necrosis and alteredise
phosphorylated or dephosphorylated CSQ1 in thef SR C&*. Seven point mutations on cardiac CSQ2viea
reassembled RyR1/triadin/junctin/CSQ1 comple the thyshr been identified, which lead to sudden cardiac death
presence of physiological €aconcentrations is mostly as a result of entricular fibrilation in the form of
mediated by junctin. This conclusion supports ouviores  catecholamingyic  polymorphic entricular tackcardia
proposal that (a) junctin plays a more critical role thaf|lowing exposure to catacholamines, stress or moderate

tl’iadin in naﬂ/e 9<e|eta| RyR m0du|ati0n and (b) that anexe'cise (rgie\Ned in Gyor'e & Terentyg, 200845) Long
enhanced interaction between junctin and phosphorylated

Tge role of CSQ in skeletal and cardiac function and
Isease
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term use of common chemotherapeutic
(anthragclines) can lead to cardiotoxicity and de#iffhe
cause of death is belied to be die to mishandling of Ca
by the cardiac SR. Chronic exposure to antfulites

agents
6. MacLennanDH, Wong PT Isolation of a calcium-

triad junctionsBiophys. J2002;83: 2491-501.

sequestering protein from sarcoplasmic reticulum.
Proc. Natl.Acad. Sci. U S A1971;68: 1231-5.

causes both changes inxpeession of C# handling 7. Joned R, Zhang L, Sanborn K, Jorgensen AGgllky J.

proteins, (including CSQ2) andfefts due to binding to

CSQ2. Thalrugs may bind to other SR proteins, but these

have mt yet been identified. The close relationship

between CSQ2 and these diseases demonstrates its critical
role in C&" homeostasis and regulation of muscle

Purification, primary structure, and immunological
characterization of the 26-kDa calsequestrin binding
protein  (junctin) from cardiac  junctional
sarcoplasmic reticuluml. Bol. Chem.1995; 270
30787-96.

contraction and further emphasizes the physiological a® Mitchell RD, Simmerman HK, Jones LR. €abinding

clinical importance of ivestigating the interactions

between the members of the luminal transduction machine

and the way in which tlyecontrol SR C&* handling.
Conclusions

CSQ, the main G4 buffering protein in the lumen of
the SR, is an important gelator of the RyR in sietal
muscle. CSQ1 can either aetie or inhibit the RyR1,

dependent on whether it binds directly to the RyR o]ro'

associates with the channgh anchoring proteins triadin

and junctin. CSQ1 inhibition of RyR1, thought to be

mediated through triadin and junctin, is bedég the
physiological control mechanism of €aelease in siletal
muscle. CSQ is capable of ungeing phosphorylatiorn
vivo. This mechanism appears to control theé*Canding

effects on protein conformation and protein
interactions of canine cardiac calsequestiinBiol.
Chem.1988;263 1376-81.

9. ZhangL, Kelley J, Shmeisser G, Kobayashi YM, Jones

LR. Compl formation between junctin, triadin,
calsequestrin, and the ryanodine receptnoteins
of the cardiac junctional sarcoplasmic reticulum
membrane.J. Bol. Chem. 1997;272 23389-97.

Wei L, Varsaryi M, Dulhunty AF, Beard NA. The
conformation of calsequestrin determines its ability
to regulate séletal ryanodine receptorBiophys. J
2006;91: 1288-301.

. Fryer MW, Sephenson DG. Total and sarcoplasmic

reticulum calcium contents of skinned fibres from rat
skeletal muscle.J. Physiol. (Lond) 1996; 493

: . e : ; 357-70.
capacity of CSQ1, and the way in which it binds to junctin o
and regulates the nedi RyR1 under lv Ca?* conditions. 12. Laumlon_ls BS, Zhou J, .Royejlr L, Sh:amnon TR, Brum
These data highlighted the role that junctin may play in G, R.'OS .E'. Depletion skraps. and dynamic
controlling RyR1 activity and we postulate that junctin buff ering |nS|<:{e the ceIIuI-ar cajcium storeroc.
inhibits RyR1 when C4 stores are depleted and maintains Natl. Acad. Sci. U S A2006;103 295_32'87' _
a rormal intracellular C# cycling in a phosphorylation- 13 Shannor_1TR, Guo T Bers DM. C.é scraps. Iocgl
and C&*dependent mannerFurther irvestigation of de_pletlonS of _free [Cd] |n.card|ac sarcoplas_rmc
junctin has reealed that junctin, and not triadin, is likely to ret|c+:ulum durmg contractilon-s lea aubstantial
plays a more critical role in naé keletal RyR modulation, Ce'reserve.Circ. Res. 2003;93; 40-5.

and that the minimal protein composition to transmit CSQ]l4' Arai M, Tomaru K, ‘Bkizava T et al. Sarcoplasmic

inhibi he RVR1 is RVRL/i : 1 reticulum genes are selealy down-regulated in
inhibitory message to the RyR1 is RyR1/junctin/CSQ cardiomyopath produced by doxorubicin in rabbits.

J. Mol. Cell. Cardiol.1998;30: 243-54.

15. Biral D, Volpe R Damiani E, Margreth A. Cogstence
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