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AbVWracW

CaUdiac aUUh\WhmiaV aUe VeUiRXV, life-WhUeaWening diVeaVeV aVVRciaWed ZiWh Whe d\VUegXlaWiRn Rf Ca
inflX[ inWR Whe c\WRSlaVm Rf caUdiRm\Rc\WeV. ThiV d\VUegXlaWiRn RfWen aUiVeV fURm d\VfXncWiRn Rf
U\anRdine UeceSWRU 2 (R\R2), Whe SUinciSal Ca  UeleaVe channel. D\VfXncWiRn Rf R\R1, Whe VkeleWal
mXVcle iVRfRUm, alVR UeVXlWV in leVV VeYeUe, bXW alVR SRWenWiall\ life-WhUeaWening V\ndURmeV. The RYR2
and RYR1 geneV haYe been fRXnd WR haUbRU WhUee main mXWaWiRn ³hRW VSRWV´, ZheUe mXWaWiRnV change
Whe channel VWUXcWXUe, iWV inWeUdRmain inWeUface SURSeUWieV, iWV inWeUacWiRnV ZiWh iWV binding SaUWneUV, RU
iWV d\namicV. In all caVeV, Whe UeVXlW iV a defecWiYe UeleaVe Rf Ca  iRnV fURm Whe VaUcRSlaVmic UeWicXlXm
inWR Whe m\Rc\We c\WRSlaVm. HeUe, Ze SURYide an RYeUYieZ Rf Whe mRVW fUeTXenW diVeaVeV UeVXlWing fURm
mXWaWiRnV WR R\R1 and R\R2, bUiefl\ UeYieZ VRme Rf Whe UecenW e[SeUimenWal VWUXcWXUal ZRUk Rn WheVe
WZR mRlecXleV, deWail VRme Rf Whe cRmSXWaWiRnal ZRUk deVcUibing WheiU d\namicV, and VXmmaUi]e Whe
knRZn changeV WR Whe VWUXcWXUe and fXncWiRn Rf WheVe UeceSWRUV ZiWh SaUWicXlaU emShaViV Rn WheiU N-
WeUminal, cenWUal, and channel dRmainV.

KH\ZRUdV: U\anRdine UeceSWRU, mXWaWiRn, cU\VWal VWUXcWXUe, cU\R-elecWURn micURVcRS\, mRlecXlaU
d\namicV, nRUmal mRde anal\ViV, caUdiac aUUh\WhmiaV, m\RSaWh\

1. InWrodXcWion

R\anRdine UeceSWRUV (R\RV) aUe Whe laUgeVW iRn channelV SUeVenWl\ knRZn. The\ aUe YeU\ laUge (2.2
MDa) Ca  channelV WhaW Sla\ a ke\ URle in e[ciWaWiRn-cRnWUacWiRn (EC) cRXSling [1,2,3,4,5]. R\RV aUe
SUeVenW in all animalV [6,7]. ThUee R\R iVRfRUmV haYe been idenWified in mammalV: R\R1, R\R2 and
R\R3. R\R1, Whe mRVW VWXdied Rf Whem [7,8,9,10,11,12], iV SUimaUil\ e[SUeVVed in VkeleWal mXVcle [8].
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R\R2 iV SUedRminanWl\ e[SUeVVed in caUdiac mXVcle [13,14], bXW iV alVR SUeVenW in VmRRWh mXVcle and
in neXURnal WiVVXe [15,16]. R\R3 iV e[SUeVVed aW lRZ leYelV in a YaUieW\ Rf WiVVXeV, inclXding Whe neUYRXV
V\VWem and Whe mXVcle Rf Whe diaShUagm [15,17]. The aminR-acid VeTXence idenWiW\ beWZeen all WhUee
iVRfRUmV iV 66%. The laUgeVW diffeUenceV aUe clXVWeUed in WhUee ³diYeUgenW UegiRnV´, Zhich inclXde
UeVidXeV 1342±1403, 1872±1923, and 4254±4631 (R\R1 nXmbeUing). MRXVe knRck-RXW e[SeUimenWV
haYe VhRZn WhaW R\R1 and R\R2 haYe a cUiWical URle in Sh\ViRlRg\ and deYelRSmenW [18,19]: mice
deficienW in R\R1 died SeUinaWall\ dXe WR UeVSiUaWRU\ failXUe Zhile WhRVe lacking R\R2 died dXUing Whe
eaUl\ VWageV Rf embU\Rnic deYelRSmenW. Mice miVVing R\R3 ZeUe Yiable [20,21,22] bXW did e[hibiW
imSaiUed VRcial behaYiRU [21,23,24]. In nRn-mammalian YeUWebUaWeV, fRU e[amSle chickenV RU feUUeWV,
Rnl\ WZR R\R iVRfRUmV haYe been idenWified, W\Sicall\ deVignaWed R\R  and R\R  [25]; lRZeU
RUganiVmV aSSeaU WR e[SUeVV Rnl\ Rne iVRfRUm [26].

SWUXcWXUall\, R\RV aUe hRmRWeWUameUV, ZiWh each VXbXniW haYing aURXnd 5000 aminR acidV. The\ aUe
mRVW RfWen fRXnd embedded in Whe VaUcRSlaVmic UeWicXlXm (SR) membUane Rf VWUiaWed mXVcle cellV aW W-
WXbXle WUiad jXncWiRnV [27]. AW WheVe jXncWiRnV, Whe\ aUe ViWXaWed adjacenW WR L-W\Se YRlWage-gaWed
calciXm channelV, alVR called 1,4-dih\dUR[\S\Uidine UeceSWRUV (LCCV RU DHPRV). DHPRV aUe
cRmSRVed Rf fiYe VXbXniWV, WhRXgh Rnl\ WZR UegiRnV aUe eVVenWial fRU e[ciWaWiRn-cRnWUacWiRn cRXSling:
Whe II±III lRRS Rf Whe  VXbXniW [28,29,30,31,32,33] and Whe C-WeUminal Wail Rf Whe  VXbXniW
[33,34,35]. EC cRXSling UefeUV WR Whe clRVe inWeUacWiRn beWZeen DHPRV and R\RV in Zhich
deSRlaUi]aWiRn Rf Whe SR membUane iV cRXSled WR Whe RSening Rf Whe R\RV [1,7,36]. TZR diVWincW
mechaniVmV b\ Zhich R\R RSening iV WUiggeUed and Ca  iV UeleaVed inWR Whe c\WRSlaVm fURm Whe SR
haYe been deVcUibed. In caUdiRm\Rc\WeV, dXUing membUane deSRlaUi]aWiRn, Whe DHPRV RSen, allRZing
Vmall amRXnWV Rf Ca  WR SaVV fURm Whe e[WUacellXlaU VSace inWR Whe m\Rc\We c\WRSlaVm. TheVe Ca
iRnV When bind WR high-affiniW\ ViWeV Rn Whe R\R, WheUeb\ acWiYaWing iW [37,38,39,40,41,42] and incUeaVing
Whe likelihRRd WhaW iW Zill RSen [43]. R\R RSening UeleaVeV Whe Ca  VWRUed in Whe SR inWR Whe c\WRSlaVm.
TheVe iRnV When gR Rn WR bind WR Whe WURSRnin C in m\RfilamenWV, WheUeb\ iniWiaWing mXVcle cRnWUacWiRn
[44,45,46]. The SURceVV b\ Zhich Ca  iRnV bind Whe R\R, caXVing iW WR RSen and UeleaVe addiWiRnal
calciXm, iV WeUmed calciXm-indXced calciXm UeleaVe, and iW and iWV man\ UegXlaWRU\ mechaniVmV haYe
been e[WenViYel\ VWXdied Rn Whe Sh\ViRlRgical, mRlecXlaU and biRSh\Vical leYelV [2,47,48,49]. In
VkeleWal mXVcleV, R\RV aUe diUecWl\ linked WR DHPRV [28,50]. In WhiV ViWXaWiRn, WZR cRmSRnenWV Rf Whe
DHPR inWeUacW ZiWh R\R1 in UeVSRnVe WR deSRlaUi]aWiRn Rf Whe VXUface membUane. The VenViWiYiW\ Rf
DHPR WR YRlWage changeV aW Whe SlaVma membUane UeVXlWV in a cRnfRUmaWiRnal change WhaW iV VenVed b\
R\R1 [7].

R\RV aUe UegXlaWed and inflXenced b\ a laUge nXmbeU Rf facWRUV [3,51,52]. The mRVW imSRUWanW Rf WheVe
iV Whe c\WRVRlic Ca  cRncenWUaWiRn iWVelf. A SlRW Rf Ca  cRndXcWance YeUVXV Ca  cRncenWUaWiRn haV a
bell VhaSe, VhRZing WhaW R\R iV acWiYaWed b\ Whe SUeVence Rf Ca , bXW inhibiWed b\ higheU
cRncenWUaWiRnV Rf iW [53]. IW iV geneUall\ belieYed WhaW Ca  bindV WR high affiniW\ Ca -binding ViWeV in
R\R, WheUeb\ UaiVing Whe SURbabiliW\ Rf RSening. When Whe Ca  cRncenWUaWiRn iV high enRXgh, RWheU,
lRZeU affiniW\ ViWeV becRme RccXSied, incUeaVing Whe SURbabiliW\ Rf channel clRVing [51,52,54,55]. The
VaUcRSlaVmic ATPaVe When UedXceV Whe c\WRVRlic Ca  cRncenWUaWiRn b\ SXmSing Ca  iRnV back inWR
Whe SR [56]. OWheU UegXlaWing RU inflXencing facWRUV inclXde calmRdXlin (CaM) in bRWh iWV aSo and Ca

-bRXnd fRUmV, FKBP12 and FKBP12.6, SURWein kinaVe A (PKA), calmRdXlin kinaVe II (CaMKII),
DHPR, calVeTXeVWUin, WUiadin, and jXncWiRn aV Zell aV Mg , ATP, and caffeine [3]. R\RV haYe alVR been
VhRZn WR be inflXenced b\ R[idaWiYe VSecieV and ShRVShRU\laWiRn [57,58].

MXWaWiRnV WhaW diVUXSW Whe fXncWiRning Rf Whe R\RV aUe RfWen aVVRciaWed ZiWh m\RSaWhieV. In Whe
fRllRZing VecWiRnV, Ze Zill RXWline Whe mRVW fUeTXenW diVeaVeV aVVRciaWed ZiWh R\R1 and R\R2 and When
UeYieZ Whe UeVXlWV Rf UecenW VWUXcWXUal and cRmSXWaWiRnal VWXdieV ZiWh an emShaViV Rn hRZ indiYidXal
mXWaWiRnV mighW diVUXSW eiWheU Whe VWUXcWXUe RU Whe UegXlaWiRn Rf Rne Rf Whe UeceSWRUV.
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2. DiVeaVeV AVVociaWed ZiWh R\R1 and R\R2

TR daWe, RYeU 450 mXWaWiRnV haYe been idenWified in Whe gene Rf RYR1, Zhich aUe aVVRciaWed ZiWh life-
WhUeaWening m\RSaWhieV (WheVe aUe liVWed in Whe HXman Gene MXWaWiRn DaWabaVe,
hWWS://ZZZ.hgmd.cf.ac.Xk/ac/gene.ShS?gene=RYR1 [59]; FigXUe 1a). The laUgeVW nXmbeU Rf WheVe
mXWaWiRnV, neaUl\ 200, aUe aVVRciaWed ZiWh malignanW h\SeUWheUmia (MH) [60,61,62,63,64,65]. The ne[W
mRVW fUeTXenW m\RSaWhieV aUe cenWUal cRUe diVeaVe (CCD) [65,66,67,68,69,70,71], cRngeniWal m\RSaWh\
[72,73,74,75] and mXlWi-minicRUe diVeaVe (MMD) [65,71,76,77,78].
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OSen in a VeSaUaWe ZindRZ
Figure 1

Schematics of the human R\R1 (a) and R\R2 (b) sequences showing the domain organi]ation and the
approximate locations of several disease-causing mutations. The individual subdomains of the N-Terminal
Domain (NTD) are indicated. ex3 refers to the CPVT1-associated deletion of exon 3. The SPRY
domains are comprised from more than one region of the sequence, hence their multiple sequence ranges.
Adapted from Bauerovi-Hlinkovi et al. [103].

OYeU 250 mXWaWiRnV aVVRciaWed ZiWh caUdiRm\RSaWhieV haYe been idenWified in Whe RYR2 gene (liVWed aW
hWWS://ZZZ.hgmd.cf.ac.Xk/ac/gene.ShS?gene=RYR2; FigXUe 1b). The YaVW majRUiW\ Rf Whem aUe
aVVRciaWed ZiWh caWechRlamineUgic SRl\mRUShic YenWUicXlaU Wach\caUdia, W\Se 1 (CPVT1) [79,80]. OWheU
diVeaVeV WhaW aUe caXVed b\ mXWaWiRnV WR Whe R\R2 channel inclXde aUUh\WhmRgenic UighW YenWUicXlaU
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d\VSlaVia, W\Se 2 (ARVC/D2) [81,82,83,84], SRl\mRUShic YenWUicXlaU Wach\caUdia (PVT) [85,86],
VXdden infanW deaWh V\ndURme (SIDS) [87], VXdden caUdiac deaWh (SCD) [88,89,90,91,92], and lefW
YenWUicXlaU nRn-cRmSacWiRn (LVNC) [93,94,95,96].

The mRlecXlaU mechaniVmV b\ Zhich WheVe mXWaWiRnV affecW Whe fXncWiRning Rf Whe R\R2 channel aUe
VWill nRW cleaU, bXW iW iV knRZn WhaW WheiU SUeVence diVUXSWV Whe cRUUecW RSening and clRVing Rf Whe channel
[97,98]. WiWhRXW medical inWeUYenWiRn, CPVT1, ARVC/D2 and SCD lead WR faWal aUUh\WhmiaV, Zhich
can be WUiggeUed b\ Sh\Vical VWUain RU emRWiRnal VWUeVV. PUeVenWl\, Rnl\ Whe V\mSWRmV Rf WheVe diVRUdeUV
can be WUeaWed (XVing -blRckeUV, YeUaSamil, RU b\ imSlanWing defibUillaWRUV) and all Rf WheVe WUeaWmenWV
aUe deficienW in VRme Za\ [99,100].

In Whe RUiginal VWXdieV, mXWaWiRnV in bRWh iVRfRUmV Wended WR be fRXnd in WhUee ³mXWaWiRn hRW-VSRW´
clXVWeUV. TheVe aSSeaUed in Whe N-WeUminal UegiRn (URXghl\ UeVidXeV 1±600), Whe cenWUal UegiRn (URXghl\
2100±2500) and Whe C-WeUminal UegiRn (fURm aURXnd 3800 WR Whe C-WeUminXV) [3,7,97,101,102].
PUeVenWl\, a nXmbeU Rf R\R1 mXWaWiRnV haYe alVR been fRXnd Zhich lie beWZeen WheVe aUeaV, bXW Whe
hRW-VSRW clXVWeUV cleaUl\ Uemain in R\R2 [5] (FigXUe 1b).

R\R3 haV UecenWl\ been linked WR Al]heimeU¶V diVeaVe in a mRXVe mRdel [104] and famil\-baVed
aVVRciaWiRn WeVWV haYe VhRZn WhaW VRme R\R3 YaUianWV can be linked WR h\SeUWenViRn, diabeWeV and
Al]heimeU¶V diVeaVe in hXmanV [105], bXW Whe deWailV Rf WheVe SURceVVeV haYe nRW \eW been e[SlRUed. A
UecenW VWXd\ haV alVR linked R\R3 ZiWh gendeU d\VShRUia [106].

2.1. Diseases of R\R1 D\sfunction

MaOLJQaQW K\SHUWKHUPLa iV a ShaUmacRgeneWic diVRUdeU WhaW manifeVWV in a VXdden incUeaVe in bRd\
WemSeUaWXUe, mXVcle VWiffneVV and, in VRme caVeV, Whe bUeakdRZn Rf VkeleWal mXVcle fibeUV
(UhabdRm\Rl\ViV). IW iV mainl\ WUiggeUed b\ YRlaWile aneVWheVia RU mXVcle Uela[anWV; VWUeVV can alVR
WUiggeU Whe diVeaVe in VRme caVeV [107]. MXWaWiRnV WhaW caXVe MH nRUmall\ lead WR incUeaVed UeleaVe Rf
calciXm fURm Whe VaUcRSlaVmic UeWicXlXm and inWUacellXlaU calciXm RYeUlRad. ThiV leadV WR incUeaVed
binding Rf calciXm WR Whe m\RfilamenW, Zhich caXVeV d\VUegXlaWed VkeleWal mXVcle cRnWUacWiRn. ThiV
cRnWUacWile VWaWe UeVXlWV in mXVcle UigidiW\ and, eYenWXall\, VkeleWal m\Rc\We bUeakdRZn. MXVcle UigidiW\
in WhiV cRnWe[W UeVXlWV in a h\SeUmeWabRlic VWaWe, caXVing bRd\ WemSeUaWXUe WR UiVe RYeU Wime. M\Rc\We
bUeakdRZn can caXVe eleYaWed VeUXm cUeaWine kinaVe leYelV, m\RglRbinXUia (SRWenWiall\ leading WR Uenal
failXUe), and h\SeUkalemia. The abnRUmall\ high Ca  leYel alVR leadV WR incUeaVed H  and CO  leYelV
in Whe cell and SlaVma. ThiV chain Rf eYenWV leadV WR Whe claVVic cRllecWiRn Rf V\mSWRmV Veen dXUing an
MH eSiVRde: acidRViV, UigidiW\, h\SeUcaUbia, and h\SeUWheUmia [108,109,110]. DanWURlene, a h\danWRin
deUiYaWiYe, iV cXUUenWl\ Whe Rnl\ aSSURYed WUeaWmenW fRU MH. AlWhRXgh danWURlene inhibiWV R\R1, ZiWh
Zhich iW diUecWl\ inWeUacWV [108,111,112], iWV mechaniVm Rf acWiRn UemainV XnknRZn.

CHQWUaO cRUH dLVHaVH iV a cRngeniWal m\RSaWh\ WhaW mRVW cRmmRnl\ deYelRSV dXUing childhRRd and
can lead WR deaWh. IW iV chaUacWeUi]ed b\ VecWiRnV Rf mXVcle fibeU WhaW lack miWRchRndUia. CCD W\Sicall\
manifeVWV in infanc\ ZiWh h\SRWRnia (mXVcle ZeakneVV) and dela\ in mRWRU deYelRSmenW and iV
SUedRminanWl\ chaUacWeUi]ed b\ a SUR[imal ZeakneVV in Whe hiS giUdle; RUWhRSedic cRmSlicaWiRnV aUe
cRmmRn and malignanW h\SeUWheUmia VXVceSWibiliW\ iV a fUeTXenW cRmSlicaWiRn. In Whe majRUiW\ Rf
SaWienWV, Whe ZeakneVV iV eiWheU VWaWic RU SURgUeVVeV Rnl\ VlRZl\, and Whe lRng-WeUm RXWcRme iV faYRUable
[113].

2.2. Diseases of R\R2 D\sfunction

CPVT1 (CaWechRlamineUgic PRl\mRUShic VenWUicXlaU Tach\caUdia, W\Se 1) iV a YenWUicXlaU Wach\caUdia
(acceleUaWiRn Rf heaUW acWiYiW\) Zhich iV WUiggeUed b\ VWUeVV. The baViV Rf Whe diVeaVe iV e[ceVViYe Ca
leakage fURm Whe VaUcRSlaVmic UeWicXlXm dXUing diaVWRle [114,115]. IW iV an inheUiWed, aXWRVRmall\
dRminanW channelRSaWh\ Rf Whe heaUW [116]. The diVeaVe iV UaUe, bXW YeU\ malignanW, RfWen leading WR
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VXdden caUdiac aUUeVW dXUing childhRRd RU adRleVcence. FiYe caXVaWiYe geneV Rf CPVT haYe been
UeSRUWed: RYR2 [116], CASQ2 [117], KCNJ2 [118], TRDN [119] and CALM1 [120]. PUiRUi eW al. [116]
fiUVW UeSRUWed WhaW mXWaWiRnV in Whe RYR2 gene aUe aVVRciaWed ZiWh CPVT1. OWheU clinical VWXdieV haYe
idenWified a laUge nXmbeU Rf RWheU mXWaWiRnV WR Whe RYR2 gene aVVRciaWed ZiWh CPVT1
[79,80,82,96,118,121,122,123]. InWeUeVWingl\, danWURlene, Zhich dReV nRW aSSeaU WR bind WR Zild-W\Se
R\R2, alVR VeemV WR imSURYe Whe fXncWiRn Rf mXWanW R\R2V bRWh in YiWUR [124,125], and in YiYR in
knRck-in mice [126]. TheUe aUe alVR VeYeUal VWXdieV e[amining iWV effecWV Rn caUdiRm\Rc\WeV deUiYed
fURm indXced SlXUiSRWenW VWem cellV fURm hXman SaWienWV [127,128], and aW leaVW Rne clinical VWXd\
VhRZing imSURYemenW in VRme hXman CPVT SaWienWV [129]. The SUimaU\ Vide-effecWV UeSRUWed fRU
danWURlene aUe mXVcle ZeakneVV and dURZVineVV, di]]ineVV, geneUal malaiVe, and diaUUhea. IW alVR haV
Whe SRWenWial WR caXVe liYeU damage in higheU dRVeV; cRnVeTXenWl\, iW iV Xnlikel\ WR be XVefXl aV a chURnic
WUeaWmenW.

ARVC/D (AUUh\WhmRgenic RighW VenWUicXlaU CaUdiRm\RSaWh\/D\VSlaVia) iV a diVeaVe WhaW caXVeV
VXdden deaWh in SeRSle belRZ Whe age Rf 30. ARVC/D¶V V\mSWRmV aUiVe fURm aUUh\WhmiaV caXVing a
UedXcWiRn in blRRd flRZ WR ceUWain RUganV, inclXding Whe bUain. IW iV chaUacWeUi]ed b\ Whe SURgUeVViYe
deWeUiRUaWiRn Rf Whe UighW YenWUicle, aUUh\WhmiaV and VXdden caUdiac deaWh. ARVC/D2 diffeUV in WhaW iW iV
aVVRciaWed ZiWh YenWUicXlaU Wach\caUdia WUiggeUed b\ e[ceVViYe e[eUWiRn [130,131]. SeYeUal clinical
VWXdieV haYe linked RYR2 mXWaWiRnV WR ARVC/D [81,82,83,84,132,133,134]. TheUe aUe SUeVenWl\ nR
clinical WUialV e[SlRUing Whe effecW Rf danWURlene Rn ARVC/D.

3. SWrXcWXral SWXdieV of Whe R\R1 and R\R2 IVoformV

R\anRdine UeceSWRUV ZeUe fiUVW YiVXali]ed b\ elecWURn micURVcRS\ aV SeUiRdicall\-UeSeaWing elecWURn-
denVe aUeaV RccXS\ing Whe VSace beWZeen Whe SR membUane and Whe WUanVYeUVe-WXbXle membUaneV Rf
VkeleWal mXVcle WUiadV [135]. LaWeU VWXdieV VXcceeded in iVRlaWing and biRchemicall\ chaUacWeUi]ing
WheVe VWUXcWXUeV and alVR acTXiUed elecWURn micURVcRS\ imageV Rf indiYidXal SaUWicleV, Zhich VhRZed
WhaW Whe UeceSWRU had a VTXaUe VhaSe [136,137,138]. TheVe ZeUe alVR Whe fiUVW VWXdieV WR definiWiYel\
VhRZ WhaW Whe U\anRdine UeceSWRU and Whe Ca  UeleaVe channel ZeUe Rne and Whe Vame. TheVe eaUl\
VWXdieV eVWabliVhed Whe geneUal VhaSe Rf Whe UeceSWRU and gaYe a URXgh idea Rf iWV Vi]e, bXW laWeU cU\R-EM
and X-Ua\ cU\VWallRgUaSh\ VWXdieV began WR fXll\ deYelRS Whe deWailV Rf Whe channel.

3.1. Cr\o-EM Studies

GiYen Whe Vi]e and cRmSle[iW\ Rf Whe RligRmeU, Whe VWUXcWXUe Rf Whe enWiUe channel haV been deWeUmined
Rnl\ b\ elecWURn micURVcRS\. IniWial cU\R-EM VWXdieV ZiWh a UeVRlXWiRn Rf §24 c ZeUe SeUfRUmed Rn a
clRVed cRnfRUmaWiRn Rf Whe R\R1 iVRfRUm iVRlaWed fURm UabbiW VkeleWal mXVcle [139]. SXbVeTXenW
VWXdieV incUeaVed Whe UeVRlXWiRn WR §10 c [140,141]. AW WhiV UeVRlXWiRn, Whe WeWUameUic VWUXcWXUe Rf WheVe
channelV, ZiWh a fRXU-fRld a[iV Rf V\mmeWU\ alRng Whe SRUe Rf Whe channel, ZaV cleaUl\ YiVible. The
enWiUe R\R WeWUameU iV cRmSRVed Rf an e[WenViYe c\WRSlaVmic UegiRn, cRmSUiVing §80% Rf Whe WRWal
SURWein VWUXcWXUe and meaVXUing §  c and a VmalleU TM UegiRn meaVXUing §

 c; WheVe UegiRnV aUe cRnnecWed WhURXgh a cRlXmn. AW WhiV UeVRlXWiRn, VeYeUal diVWincW
aUeaV Rf Whe c\WRSlaVmic UegiRn cRXld be UeVRlYed, inclXding Whe clamS, Whe handle, and Whe cenWUal Uim (
FigXUe 2); all Rf Zhich Sla\ imSRUWanW URleV in Whe UegXlaWiRn Rf WheVe channelV [142].
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OSen in a VeSaUaWe ZindRZ
Figure 2

Two representations of the R\R1 tetramer. Top: The solvent-accessible surface area allows the large-scale
structures originall\ identified b\ cr\o-EM to be distinguished. Bottom: A ribbon diagram showing which
domains correspond to the individual large-scale structures. The views to the right are rotated 90  about
the hori]ontal axis. The individual domains are colored as in Figure 1 and Figure 3. The structure is the 3.8
c R\R1 structure (PDB ID 3J8H) from Yan et al. [11]. This structure was chosen to illustrate the structural
features of the r\anodine receptors because it has the highest resolution and completeness (part of the long
helical domain is lacking in the available R\R2 structures).

SeYeUal high-UeVRlXWiRn cU\R-EM VWUXcWXUeV (XS WR 3.8 c) haYe been UeSRUWed Rf UabbiW R\R1
[10,11,12,143,144]. TheVe VWUXcWXUeV ZeUe deWeUmined in bRWh Whe clRVed and RSen VWaWeV Rf R\R1
[12,143,144] aV Zell aV in cRmSle[ ZiWh Whe R\R mRdXlaWRUV FKBP12 [11], Ca  [144,145], ATP and
caffeine [145]. The inflXence Rf diffeUenW deWeUgenWV Rn Whe cRnfRUmaWiRn Rf Whe R\R1 channel in bRWh
Whe RSen and clRVed cRnfRUmaWiRnV haV alVR been inYeVWigaWed [146]. AW WhiV UeVRlXWiRn, iW cRXld cleaUl\
be Veen WhaW R\R1 ZaV a hRmRWeWUameUic channel and WhaW each mRnRmeU ZaV made XS Rf Wen dRmainV:
an N-WeUminal dRmain (NTD), WhUee SPRY dRmainV inWeUUXSWed b\ an R\R UeSeaW dRmain (ReSeaW1±2),
a ³handle´ dRmain, an e[Wended -helical dRmain inWeUUXSWed b\ a VecRnd R\R UeSeaW dRmain
(ReSeaW3±4), a cenWUal dRmain, Whe WUanVmembUane channel, and a C-WeUminal dRmain (CTD; FigXUe 3).
The Vi]e Rf Whe channel ZaV alVR Uefined WR  c (FigXUe 2). The NTD can be fXUWheU
diYided inWR WhUee VXbdRmainV A, B, and C. AVide fURm Whe N-WeUminal dRmain and Whe SPRY dRmainV,
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Whe majRUiW\ Rf Whe VWUXcWXUe iV -helical. In SaUWicXlaU, Whe SUeYiRXVl\ XnchaUacWeUi]ed cenWUal, handle
and helical dRmainV haYe aUmadillR UeSeaW fRldV and, WRgeWheU ZiWh Whe N-WeUminal dRmain, SURYide a
³neWZRUk Rf VXSeUhelical VcaffRld´ fRU binding channel mRdXlaWRUV and Whe SURSagaWiRn Rf
cRnfRUmaWiRnal changeV [11].

OSen in a VeSaUaWe ZindRZ
Figure 3

The R\R1 monomer from Yan et al. [11]. Two perpendicular -solenoids can be distinguished. -solenoid
1 runs top-to-bottom and includes NTD:C, part of the handle domain, and the central domain. -solenoid 2
runs left-to-right and includes part of the handle domain and the long, curved helical domain. The SPRY
domains and Repeat1±2 are attached to the peripher\ of solenoid 1, while the phosphor\lation target
domain Repeat3±4 sits atop solenoid 2. The domains are colored as follows: the NTD is green, the SPRY
domains are gra\ (SPRY1 is light gra\, SPRY2 is middle gra\, SPRY3 is dark gra\), Repeat1±2 is darker
orange, the handle domain is magenta, the two halves of the helical domain are c\an, Repeat3±4 is lighter
orange, the central domain is red, and the transmembrane channel domain is purple. The central domain of
R\R1 includes a calcium-binding EF-hand motif which is colored \ellow.

AW inWeUmediaWe VcaleV, Whe UeceSWRU can be WhRXghW Rf aV cRnViVWing Rf WZR e[Wended -VRlenRidV aW
URXghl\ UighW-angleV WR each RWheU (FigXUe 3). The fiUVW -VRlenRid iV fRUmed fURm VXbdRmain C Rf Whe
NTD WRgeWheU ZiWh Whe cenWUal dRmain and SaUW Rf Whe handle dRmain. IW cRnViVWV Rf 30 -heliceV Sacked
inWR WZR SaUallel la\eUV. ThiV dRmain likel\ VeUYeV WR VXSSRUW Whe R\R c\WRSlaVmic UegiRn and e[WendV
WR Whe VXUface Rf Whe handle UegiRn Rf Whe UeceSWRU, ZheUe iW bendV XndeU Whe A and B VXbdRmainV Rf Whe
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NTD [12]. The VecRnd -VRlenRid ( -VRlenRid 2) cRmSUiVeV SaUW Rf Whe handle dRmain WRgeWheU ZiWh Whe
lRng, cXUYed Helical DRmain. IW UXnV URXghl\ SeUSendicXlaU WR -VRlenRid 1 and fRUmV mRVW Rf Whe
clamS UegiRn and Whe VTXaUe edgeV Rf Whe c\WRSlaVmic SaUW Rf Whe UeceSWRU (FigXUe 2). Since iW fRUmV
VXch a laUge SaUW Rf Whe VXUface and Vince Whe beVW knRZn fXncWiRn Rf an -VRlenRid dRmain iV WR bind
RWheU SURWeinV [147], iW VeemV likel\ WhaW man\ Rf Whe R\R inWeUacWiRn SaUWneUV aVVRciaWe heUe.

The WUanVmembUane (TM) channel dRmain UeSUeVenWV a chimeUa Rf YRlWage-gaWed VRdiXm and SH-
acWiYaWed iRn channelV [12]. In SaUWicXlaU, Whe WUanVmembUane heliceV S1±S6 aVVemble inWR a YRlWage-
gaWed iRn channel VXSeUfamil\ fRld, bXW Rne Zhich alVR haV WhUee addiWiRnal feaWXUeV. FiUVW, Whe S6
VegmenW iV XnXVXall\ lRng, ZiWh half in Whe membUane and half in Whe c\WRSlaVm. IW iV immediaWel\
fRllRZed b\ Whe Vmall, -helical CTD, Zhich SRVVeVVeV a C2H2-W\Se ]inc-fingeU. SecRnd, Whe UeVidXeV
beWZeen S2 and S3 fRld inWR a c\WRSlaVmic YRlWage-VenVRU-like dRmain (VSC), Zhich bUidgeV Whe CTD
and S1±S4 VegmenWV. ThiUd, Whe UeVidXeV beWZeen S5 and Whe SRUe heli[ fRUm a haiUSin lRRS Zhich
SURjecWV inWR Whe SR lXmen. The elRngaWed S6 VegmenWV, Whe CTD, and Whe VSC WRgeWheU cUeaWe a
c\WRSlaVmic O-Uing in each mRnRmeU. The C-WeUminal UeVidXeV Rf Whe cenWUal dRmain (URXghl\ 4170±
4250 in R\R1, 4134±4207 in R\R2) fRUm a U-mRWif Zhich hRRkV inWR Whe O-Uing (FigXUe 4). The
cRncaYe face Rf Whe -VRlenRidV, Zhich lieV abRYe Whe U-mRWif, ZUaSV aURXnd Whe O-Uing. The VSC,
CTD, and cenWUal dRmainV WRgeWheU cRmSUiVe Whe cRlXmn Veen in Whe lRZeU UeVRlXWiRn cU\R-EM VWXdieV
[4,142] (FigXUe 2).
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OSen in a VeSaUaWe ZindRZ
Figure 4

The O-ring and U-motif of the R\R1 structure from Yan et al. [11]. The U-motif from the central domain
is colored a brighter red than the rest of the central domain. The parts of the O-motif are colored as
follows: the c\tosolic part of the S6 -helix from the TM domain is sand-colored, the voltage-sensor-like
motif is colored c\an, and the C-terminal ]inc-finger domain is colored blue (the residues of the ]inc-
finger themselves are colored green and shown as sticks).

CRmSaUiVRn Rf Whe RSen and clRVed VWUXcWXUeV VhRZV a dilaWiRn Rf Whe S6 WeWUahelical bXndle aW Whe
c\WRSlaVmic gaWe Rf Whe channel dRmain WhaW leadV WR channel RSening. DXUing SRUe RSening, Whe
c\WRSlaVmic ³O-Uing´ mRWif Rf Whe channel dRmain and Whe U-mRWif Rf Whe CenWUal dRmain e[hibiW
cRXSled mRWiRn, Zhile Whe cenWUal dRmain XndeUgReV dRmain-ZiVe diVSlacemenW [143]. Binding ViWeV
fRU Whe channel acWiYaWRUV Ca , ATP and caffeine ZeUe idenWified aW Whe inWeUdRmain inWeUfaceV Rf Whe
C-WeUminal dRmain [144,145]. Ca  binding WR Whe EF-hand in Whe cenWUal dRmain iniWiaWeV a caVcade Rf
cRnfRUmaWiRnal WUanVmiVViRnV WhURXgh Whe U-mRWif, dRZnZaUdV WR Whe VSC, Whe CTD and S6, indXcing
S6 WR change cRnfRUmaWiRn, WhXV RSening Whe channel. USRn Ca  binding, Whe EF-hand mRWif UeWainV iWV
baVic fRld, bXW XndeUgReV SURnRXnced cRnfRUmaWiRnal changeV [144].

A VeW Rf high-UeVRlXWiRn (3.6±6 c) cU\R-EM VWUXcWXUeV Rf SRUcine R\R2 haYe alVR UecenWl\ been
deWeUmined [148,149,150], Zhich cXUUenWl\ UeSUeVenW Whe higheVW-UeVRlXWiRn EM VWUXcWXUeV Rf WhiV
iVRfRUm (an 11.8 c VWUXcWXUe Rf UabbiW R\R2 in cRmSle[ ZiWh FKBP12.6 haV alVR UecenWl\ been
deWeUmined [151]). In WheVe VWXdieV R\R2 ZaV deWeUmined in bRWh iWV RSen and clRVed (RU aSo-R\R2)
fRUmV [148], aV Zell aV in cRmSle[ ZiWh Whe R\R2 allRVWeUic UegXlaWRUV Ca , PCB95, ATP, caffeine,
FKBP12.6 and calmRdXlin [149,150,151] in diffeUenW cRmbinaWiRnV in RUdeU WR beWWeU XndeUVWand WheiU
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UegXlaWiRn Rf WhiV SURWein. CRmSaUing Whe RSen and clRVed VWaWeV Rf R\R2 VhRZed WhaW nR laUge
VWUXcWXUal changeV RccXUUed ZiWhin Whe c\WRSlaVmic dRmainV WhemVelYeV, bXW WhaW Whe RYeUall mRWiRn Rf
Whe c\WRSlaVmic UegiRn came fURm dRmain-ZiVe diVSlacemenW and UelaWiYe VhifWV beWZeen Whe dRmainV.
The cenWUal dRmain ZaV fRXnd WR be Whe SUimaU\ WUanVdXceU Rf cRnfRUmaWiRnal changeV cRnWURlling Whe
RSening and clRVing Rf Whe channel dRmain [11,143,148]. ThiV dRmain XndeUgReV bRWh inWUadRmain
cRnWUacWiRn and a dRmain-ZiVe URWaWiRn, Zhich cRllecWiYel\ UeVXlWV in Whe RXWZaUd WilWing Rf Whe SRUe-
fRUming S6 VegmenWV.

TheVe cU\R-EM VWUXcWXUeV fRXnd WhaW Whe Ca , ATP and caffeine binding ViWeV aUe all lRcaWed aW Whe
inWeUfaceV beWZeen Whe cenWUal and channel dRmainV [150], Zhich aUe idenWical WR WhRVe fRXnd in Whe
R\R1 VWUXcWXUeV [145]. In SaUWicXlaU, Ca  bindV aW a clefW fRUmed b\ Whe cenWUal dRmain and Whe CTD;
ATP iV bXUied in a SRckeW fRUmed b\ Whe U-mRWif, S6, and Whe CTD, and caffeine iV lRcaWed aW Whe
inWeUface fRUmed b\ Whe U-mRWif, S4, Whe CTD, and Whe VSC. ASR-calmRdXlin and Ca -bRXnd
calmRdXlin bind WR diVWincW bXW RYeUlaSSing ViWeV in an elRngaWed clefW fRUmed b\ Whe handle, helical and
cenWUal dRmainV [150]. Taken WRgeWheU, WheVe VWXdieV aUe in agUeemenW ZiWh Whe RbVeUYaWiRn WhaW
cRnWUacWiRn and Uela[aWiRn Rf Whe cenWUal dRmain iV cUiWical fRU R\R channel gaWing [11,12,143]; WhiV ZaV
alVR eaUlieU fRXnd b\ ViWe-diUecWed mXWageneViV e[SeUimenWV Rn Whe R\R2 and R\R3 iVRfRUmV [152,153].

RegaUding R\R2 gaWing, XndeU Ca -fUee cRndiWiRnV, R\R2 iV inacWiYe becaXVe Rf Whe abVence Rf
VWimXlaWiRn b\ c\WRSlaVmic Ca . An incUeaVe in Ca  cRncenWUaWiRn WR aURXnd 20 M indXceV
cRnWUacWiRn Rf Whe cenWUal dRmain, aSSl\ing a SXlling fRUce WhaW faciliWaWeV Whe dilaWiRn Rf Whe S6 bXndle.
The addiWiRn Rf PCB95 indXceV fXUWheU cRnWUacWiRn Rf Whe cenWUal dRmain and RSenV Whe channel. In
cRnWUaVW, FKBP12.6 indXceV Uela[aWiRn Rf Whe cenWUal dRmain, VWabili]ing Whe clRVed VWaWe Rf R\R2.
NeiWheU Ca /ATP nRU Ca /caffeine ZeUe VXfficienW WR RSen Whe channel in Whe SUeVence Rf FKBP12.6.
Caffeine keeSV Whe cenWUal dRmain in a cRnVWiWXWiYe cRnWUacWed VWaWe, and ATP VWUengWhenV Whe SXlling
fRUce b\ bUidging Whe U-mRWif and S6 [149,150]. A VWXd\ cRmbining Vingle-channel meaVXUemenWV ZiWh
mRdeling VhRZed WhaW Whe WUiShRVShaWe mRieW\ Rf ATP alRne ZaV able WR eiWheU acWiYaWe RU iUUeYeUVibl\
inacWiYaWe R\R2, bXW WUiShRVShaWe ZiWh adenRVine SUeYenWed Whe inacWiYaWiRn and VhRZed acWiYaWiRn
VimilaU WR WhaW Rf ATP [154].

AlWhRXgh R\R1 and R\R2 haYe YeU\ VimilaU RYeUall TXaWeUnaU\ VWUXcWXUe (Zhich iV e[SecWed giYen WhaW
Whe\ haYe §70% VeTXence VimilaUiW\), cRmSaUing WheiU cU\R-EM VWUXcWXUeV VhRZV VXbVWanWial VWUXcWXUal
diffeUenceV beWZeen Whe WZR. ThiV iV mRVW nRWable in Whe VecRnd half Rf Whe helical dRmain (HD2)
VWUXcWXUe fRUming Whe clamS dRmain [148,151], Zhich SaUWiciSaWeV in TXaWeUnaU\ inWeUacWiRnV ZiWh Whe
dih\dURS\Uidine UeceSWRU and neighbRUing R\RV in R\R1 bXW nRW in R\R2. MRUeRYeU, all Rf Whe R\R2
EM VWUXcWXUeV VhRZed higheU fle[ibiliW\ in Whe SeUiSheUal dRmainV, inclXding Whe WZR R\R dRmainV, Whe
WhUee SPRY dRmainV, and Whe A and B VXbdRmainV Rf Whe NTD. The effecWiYe UeVRlXWiRn Rf all WheVe
dRmainV ZaV lRZeU and nRW VXfficienW fRU deWailed anal\ViV [148,149].

3.2. Cr\stal Structures of IndiYidual R\R Domains

SeYeUal dRmainV fURm R\R1 and R\R2 haYe had VWUXcWXUeV deWeUmined aW aWRmic UeVRlXWiRn b\ X-Ua\
cU\VWallRgUaSh\ RU NMR (Table 1); WRgeWheU WheVe cRYeU §15% Rf Whe WRWal VeTXence Rf WhiV channel [5].
The VWUXcWXUeV ZeUe deWeUmined Rf bRWh naWiYe and mXWanW fRUmV, ZiWh Whe mXWanWV being VRme Rf WhRVe
aVVRciaWed ZiWh Whe m\RSaWhieV deVcUibed eaUlieU. PUeVenWl\, cU\VWal VWUXcWXUeV haYe been deWeUmined fRU
mRVW Rf Whe N-WeUminal dRmain (NTD) Rf bRWh R\R1 and R\R2 [155,156,157] and iWV indiYidXal
VXbdRmainV [158,159,160,161], Whe R\R1 SPRY1 and R\R1 and R\R2 SPRY2 dRmainV [162,163], Whe
fiUVW RYR dRmain (ReSeaW1±2) fURm R\R1 [162], and Whe VecRnd RYR dRmain fURm all WhUee R\R1,
R\R2, and R\R3 iVRfRUmV (ReSeaW3±4) [162,164]. ShRUW SeSWideV Rf Whe cenWUal dRmain in cRmSle[
ZiWh calmRdXlin [165] and Whe S100A1 SURWein [166] haYe alVR been deWeUmined.
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3.2.1. N-THUPLQDO DRPDLQ

Table 1

High UeVRlXWiRn Zild-W\Se VWUXcWXUeV Rf Whe indiYidXal dRmainV Rf R\R1, R\R2, and R\R3
deWeUmined b\ X-Ua\ cU\VWallRgUaSh\ RU NMR.

PDB ID ReVLdXeV FUagPeQW LeQgWK IVRfRUP DRPaLQ SRXUce Ref.

3HSM 1±210 213 RyR1 NTD:A Or\cWolagXV cXnicXlXV [158]

2XOA 1±559 559 RyR1 NTD Or\cWolagXV cXnicXlXV [155]

3ILA 9±205 197 RyR1 NTD:A Or\cWolagXV cXnicXlXV [159]

4I96 217±536 320 RyR1 NTD:BC Or\cWolagXV cXnicXlXV [156]

5C30 857±1054 201 RyR1 Repeat1±2 Or\cWolagXV cXnicXlXV [162]

4P9J 1070±1246 180 RyR1 SPRY2 Or\cWolagXV cXnicXlXV [163]

3RQR 2733±2940 227 RyR1 Repeat3±4 Or\cWolagXV cXnicXlXV [167]

4ERT 2734±2940 210 RyR1 Repeat3±4 Or\cWolagXV cXnicXlXV [164]

2BCX 3614±3643 30 RyR1 central Or\cWolagXV cXnicXlXV [165]

2K2F 3616±3627 12 RyR2 central RaWWXV norYegicXV [166]

3IM5 1±217 217 RyR2 NTD:A MXV mXVcXlXV [159]

4L4H 1±547 547 RyR2 NTD MXV mXVcXlXV [160]

4JKQ 1±606 606 RyR2 NTD Homo VapienV [157]

2MC2 10±224 219 RyR2 NTD:B,C MXV mXVcXlXV [161]

5C33 650±844 198 RyR2 SPRY1 MXV mXVcXlXV [162]

4P9I 1080±1253 174 RyR2 SPRY2 MXV mXVcXlXV [163]

4ETV 2699±2904 209 RyR2 Repeat3±4 MXV mXVcXlXV [164]

6MM6 2699±2904 209 RyR2 Repeat3±4 MXV mXVcXlXV [168]

4ERV 2597±2800 207 RyR3 Repeat3±4 Homo VapienV [164]

OSen in a VeSaUaWe ZindRZ

Note: 2MC2 and 2K2F were determined by NMR. All other structures were determined by X-ray crystallography.

SeYeUal UeVeaUch gURXSV haYe fRcXVed Rn deWeUmining and chaUacWeUi]ing Whe
VWUXcWXUeV Rf Whe N-WeUminal dRmain (NTD) Rf R\R1 [155,156] and R\R2 [157,160]. The NTD
cRmSUiVeV WhUee VeSaUaWe VXbdRmainV, cRmmRnl\ called A (UeVidXeV 1±223 in hXman R\R2), B (224±
408), and C (409±643). DRmainV A and B aUe -WUefRil dRmainV and aUe claVVified aV an InRViWRl 1,4,5-
WUiShRVShaWe/U\anRdine UeceSWRU dRmain and a MIR (SURWein mannRV\lWUanVfeUaVe, IP3R and R\R)
dRmain, UeVSecWiYel\, Zhile dRmain C iV an all -helical dRmain claVVified aV an RIH (R\R and IP3R
HRmRlRg\) dRmain [103] and aSSeaUV WR be an aUmadillR-UeSeaW dRmain. The fiUVW -heli[ Rf dRmain C,
called Whe cenWUal heli[ (UeVidXeV 410±439), lieV neaU Whe middle Rf Whe inWeUface ZheUe WheVe WhUee
dRmainV cRme WRgeWheU and ZaV SURSRVed WR Sla\ an imSRUWanW URle in NTD VWabiliW\ (FigXUe 5) [157].
Onl\ Whe fiUVW half Rf dRmain C iV YiVible in Whe NTD cU\VWal VWUXcWXUeV. SAXS and mRlecXlaU d\namicV
VimXlaWiRnV VXggeVW WhaW Whe VecRnd half XnfRldV WR a gUeaWeU RU leVVeU e[WenW in Whe abVence Rf Whe UeVW Rf
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Whe SURWein [169]. IW iV cleaUl\ YiVible in Whe high-UeVRlXWiRn cU\R-EM VWUXcWXUeV, hRZeYeU, ZheUe iW iV
VandZiched beWZeen Whe UeVW Rf Whe NTD and Whe handle dRmain (ZiWh VRme VXSSRUW alVR giYen b\ Whe
cenWUal dRmain). DRmain A Rf Whe R\R2 iVRfRUm alVR cRnWainV a d\namic -heli[ (UeVidXeV 95±104, 2)
[161], Zhich ZaV inYiVible in mRVW Rf Whe R\R2 NTD cU\VWal VWUXcWXUeV [157,159,160] aV Zell aV in Whe
high-UeVRlXWiRn EM VWUXcWXUeV [148]. In Whe EM VWUXcWXUe Rf Whe ZhRle R\R2 UeceSWRU, WhiV heli[ iV
lRcaWed aW Whe VXUface and iWV fRUmaWiRn ma\ deSend Rn Whe binding Rf YaUiRXV inWeUacWiRn SaUWneUV. The
cRUUeVSRnding lRRS in iVRfRUmV 1 and 3 iV VhRUWeU, Zhich iV cRnViVWenW ZiWh Whe abVence Rf WhiV -heli[
WheVe iVRfRUmV [161]. BaVed Rn cU\R-EM VWXdieV, Whe NTD iV SaUW Rf Whe cenWUal Uim [10,11,12,148].

OSen in a VeSaUaWe ZindRZ
Figure 5

The N-terminal domain of human R\R2 from Borko et al. [157] (PDB ID 4JKQ). The individual
subdomains are colored blue (domain A), green (domain B), and \ellow (domain C). The ³central helix´ is
colored orange. The locations of individual disease-causing mutations are shown as sticks. Note that the\
are grouped in three distinct places: on the surfaces of domains A and B and on the central helix. The long,
disordered loop containing residues 98±107 is not visible in this structure.

The NTD cRYeUV Rne Rf Whe VR called ³hRW VSRW´ aUeaV, ZheUe mXWaWiRnV aVVRciaWed ZiWh MH
[60,61,62,63,64,65] and CCD [65,66,67,68,69,70,71] in R\R1 (hWWS://ZZZ.hgmd.cf.ac.Xk/ac/gene.ShS?
gene=RYR1) and CPVT [79,82,118,121,122] ARVC/D2 [81,132,133,134], SUO [170,171], SCD



10/30/2020 SWUXcWXUe aQd FXQcWLRQ Rf Whe HXPaQ R\aQRdLQe ReceSWRUV aQd TheLU AVVRcLaWLRQ ZLWh M\RSaWhLeV³PUeVeQW SWaWe, ChaOOeQgeV, aQd PeUVSecWLYeV

hWWSV://ZZZ.QcbL.QOP.QLh.gRY/SPc/aUWLcOeV/PMC7570887/ 14/40

3.2.2. SPRY1 DQG SPRY2 DRPDLQV

[85,118] and E-IVF [88] in R\R2 aUe lRcaWed (hWWS://ZZZ.hgmd.cf.ac.Xk/ac/gene.ShS?gene=RYR2; Vee
alVR hWWS://WUiad.fVm.iW/caUdmRc/). SR faU, RYeU 70 mXWaWiRnV aVVRciaWed ZiWh WheVe diVeaVeV haYe been
idenWified in R\R1 and 40 in R\R2. CRnVeTXenWl\, bRWh Whe NTD and iWV VXbdRmainV Rf bRWh iVRfRUmV
haYe been WhRURXghl\ e[amined VWUXcWXUall\ in RUdeU WR beWWeU XndeUVWand hRZ e[acWl\ a SaUWicXlaU
mXWaWiRn affecWV Whe WeUWiaU\ VWUXcWXUe RU Whe RSening and clRVing Rf Whe U\anRdine UeceSWRU channel
[155,156,157,158,159,160,161].

The NTD mXWaWiRnV in bRWh iVRfRUmV RccXU in WhUee main aUeaV: Whe cenWUal heli[, Whe inWeUfaceV
beWZeen Whe NTD VXbdRmainV RU beWZeen Whe RWheU R\R dRmainV, and Whe VR-called HS-lRRS, Zhich iV
lRcaWed in VXbdRmain A beWZeen -VWUandV 8 and 9 [155,157,158,159,160,161]. TR daWe, WheUe aUe
cU\VWal VWUXcWXUeV Rf Whe L14R, C36R, R45C, D61N, V219I, G249R, R402G, and I404M mXWanWV Rf
R\R1 [156] and Whe A77V, V186M, R420Q, P164S, R169Q, and R176Q mXWanWV Rf R\R2
[159,160,161]. The R\R2 mXWaWiRnV I419F and R420W haYe alVR been biRchemicall\ and
biRSh\Vicall\ chaUacWeUi]ed [157]. T\Sicall\, WheVe VWUXcWXUeV VhRZed WhaW Whe mXWaWiRnV caXVed Rnl\
lRcal VWUXcWXUal changeV, RU mRdeVW UeaUUangemenWV Rf Whe SRViWiRnV Rf Whe WhUee N-WeUminal dRmainV
ZiWh UeVSecW WR Rne anRWheU. IW WheUefRUe VeemV WhaW WheVe mXWaWiRnV e[eUW WheiU effecW nRW b\ diVWRUWing
Whe VWUXcWXUe Rf Whe SURWein iWVelf, bXW b\ Zeakening Whe inWeUfaceV beWZeen dRmainV RU beWZeen Whe
UeceSWRU and iWV binding SaUWneUV (e.g., FKBP), WheUeb\ caXVing imSURSeU dRmain VhifWV dXUing Whe
RSening and clRVing Rf Whe R\R channel. A nXmbeU Rf RWheU mXWanWV RccXU ZiWhin Whe inWeUiRU Rf Whe
VXbdRmainV RU Zhich aUe lRcaWed aW Whe inWeUdRmain inWeUface (e.g., L62F, F329L, T415R, I419F, and
L433P in R\R2) cRXld nRW be SUeSaUed in a VWable, VRlXble fRUm [156,157], VXggeVWing WhaW WheVe
UeVidXeV likel\ diVUXSW Whe VWUXcWXUe Rf Whe NTD. In geneUal, WhUee W\SeV Rf mXWanWV haYe been SURSRVed:
WhRVe WhaW caXVe miVfRlding, WhRVe WhaW ma\ deVWabili]e Whe inWeUacWiRnV beWZeen Whe N-WeUminal A, B,
and C dRmainV, and WhRVe Zhich deVWabili]e Whe inWeUfaceV ZiWh Whe RWheU R\R dRmainV.

The R\R2 NTD cRnWainV a lRng, fle[ible lRRS in VXbdRmain A Zhich cRnWainV WZR fle[ible -heliceV.
One Rf WheVe heliceV can be Veen in Whe Zild-W\Se R\R2 NTD:A-Rnl\ VWUXcWXUe (PDB ID 3IM5) [159],
bXW cannRW be Veen in VWUXcWXUeV Rf Whe ZhRle NTD [157,160]. ThiV aUea iV affecWed b\ a CPVT1- and
LVNC-aVVRciaWed e[Rn3 mXWaWiRn, Zhich deleWeV UeVidXeV 57±91 fURm R\R2, and WheUeb\ UemRYeV -
VWUand 4 and Rne Rf Whe fle[ible -heliceV fURm dRmain A. RemaUkabl\, inVWead Rf being leWhal, Whe
Uemaining -heli[ XnZindV and becRmeV a -VWUand, Waking Whe Slace Rf Whe miVVing 4, and WheUeb\
laUgel\ UeVcXing Whe -WUefRil Rf VXbdRmain A [161].

BRWh Whe -VRlenRidV deVcUibed eaUlieU haYe SeUiSheUal dRmainV
Zhich lie Rn WheiU VXUfaceV. FRU -VRlenRid 1, WhiV inclXdeV WhUee SPRY dRmainV (SPRY1±3) aV Zell aV
an RYR UeSeaW dRmain (ReSeaW1±2); Whe VeTXence Rf -VRlenRid 2 iV inWeUUXSWed b\ Whe VecRnd RYR
UeSeaW dRmain (ReSeaW3±4), Zhich lieV Rn Whe VXUface Rf Whe VRlenRid. The VWUXcWXUeV Rf Whe SPRY1
(fURm R\R2) and SPRY2 (fURm bRWh R\R1 and R\R2) dRmainV haYe been deWeUmined b\ X-Ua\
cU\VWallRgUaSh\ ZiWh UeVRlXWiRnV Rf 1.2±1.5 c (Table 1) [162,163].

The VeTXenceV Rf WhUee SPRY dRmainV (fURm dXal VSecificiW\ kinaVe SSlA and R\RV, ZheUe Whe\ ZeUe
fiUVW fRXnd) inWeUSeneWUaWe Rne anRWheU WR a limiWed e[WenW: Whe cRUe Rf Whe dRmainV cRnViVWV Rf a
cRnWinXal, XninWeUUXSWed VWUeWch Rf aminR acidV, hRZeYeU WheUe aUe e[WUa UeVidXeV aW Whe dRmain
SeUiSheUieV WhaW aSSeaU mXch laWeU in Whe VeTXence. FRU e[amSle, in Whe 3.8 c R\R1 VWUXcWXUe [11],
SPRY1 cRnViVWV Rf UeVidXeV 632±826 (SPRY cRUe), 1466±1491 (an e[WenViRn Rf Whe -VheeW clRVeVW WR
Whe UeceSWRU cRUe), and 1615±1634 (an e[WenViRn WR Whe -VheeW clRVeVW WR Whe VXUface); SPRY2 cRnViVWV
Rf UeVidXeV 827±845 (an e[WenViRn WR Whe -VheeW clRVeVW WR Whe VXUface) and 1071±1241 (SPRY cRUe);
SPRY3, XniTXel\, cRnViVWV Rf WZR laUgeU, VWUXcWXUall\ cRnjRined UegiRnV, UeVidXeV 1242±1465 and 1492±
1614, VeSaUaWed b\ Whe fiUVW SPRY1 e[WenViRn. ThiV SaWWeUn iV alVR UeSeaWed in Whe R\R2 VWUXcWXUe [148].
The e[WenViRnV WR SPRY1 and SPRY2 Wake Whe fRUm Rf addiWiRnal anWi-SaUallel SaiUV Rf -VWUandV Zhich
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e[Wend Rne Rf Whe WZR SPRY dRmain -VheeWV. BecaXVe Rf WhiV dRmain aUUangemenW, Whe indiYidXal
SPRY1 and SPRY2 dRmainV WhaW haYe been VRlYed dR nRW cRYeU Whe enWiUe dRmain, bXW Rnl\ Whe laUgeVW
cRnWinXRXV VegmenW fRUming Whe cRUe [162,163].

SWUXcWXUall\, Whe SPRY1 and SPRY2 dRmainV haYe YeU\ VimilaU fRldV, Zhich aUe Rne Rf Whe mRVW
cRmmRn -VandZich fRldV fRXnd in eXkaU\RWeV (FigXUe 6a,b). The\ aUe RfWen fRXnd aV Whe cenWUal
dRmainV Rf ligaVeV, Whe binding dRmainV fRU UegXlaWRU\ SURWeinV, and Whe\ faciliWaWe Whe aVVembl\ Rf
macURmRlecXlaU cRmSle[eV [172]. The cRUe Rf bRWh VWUXcWXUeV cRnViVWV Rf WZR anWi-SaUallel -VheeWV
cRYeUed b\ a ³lid´ WhaW fRUmV a caS RYeU Whe dRmain cRUe. In Whe cRmSleWe R\R VWUXcWXUe, bRWh ³lidV´
face Whe VRlYenW. The R\R2 SPRY1 VWUXcWXUe iV chaUacWeUi]ed b\ Whe SUeVence Rf a ³fingeU´ fRUmed b\
an anWi-SaUallel -lRRS-  mRWif ZiWh a  heli[ befRUe Whe fiUVW -VWUand and a VecRnd  heli[ beWZeen
Whe WZR VWUandV [162]. In Whe cRmSleWe R\R2 VWUXcWXUe, hRZeYeU, WhiV mRWif haV cRllaSVed inWR a lRRS
Zhich iV bXUied XndeU Whe VecRnd SPRY1 e[WenViRn (UeVidXeV 1606±1641), Zhich, in WXUn, cRnWacWV Whe
jXncWiRn beWZeen Whe NTD dRmain C -VRlenRid and Whe handle dRmain. In WhiV cRnWe[W, Whe high
cRnVeUYaWiRn Rf Whe UeVidXeV in WhiV mRWif iV likel\ dXe WR iWV SRViWiRn in an inWeUiRU SaUW Rf Whe SURWein:
diVUXSWiRnV heUe aUe likel\ WR UXin Whe cRnfRUmaWiRn Rf Whe enWiUe WhUee-SPRY dRmain XniW. The SPRY2
dRmain VWUXcWXUe Rf bRWh R\R1 and R\R2 cRnWained an inVeUWed lRRS Zhich inWeUUXSWV -VWUand 8 [163],
Zhich ZaV nRW RbVeUYed in Whe SPRY1 dRmain. In addiWiRn N-WeUminal and C-WeUminal e[WenViRnV ZeUe
alVR RbVeUYed. In Whe cRmSleWe VWUXcWXUeV Rf bRWh R\R1 and R\R2, Whe inVeUWed lRRS lieV Rn Whe VXUface
Rf Whe SURWein Zhile Whe C-WeUminal e[WenViRnV fRUm SaUW Rf Whe fiUVW -VWUand Rf SPRY3. When dRcked
inWR lRZeU-UeVRlXWiRn cU\R-EM maSV, SPRY2 ZaV Slaced beWZeen Whe clamS UegiRn and Whe cenWUal Uim
(Zhich iV fRUmed b\ Whe NTD) [163]. ThiV SRViWiRn ZaV YeUified in Whe fXll VWUXcWXUeV, ZheUe SPRY2
can cleaUl\ be Veen WR fill a gaS beWZeen Whe handle dRmain Rf Rne VXbXniW and Whe helical dRmainV Rf
Whe ne[W [10,11,12,148]; iWV SRViWiRn ZaV alVR YeUified b\ cURVV-linking e[SeUimenWV [12]. The SPRY2
dRmain iV WheUefRUe likel\ UeTXiUed WR cRXSle Whe cRnfRUmaWiRnal changeV in bRWh aUeaV, and diVeaVe-
caXVing mXWaWiRnV Rn iWV VXUface ma\ inWeUfeUe ZiWh WhiV SURceVV [163].
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OSen in a VeSaUaWe ZindRZ
Figure 6

Four representative structures of the individual R\R domain cr\stal structures described in the text.
Domains from the R\R2 isoform are shown except for Repeat1±2, where onl\ the R\R1 structure is
known. (a) The R\R2 SPRY1 domain (PDB ID 5C33 [162]). The -sheet extensions present in the full-
length structure but missing in the SPRY1 cr\stal structure are shown in pink. The ³finger´ motif is
colored orange, while the conformation of the loop comprising the finger domain in the complete structure
is colored purple. Residues of which mutations are associated with diseases in R\R2 are shown as sticks.
(b) The R\R2 SPRY2 domain (PDB ID 4P9I [163]). Coloring is as in (a). In (a,b), the extensions were
placed b\ superimposing the given structure on the closed form of the full-length R\R2 cr\o-EM structure
(5GO9 [148]). (c) The R\R1 Repeat1±2 domain (PDB ID 5C30 [162]). The U-lid of this domain is colored
c\an. To make it eas\ to distinguish the two repeats, Repeat 2 is colored a lighter shade than Repeat 1. (d)
The R\R2 Repeat3±4 domain (PDB ID 4ETV [164]). The coloring is as in (c). The beginning and end of
the phosphor\lation loop, most of which is not visible, are colored orange.

TZR mXWaWiRnV in hXman R\R1 SPRY1 haYe SUeYiRXVl\ been linked WR m\RSaWhieV: D708N haV been
linked WR mXlWi-minicRUe diVeaVe and aW\Sical SeUiRdic SaUal\ViV [173], Zhile N759D iV aVVRciaWed ZiWh
cenWUal cRUe diVeaVe [174]. The SRVVible effecW Rf bRWh mXWaWiRnV Rn Whe VWUXcWXUe Rf Whe SPRY1 dRmain
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3.2.3. RYR1±2 (RHSHDW1±2) DQG RYR3±4 (RHSHDW3±4) DRPDLQV

Rf R\R2 ZaV anal\]ed in [162]. The eTXiYalenW Rf D708 in R\R2 iV D720. In Whe cU\VWal VWUXcWXUe,
D720 fRUmV a ValW bUidge ZiWh Whe eTXall\ cRnVeUYed R694. Since D720 iV SaUW Rf Whe ³fingeU´ mRWif,
and Vince Whe ³fingeU´ mRWif ZaV WhRXghW WR mediaWe Whe SPRY1±SPRY2 inWeUacWiRn, iW ZaV WhRXghW WhaW
a mXWaWiRn WR aVSaUagine ZRXld Zeaken Whe inWeUacWiRn and WheUefRUe diVUXSW Whe SPRY1±SPRY2
inWeUacWiRn. In Whe fXll VWUXcWXUe, hRZeYeU, Whe fingeU mRWif becRmeV a bXUied lRRS and WhiV inWeUacWiRn
dReV nRW RccXU. D720 iV, hRZeYeU, in a SRViWiRn WR h\dURgen-bRnd WR Whe main-chain aWRmV Rf Whe fiUVW
SPRY1 e[WenViRn (1466±1491) ZheUe iW aUiVeV fURm SPRY3, VR iW iV SRVVible WhaW Whe D720N mXWaWiRn
VWill diVUXSWV an inWeUacWiRn beWZeen WZR SPRY dRmainV, bXW SPRY1±SPRY3 UaWheU Whan SPRY1±
SPRY2. ThiV anal\ViV alVR hRldV fRU Whe VWUXcWXUe Rf Whe R\R1 iVRfRUm. The VecRnd mXWaWiRn, N759D
ZaV cleaUl\ VhRZn WR diVUXSW Whe binding Rf Whe FKBP [162], and likel\ ZRXld haYe a VimilaU effecW in
bRWh iVRfRUmV.

In Whe R\R2 SPRY1 dRmain, Rnl\ Rne mXWaWiRn haV VR faU been linked WR CPVT1, R739H [79]. In Whe
cU\VWal VWUXcWXUe Rf SPRY1, Whe Vide-chain Rf R739 iV fRXnd in a diffeUenW cRnfRUmaWiRn Whan in Whe fXll-
lengWh SURWein. In Whe fXll-lengWh R\R2 VWUXcWXUe, R739 lieV belRZ Whe fiUVW SPRY1 e[WenViRn (1459±
1484) and iV in a SRViWiRn WR SRWenWiall\ inWeUacW ZiWh UeVidXeV fURm SPRY3. IWV UeSlacemenW ZiWh
hiVWidine ZRXld VWill allRZ iW WR inWeUacW ZiWh Whe e[WenViRn, bXW iW ZRXld When be WRR VhRUW WR Ueach Whe
UeVidXeV Rf SPRY3.

In Whe R\R1 SPRY2 dRmain, a WRWal Rf fiYe mXWaWiRnV haYe been idenWified: WhUee Rf Whem aUe aVVRciaWed
ZiWh CCD (R1075W, G1165D, and R1179W [75,175]) and WZR ZiWh malignanW h\SeUWheUmia (R1127H
and R1140C [62,64]). The VWUXcWXUal imSacW Rf all Rf Whem Rn Whe R\R1 SPRY2 dRmain ZaV deVcUibed
in LaX eW al. [163]. In WhiV caVe, Whe anal\ViV iV laUgel\ Yalid fRU bRWh Whe SaUWial-dRmain cU\VWal VWUXcWXUe
and Whe VWUXcWXUe in Whe fXll-lengWh SURWein, ZiWh Rne nRWable e[ceSWiRn: In Whe fXll-lengWh VWUXcWXUe,
R1075 lieV aW Whe jXncWiRn beWZeen SPRY2 and SPRY3, and an R1075W mXWaWiRn in WhiV aUea mighW be
e[SecWed WR diVUXSW WhiV inWeUface. MRUeRYeU, WheUe iV alUead\ a neighbRUing WU\SWRShan (W1237 UabbiW
R\R nXmbeUing) in WhiV aUea WRgeWheU ZiWh WZR SURline UeVidXeV (P1111 and P1609); Whe inWURdXcWiRn Rf
an e[WUa WU\SWRShan in WhiV ViWe mighW be enRXgh WR change Whe elecWURVWaWic chaUacWeU Rf Whe VXUface.
G1165 lieV in a WighW -WXUn-  mRWif Zhich inWeUacWV ZiWh Whe ³lid´ and a G1165D mXWaWiRn in WhiV ViWe
ZRXld be e[SecWed WR diVUXSW WheVe inWeUacWiRnV. The Uemaining UeVidXeV aUe all VXUface e[SRVed and
likel\ diVUXSW Whe binding Rf UegXlaWRU\ SURWeinV.

In Whe R\R2 iVRfRUm SPRY2 dRmain, WZR mXWaWiRnV haYe been idenWified Zhich aUe aVVRciaWed ZiWh
CPVT: T1107M and A1136V (FigXUe 6b) [79]. The effecWV Rf WheVe mXWaWiRnV aUe nRW cleaU fURm eiWheU
Whe cU\VWal VWUXcWXUe RU Whe fXll-lengWh SURWein. T1107 iV laUgel\ VXUface e[SRVed and A1136 iV bXUied. In
Whe fRUmeU, a T1107M mXWaWiRn mighW be e[SecWed WR diVUXSW Whe binding Rf an effecWRU if UegXlaWRU\
mRlecXleV dR bind in WhiV aUea. In Whe laWWeU, an A ĺ V mXWaWiRn mighW be e[SecWed WR diVUXSW Whe
Sacking b\ decUeaVing Whe VXUface cRmSlemenWaUiW\. RecenWl\, a SRWenWiall\ neZ R\R2 mXWaWiRn,
P1124L, idenWified in a SaWienW fURm a genRW\Se-negaWiYe HCM cRhRUW, ZaV VWUXcWXUall\ and
fXncWiRnall\ chaUacWeUi]ed [176]. In WhiV VWXd\, Whe P1124L mXWaWiRn ZaV fRXnd WR WUiggeU fXncWiRnal and
VWUXcWXUal alWeUaWiRnV in iVRlaWed R\R2 channelV and ZhRle heaUWV. ThiV mXWaWiRn indXced VignificanW
cRnfRUmaWiRnal changeV in Whe SPRY2 dRmain Rf R\R2. RecRmbinanW R\R2-P1124L channelV
diVSla\ed a c\WRVRlic lRVV-Rf-fXncWiRn ShenRW\Se, Zhich cRnWUaVWed ZiWh a higheU VenViWiYiW\ WR lXminal
Ca , indicaWing a lXminal gain Rf fXncWiRn.

The U\anRdine UeceSWRU cRnWainV fRXU
Wandem UeSeaWV WhaW RccXU in WZR VeWV Rf WZR each. TheVe aUe alVR called RYR dRmainV, becaXVe Whe\
haYe VR faU Rnl\ been fRXnd in Whe U\anRdine UeceSWRUV [103], RU VRmeWimeV ShRVShRU\laWiRn dRmainV
becaXVe aW leaVW Rne Rf Whem, ReSeaW3±4, haV been VhRZn WR cRnWain a nXmbeU Rf ShRVShRU\laWiRn
WaUgeWV. In SaUWicXlaU, PKA ZaV fRXnd WR ShRVShRU\laWe fiYe UeVidXeV in ReSeaW3±4: S2808
[177,178,179], T2810, S2811, S2814, and S2797 [164]. FRXU UeVidXeV ZeUe fRXnd WhaW ZeUe
ShRVShRU\laWed b\ CaMKII: S2808, S2811, T2876 [164], and S2814 [164,180]. The cRUUeVSRnding
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VeUine UeVidXeV did nRW aSSeaU WR be ShRVShRU\laWed in Whe R\R3 ReSeaW3±4 dRmain [164]. Each dRmain
cRmSUiVeV aURXnd 200 aminR-acid UeVidXeV and fRUmV a U-VhaSed mRWif [162,164,167]. In Whe R\R
VeTXence, ReSeaW1±2 iV lRcaWed aV an inVeUWiRn in SPRY2, immediaWel\ fRllRZing Whe SPRY2 N-
WeUminal e[WenViRn, Zhile ReSeaW3±4 iV an inVeUWiRn in Whe lRng Helical DRmain ( -VRlenRid 2).

SWUXcWXUall\, Whe fiUVW WZR RYR UeSeaWV (ReSeaW1±2) aUe cRmSRVed Rf WZR aV\mmeWUical halYeV (FigXUe 6
c). Each Wandem UeSeaW Rf Whe RYR dRmainV cRnViVWV Rf WZR -heliceV fRllRZed b\ a Vingle VhRUW C-
WeUminal -VWUand. TheVe VWUandV WRgeWheU fRUm a dRXble-VWUanded anWi-SaUallel -VheeW. The VecRnd
Wandem UeSeaW cRnWainV an addiWiRnal WhUee-VWUanded -VheeW Zhich fRllRZV Whe fiUVW -heli[ Rf UeSeaW 2
and fillV Whe VSace beWZeen UeSeaW 1 and UeSeaW 2; WhiV e[WUa -VheeW diVUXSWV Whe V\mmeWU\ Rf WheVe
UeSeaWV [162]. The WZR UeSeaWV aUe VeSaUaWed fURm each RWheU b\ a 30-UeVidXe lRRS, Zhich fRUmV a U-
VhaSed lid and inWeUacWV e[WenViYel\ ZiWh Whe fiUVW -heli[ Rf UeSeaW 1. (IW iV ZRUWh menWiRning heUe WhaW
WhiV cU\VWal VWUXcWXUe iV WR be SUefeUUed RYeU Whe VWUXcWXUe Rf Whe cRUUeVSRnding dRmain in Whe 3.8 c fXll-
lengWh R\R1 VWUXcWXUe [11]. ThaW VWUXcWXUe ZaV mRdeled de nRYR baVed Rn Whe ReSeaW3±4 VWUXcWXUe and
iV lacking man\ Rf Whe VWUXcWXUal feaWXUeV SUeVenW in WhiV cU\VWal VWUXcWXUe.) DRcking WhiV dRmain inWR Whe
cU\R-EM maSV Rf R\R1 Slaced Whem in Whe cRUneUV Rf Whe c\WRSlaVmic dRmain, jXVW RYeU Whe SPRY2
dRmain, a SRViWiRning Zhich ZaV cRnfiUmed b\ Whe high UeVRlXWiRn VWUXcWXUeV [11,12,162].

The RYR3±4 dRmain (ReSeaW3±4), alVR UefeUUed WR aV Whe ShRVShRU\laWiRn dRmain, iV Rne Rf Whe feZ
dRmainV WhaW haV high UeVRlXWiRn VWUXcWXUeV fURm all WhUee mammalian iVRfRUmV [164,167]. The X-Ua\
cU\VWal VWUXcWXUeV Rf WhiV dRmain VhRZ WhaW iW haV a high, neaUl\ WZR-fRld V\mmeWU\ and a hRUVeVhRe
VhaSe; iW iV VimilaU in all WhUee R\R iVRfRUmV (FigXUe 6d) [164]. Unlike ReSeaW1±2, Whe Wandem UeSeaWV
Rf WhiV dRmain aUe VeSaUaWed b\ a fle[ible lRRS, Zhich cRnWainV VeYeUal VeUine UeVidXeV WhaW aUe
ShRVShRU\laWiRn WaUgeWV. In SaUWicXlaU, S2808, T2810, S2811, and S2814 aUe all ZiWhin Whe
ShRVShRU\laWiRn lRRS; S2797 lieV in a Vmall  heli[ immediaWel\ SUeceding Whe ShRVShRU\laWiRn lRRS
and iV e[SecWed WR be VRlYenW-e[SRVed in Whe fXll-lengWh UeceSWRU. T2876 iV nRW lRcaWed in RU neaU Whe
ShRVShRU\laWiRn lRRS, bXW iV fRXnd in a VhRUW  heli[ Rn Whe RSSRViWe Vide Rf Whe dRmain; in Whe
VWUXcWXUe Rf Whe fXll-lengWh SURWein, WhiV iV in cRnWacW ZiWh Whe fiUVW half Rf Whe helical dRmain (HD1). In
Whe R\R3 iVRfRUm, SaUW Rf Whe ShRVShRU\laWiRn lRRS iV UeSlaced b\ an -heli[. ReSeaW3±4 lackV Whe
WhUee-VWUanded -VheeW and Whe VWUXcWXUed U-lid Rf ReSeaW1±2, and Whe lRRSV cRnnecWing Whe -heliceV
alVR haYe diffeUenW cRnfRUmaWiRnV. DRcking Rf Whe ReSeaW3±4 dRmain inWR Whe cU\R-EM maSV Rf R\R1
and R\R2 UeYealed WhaW WhiV dRmain iV SaUW Rf Whe clamS UegiRn Rf Whe UeceSWRU [12,148,164,167,181].
The VWUXcWXUe Rf Whe ReSeaW3±4 dRmain fURm Whe diamRndback mRWh U\anRdine UeceSWRU haV alVR been
deWeUmined. IW ZaV fRXnd WR SRVVeVV an addiWiRnal N-WeUminal -heli[ and WR haYe VRme dRmain
UeaUUangemenW UelaWiYe WR Whe mammalian iVRfRUmV [182].

RecenWl\, a cU\VWal VWUXcWXUe Rf Whe mRXVe R\R2 ReSeaW3±4 dRmain bRXnd WR Whe caWal\Wic dRmain Rf
PKA (PKAc) in cRmSle[ ZiWh Whe nRn-h\dURl\]able ATP analRg aden\l\l-imidRdiShRVShaWe (AMP-
PNP) ZaV deWeUmined [168]. In WhiV VWUXcWXUe, PKAc ZaV in a nRn-caWal\Wic RSen cRnfRUmaWiRn and Whe
ShRVShRU\laWiRn lRRS Rf ReSeaW3±4 ZaV fRXnd WR enciUcle Whe laUge lRbe Rf PKAc. Binding WR PKAc
caXVed cRnfRUmaWiRnal changeV WR WhiV UegiRn: in addiWiRn WR RUdeUing Whe lRRS, iW caXVed Whe  heli[
befRUe Whe lRRS and Whe -heli[ fRllRZing iW WR XnZind. A clRVed PKAc fRUm ZaV alVR RbWained, bXW
Rnl\ in cRmSle[ ZiWh a 12-UeVidXe SeSWide fURm Whe ShRVShRU\laWiRn lRRS and nRW Whe ZhRle UeSeaW
dRmain. TR e[amine Whe effecW Rf CaMKII ShRVShRU\laWiRn aW UeVidXe S2814 (S2813 in Whe mRXVe
fRUm), a cRmSle[ Rf PKAc and R\R2 ReSeaW3±4 haUbRUing a S2814D ShRVShRU\laWiRn-mimicking
mXWaWiRn ZaV alVR deWeUmined. IW ZaV fRXnd WhaW a neZ -heli[ ZaV cUeaWed aW Whe C-WeUminal end Rf Whe
ShRVShRU\laWiRn lRRS, Zhich UeVXlWed in enhanced inWeUacWiRnV ZiWh PKAc.

FiYe mXWaWiRnV aVVRciaWed ZiWh malignanW h\SeUWheUmia aUe fRXnd in Whe R\R1 ReSeaW1±2 dRmain. FRXU
Rf Whem aUe lRcaWed aW Whe dRmain VXUface, and aUe WheUefRUe Xnlikel\ WR caXVe dRmain miVfRlding, bXW
Rne Rf Whem R1043C (R1044C in UabbiW R\R1), affecWV a UeVidXe WhaW iV inYRlYed in mXlWiSle h\dURgen-
bRndV, inclXding RneV WR main-chain aWRmV fURm Whe U-lid; bUeaking WheVe ma\ WheUefRUe affecW Whe U-
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lid cRnfRUmaWiRn and VWabiliW\ [162]. TZR CPVT-aVVRciaWed mXWaWiRnV aUe knRZn in Whe R\R2 ReSeaW1±
2 dRmain: R1013Q [79] and R1051P [79,122]. Since Whe high-UeVRlXWiRn VWUXcWXUe Rf WhiV dRmain iV nRW
\eW knRZn, Whe VWUXcWXUal effecW Rf WheVe mXWaWiRnV can Rnl\ be infeUUed baVed Rn Whe cU\R-EM
VWUXcWXUeV Rf R\R2 [148,149,150]. R1013 in bRWh Whe clRVed and RSen R\R2 cRnfRUmaWiRnV iV lRcaWed aW
Whe VXUface Rf Whe dRmain and dReV nRW aSSeaU WR Wake SaUW in an\ VWabili]ing inWeUacWiRnV. R1051,
hRZeYeU, iV lRcaWed in Whe middle Rf Whe VecRnd -heli[ Rf UeSeaW 2 and iWV UeSlacemenW ZiWh SURline
ZRXld YeU\ likel\ diVUXSW WhiV heli[, and SRVVibl\ Whe VWUXcWXUe Rf aW leaVW SaUW Rf Whe dRmain.

EleYen mXWaWiRn ViWeV aVVRciaWed ZiWh malignanW h\SeUWheUmia, cenWUal cRUe diVeaVe, mXlWi-minicRUe
diVeaVe, King±DenbRURXgh V\ndURme and aW\Sic SeUiRdic SaUal\ViV haYe been fRXnd in Whe R\R1
ReSeaW3±4 dRmain (VXmmaUi]ed in [162]). SeYen Rf Whem aUe lRcaWed ZiWhin RU neaU Whe
ShRVShRU\laWiRn lRRS, WhUee aUe lRcaWed Rn Whe RSSRViWe Vide Rf Whe mRlecXle, WhRXgh nRW eVSeciall\
clRVe WR Whe T2876 ShRVShRU\laWiRn ViWe, and Whe laVW iV an L2867G mXWaWiRn Zhich lRZeUV Whe melWing
WemSeUaWXUe Rf Whe dRmain and VeemV WR diVUXSW Whe h\dURShRbic cRUe. NR diVeaVe-aVVRciaWed mXWaWiRnV
haYe \eW been UeSRUWed fRU Whe R\R2 ReSeaW3±4 dRmain.

4. CompXWaWional SWXdieV

4.1. Earl\ Bioinformatics and In Silico Studies of R\anodine Receptors

BefRUe deWailed VWUXcWXUal VWXdieV had been SeUfRUmed, a nXmbeU Rf VWXdieV VRXghW WR SaUWiall\
chaUacWeUi]e Whe VWUXcWXUe Rf R\R ZiWh Whe helS Rf biRinfRUmaWicV. BiRinfRUmaWicV VWXdieV Rn R\R2
fRcXVed Rn idenWif\ing indiYidXal dRmainV baVed Rn WheiU aminR-acid VeTXenceV XVing Whe Pfam
daWabaVe [103,183]. TheVe VWXdieV SUedicWed WhaW 14 dRmainV ZRXld be fRXnd in all mRnRmeUV Rf all
WhUee R\R iVRfRUmV. In geneUal, Whe dRmain RUgani]aWiRn SUedicWed in WhiV aSSURach agUeeV ZiWh Whe
high-UeVRlXWiRn elecWURn micURVcRS\ VWXdieV SeUfRUmed Rn R\R1 [10,11,12] and R\R2
[148,149,150,151]. The UeVXlWV fURm WheVe biRinfRUmaWicV VWXdieV ZeUe XVed WR deVign R\R2 N-WeUminal
dRmain cRnVWUXcWV Zhich ZeUe RYeUe[SUeVVed in E. coli [183], SXUified, and chaUacWeUi]ed Rn Whe
biRchemical, biRSh\Vical and VWUXcWXUal leYelV [103,157,184].

BefRUe Whe high-UeVRlXWiRn cU\R-EM VWUXcWXUeV had been cRmSleWed, VRme effRUW ZaV made WR fiW Whe
e[iVWing high-UeVRlXWiRn cU\VWal VWUXcWXUeV inWR Whe lRZ-UeVRlXWiRn cU\R-EM maSV; neaUl\ eYeU\
VWUXcWXUal VWXd\ feaWXUed aW leaVW VRme effRUW WR fiW Whe VWXdied dRmain inWR aW leaVW Rne Rf Whe aYailable
cU\R-EM maSV [155,156,157,162,163,164,182]. In Rne caVe, Whe SlacemenW Rf Whe R\R1 NTD
VXbdRmainV b\ mRlecXlaU d\namicV fle[ible fiWWing inWR bRWh Whe clRVed and RSen maSV ZaV cRnfiUmed
XVing flXRUeVcence UeVRnance eneUg\ WUanVfeU VWXdieV [185].

4.2. D\namics Studies

DeWeUmining Whe WhUee-dimenViRnal VWUXcWXUe Rf Whe U\anRdine UeceSWRU in bRWh iWV RSen and clRVed
fRUmV dReV SURYide Whe anVZeU WR a nXmbeU Rf TXeVWiRnV abRXW Whe aUchiWecWXUe Rf Whe mRlecXle and iWV
likel\ cRnfRUmaWiRnal changeV XSRn RSening and clRVing, bXW iW Va\V liWWle abRXW Whe SaWhZa\ b\ Zhich
Whe channel RSenV, ZhaW RWheU cRnfRUmaWiRnal VWaWeV aUe SRVVible, and ZhaW Whe effecWV mighW be Rn Whe
VWUXcWXUe Rf Whe binding Rf Whe YaUiRXV UegXlaWRU\ mRlecXleV. MRUeRYeU, WhRXgh Whe VWUXcWXUeV can be
XVed WR idenWif\ Whe lRcaWiRn and SRVVible Vignificance Rf indiYidXal SRinW mXWaWiRnV, b\ WhemVelYeV,
Whe\ VWill cannRW be XVed WR deVcUibe in deWail WheiU mechaniVWic cRnVeTXenceV. TR addUeVV WheVe
TXeVWiRnV, cRmSXWaWiRnal VWXdieV aUe needed.

The fiUVW high-UeVRlXWiRn cU\R-EM VWUXcWXUeV Rf R\R1 ZeUe all in Whe clRVed fRUm [10,11,12]. One Rf Whe
gRalV Rf Whe fiUVW cRmSXWaWiRnal VWXdieV afWeU WheVe became aYailable ZaV WR cUeaWe mRdelV Rf Whe RSen
fRUm. The fiUVW Rf WheVe SXbliVhed ZaV a nRUmal-mRde anal\ViV b\ WenjXn Zheng [186] Rn Whe 3.8-c
R\R1 VWUXcWXUe. He fRXnd WhaW Whe laUgeVW cRllecWiYe mRWiRnV Rf Whe clRVed fRUm inYRlYed laUge RXWZaUd
and dRZnZaUd mRYemenWV Rf Whe SeUiSheUal dRmainV; WheVe ZeUe in gRRd agUeemenW ZiWh Whe
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cRnfRUmaWiRnal YaUiaWiRnV RbVeUYed in mXlWiSle cU\R-EM VWUXcWXUeV Rf Whe clRVed fRUm WhaW ZeUe laWeU
UeSRUWed b\ deV GeRUgeV eW al. [145]. B\ XVing nRUmal mRde anal\ViV WR fle[ibl\ fiW Whe clRVed fRUm inWR
a 10-c cU\R-EM maS Rf Whe RSen fRUm, he ZaV alVR able WR cUeaWe a mRdel Rf Whe RSen fRUm Rf Whe
UeceSWRU. A VimilaU RSen-fRUm cRnfRUmaWiRn ZaV cUeaWed b\ MRZUe\ eW al. [187] XVing an iRn-SXlling
mRlecXlaU d\namicV VimXlaWiRn Rn Rnl\ Whe WUanVmembUane SRUWiRn Rf Whe VWUXcWXUe. BRWh mRdelV
UecUeaWed Whe majRU feaWXUeV Rf Whe R\R1 and R\R2 RSen-channel VWUXcWXUeV UeSRUWed VXbVeTXenWl\,
inclXding Whe URWaWiRn Rf Whe S6 heli[ aZa\ fURm Whe channel a[iV.

SeYeUal cRmSXWaWiRnal VWXdieV haYe been caUUied RXW Rn Whe VWUXcWXUe Rf Whe U\anRdine UeceSWRU WhaW
cRmbine in YiWUR RU in YiYR fXncWiRnal VWXdieV ZiWh d\namicV mRdeling WR aVVeVV Whe fXncWiRnal and
VWUXcWXUal imSacW Rf Rne RU mRUe Rf Whe knRZn diVeaVe-aVVRciaWed mXWaWiRnV. The SaUW Rf Whe UeceSWRU
mRVW fUeTXenWl\ VWXdied in WhiV Za\ iV Whe SRUe dRmain, fRllRZed b\ Whe NTD. The eaUlieVW d\namicV
VWXd\ e[amining Whe channel SRUe UegiRn SUedaWed Whe UeSRUWing Rf Whe high-UeVRlXWiRn cU\R-EM
VWUXcWXUeV and XVed a hRmRlRg\ mRdel Rf Whe R\R1 SRUe UegiRn WhaW ZaV baVed Rn Whe SRUe Rf K
channelV. Schilling eW al. [188,189] XVed mRlecXlaU d\namicV WR e[amine Whe d\namicV Rf Ca  iRnV
Zhen aSSURaching Whe UeceSWRU and Whe effecW Rf a nXmbeU Rf mXWaWiRnV WR Whe aUea Rn Whe RXWVide Rf Whe
SRUe Rn WhiV diVWUibXWiRn. The\ fRXnd WhaW Whe diVWUibXWiRn Rn Whe lXminal Vide ZaV mRVW affecWed b\ Whe
mXWaWiRnV G4898R, D4899Q, E4900Q, R4913E, and D4917A, all Rf Zhich had SUeYiRXVl\ been VhRZn
WR UedXce Whe abiliW\ Rf R\R1 WR cRndXcW Ca . The\ fRXnd WhaW Whe Ca  iRnV aUe channeled b\ Whe
SURWein VXUface WR Whe lXminal enWU\ Rf Whe R\R, Zhich allRZed Whem WR SURYide a SlaXVible VWUXcWXUal
accRXnW fRU Whe e[SeUimenWal RbVeUYaWiRnV.

ThUee VWXdieV in Whe labRUaWRU\ Rf GeUhaUd MeiVVneU haYe e[amined Whe effecW Rf mXWaWing R\R1
channel UeVidXeV G4934 and G4941, bRWh Rf Zhich aUe in Whe SRUe-lining heli[ S6. The fiUVW VWXd\ [190]
lRRked aW Whe effecW Rf VXbVWiWXWing WheVe UeVidXeV ZiWh SURgUeVViYel\ laUgeU aminR acidV Rn channel
gaWing and iRn SeUmeaWiRn. The\ fRXnd WhaW G4934A, G4941A, and G4941V cRnWinXed WR e[hibiW a
caffeine-indXced Ca  UeleaVe UeVSRnVe and bRXnd U\anRdine, bXW had VignificanW diffeUenceV in RSen
WimeV and nXmbeU Rf gaWing eYenWV. IncUeaVing Whe Vi]e Rf Whe Vide-chainV VWill fXUWheU (G4934V and
G4941I) UeVXlWed in UedXced caffeine-indXced Ca  UeleaVe, lRZ leYelV Rf U\anRdine binding, and nR Ca

 cRndXcWance in Vingle-channel meaVXUemenWV; Whe Ca  UegXlaWiRn ZaV alVR abRliVhed. MXWanW
VWUXcWXUeV ZeUe cUeaWed fURm Whe 3.8 c cU\R-EM R\R1 VWUXcWXUe XVing EUiV [191] WR cUeaWe Whe mXWanW
VWUXcWXUe and GROMACS [192] WR RSWimi]e iWV geRmeWU\. The UeVXlWV VhRZed WhaW Whe laUgeU
VXbVWiWXWiRnV decUeaVed Whe SURWein VWabiliW\ b\ inWURdXcing claVheV ZiWh neighbRUing UeVidXeV. In a laWeU
VWXd\ [193], Whe\ fRXnd WhaW a G4941K mXWaWiRn did nRW fXll\ clRVe aW a 100 nM Ca  cRncenWUaWiRn
and fXll\ RSened aW 2 M cRncenWUaWiRn (Whe Zild-W\Se channel had Rnl\ a 13% SURbabiliW\ Rf RSening
aW WhiV cRncenWUaWiRn). The\ SUeSaUed mRdelV Rf Whe mXWanW VWUXcWXUe in Whe Vame Za\ and fRXnd WhaW
WhiV RSened fRUm iV VWabili]ed b\ Whe fRUmaWiRn Rf a ValW bUidge beWZeen Whe mXWanW l\Vine and D4938.
TheiU mRVW UecenW VWXd\ [194] e[SlRUed Whe effecW Rf a dRXble deleWiRn in R\R1 Rf UeVidXeV F4923 and
F4924 (bRWh in S6), Zhich ZeUe aVVRciaWed ZiWh a leWhal fRUm Rf feWal akineVia defRUmaWiRn V\ndURme in
WZR bURWheUV. CellXlaU, elecWURSh\ViRlRgical, and cRmSXWaWiRnal meWhRdV ZeUe XVed WR chaUacWeUi]e Whe
cRnVeTXenceV Rf WhiV mXWaWiRn. The\ fRXnd WhaW Whe hRmRWeWUameUic mXWanW channel ZaV nRW acWiYaWed
b\ Ca  and did nRW cRndXcW Ca , bXW WhaW a heWeURWeWUameUic channel (cUeaWed b\ e[SUeVVing bRWh Whe
Zild-W\Se and mXWanW fRUmV VimXlWaneRXVl\ in HEK cellV) did UeVXlW in Ca -deSendenW channel
acWiYaWiRn ZiWh inWeUmediaWe Ca  cRndXcWanceV. MRlecXlaU d\namicV VimXlaWiRnV Rn a hRmRlRg\
mRdel Rf Whe hRmRWeWUameUic mXWanW channel VXggeVWed WhaW Whe mXWaWiRn decUeaVed Whe SURWein VWabiliW\
and abRliVhed Whe ValW-bUidge inWeUacWiRn beWZeen R4944 and D4938, WheUeb\ incUeaVing Whe
elecWURVWaWic inWeUacWiRn eneUg\ in an aUea 20 c aZa\ fURm Whe mXWaWiRn ViWe. BecaXVe Whe mXWaWiRn ZaV
heWeUR]\gRXV, iW ZaV XlWimaWel\ cRnclXded WhaW WhiV dRXble deleWiRn alRne ZaV likel\ nRW UeVSRnVible fRU
all Whe RbVeUYed V\mSWRmV.
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In a VimilaU VWXd\, hRmRlRg\ mRdeling ZaV cRmbined ZiWh clinical aVVeVVmenW Rf a famil\ VXffeUing
fURm CPVT and fXncWiRnal chaUacWeUi]aWiRn XVing Ca  UeleaVe e[SeUimenWV WR chaUacWeUi]e a neZl\-
idenWified I4855M R\R2 lRVV-Rf-fXncWiRn mXWaWiRn [96]. The hRmRlRg\ mRdel VhRZed WhaW Whe
mXWaWiRn ZaV in an aUea WeUmed Whe ³inneU YeVWibXle,´ a ZaWeU-filled caYiW\ ZheUe Ca  iRnV ma\ Uemain
in a h\dUaWed faVhiRn. The mXWaWiRn cRXld WheUefRUe eiWheU affecW Ca  h\dUaWiRn RU Whe SRViWiRnV Rf Whe
SRUe heliceV, eiWheU Rf Zhich ZRXld decUeaVe Ca  SeUmeabiliW\; Whe mXWaWiRn alVR maUkedl\ inhibiWed
caffeine acWiYaWiRn Rf R\R2.

Finall\, VeTXence alignmenW and hRmRlRg\ mRdeling ZaV XVed WR lRcaWe and deVcUibe Whe ViWe Rf a
mXWaWiRn, G4946E, WhaW cRnfeUV UeViVWance WR diamide inVecWicideV WR Whe diamRndback mRWh PlXWella
[\loVWella [195]. The ViWe iV in Whe channel dRmain in heli[ S4, clRVe WR Whe S4-S5 linkeU dRmain and Whe
YRlWage VenVRU-like dRmain.

SimilaU fXncWiRnal-mRdeling VWXdieV haYe alVR been caUUied RXW Rn Whe R\R1 NTD. The eaUlieVW ZaV b\
Zheng and LiX [196], ZhR VimXlaWed Whe WeWUameUic gaWe cUeaWed b\ Whe NTD Rf R\R1 WRgeWheU ZiWh
WhUee diVeaVe mXWaWiRnV (K155E, R157Q, and R164Q), Zhich lie aW Whe inWeUface beWZeen VXbdRmain A
in Rne mRnRmeU and VXbdRmain B in Whe adjacenW Rne. The\ fRXnd WhaW WheUe iV a d\namic neWZRUk Rf
ValW-bUidgeV aW WhiV inWeUface and WhaW Whe WhUee mXWaWiRnV diVUXSWed iW, incUeaVing Whe inWeUdRmain
fle[ibiliW\ and Whe SURbabiliW\ Rf channel RSening. A VimilaU mRlecXlaU d\namicV VWXd\, Ueaching
VimilaU cRnclXViRnV, ZaV caUUied RXW b\ XiRng eW al. [197] in VXSSRUW Rf a clinical and mRXVe VWXd\ Rn a
de noYo A165D mXWaWiRn.

BaXeU eW al. [169] caUUied RXW a mRlecXlaU d\namicV VWXd\ Rn Zild-W\Se hXman R\R2 and iWV R414L,
I419F, and R420W mXWanWV, Zhich ZeUe eiWheU XnVWable dXUing SXUificaWiRn RU failed WR cU\VWalli]e
dXUing a SUeYiRXV VWUXcWXUal VWXd\ [157]. TheiU UeVXlWV VXggeVWed WhaW R\R2 SRVVeVVeV a mRdeUaWe leYel
Rf fle[ibiliW\, Zhich allRZV Whe channel WR clRVe and nRW eaVil\ RSen ZiWhRXW an RSening Vignal. The
mXWaWiRnV VWXdied, hRZeYeU, diVUXSWed WhiV balance b\ making Whe gaWe eiWheU WRR Uigid RU WRR lRRVe,
caXVing clRVing WR becRme difficXlW RU leVV effecWiYe. In SaUWicXlaU, mRlecXlaU d\namicV VXggeVWed WhaW
Whe R414L and I419F mXWanWV, Zhich aUe aVVRciaWed ZiWh SCD and SUO [85,170] hindeU channel
clRVing, ZheUeaV R420W, Zhich iV aVVRciaWed ZiWh ARVC/D2 [132,133,134], ma\ enhance channel
RSening.

The mRVW cRmSUehenViYe NTD mRdeling VWXd\ WR daWe ZaV b\ Yama]aZa eW al. [198], ZhR cRmbined
fXncWiRnal anal\ViV ZiWh mRlecXlaU d\namicV VimXlaWiRn Rf mXWanW NTD hRmRlRg\ mRdelV. The\ fRXnd
WhaW Whe C36R, E40A, D61A, Q156K, R164C, R164L, G249R, G342R, R402C, R402H, Y523C, and
Y523S mXWaWiRnV all inWURdXced abnRUmaliWieV in Ca  hRmeRVWaViV. TheiU fXncWiRnal VWXdieV UeYealed
WhaW Whe mXWaWiRnV lRcaWed aURXnd Whe cenWUal heli[ (R402C and R402H) incUeaVed Whe RSen SURbabiliW\
Rf Whe channel. MRlecXlaU d\namicV VimXlaWiRnV Rf bRWh Whe NTDV VeSaUaWel\ and in a WeWUameUic
aUUangemenW caXVed clRckZiVe URWaWiRn Rf Whe B and C dRmainV ZiWh UeVSecW WR Whe A dRmain b\
alWeUing Whe inWeUdRmain inWeUacWiRnV (mainl\ h\dURgen-bRndV and ValW-bUidgeV). IW ZaV nRWed WhaW a
VimilaU mRYemenW RccXUV in Whe Zild-W\Se dXUing channel RSening, WhXV Whe cenWUal dRmain mRYemenWV
ma\ lead WR a VhifW WhURXgh Whe handle and cenWUal dRmainV, Zhich cRXld XlWimaWel\ incUeaVe Whe
fle[ibiliW\ Rf S6, WheUeb\ incUeaVing Whe RSen SURbabiliW\ Rf Whe channel SRUe.

Finall\, man\ Rf Whe VWUXcWXUeV deVcUibed abRYe, inclXding Whe hXman R\R2 NTD (4JKQ), mRXVe R\R2
NTD (3IM6), mRXVe R\R2 SPRY1 (5C33), UabbiW R\R1 ReSeaW1±2 (5C30), mRXVe R\R2 SPRY2 (4P9I),
mRXVe ReSeaW3±4 (4ETV) and UabbiW R\R1 (3J8H) (Table 1), ZeUe XVed WR cRnVWUXcW a hXman R\R2
hRmRlRg\ mRdel. ThiV ZaV XVed in a UeWURVSecWiYe RbVeUYaWiRnal cRhRUW VWXd\ Rf CPVT SaWienWV
diagnRVed belRZ 19 \eaUV Rf age and WheiU fiUVW-degUee UelaWiYeV [123]. The mXWaWiRnV idenWified in WheVe
SaWienWV ZeUe maSSed RnWR WhiV mRdel WR deWeUmine WheiU likel\ VWUXcWXUal imSRUWance. TheUe ZaV a cleaU
aVVRciaWiRn beWZeen caUdiac aUUeVW and mXWaWiRnV aW Whe inWeUVXbXniW inWeUfaceV Rf Whe NTD and Whe S4-
S5 linkeU and Whe S5 and S6 heliceV Rf Whe SRUe dRmain.
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5. ConclXVionV, FXrWher PerVpecWiYeV and ChallengeV

R\anRdine UeceSWRUV Sla\ an eVVenWial URle in e[ciWaWiRn-cRnWUacWiRn cRXSling in VWUiaWed mXVcle cellV.
The imSRUWance Rf WheiU URle iV highlighWed b\ Whe laUge nXmbeU Rf UegXlaWRUV Whe\ haYe and b\ Whe
cRnVeTXenceV WhaW indiYidXal SRinW mXWaWiRnV can haYe Rn WheiU UeVXlWing acWiYiW\ and Whe healWh Rf WhRVe
ZhR VXffeU fURm Whem. In addiWiRn WR Whe mRVW UecenW VWUXcWXUal UeVeaUch, Ze haYe alVR UeYieZed heUe
VRme Rf Whe diVeaVeV aUiVing mRVW fUeTXenWl\ fURm Whe diVUXSWiRn Rf Whe VkeleWal and caUdiac UeceSWRUV
WRgeWheU ZiWh Whe VWUXcWXUal and fXncWiRnal cRnVeTXenceV Rf VRme Rf Whe mXWaWiRnV giYing UiVe WR Whem.

AlWhRXgh mXch haV been dRne, eYen mRUe VWill UemainV XnknRZn abRXW Whe deWailed RSeUaWiRn and
UegXlaWiRn Rf WheVe mRlecXleV. R\anRdine UeceSWRUV UeSUeVenW a challenge dXe WR WheiU Vi]e, cRmSle[iW\
and Sh\ViRlRgical imSRUWance: Whe\ aUe cRnnecWed ZiWh man\ cellXlaU SURceVVeV and, aV a cRnVeTXence,
inWeUacW ZiWh man\ cellXlaU SURWeinV and RWheU ligandV, RfWen in a VSecific caVcade RU in Wandem. High-
UeVRlXWiRn VWUXcWXUeV Rf VeYeUal R\R dRmainV aUe VWill lacking. R\R2, Zhich ZaV VhRZn WR be mRUe
fle[ible Whan R\R1 b\ EM, in SaUWicXlaU UeTXiUeV e[WUa VWXd\, bRWh b\ iWVelf and in cRmSle[ ZiWh VRme
Rf iWV UegXlaWRU\ ligandV. ThiV ZRXld allRZ mRUe deWailV WR be XndeUVWRRd UegaUding bRWh iWV VWUXcWXUe
and iWV Sh\ViRlRgical URle. The diffeUenceV beWZeen Whe mammalian R\R iVRfRUmV need WR be beWWeU
claUified aV Zell aV hRZ Whe\ aUe acWiYaWed in SaUWicXlaU WiVVXeV. In WhiV UeVSecW, R\R3 eVSeciall\ UeTXiUeV
mRUe aWWenWiRn. IW ZRXld alVR be inWeUeVWing WR elXcidaWe Whe diffeUenceV beWZeen Whe R\R iVRfRUmV in
mammalV and WheiU hRmRlRgV in RWheU animalV. ReVeaUch inWR hRZ mXWanW fRUmV Rf R\RV WhaW aUe
aVVRciaWed ZiWh mXVcXlaU d\VWURShieV SUeVenWV an RngRing challenge: in mRVW caVeV iW iV VWill XncleaU
hRZ Whe giYen mXWaWiRnV inflXence RU iniWiaWe a SaUWicXlaU diVeaVe. TR anVZeU VXch cRmSle[ TXeVWiRnV
Zill UeTXiUe a mXlWidiVciSlinaU\ aSSURach inYRlYing in YiWUR, in YiYR and in VilicR VWXdieV. SWUXcWXUal
UeVeaUch and VWUXcWXUe-baVed dUXg deVign Zill ceUWainl\ be an imSRUWanW SaUW Rf iW. All WhiV knRZledge
VhRXld SURYide Whe fRXndaWiRn fRU eVWabliVhing neZ medical WUeaWmenWV, likel\ indiYidXali]ed, fRU cXUing
RU aW leaVW WUeaWing Whe diVeaVeV ZiWh minimal Vide-effecWV.

AcknoZledgmenWV

The aXWhRUV ZRXld like WR Whank EYa KXWejRYi fRU geneUal VXSSRUW dXUing Whe ZUiWing Rf WhiV UeYieZ.

AbbreYiaWionV

The fRllRZing abbUeYiaWiRnV aUe XVed in WhiV manXVcUiSW:
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RyR ryanodine receptor

EC Excitation-Contraction

SR Sarcoplasmic Reticulum

LCC L-type voltage-gated Calcium Channels

DHPR 1,4-dihydroxypyridine receptors

CaM Calmodulin

CaMKII Calmodulin Kinase II

PKA Protein Kinase A

MH Malignant Hyperthermia

CCD Central Core Disease

MMD Multi-Minicore Disease

CPVT1 Catecholaminergic Polymorphic Ventricular Tachycardia, type 1

ARVC/D2 Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia, type 2

PVT Polymorphic Ventricular Tachycardia

SIDS Sudden Infant Death Syndrome

SCD Sudden Cardiac Death

LVNC Left Ventricular Non-Compaction

ER Endoplasmic Reticulum

NTD N-Terminal Domain

CTD C-Terminal Domain

TM TransMembrane region

VSC Voltage-Sensor-like domain, Cytoplasmic

HD1,2 Helical Domain, parts 1 and 2

EM Electron Microscopy

AXWhor ConWribXWionV

WUiWing²RUiginal dUafW SUeSaUaWiRn, V.B.-H. and D.H.; ZUiWing²UeYieZ and ediWing, J.A.B.;
YiVXali]aWiRn²J.A.B.; fXnding acTXiViWiRn, V.B.-H. All aXWhRUV haYe Uead and agUeed WR Whe SXbliVhed
YeUViRn Rf Whe manXVcUiSW.

FXnding

ThiV UeVeaUch ZaV fXnded b\ Vedecki GUanWRYi AgenW~Ua MâVVaâ SR and SAV gUanW nXmbeU
2/0130/20.

ConflicWV of InWereVW

The aXWhRUV declaUe nR cRnflicW Rf inWeUeVW. The fXndeUV had nR URle in Whe SUeSaUaWiRn, in Whe ZUiWing RU
in Whe deciViRn WR SXbliVh WhiV manXVcUiSW.
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