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Summary

The human cardiac ryanodine receptor (hRyR2) is a calcilt) {@achannel found on the
sarcoplasmic reticulum of cardiomyocytes. It plays a key role in exciediotraction
coupling, and dysfunction of hRyR2 due to mutation is associated wiiitamias and
cardiomyopathies. Clustering of hRyR2 via hufesinnel interactions is proposed to regulate
its function, preventing uncontrolled €aelease. This study aimed to characterise three
arrhythmia and cardiomyopathgssociated mutationg R1051P, R1051C, and R10%1H
that are found in a domain thought to be inved in the interchannel interactionto
determine whether they cause dysfunctionalPOa&lease from hRyR2 and if this is due to

changes to the clustering interaction.

The research comprised three main parts to assess hRyR2 function at the whole cell,
population (i.e. cluster), and single channel level. Spontaneous whole éele@ase from
human embryonic kidney cells expressing R1@kitant hRyR2 was significantly different

for each mutant compared to the Willlype (WT) and showed slowed’Qalease kinetics

and increased abnormalities that are indicative of dysfunction. All mutants also showed
significantly reduced endoplasmic reticulun?Gstore loads, likely caed by C# leak; this

is strongly associated with channel gain of function and arrhythmia. Droplet interface
bilayers and total internal reflection fluorescence microscopy were used to ass&ss Ca
release from populations of hRyR2. This revealed increased activity and increased
cooperativity of C# release from R1051P populations, and R1051C / R1051H appeared to
form larger clusters than the WT. Single channel analysis of R1051P gating compared to the

WT revealed no differences at salotivating and satwating C&* concentrations.

This indicates that dysfunction of R1081utants most likely arises at the population level
possibly due to altered intechannel clustering, which contributes to abnormafCa
handling in whole cells. This highlights a potentially novel mechanism that may contribute to

the development of arrhythmia and cardiomyopathy.
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Calcium ions (G3 are crucial second messengers in many cellular processes and regulate a
wide range of functions including gene transcription, apoptosis, cell proliferation and muscle
contraction(Berridge et al. 2000At the most basic level, activation of these processes
occurs when Caconcentrations increase from 100 nM at rest up to 1 mM locally, and the
diverse range of roles becomes possible due to variations in the speed, size and spatial
patterning of C#" signals, as well as interplay with other signalling pathways within the cell
(Berridge et al. 2000Dwing to its role in muscle contraction,’Csignalling also plays a

vital role in generating the heartbeat, as®Cmansduces the electrical signal generated by

the sinoatrial node (SAN) into the mechanical contraction of cardiomyocytes and the overall

contraction of the heart.

MPOM D8 FEINDZO i dINBR & ¥ REYANT Do 2 Y

Thehumanheart consists of four chambecstwo atria and two ventricleg enclosed in

muscular tissue called the myocardium, all of which are surrounded by a protective double
walled sac called the pericardium. The myocardium contains cardiomyocytes which are
cardiaespecific muscle cells containingntractile machinery that, on activation, results in
contraction of the heartKigure 1.). Cardiac muscle is striated in appearance due to the
cardiomyocytes being connected in a longitudinal pattern by intercalated discs, with each
myocyte being appramately 56100um long and 1@0um wide. Cardiomyocytes are
surrounded by the sarcolemma, a specialised plasma membrane containing ion channels for
transport of ions into and out of the cell. Within the cardiomyocyte are myofilaments, which
form organised arrays called sarcomeres thatstiinte the smallest functional unit of

striated muscles that align to form myofibrils. Each myofilament contains thick (myosin) and

thin (actin) filamentsKigure 1.}, which interact to cause contraction of the myocyte.

During systole, the contraction phase,?O&leased from the sarcoplasmic reticulum (SR)

binds to troponin C and troponin | on the thin filament, which causes a conformational

change that reveals an active site for myosin binding, and displaces troponin | which, at rest,
inhibits the myosin headdydrolysis of adenosine triphosphate (ATP) by ATPase on myosin

then allows for the formation of cross bridges between the myosin head and the active site.
hyOS 02dzyR:E (KS Y&2aAy KSARNBEYRA ¢ RO KE Ldz S
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Figurel.l. Structure of cardiac musclé-he myocardium is comprised of many muscle fibres ths
are made of myocytes connected via intercalated disks that facilitate signal transduction. Eac
myocyte contains structures called sarcomeres, which contain repeating thin actin filaments ¢

thick myasin filaments; these thin and thick bands result in the striated appearance of cardiac
muscle. The M line marks the centre of the sarcomere and attaches myosin filaments to eact
the Z line marks the ends of the sarcamend attaches to the thin actin filaments and to myosir
filaments via titin. Troponin T assists in binding tropomyosin to the actin filament. Figure takel
Golob et al. (2014)



head along the actin flamenthe concerted contraction ahyocytes resultin contraction

of the ventricular chambers which pumps blood from the heart to circulate around the

body. Adenosine diphosphate (ADP) is released from the myosin head and a new ATP
molecule binds, resulting in detachment of the cross bridge. Asl&aels drop, it unbinds

from troponin C and | and the cycle is then primed to repeat, allowing myosin to move along
the actin filament provided there is sufficient&and ATP. Lowered cytosolic’Ca
characteristic of the diastolic phase, during which teedtomyocytes are at rest and the

ventricular chambers of the heart can refill, primed for the next cycle of contraction.

MOMPKS NRIOILAF 1Sy al f

Excitationcontraction (EC) coupling is the process linking the action potentiak(thié)
electrical stimulus for cardiac contractigrto the mechanical contraction and relaxation of
cardiomyocytes that generate the heartbg@ers 2002)The electrical stimulus needed to
generate an AP originates spontaneously from the SAN, the pacemaker of the heart. This
stimulus results in a change in membrane potential that is propagated through the heart
from the SAN to the atria, the atrioventri@rinode and finally to ventricular myocytes via
gap junctions in the intercalated discs. The ventricular cardiac AP is summarised briefly

below and illustrated ifrigure 1.2

- Phase £ Resting; membrane potential is stable at approximatémV.

- Phase @ Rapid depolarization; membrane potential quickly becomes positive
(+40mV) due to fast influx of Na

- Phase X Early repolarization; inward Naurrent is inactivated, andi¢hannels
open causing ¥efflux, reducing the membrane potential to OmV.

- Phase Z; Plateau; Influx of Cavia voltagegated Ltype C&*channels (LTCCs)
balances Kefflux.
Phase 3; Repolarization; Cachannels close but'fflux continues, restoring

membrane potential ta90mV.



+50mV =

omV

-50MV e

-100mV

Oms 100ms 200ms 300ms

Figurel.2. Phases of the cardiac action potentidlhere are five phases to the cardiac action

potential. Phase {black line) is the rest phase, followed by rapid depolarization in Phase 0O (re
slight repolarization in Phase 1 (blue) followed by a slower return to rest through Phase 2 (gre
and 3 (yellow). Cafull cycle takes approximately 300ms. Figure adapted ffamtana et al. (201C

MOMOBEORA iR 62 NI @ dzRI/ A y 3

ECcoupling is a complicated and tightly regulated process involving many proteins in the
cardiomyocyte; an overview is shownkigure 1.31t is dependent on specialised structures
on the sarcolemma called transverse tubuledufules); these are invaginations in the
membrane that bring the sarcolemma into close range of the SR and where LTCCs
concentrate at a region called the dyad. Thubules bring LTCCs into close apposition
(~15nm) with cardiac ryanodine receptor (RyR2) channels on the SR menjBadmeto

1983; Bers 2002h what is known as a coupldRranziniArmstrong et al. 1999)Couplons
are also sometimes referred to as®Ceelease units (CRUs), however this term is more
commonly used to describe multiple clusters of RyR2 acting as one functional unit (also
0§SNYSR | YBdddafeiad al. @&B309pSriNgPiase 2 of the cardiac AP, LTCCs on
the sarcolemma open due to changes in membrane potential, causing influ¥‘oftdahe
cytosol(Bers 2006)This increases the concentration ofQfC&]) at the dyad up to 10

UM, allowing C# to bind to highaffinity sites on RyR2 channels; this results in a
conformation change in RyR2 causing it to open and releasdr@a the SRBers 2008)

Release of Cafrom a single RyR2 channel increases loc&fJ@ad results in activation of
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neighbouring channels, generating @C#a LJF NJ Q GKF G LINRP LI IFGSa
Wgl @S Q (i Ztrafskmi(Cheng et/al: 1993; Bers 2002his process is termed Ta
induced C# release (CICR) and is a critical stage ado@ling(Fabiato 1983; Bers 20Q2)

as Cé' released from the SR goes on to bind to troponin C and facilitate the interaction of

actin and myosin for muscle contraction.

Postcontraction, cardiomyocytes need to go through a diastolic phase to prepare for the
next cycle of contractions, requiring a decrease in cytosoli&][G&&]cy) in order to
dissociate Cd from troponin C. This occurs via the sodigalcium exchanger (NCX)
exporting C& out of the cell in exchange for Naand reuptake of Cainto the SR by the
sarcoplasmic/endoplasmic reticulumGATPase (SERCa). Imbalancesihflda in and out

of the cytosol can disrupt normal functioning of the cell anel @ausative of arrhythmia.

3Na* 2K*

((are)

3Na*

==

cytosol
Ca?* uniporter

calo _I

LTCC

Ca?t __l

mitochondria

T-tubule

-

Figurel.3. Schematic of E€oupling within a cardiomyocyteFast inward current of Naluring

Phase 1 of the cardig&Ptriggers depolarization which activates voltagated LTCCs. This increa
the local concentration of Gain the vicinity of RyR2 channels on the SR membrane causing th
activate and release stored €aThis results in an overall increase if*@athe cytosol which resul

myofilament

in contraction of the myofilaments. As the cell returns to rest'@els in the cytosol decrease d
to reuptake into the SR by SERCa (bound to phospholamban (PLB)), uptake into the mitochc
and export via NCX. The & ATPase helps maintain the resting membrane potential by expo
3Nd for every 2Kimported. Figure adapted froBers (2002)
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During times of physical and emotional stress, blood pressure and heart rate rise to meet
the increased metabolic demands that ensue; this is known as thediglight response.
¢CKAA Ay @2t @S-adrehdigic Yedeptordi-ARby cagdholdmines such as
adrenaline and noradrenaline, which activate theserGtein coupled receptors and
subsequently activate adenylate cycldge€C)(Figure 1.4. ACcatalyses formation of the

secondary messenger cyclic adenosine monophosphate (cCAMP), which igahvohaany

Adrenaline Acetylcholine 3Na*

Ca* —

LTCC

ca> —{

T-tubule

-

Figurel.4. Schematic of -adrenergic stimulationin cardiomyocytesCatecholamines such as

v

Ll
L)
Ll
L)

myofilament

adrenaline and noradrenaline bind to and activate thRARduring sympathetic stimulation. This
triggers stimulatory G proteins 3o activate AQvhich catalyses the formation of the second
messenger cCAMP from ATP; cAMP then activatetein kinase ARKA. PKA phosphorylates man
proteins in the cell including LTCCs, RyR2, PLB, phospholemman (PLM) and troponin | (Tnl)
results in an overall increase in“Cia the cyto®l allowing it to bind to myofilaments for
contraction; it is then exported via NCX or taken back up into the SR by SERGQairGeceptor
kinase (GRK) phosphorylationef w NB & dzt G a Ay NBONMzA (Y SyARTha
opposite effect is induced by binding of acetylcholine to the muscarine receptal) (MRulting in
activation of inhibitory G proteins (Gvhich inhibit AC and decrease cAMP production as part ¢
parasympathetic response. Figure adapted fiBers (2002) and Birmouche and Eschenhagen
(2009)



different signal transduction pathways and regulates processes including metabolism, gene
expression and immune function. One of the ways that CAMP affects these processes is via
activation of protein kinase A (PKA), a phosphotransferase enzyme whostyastiv

regulated by intracellular levels of cAMP. PKA phosphorylates many different proteins

involved in EC coupling, including both LTCCs and RyR2. Phosphorylation of LTCCs increases
influx of C&*into the cell, and phosphorylation of RyR2 by PKA prosok&nnel opening.

This results in increased Ceelease from the SR and increased contractility of

cardiomyocytes, due to more €deing available to bind to the thin filament and facilitate
crossbridge formation(Catterall 2000; Marx etal. 206D) ! ¥ 2 @S NJadvedargic2 T (1 K S

stimulation pathway is shown iRigure 1.4

MOPwWwewH Fa Fy A2y OKIyySt

MOH®M®I Y 2NID $ BEIZ TN NI &

Ryanodine receptors (RyRs) are the largest known ion channels and are found in the
endoplasmic reticulum (ER) or SR of excitable tissues throughout the body, acting as the
main intracellular Cdrelease channel. Three isoforms of ryanodine receptor are found in
mammals; RyR1, RyR2, and RyR3. RyR1 is expressed primarily in skeletdTakesiiéma

et al. 1989; Zorzato et al. 19980d RyR3 mainly in the nervous tisgtiakamata et al.

1992) RyR2 is predominantly expressed in the heart myocardium, however it is also
abundant in the brain (hippocampus, cerebellum and cerebral cortex) and reproductive
tissues(Lai et al. 1988; Nakai et al. 1990; Otsu et al. 1990; Marx et al..200@)ree

isoforms are expressed at lower levels throughout other tissues in the body, although their
function outside their predominant regions is not well understd¢benner et al. 2010All

three isoforms share approximately 66% sequence homology and thus maintain an overall
similar structure and functiofHakamata et al. 1992The majority of differences occur
GAUKAY GKNBS RSTAYSR WRAGSNESY(H NBIAZ2YAEAQI 4K
regulatory domains that may differentiate the function of each isoform, including variable
C&*and caffeine sensitivitfSorrentino and Volpe 1993putside of these areas, sequence

homology is upwards of 908Rossi and Sorrentino 2004)

The name ryanodine receptor is derived from the plant alkaloid, ryanodine, Rypamia

speciosaRyanodine binds RyRs in their open conformation with high affinity and specificity,

8



locking it in a modified subonductance state (nanomolar concentrations) or a closed state
(micromolar concentrationgjTinker and Williams 1993; Tinker et al. 1998)is has made
ryanodine a useful tool for identifying, isolating and studying RyRs, however it is also highly
toxic given its ability to lock RyR channels in a modified state with a high open probability
(Po) but low conductance state, causing exces% &dease and muscle contraction, or at

higher concentrations complete paraly§ignker et al. 1996)

MPH W8 wilNHzO ( dzNB

RyR2, like all isoforms of RyR, is a large, homotetrameric transmembrane ion channel,
whose quaternary structure forms a quatrefoil shape with ffnid rotational symmetry

that protrudes from the SR on the cytosolic s{@feanzirArmstrong et al. 1998Figure

1.5A). Each monomer consists of 4967 amino acids (human isoform), resulting in a tetramer

of approximately 20,000 amino acids with a molecular weight of ~2.3MDa.

Due to its large size, elucidating the structure of RyR2 comes with many challenges and only
cryo-electron microscopy (cry&M) studies have been able to resolve the structure of the
channel in its entirety. Recent high resolution cigbl studies have reseed the structure

of recombinant human RyR2 (hRyR2; R247R$R2 mutant) to 2.58 (Miotto et al. 2022)

and multiple structures have achieved resolutions in the 3 to 5A range in both the open and
closed conformation and bound to a variety of modulators including Fik&@6ng protein

12.6kDa (FKBP12.6) and calmodulin (CGéMing et al. 2016; Kobayashi et al. 2022; Miotto

et al. 2022) These studies have clearly shown that each RyR2 monomer is formed of the
following domains; Merminal domain (NTD), SPRY1, SPRY2, SPRY3, P1 (also called RyR
repeat (RY) 1&2 or clamp domain; future discussions will use the term P1), handle domain
(also alled junctional solenoid (JSol)), helical domain (HD1 and HDZ2, also called bridging
solenoid (BSolB & BSolC)), P2 (also called RY3&4), central domain (also called core solenoid
(CSol)), and channel domain (contains the transmembrane domain (TMD}tendiGal

domain (CTD)F{gure 1.5B All regions except the channel domain (which crosses the
membrane and protrudes into the SR lumen) are found in the cytosolic portion of the

protein. The central domain and NTD stack above the channel domain and occupy the
central area of the tetramefThe other domains protrude outwards, with the handle

domain and helical domains forming a bridge between SPRY1 /2 /3 and P1 on one side, and

P2 on the other. There is some discrepancy between the nomenclature used bgriffe

9



ANRdzLJAYS gAGK a2YS OFftAy3a GKS ONARIAYy3I a2t Sy
nomenclature assigned by Peng et al (2016) which refers to the bridging solenoid as the
WKSEAOFE R2YFAYQ FYR GKS O2NX a2t Sy2AR |a GK

A.

2kl

Channel
domain

U-motif
Central
e Bl v

643-837, : 3613-4207
861-1066 1255-1458 4486-4968
3 2111-2679 2982-3528
1459-1484, 1084-1254 U-motif 4134-4207
1606-1641 1485-1605

1-642

Figurel.5. Structure of RyR2 in the closed state and schematic of domain3.h&. structure of

porcine RyR2 (pRyR2) in the closed state resolved Lo #t#& secondary structure is displayed a
coloured according to the domains identifiedBn B The domain structure of an RyR2 monomer
their corresponding residues (porcine numbering); red numbering indicates confirmed bound:
Figure adapted fronPeng et al. (2016Protein Database (PDB) accession code 5GO9 for pRyF

10



X-ray crystallography and cry#®M have been used to resolve the structure of individual
domains for both Wild Type (WT) and mutant RyR2, however due to the size of the ion
channel there is no crystal structure available for the whole protein, with seuerakolved

loops present throughout the structure.

The main bulk of the protein sits on the cytosolic side of the SR, forming the characteristic

WYdza KNRP2YQ ljdzf NBF2Af akKFLIS® 2AGKAY GKAA Oel
regulators of RyR2, including FKBP12.6, CaM, and both high and low afhiites

needed for activation and to assist in termination of CIS&i{jon 1.3.3 The domains

needed for interaction with adjacent RyR2s are also in the cytosolic domain, namely SPRY1

and P1 (with assistance from bound FKBP12e@fion 1.5.)(Cabra et al. 2016)

¢KS GNIYyaYSYONryS o¢cav NBIA2Y A& f20F0SR Of 2
contains six TM helices. These form the pore for ion movement and anchor the protein to

the membrane; this is also the only luminal part of the protéteng et al. 2016)he ion

channel selectivity filter is located within the TM pore and bears the amino acid motif

GGGIGD, which is conserved in all RyR isoffech et al. 2004)A conformational

change that takes place on activation of the channel by kiading to high affinity sites is

also required for ion transpofPeng et al. 2016Activation shifts the constriction point

from 1le4868 (rabbit RyR2; 1le4867 in human) in the closed conformation to GIn4864 (human
GIn4863) in the open conformatiofigure 1.6 (Peng et al. 2016)The CTD itself lies on the

cytosolic side of RyR2, buried in the central region.

MPHPAINHzZOGdzNI £ ol aAa F2NJ wedwH 3Jray3d | YyR LISNXYS
The presence of the ion pore on its own is not sufficient to create the characteristic and
essential gating activity that RyR2 possesses; this requires conformational changes to
activate RyR2 and switch it from its closed to open conformation and vice {egsire 1.6.
In the presence of activating €athe S6 segments of the TM pore angle outwards, dilating
the pore by approximately 8A and shifting the constriction point from 11e4868 to GIn4864 to
create a gate of approximately 4Bigure 1.6B(Peng et al. 2016t a larger scale, this shift
presents as a downward (towards the SR) and clockwise (as viewed from the cytoplasm)
twist in the SPRY1/2/3, P1/2 and helical domains, opposed by an upward and anticlockwise
movement of the inner components, with the maimsttural changes occurring between
the inner and outer part¢Peng et al. 2016)
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Regarding selectivity, RyR2 is a cation specific ion channel with a moderate preference for
divalent ions compared to monovalent iofilEinker and Williams 1992; Gillespie et al. 2005)

so while RyR2 carries many of the signatures of?&sedective channel, it is not as strict in

its preferences as other €ahannels. This may be due to the rate at which*@aust pass
through the channel during EC coupling, with less selectivity helping speed up movement of
ions from the SR lumen to the cytosol, and the relatively low concentration of other ions
compared to C# meaning this is not a hindrance to its function as & €laannel. Its mild
preference for divalent ions over monovalentiisven by charge/space competition; €a

has a higher nuclear charge and smaller radius thgorkother monovalent cations) and is
therefore preferred, and Cais also able to displace monovalent cations from the channel

(Gillespie et al. 2005; Liu et al. 2021)
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Figurel.6. Structure of the RyR2 pore in the open and closed stateOverlay of the S6 bundle ir
the closed (yellow) and open (green) state, demonstrating the outward rotation of the pore ug
opening of the channel; structures are aligned by the selectivity flReCytoplasmic view of the io
pore demonstrating the shifted constriction point from 11e4868 in the closed structure to Gln4¢
the open structure. Figuradaptedfrom Peng et al. (2016PDB accession codes 5GO9 (closed ¢
and 5GOA (open state) for pRyR2.

M®HPH OGN a0 NHzZOGdzNF € F NN yaASYSyd yR O2dzZ) SR
In recent years, it has become increasingly clear that a key regulatory mechanism*for Ca
handling in cardiomyocytes is the distribution of RyR2 within the SR. The need for grouping

of RyR2s into spatially isolated clusters was initially proposed as a mechanism to prevent

uncontrolled C# release via the positive feedback loop of C{Sfern 1992)Later work
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showed spatially and temporally isolated?Csparks, the summation of which would create
a C&* transient necessary for cardiomyocyte contraction and proposed that these would
AYLI2 &S Wt 2Ol treleadebaskdon e pRy&i&Nistance between groups of
channelgCheng et al. 1993; Cannell et al. 1996has since become apparent that RyR2s
are organised into clusters of individual channels that serve to regul&tedlease via

allosteric communication and CIQRarx et al. 2001; Sobie et al. 2006)

Initial studies estimated clusters to consist of approximately 100 tighdatked channels
(FranziniArmstrong et al. 1999; Chdau et al. 2006)however more recent studies utilising
superresolution microscopy techniques to resolve clusters to the singiecule level have

shown that they contain on average 15 chanr(@®addeley et al. 2009; Macquaide et al.

2015; Munroetal.202®) LYy AGAlf A0GdZRASEA aK2gSR2IGKRA we wi
arrays with channels contacting each other via their cornerguie 1.7A(Yin and Lai 2000)

however supetresolution has shown that in addition to the checlterard arrangement, a

denser sideby-side organisation can be observed as well as more dispersed or isolated
configurations Figure 1.7B(Wehrens et al. 2004b; Baddeley et al. 2009; Asghari et al. 2014;

Hou et al. 2015; Asghari et al. 2020he size and distribution of channels in a cluster has

been directly linked to Carelease in multiple studies, highlighting its importance as a

regulator of RyR2 function. Smallsparsely packed clusters are reported to reducé Ca

spark frequencyGalice et al. 2018) dzii L2 G SY G A | f { Rleak, WieBe &S WaAf
amount of Cé&'released is too low to contribute to sparks but is still implicated in the

generation of arrhythmigWehrens 2007and progression of heart failure (HfRolstad et

al. 2018; Dridi et al. 2020pn the other hand, densely packed clusters promote improved

channel stability and reduced €4eak(Wehrens et al. 2004b; Asghari et al. 20Zh)ese

different organisations are dynamic and modified by multiple factors in the cell, including
phosphorylation statusSection 1.4.) and binding of FKBP12$ection 1.5.1 and CaM

(Section 1.5.2to RyR2Research has also shown that clusters within <100nm of each other

Oly I OUAGIGS GKSANI ySAIKOo2dzNE DAl /(Sobizw>~ ONXBI
et al. 2006; Baddeley et al. 2009his highlights the complexity of the clustering interaction

and its importance in regulating €aelease from RyR2.

The intertetramer interaction that facilitates clustering is believed to involve interaction of

the SPRY1 and P1 domains of adjacent channels, as well as the accessory protein FKBP12.6
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Figurel.7. Clustering of RyR2 and the proposed interacting regionsE&rly research showing Ry
forming large, structured arrays in a checkerard formation; the same arrangement was propos
for RyR2B. Transmission electron microscopy (TEM) image of purified RyR2 on a carbon film
demonstrating pairs of channels coupled together in a-iglside and corneto-corner
arrangementC Averaged TEM images of paired RyR2 channels in théglde (left two) and
cornerto-corner (right two).D. Modelling of theside-by-side method of clustering showing the
proposed domain interactions between P1, SPRY1 and the helical ddnisliodelling of the
cornerto-corner interaction showing the proposed interaction of P1, SPRY1 and FKBP12.6; tt
indicates interatomic clashes between SPIBPRY1 and FFKBP12.6. Figures adapted from Yin
Lai (2000) and Cabra et al. (2016).
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(Figure 1.7C, @ndE) (Cabra et al. 2016Modelling suggests that there is a degree of
interatomic clashing between interacting domains in the chedi@ard arrangement that

may require domain rearrangement to create a tight interact{prgure 1.7f(Cabra et al.
2016) It is also suggested that dissociation of one FKBP12.6 molecule per interaction may
be required to facilitate this tight interactiofCabra et al. 2016although the role of

FKBP12.6 in RyR2 is not fully understddetc{ion 1.5.). Recent studies have shown that
saturation of RyR2 with FKBP12.6 (and / or FKBP12) results in reduced cluster size and
causes a shift towards the more densely packed-gidgide configuratior{Asghari et al.

2020) The role of FKBP12.6 in RyR2 regulation as a whole is discussed in more detail in
Section 1.5.1

As well as regulating €aelease by isolating groups of RyR2s, clustering is also proposed to
allow for coupled gating of channels, where two or more channels gate simultaneously
(Marx et al. 2001; Gaburjakova and Gaburjakova 2010; Porta et al.. 2012 has been

shown topromote concerted opening and closing of channels in a cluster and result in
prolonged open and closed periods compared to single charfhksx et al. 2001)This is
proposed to stabilise RyR2 and prevent silerit* @k bypreventing individual channels

from reopening as cytosolic €&oncentration decreases, resulting in termination of'Ca
release despite the positive feedback loop of QI@&x et al. 2001; Chen et al. 2009)

Coupled gating of up to 4 RyR channels (RyR1 and RyR2) has been demonstrated in planar
lipid bilayergMarx et al. 2001; Ondrias and Mojzisova 2001; Gaburjakova and Gaburjakova
2008; Gaburjakova and Gaburjakova 2010; Porta et al. 2@%i&)elieved to rely on

allosteric communication between channg¢Marx et al. 2001; Sobie et al. 2006; Chen et al.
2009)however there is no direct evidence for this at present, and some suggest that the
apparent effect of coupled gating is simply a function of QC@zRnell et al. 2013; Gillespie

and Fill 2013)Accessory proteins and other regulators of RyR2 are also implicated in
coupled gating, wittMg?*and ATP purported to be required for coupled gatjRgrta et al.
2012)along with FKBP12(B/arx et al. 2001although this has been disputétiu et al.
2005)and is likely complicated both by the unclear role of FKBP12.6 in RyR2 regulation
(Section 1.5.1 and the complicated nature of clustering dynanf{iasghari et al. 2014,

Asghari et al. 2020)
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MPwS3IdzE a2y 2F weéwH o0& A2ya FyR avlff
M®Po b@a Pl a2y 2F weéetww o0& 0Oeidz2az2tAo /|

The main regulator of RyR2 is?C&om both thecytosolicandluminal side of the SR

membrane. During diastole, [E&,:is approximately 100 nM; RyR2 is largely inactive at this
concentration and the &is very low(Laver 2007; Mukherjee et al. 2012; Laver 2018)

Following membrane depolarization and the rapid influx of*@ao the cytosol via LTCCs,

Ca&*binds to highaffinity sites on the cytosolic face of RyR2 resulting in an increasg in P

dzy G Af wéwu Ad YIFEAYLf & [(L&vErRMAS)A$Ble dhannel LILINE E A
experiments, the largest increase is @00fold increase) was observed between 100 nM

and 1> a(Mukherjee et al. 2012)

Activation of RyR2 by cytosolic?Cia facilitated by binding of Cato the A-site (denoting

W QUADI A2y Q0 HFgsseidérbet ab 30015 INAnH ChBRr22@Bib)ive/1.9.

The location of the site was predicted due to the mutation E3987A reducing channel
activation, suggesting this region may be involved in cytosofitactvation; the

corresponding mutation in RyR1 (E4032A) also reduces channel acti{ffeggsenden et al.
2001; Li and Chen 200N odelling has shown that the €dinding site on RyR1 also

includes residues E3893, E3967, and T5001, with E4032 likely contributing to the structural
stability of the sitg(des Georges et al. 2018)his is in the central domain and has been
corroborated by site directed mutagenegdes Georges et al. 2016; Murayama et al. 2016;
Xu et al. 2018)
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Figurel.8. Proposed locations of binding sites for €and divalent cations on RyRZhree

cytoplasmic sites and one luminal site have been reported on RyR2 and are believed to?bard
other divalent cations such as KtgTheAsite is the higkaffinity activating site located in the
central domain, not far from the exit of the ion pofdes Georges et al. 2016; Murayama et al. 2
Xu et al. 2018Ywo inhibitory sites are also found on the cytoplasmic domain although their prt
locations are unknown; the low affinit{-site is proposed between residues 1873 and 1903, an
high affinityl2-site (Laver 2006; Laver 2007heL-site is the luminal activating site and is believe
to centre on E4872Chen et al. 2014)The numbers indicated on the right side of the diagram
indicate the affinity of Ca(left) and Md@" (right) for each site. Figure taken frafinaver 2009)

M®o fpezY A yHIHEa /Y | O @F G2NJ 2F weéwH

Luminal C#is also involved in activation of RyfEabiato 1985a; Sitsapesan and Williams
1994; Laver 2007vident because Csis released from the SR once luminalfTeeaches

a critical threshold (termed storeverload induced calcium release (SOIQJRNg et al.

20050 hy S Keé Lkl iKSaAaNRIIZENNS R 8iLB2S1 KUSTa&eaiBEes A &
RyR2 by passing through the open pore and binding to cytosdlisi@ss(Tripathy and
Meissner 1996; Xu and Meissner 199®)d that removing cytosolic €and increasing
luminal C&*does not result in activity, suggesting no luminat*Gies(Xu and Meissner
1998) However, other research has pointed to a separate lumin#isita and more
independent activation by luminal &gLaver 2007)Research in the absence of cytoplasmic
Ca&*has provided evidence of a luminal’Csite (-site) that on binding Catriggers short
channel openings that facilitate feetirough of Cé*to the cytosolicA-site to stabilise and
further activate the channglLaver 2007{Figure 1.§. While the location of thé-site has

not been resolved via crygM, mutagenesis of E4872A within the S6 segment of the
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transmembrane helix abolished luminal®Cactivation without greatly impacting cytosolic
activation, suggesting luminal and cytosolic activation are linked but not-dgpendent on
each other(Chen et al. 2014)

MPo ®SENXYAY a2y 2F [/ L/ w

Activation of RyR2 via CICR is a-alediracterised process and functions as a-self
regenerating positivédeedback loop, however termination of €aelease from the SR is less
well understood. Several mechanisms have been proposed which may act individually or in
combination to terminate CICR, in addition to the potential contribution of coupled gating

as described abovéeéction 1.2.4

Studies suggested that increases in{ea can inactivate RyR1 and RyR2 due to binding to a
low-affinity inhibition site on the cytosolic domain (named thesite (Laver et al. 1995;

Laver 2007jesulting in a decrease in channel& [C&"]c,: above 10QuM (Fabiato 1985b;
Mukherjee et al. 2012)0ther divalent cations may also bindlido reduce channel & and

an additional higkaffinity C&*binding inactivating sitel£site) has also been proposed on

the cytosolic domairfLaver 2007fFigure 1.§. Luminal [CH] is also reported to be

important in CICR terminatioffrabiato 1985b; Terentyev et al. 2002; Gyorke and Terentyev
2007)and research has shown there is a critical threshold*J&dbelow which CICR is
terminated (Zima et al. 2008)This could occur either via decreased activation of RyR2 by
reduced binding of Cato the L-site, or by reduced Caflux through RyR2 leading to
decreased local [G§cy:preventing regenerative CICR between nearby chan(&elto and

Bers 2011; Laveretal.2088) ¢ KA a I 0GSNJ LINPOS&aa Aa GSNX¥YSR
essentially a product of CICR depleting the SR gradually, leading to CICR terr{iiaaton

et al. 2013)

Timedependent termination of CICR has also been proposed, initially termed adaptation,
that suggests RyR2 adapts to constart'Cancentrations with a decrease i fhat can be
restored by addition of a greater €atimulus(Gyorke and Fill 1993This was proposed to
occur due to the channel adapting over time rather than due t&-@apendent inactivation
(Gyorke and Fill 1993however the timescales involved in this mechanism are too extended
to account for the quick termination of CICR observed in ¢éllaslow and Greenstein

2013)and it is now proposed that timdependent inactivation and €adependent
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inactivation may function together to terminate CI@CR/6rke 1999; Zahradova and

Zahradr®g 1999; Lee and Keener 2008)

Stochastic attrition is mechanism of CICR termination that describes spontaneous closings of
RyR2 that interrupt the positiveeedback look of CICR and in turn cause it to c€asan

1992) This mechanism is proposed to be sufficient for terminatirg ©&ease in smaller

groups of independently acting RyR2s (<10 channels), however larger clusters present an
issue in that the probability of enough channels spontaneously closing at any one time to
effectively induce termination of CICR is I(®tern 1992; Laver et al. 2013he issue with
stochastic attrition in larger clusters could be somewhat mitigated by allosteric
communication between channels causing them to gate cooperat{iédyx et al. 2001;

Sobie et al. 2006 however this mechanism of CICR termination remains more viable for

groups of <10 RyR2Stern 1992; Sobie et al. 2002)

Finally, a mechanism termed pernicious attrition suggests th&tréease from RyR2s will
terminate because of stochastic closing of individual RyR2s, leading to a more gradual
decrease in local [y until it is insufficient to sustain CIGRillespie and Fill 2013)his is
distinct from stochastic attrition as it does not involve the simultaneous closing of all
channels, but instead relies on the?Caurrent reducing by a small amount that prevents
activation of other channels leading to termination ofQalease(Yonkunas et al. 2012;
Gillespie and Fill 2013 ollectively, the termination of CICR is still not well defined,
however it is likely that a combination of the above regulatory mechanisms contributes to

ending the positive feedback loop of CICR.

MPoPDa @l a2y | YR AYKA'®Aaz2Yy o0& !¢t |yR a3
In addition to C&, Mg?*and ATP have both been identified as important regulators of RyR2
function and are found in the cytosol predominantly in the AMg* complex, thus their
levels are calependent. ATP is known to activate RyR2, whereas &bgs as an inhibitor.
ATP binding RyR2 potentiates activatadthe channel by stabilising the open conformation
in the presence of Ca(Xu et al. 1996; Kermode et al. 1998; Laver 208DP and AMP also
increase RyR2 activation by this mechanism but to a lesser eiteninode et al. 1998)
During diastole, cardiomyocytes contain ~1 mM free?MGodt and Maughan 1988nd
this acts as a competitive inhibitor of €ainding at the Asite of RyR2Smith et al. 1986)
while [C&"]cytis low(Rousseau et al. 198Mg?* can also bind to the-kite and inhibit RyR2
19



activation by preventing Cabinding hereg(Laver and Honen 2008hd thels-site to provide
direct inhibition of RyR@_aver et al. 1997)

Mbn 2@ &> yatlea2ylf Y2RAUOlIa2ya 2F wewH
mMmoéntbmZalIK2NElf I a2y 2F wewH O0ée tY! YR /lFaYLL
t K2ALIK2NBEFGAZY 2F wéwer-TORBPEA NS baRyeRiGzOR g RS
receptors are stimulated by adrenaline (epinephrine) following physical or emotional stress,
resulting in increased cAMP production and activation of FB€atjon 1.1.4(Bers 2002)

Following this, LTCCS are activated by PKA phosphorylation resulting in increaseitLg,a

and PLB phosphorylation reduces inhibition of SERCa resulting in an increase of reuptake

into the SR and causing faster myocyte relaxaf®ers 2006; Halls and Cooper 20143

well as phosphorylation by PKA, RyR2 is also acted upon by Calmodulin Kinase 1l (CaMKII)

and several other serine/threonine kinases, although PKA and CaMKII are considered the
Y2al0 AYLERNIIFYG Ay AdGa NBIdzZ G A dyewistdon &K 2 § & LI2 G
exposed region centred on S2808 and S2814 in the P2 domain (also known as RY3&4)

(Figure 1.9, which is located close to the P1 and SPRY1 domain of the adjacent monomer
(Yuchi et al. 2012PKA phosphorylation in RyR2 predominantly occurs at two sites; S2808
(which may also be phosphorylated by CaMKIl) and S2030,-ad@isific sitMarx et al.

2000; Xiao et al. 2005; Wei et al. 2023yperphosphorylation at S2808, as is observed in

some cases of HF, was initially believed to destabilise the closed state of the channel by
causing dissociation of the stabilising accessory protein, FKBP12.6, resulting in increased
channel Band C&*leak(Marx et al. 2000; Wehrens et al. 2008hese findings have been

disputed on multiple fronts, both in terms of the contribution of phosphorylation to HF, as

well as its impact on FKBP12.6 binding. Regarding HF, initial research by the Marks group
indicated that there was an approximately 4xnease in PKA phosphorylation in human and
canine failing heart@Marx et al. 200Q)and several other papers from the group have

supported this findingWehrens et al. 2006; Shan et al. 2010b; Shan et al. 2010a; Miotto et

al. 2024) However, multiple other studies have demonstrated limited or no effect of PKA
phosphorylation as a causative mechanism in HF, including the role of S2808

phosphorylation being relevant only to some forms of HF (specifically ischemic HF with
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Figurel.9. Location of the phosphorylation hotspot in the P2 domain and the main
phosphorylation sitesA. Location of the P2 domain (blue) on the corner of each RyR2 monom
viewed from the cytosol; S2030 is not located in the P2 domain and is found in the handle
(approximate location indicated by red asterisk (B)Structure of the P2 domain from crEM
studies demonstrating the clamp shape of the P2 domain and the approximate location of the
phosphorylation sites on an unresolved flexible loop. Modetsipced in PyMO(Schrédinger and
DeLano 202Q)sing PDB accessions 7U%Qpdnd 4ERTHY.

reduced ejection fractionjChenlzu et al. 2007; Ather et al. 2013; Dobrev and Wehrens

2014) and others finding no effect at dBenkusky et al. 2007; MacDonnell et al. 2008;

Zhang et al. 2012; Houser 2014; Alvarado et al. 200®re is also evidence to suggest that

basal phosphorylation at S2808 is high even in healthy hearts with limited increase in HF

(Xiao et al. 2005; Carter et al. 2006a; Benkusky et al. 2007; Huke and BersXKERB) 2.6
dissociation due to PKA hyperphosphorylation is equally disputed. The original study and
subsequent research by the Marks group shows significant dissociation of FKBP12.6

following PKA hyperphosphorylation, which is in turn proposed to destatitie channel

and increase #(Marx et al. 2000; Wehrens et al. 2003; Wehrens et al. 20896\vever

other groups have indicateithat FKBP12.6 binding is unaffected by S2808 phosphorylation
(Jiang et al. 2002b; Stange et al. 2003; Guo et al. 2010; Shan et al. 2010a; Asghari et al. 2020)
and there is also debate as to whether FKBP12.6 stabilises the channel in the first place
(Section 1.5.). S2030 is also phosphorylated by PKA, however there are conflicting opinions
62dzi 6KAOK &AUS Aa GKS WYlF22ND tY! arxasSo 9l
PKA site during thie-adrenergic responsgXiao et al. 2006; Potenza et al. 2019hile more

recent studies have found that it modulates Galependent termination of Cdrelease
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(Wei et al. 2023)It remains that the role of PKA phosphorylation and hyperphosphorylation
in RyR2 regulation is highly contentious, and it may be that a combination of factors along
with PKA phosphorylation at S2808 and / or S2030 are responsible for altetae|€ase

from RyR2.

CaMKIl, activated by &bound CaM (C&CaM) , phosphorylates RyR2 predominantly at
the S2814 site and has been shown to increase charyrelsRlting in C& leak(Wehrens et

al. 2004b; Curran et al. 2007hcreased phosphorylation at S2814 has been reported in
both HHChenlzu et al. 2007; Fischer et al. 2054 dilated cardiomyopathy (DCM)

(Fischer et al. 2014and reportedly causes a conformational change in RyR2 that promotes
Ca&*leak and CaM disassociati¢dchinoumi et al. 2016)WVhile there are many other

factors that contribute to these pathological effects on RyR2 including PKA phosphorylation,
binding of accessory proteinSéction 1.9, and other postranslational modifications

(Section 1.4.2 some argue that CaMKII phosphorylation at S2814 is both the major
contributor HHChenlzu et al. 20073nd the major phosphorylation site following the
adrenergic responsgBaier et al. 2021While it appears that phosphorylation by both PKA
and CaMKIlI has a role in®Cleak, there is still a great degree of uncertainty regarding their
contribution and mechanism of action. In all likeliness, a combination of the two kinases
along with other postranslational modifications and accessory protein interactions likely

contribute to C&*leak and RyR2 dysfunction in disease.

MOn PEARF 23S a2RAUOlFa2y 2T wiEbwHIYNBWSE (Coa?Sy 2IEer
Df dzi GKA2y&fl a2y

RyR2 is highly sensitive to redox modification and oxidative sZ&ss and Blatter 2006)

during which reduced free thiol residues on cysteines can be modifieddolfilie bonds or

act as targets fo&nitrosylation orSglutathionylation. In RyR2 there are estimated to be 84

cysteine residues in a reduced free thiol state available for modification, out of a total of

356 cysteine residugXu et al. 1998)0xidative conditions lead to an increasesli? RyR2,

with elevated concentrations of reactive oxygen species (ROS) implicated in altered RyR2

function which has been shown to contribute to depletion of SR I6ad and generation of

arrhythmias(Yan et al. 2008; Prosser et al. 2011; Bovo et al. 2012; Nikolaienko et al. 2023)

as well as dissociation of regulatory C&Bho et al. 2010)During oxidative stress, ROS act

on RyR2 to form sulfenic, sulfinic or sulfonic acid products on free thiols. Reduced
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glutathione protects against ROS by scavenging free radicals and binding to sulfenic acid to
produce Slutathiolynation of RyR2; this is a reversible process that acts to protect RyR2
from ROSZima and Mazurek 2016)

The role ofSnitrosylation in RyR2, in which nitric oxide is added onto free tljioisa et al.
2010) is less clear. Some studies show t&aitrosylation activates RyRZima and Blatter

2006; Gonzalez et al. 200%owever hyponitrosylation has been demonstrated to increase
oxidation by ROS which in turn leads td'Gesak and arrhythmogenes{&onzalez et al.

2010) Snitrosylation is also considered to have a cardioprotective effect on many other
cardiac and Cahandling machineryZhang et al. 2005; Rassaf et al. 2Qit4herefore

appears that a fine balance must be struck in the cell to regulate RyR2 modification by ROS

and nitrosylation.

MOwS3IdzE a2y o6& | OO0OSaazNE LINRPISAYa
MOp@wRIdzE 92y 68 CY.tMH YR CY.tMHO®C

The FK506 binding proteins FKBP12 (12kDa isoform, also known as calstabin) and FKBP12.6
(12.6kDa isoform, also known as calstabin2) are immunophilins that bind the
immunosuppressants FK506 and rapamycin, and they also bind RyR2 and regulate its
function Figure 1.10(Timerman et al. 1993; Timerman et al. 1996; Zissimopoulos and Lai
2005) FKBP12 and FKBP12.6 share 85% sequence homology, but the binding affinity of
FKBP12 for RyR2 is far lower than FKBP12.6, believed to be due to a conformational change
that alters the hydrophobic binding pocket of the accessory protPgivanayagam et al.

2000) however the exact mechanism of this difference is unconfirnvétile both isoforms

are expressed in the heart, FKBP12 is expressed at a much higher level than FKBP12.6,
however almost all FKBP12.6 found in the heart is bound to RyR2 despite only 20% of RyR2s
being bound to FKBP12(#eyakumar et al. 2001; Guo et al. 20T0)is suggests that, while

the affinity of FKBP12.6 is much higher, the greater amount of FKBP12 present in the heart
may mean that it occupies a greater proportion of binding sites simply due to abundance,
which brings into question which isoform is the sa@hysiologically relevarfGonano and

Jones 2017; Richardson et al. 202)th FKBP12 and FKBP12.6 bind RyR2 in a ratio of 4
FKBP to 1 tetramdiimerman et al. 1993; Timerman et al. 1996; Zissimopoulos et al. 2012)
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with the binding site located adjacent to SPRY1 in R¥R& mopoulos and Lai 2005; Yuchi
et al. 2015; Peng et al. 2016)

The exact roles of both FKBP12 and FKBP12.6 are not well defined in the literature, and
there is much discussion about their contribution to RyR2 regulation. FKBP12 is generally
understood to be an activator of RyR2, sensitising the channel to cytosétiar@ia

increasing SR &aelease(Venturi et al. 2014; Galice et al. 2018; Richardson et al. 2023)

but having an opposite stabilising effect on RyBdllantes et al. 1994 Activation is

believed to occur in a biphasic manner, with lower concentrations of FKBP12 resulting in
potent activation, whereasat higher concentrations more binding sites become occupied
resulting in inhibition, potentially due to changes in interdomain interactigRechardson et

al. 2023) The role of FKBP12.6 is less well defined, and while it is generally accepted as an
important regulator of RyR2, its exact mechanism of function is not well understood and
there is much disagreement about how it regulates RyR2 and whether it is needikéoat a
normal function. One aspect of FKBPI2mle in RyR2 regulation is stabilisation of the
closed state of the channel, which was first shown to reduce chanyialdhgle channel
recordinggMarx et al. 2000and has since bedwacked up by several other studi@®restle

et al. 2001; Yano et al. 2003; Guo et al. 2010; Chi et al. 2D&®)mechanism of

stabilisation is unclear, but it is proposed that FKBP12.6 binding might result in tilting of the
handle domain on the cytosolic face of RyR2 outwards, which promotes closing of the ion
pore (Chi et al. 2019)Others disagree with this view, with some research showing no
stabilisation of RyR2 by FKBP1@.#tnerman et al. 1996; Barg et al. 1997) altered

binding of FKBP12.6 in mutar{ftSeorge et al. 2003a; Zissimopoulos et al. 2088) no

effect of FKBP12.6 on RyR2 activation b/ (Xdao et al. 2007b; Guo et al. 2018lthough
termination of Ca*release may be impacteg@hang et al. 2016 different argument for

the apparent stabilisation is that, due to the higher affinity of FKBP12.6 for RyR2 than
FKBP12, it outompetes FKBP12 and removes its activating effect which therefore mimics
stabilisation by the larger isoméGalfré et al. 2012a)lhis highlights the complicated

nature of RyR2 regulation by FKBP12 and FKBP12.6, and it is likely that a balance of binding

of the two isoforms is responsible for its regulati@onano and Jones 2017)

There is also the question of whether S2808 hyperphosphorylation impacts FKBP12.6
binding. As already discusseddaction 1.4.1S2808 hyperphosphorylation by PKA is

24



proposed to dissociate FKBP12.6 and result in increastde@k, as well as contribute to

the progression of HfMarx et al. 2000; Wehrens et al. 2006; Dridi et al. 2DB0)vever this
interpretation does not have the support of many other gropisng et al. 2002b; Stange et

al. 2003; Guo et al. 2010; Shan et al. 2010a; Asghari et al.. Z080FKBP12.6 binding site is
also not in close proximity to the phosphorylation site in the P2 dor{iiotto et al. 2022)

so it is unclear how the two might be linked. Taking all of these findings into account, there
is no clear conclusion as to the effect of S2808 hyperphosphorylation on FKBP12.6 binding,
or the role of FKBP12.6 in RyR2 regulation as a whole.

FKBP12.6 is also believed to play an important role in the-teteamer interaction during
clustering Section 1.2.4, further complicating the role of FKBPs in the stabilisation of RyR2.
FKBP12.6 bound to RyR2 adjacent to the SPRY1 domain contacts P1 on the adjoining
tetramer during the checkeboard arrangement of channelsut is not thought to be

involved in the side¢o-side arrangemen{Cabra et al. 2016Whether FKBP12 also functions

in a similar way is unclear, however both isoforms bind at the same binding site and share a
largely similar structure, with the main exception being in the binding domain. Single
molecule imaging has revealed that saturatwith either FKBP pushes RyR2 to enter the
sideto-side arrangement, which results in more densghcked clusters which are

associated with less €deak likely due to steric hindrance of adjacent chanr@sghari et

al. 2014; Asghari et al. 2020)his somewhat supports the idea that FKBP12.6 binding
increases channel stability as a function of clustering, but not as an effect on the single
channel. The same study indicated that this effect was negated by phosphorylation, but that
0 KA & RIIRFKBRB dissdsidtidz and simply reversed its eff@etghari et al. 2020)

Ultimately, while both FKBP12.6 and FKBP12 are often considered to be important
regulators of RyR2 function, there is no consensus on the role of either isoform in RyR2
regulation. The inconsistencies in experimental results do not strongly support a
requirement for FKBP12.6 binding for normal RyR2 function, but equally there is substantial
evidence that it is somehow involved in its regulation. The potential contribution of FKBPs in

the generation of disease is discussed in Sectiér2.1
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Figurel.10. Schematic of binding sites for main regulatory accessory proteins of RYR2.
approximate accessory protein binding sites and primary phosphorylation sites for RyR2 are
illustrated. As RyR2 is a tetramer, there are multiple binding sites on each channel for these
regulatory factors, however under physiological conditions ndbialiing sites may be occupied.
Figure adapted fronkeefe et al. (2023)
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CaM is a ubiquitously expressed ~17kDa intracellul&dr<@asor that directly binds to RyR2
(Figure 1.1Qto regulate its function, as well as modulating it through CaMKIl and its action
on other proteingSams6 and Wagenknecht 2002; Tang 2002; Bers 20@&ntains 4 Ca
binding sites, two on each Hand motif(Peterson et al. 1999; Fruen et al. 2060y binds

to RyR2 in both its ne@&* bound (apo-CaM)and C&*bound form (C&-CaM)(Balshaw et

al. 2001) C&*binding to CaM induces a conformational change in the protein which alters
its effect on RyR2 and affects its binding §8ams6 and Wagenknecht 20p2khough both
forms bind in the same space between the handle, central and helical domain centred on
residues 3581 to 3612 on RyR2 (based on research in Rgdidaguchi et al. 2003; Gong et
al. 2019) C&*CaM binding to RyR2 inhibits channel oper{glshaw et al. 2001y
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desensitising the channel to cytosolic’Od amaguchi et al. 200a8hd it can also terminate

SOICKTian et al. 2013)The effect of ap&aM is less well defined, with some studies

showing it has an inhibitory effe¢Balshaw et al. 200Dy no effect on functior{Fruen et al.

2000) This is distinctly different from both RyR1 and RyR3, as while RyR2 appears to be

inhibited by CaM at all [G]ey= w&wm YR wéwo |NBE OGAGIGSR A
N} y3S yR 2yfé& AYKAOAUGSR(YangguadhifetSl. 2003EaNRIS02 £ | NI 6
affects RyR2 function by activating CaMKII during systole, which allows CaMKII to go on to
phosphorylate RyR2 and increase its actijitiehrens et al. 2004; Curran et al. 2007his

shows an opposite action of CaM versus CaMKIl, and phosphorylation by CaMKII has been
shown to be an important factor in the potency of CaM inhibit{tlthinoumi et al. 2016)

Overall, CaM plays an important regulatory role in RyR2 function in both its activation and
inhibition, and dysregulation of CaM is associated with arrhythmogeff€kigzin and

Johnson 2020)

CaM is not the only Elrand protein to regulate RyR2, with both sorcin and S100A1 able to
bind to the channel and regulate its Ceelease. Sorcin is a ~21kDa protein containing-5 EF
hand motifs that, upon binding €amoves towards the-Tubules where it associates with
RyRZQllari et al. 2015and inhibits channel activitfMeyers et al. 1995; Farrell et al. 2003;
Meyers et al. 2003)with knockout of sorcin resulting in arrhythmogeneg¢@Shen et al.

2018) The role of S100A1 in RyR2 regulation is less well defined, as this ~10kDa protein that
binds at the same site as CqMIrosser et al. 2008)as been shown to both activa{®ost

et al. 2003; Kettlewell et al. 2008d inhibit(Volkers et al. 2007; Yamaguchi et al. 2013)

RyR2 in different studies.

MOpwWwBIdzE 02y oOem¥ |l WazdQazxb aiWRYECNAI RAY
Calsequestrir2 (CSQ2) is a leaffinity C&* binding protein that acts as the main Cauffer

in the SRmaintaining fred C&*|srat ~1 mM(Gyorke and Terentyev 200Ti) the SR lumen,
CSQ2 exists as a monomer at low?f{saand then dimerises as the €aontent increases,
eventually forming into a linear polymer which creates areas of negative charge between
each pair of dimersthisattracts more C# ions and increases its capacity to buffe?Ca

(Park et al. 2003; Titus et al. 2020)SQ2 also binds RyR2 via association with the SR
membrane proteins triadin (TRD1) and junctin (JUN) to form a quaternary protein complex

(Figure 1.10(Liu and Pessah 1994; Guo and Campbell 1995; Gyorke et al. Zbi34)
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protein complex acts as a luminal®Csensor on RyR2 and is believed to have both a direct
and indirect effect on RyR2 functig@yorke and Terentyev 2007; Sibbles et al. 202P)

low [C&*]srCSQ2 associates with RyR2 via TRD1 and JUN or via direct binding and inhibits
Ca&*release by buffering Cain its vicinity, whereas as higher concentrations CSQ2
dissociates which increases channel actigiggard et al. 2002; Gyorke et al. 2004; Fan et al.
2008; Handhle et al. 201L.6JUN and TRD1 are both integral membrane proteins in the SR
and serve as anchors for the interaction of CSQ2 and RyR2, but they also activate RyR2 on
their own (Gyorke et al. 2004)JUN however appears to have a dual role, acting as an
activator at low [C#]srbut an inhibitor at high [Cd]sr(Altschafl et al. 2011 he

importance of these accessory proteins and their regulatory role in RyR2 function is
highlighted by their role in disease, with both CSQ2 and TRD1 mutations associated with the

generation of arrhythmia (discussed moreSaction 1.6.2

MPpWEIdzE o2y o8 Wdzy OG2LIKAT AY

Junctophilin2 (JPH2) is a ~100kDa protein that is anchored to the SR via its transmembrane
domain, and its cytoplasmic domain forms Roovalent interactions with the plasma
membrane Figure 1.1Q(Takeshima et al. 2000y his tethers the two membranes together

and is necessary for the formation otdbules, which brings RyR2 close to LTCCs to

facilitate CICR during EGupling(Takeshima et al. 2000; Pritchard et al. 2012@netic

knockout of JPH2 has been shown to be embryonically |€Tladdeshima 200@nd

knockdown resulted in HF and increased distance between the plasma membrane and SR
(van Oort et al. 201yhich reflects data showing JPH2 downregulation in HF m@délset

al. 2012; Reynolds et al. 2016here is also a direct interaction between JPH2 and RyR2

that may impact channel activity and regulate RyR2 cluster structure. Single channel studies
have shown reduced JPH2 expression results in increased char(Wéarg et al. 2014)

whereas a decrease ip®as observed when a JPid2rived peptide was added to single
channelgBeavers et al. 2013The effect of JPH2 knockdown orf'Gparks has also been
investigated with most studies showing increased frequency and duration of sparks
indicating increased Carelease(Cheng et al. 1993; van Oort et al. 2011; Wang et al. 2014)
although this is not universally accept@dunro et al. 2016)Supefresolution microscopy

has demonstrated a high degree of colocalization between JPH2 and RyR2 in clusters and

increased cluster size with JPH2 overexpres@umro et al. 2016)as well as loss of JPH2
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being implicated in remodelling of the dyad in (#heard et al. 2022Yhis reveals that JPH2
is an important regulatory factor for RyR2 both due to direct interaction with clusters and in

facilitating CICR through thetiibule structure.

MPEEANBSIdzZ a2y 2F weéwH YR Ada NRES Ay
Mbdcwowmrma2OAl GSR RA&SI aSa

Given the essential role of RyR2 ird&Qpling, dysregulation of this ion channel is

associated with cardiac dysfunction, including HF, triggered arrhythmias and

cardiomyopathies. These conditions are referred to as cardiac ryanodinopathies (or

ryanopathes) and some of the most prominent include the genetic disorders

catecholaminergic polymorphic ventricular tachycardia (CPVT) and arrhythmogenic right
ventricular dysplasia (ARVDZ2). These arise from distinct mutations inaRgR@ date more

than 300 missnse mutations associated with agthmia have been identified in RyR2

many of which result in channel destabilisation, increased activity afitde2é (Olubando

et al. 2020) Several of the most prominent disorders associated with RyR2 are discussed in

more detail in the following sectionf.is important to note that, in a clinical context, the

GSNY WYdzil GA2yQ Aa 2FGSYy NBASNBSR FT2NJ OF NAI Y
factors including population data, clinical reports, computational data, and functional

studies. Inthisrede NOK>X K2 g SOSNE (GKS GSNY WYdzil A2y Q 2

more broadly to changes to genetic material, regardless of pathoggni

MPc PHUESOK2f F YAYSNEBAO LRfEY2NLIKAO @Sy dNAOdzZ | N
CPVT is an inherited arrhythmogenic disease that is associated with sudden cardiac death
(SCDJJiang et al. 2002a; Thomas et al. 2004; Miotto et al. 20b4%) most common genetic

subtypes of CPVT are the autosomal dominant CPVT1 variant and the autosomal recessive
CPVT2 variant. Approximately 70% of CPVT1 cases are caused by mutation of RyR2 with at

least 170 RyR2 gaof-function (GoF) mutations implicaten CPVT{Olubando et al. 2020;

Priori et al. 2021)CPVT2 is associated with mutation of @&SQ®Zene encoding CSQ2

(Lahat et al. 2001; Eldar 2003&Jthough there is recent evidence to suggest CSQ2 mutation

can also cause autosomal dominant CPNG et al. 2020)There are also several rarer

genetic variantsCPVT3, CPVT4 and CRYd& are linked to mutations in the gendECRL
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(encoding tran2,3-enoytCoA reductasdike protein), CALM1(encoding CaM), antiRDN
(encoding TRD1), respectivélyyegaard et al. 2012; Ro®Buisson et al. 2012; Gardidias

and Benito 2018)All future references to CPVT refer to CPVTL1 unless otherwise stated.

CPVT is estimated to affect ~1:10,000 people and symptom onset is primarily during
childhood in otherwise healthy patients, although later onset has been observed. The
presentation of CPVT is heterogeneous with the same genotype often appearing
phenotypicdly distinct in different patients, although the basic characteristics are the same.
LG A& OKINIYOGSNRARASR o0& -adeyety® kilindlatidh dife o2 RS& Ay
physical or emotion stress, which results in delayed afterdepolarisations (DAdRsE(

1.11) resulting in polymorphic or bidirectional ventricular tachycardia (VT) which can
deteriorate to ventricular fibrillation (VF) and in some cases @@Dri et al. 2002)This

occurs in the absence of structural alterations to the heart which distinguishes it from
ARVD2%ection 1.6.3 Due to the stres;nduced nature of CPVT, electrocardiograms (ECGSs)
conducted at rest in individuals with CPVT do not display abnormalities, so exercise stress
G§SadAy3a Aa 02y R dddieRic siirdulaibs ye&dud taidignask e |
condition (Priori et al. 2002)The first signs of CPVT are therefore often repeated syncopal

episodesor in some instance$SCD.

Most CPVAinked RyR2 mutations are missense mutations that result in channel GoF, and
GKS YIF22NAGe | NB f 20 S RFighrg1.12(5&rge € al. P@dzNI WK 2
Olubando et al. 2020)hese hotspots all fall in highly conserved regions of RyR2 and are
located as follows; hotspotd residues 77466 inthe NTD, 10.7% of mutations; hotspot]ll
residues 224&534 in the helical domain, 14.7%; hotspotltesidues 3778201 in the
central domain, 21.5%; and hotspotdVesidues 4494959 in the channel domain, 21.2%
(Figure 1.12A(Olubando et al. 2020)T'he remaining mutations are located outside of these
regions and are largely classified as benign or of uncertain signifidaigeed 1.123

however this may be due to many studies focussing on characterising mutations in the
hotspot domains due to their perceived increased likelihood of pathogenicity, despite no
definitive link between mutation location and the severity of CPVT phenot{@ksando et

al. 2020; Fowler and Zissimopoulos 2022)
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Figurel.11. Diagram of normal systolic function vs aberrant diastolic function contributing
DADsA. During systole, LTCCs activate antf @aters the cell, activating RyR2 and triggeri
CICR which increases cytosolié*@ad initiates cardiomyocyte contractioB. Increased
spontaneous Céarelease during diastole due to €éeak (affected by hyperphosphorylation
(P) of RyR2, dissociation of stabilising accessory proteins, or other mechanisms of RyR:
dysfunction) increases cytosolic?Cahich is pumped outia NCX. This causes an inward
depolarizing Nacurrent which triggers DADs. Figure adapted fidattel et al. (2018)
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Side view

Figurel.12. Location of diseas@ssociated mutations and hotspot domains in RyR2The
location of the four mutation hotspot domains in the RyR2 monomer; hotspot | residud6& #
red, hotspot Il residues 2248634 = yellow, hotspot Il residues 272301 = green, hotspot IV
residues 2294959 = blueB. The location of 326 CP$sociated mutations on a single RyR2
monomer, classified by their pathogenicity based on the stud@loypando et al. (2020ryan =
benign, yellow = unknown significance, orange = likely pathogenic, red = pathogenic. Corpa
andBreveals that most pathogenic or likely pathogenic mutations occur in one of the hotspot
domains, and most mutations classified as benign occur outside of these regi&tedative positio
of the hotspot domains in the RyR2 tetramer. Models produced in PyMOL using PDB access
5GOA.
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With so many CPMinked RyR2 mutations identifiethe breadth of phenotypes reported

in patients, and the size and complexity of RyR2 structure and function, it is improbable that
all mutations cause dysfunction by a single mechanism. However, three main mechanisms
have been proposed for the pathogeniyahltered C#t release from GoF CPNitked RyR2
mutations. While the molecular changes responsible for CPVT differ for each mechanism, all
hinge on dysfunction of RyR2 that results in increased $Relzase that contributes to the

generation of arrhyhmia.

The first mechanism involves FKBP12.6 dissociation and is proposed to destabilise the RyR2
channel and increase &deak(Marx et al. 200Q)This theory suggests that mutations in

RyR2 affect FKBP12.6 binding and therefore reduce its binding to the chituaiss

suggests thahyperphosphorylation by PKA increases the dissociation of FKBRI&6et

al. 2000) As discussed iBection 1.4.1hyperphosphorylation of RyR2 at S2808 by PKA is a
O2y UNROSNEAIf &dzeSOd IyR YIye [BenyeyethlaNBES
2007; MacDonnell et al. 2008; Zhang et al. 2012; Houser 2014; Alvarado et a).&2@lL7)

equally there is little agreement that CPVT mutations alter FKBP12.6 hindiwwgether

FKBP12.6 is required for normal RyR2 funct®ec(ion 1.5.)(Timerman et al. 1996;

George et al. 2003a; Xiao et al. 2007b; Zissimopoulos et al. 2009; Galfré et al.T204.2)

theory can be broadened to include dysfunctional binding of other accessory proteins such
as CaM or JPH@Nakamura et al. 2019; Yin et al. 2021; Fowler and Zissimopoulos, B022)

on its own there is limited evidence to suggest that altered FKBP12.6 binding is a main

causative factor in CPVT.

The second mechanism suggests that CPVT mutations alter interdomain interactions
betweenthe N0 SNYA Yl f | yR KStAOFIf R2YFIAYy NBadzZ GAy3
destabilises the closed state of the channel and increases sensitivitytde@ding to

diastolic C#&' leak(lkemoto 2002; Oda et al. 2005; Uchinoumi et al. 201Thjs mechanism

of unzipping is also extended to other int@nd intradomain interactions, including

unzipping of the NTD itselSeidel et al. 2015jhe NTD and central domafivin et al. 2021)

FYR Iy | NBI S NY SdemainKé&sidued 3ya2a 0)viich fagflidte® 2 NJ L
interaction of the transmembrane and cytoplasmic regions of RyR&ishi et al. 2008)

These areas have been identified as candidates for domain unzipping using synthetic
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bind the corresponding domain leading to unzipping of RyR2, which indicates that the WT
protein forms a tight interaction. Mutant peptides that fail to bind and do matuice

unzipping indicate mutations that disrupt the interdomain interaction and could cause
dysfunction(Oda et al. 2005; Yang et al. 2006; Tateishi et al. 2008; Uchinoumi et al. 2010a;
Suetomi et al. 2011)Several mutations have been linked to this specific mechanism of
dysfunction including R24748ang et al. 2006; Uchinoumi et al. 20108} 76Q and N4104K
(Tateishi et al. 2008hereas the S2246L mutation has been proposed to increase the

strength of interdomain interactionSuetomi et al. 2011)

The third proposed mechanism of dysfunction is increaséd<easitivity leading to
increased activity and €deak(Li and Chen 2001; Jiang et al. 2004; Xiao et al. 20hB) is
identified in multiple CPVT mutations and includes increased sensitivity to cytostiitiCa
and Chen 2001; Fernand¥zlasco et al. 2009; Xiao et al. 2Q16minal C& (Jiang et al.
2004; Jiang et al. 2005; Jones et al. 2@®&)oth luminal and cytosolic €4Liu et al. 2013;
Uehara et al. 2017While it is clear that some mutations do impact cytosolit' Ca
sensitivity, some propose that changes to lumina*Gansitivity constitute the

predominant mechanism of dysfunction by increasing the propensity for SOICR. In this
scenario, enhanced luminal €aensitivity reduces the threshold for SOICR and leads to
spontaneous diastolic Earelease Figure 1.13(Jiang et al. 200450ICR is the spontaneous
release of Cd from the SR when a critical threshold is reachat is often accompanied
by a decreased SR%Cstore load as a result of increased channel actiidigng et al. 2004;
Jiang et al. 2005)This was first observed in human embryonic kidney cells (HEK293)
expressing CPMfutant RyR2 which were seen to have an increased propensity for Ca
release, a reduced response to caffeine (which is used as an indicator of store load), as well
as increased &in response to luminal €ain single channel studies compared to the WT
(Jiang et al. 2004; Jiang et al. 2008)e response to cytosolic Chowever was shown to

be comparable in®H]-ryanodine binding assays, an experiment that uses the binding of
radiolabelled ryanodine to open RyR2 channels as a measure of channel fudmmnet

al. 2004; Jiang et al. 2002nd many CPVdssociated mutants have demonstrated no
difference in cytosolic Gasensitivity in single channel experimts (Jiang et al. 2005; Tester

et al. 2007)
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Figurel.13. Proposed mechanism of SOICR dysfunction in GRYH2 mutantsSchematic
representation of normal SR SOICR funct®rcoémpared to the proposed effect of CRNfiked
RyR2 mutations on SOI@R Under normal circumstances, the difference between the SR]{&a
level (blue shading) and threshold for SOICR (red line) is sufficient such that sudden large in
in C&" (orange shading) due fo-adrenergic stimulation do not breach the threshold, resulting ir
little to no C&*leak from the SR. CPNifiked RyR2 mutations are proposed to cause a decreast
threshold br SOICR, as well as potentially altering the resting SR:fCl@vel, causing increases i
C&*to result in C# leak from the SR which can trigger DADs and triggeréythamias. Figure
taken fromJiang et al. (2004)

While these three mechanisms have been proposed as primary mechanisms of dysfunction,
the appearance of one does not exclude a secondary contributing cause of CPVT and it is
unlikely that there is one unifying mechanism to describe the effect of mutakon.

example, the R2474S mutation causes domain unzipping that is followed by CaM
dissociation(lUchinoumi et al. 2010agand R420Q weakens the interaction with JPH2 and

causes unzipping of the NTD and central don(in et al. 2021)There is also the
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possibility of additional mechanisms of dysfunction given only a small proportion of RyR2
mutations have been characteris¢@lubando et al. 2020}t is likely thatombination of
these mechanisms and other aspects of dysfunctional channel activity all contribute to the

breadth of CPVT phenotypes.

M®c dUNIBIF GYSY G 2F /tx¢

The first line of treatment for CPVT is often rérs f S Golfodk&Ssudh as propranolol or
nadolol(Mazzanti et al. 20225 K A OK O 2 -drifeineBghtIstiniilatioriPriori et al. 2002)
however this does not work for all patienfidayashi et al. 2008nd without effective
treatment, the mortality rate of CPVT patients is30% by 35 years olgHayashi et al.

2009; Tester et al. 2012; Kapplinger et al. 20TI8)s highlights the multifaceted nature of
RyR2 dysfunctiorSection 1.6.2.1and the significant need for improved treatment options,

several of which are explored below.

Flecainide is a sodium channel blocker that has antiarrhythmic effects and has been used in
the treatment of AF and V(Anderson et al. 1983nd has since been suggested to block
C&*release from RyR@Vatanabe et al. 2009; Hilliard et al. 2010; Hwang et al. 2011;
Kryshtal et al. 2021however its mechanism of action in CPVT is highly debated. The
evidence for an effect of flecainide on RyR2 includes a reduction in the rate of spontaneous
C&*waves in CSQnhockoutcardiomyocyte models of CPV{Watanabe et al. 2009;

Hilliard et al. 2010; Hwang et al. 20Eh)d reduction in Bdue to flecainide addition in

single channel recordindslilliard et al. 2010; Kryshtal et al. 202This has been disputed

by studies that have shown flecainide only blocks cation movement through RyR2 in the
cytosolic to luminal direction but not in the physiological directiBannister et al. 2015;
Bannister et al. 2016and that while flecainide can reduce the rate of Geaves, this is

due to an effect on NCX rather than RyBkkel et al. 2013Pespite this controversy,

flecainide does appear to have a therapeutic effect and remains a potential treatment
2LI0A2Y F2NJ /t ¢ LI O AbBoker tieathdRregarbl&s aliB a A 4 G | y
mechanism of actiofLieve et al. 2016; Wang et al. 2019; Benitah and Gémez 2021)

Dantrolene is a skeletal muscle relaxant used to treat malignant hyperthermia due to RyR1
mutations(Muehlschlegel and Sims 2008t is also reported to have an antiarrhythmic
effect on RyR2Kobayashi et al. 2009; Kobayashi et al. 20it®jas been shown to reduce
RyR2 hyperactivity in several CPVT models, including reducingp@ek frequency in the
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R24743Kobayashi et al. 201@nd S406L mutants (Jung 2012), and it also resaned
arrhythmogenic phenotype in HF cardiomyocyf®taxwell et al. 2012; Nofi et al. 2020;
Schmeckpeper et al. 2023; Yano et al. 20B8) has limited effect in healthy heartBaut
Pletzer et al. 2005Dantrolene binds to RyR2 at residues-&2D (rabbit RyR2) and exerts

its inhibitory effects by stabilising intefomain interactiongSeidel et al. 2015; Kajii et al.
2020; Uchinoumi et al. 2025) here is also evidence that dantrolene treatment is only
effective for some mutants, with mutations in the channel domain (containing the TMD and
CTD, aligning with hotspot cluster 4 and the end of cluster 3) appearing less affected
(Penttinen et al. 2015)CaM and FKBP12.6 are also implicated in the efficacy of dantrolene.
Single channel studies have shown that CaM is required for dantrolene inhibition of both
RyR1 and RyR2, possibly due to causing a conformational change that alters the dantrolene
bindingsite (Nishimura et al. 2015; Oo et al. 201BKBP12.6 dissociation by PKA
phosphorylation or rapamycin also reduced the inhibitory effect of dantrolene in single

channel studies but was rescued by addition of exogenous FKBfZh\Geel et al. 2023a)

Rycals are stabilising smaiblecule drugs that bind RyRs adjacent to the ATP binding site
(Melville et al. 2022and have been shown have an antiarrhythmic efi@ehrens et al.

2004a; Lehnart et al. 2006; Miotto et al. 202R)/cals are proposed to stabilise RyR2 by
FfGSNAY3I AdGa O2yF2NNIFGA2Y FNRBY || WLINARYSRQ
cytoplasmic domain shifts downwards and outwards) from which it can open into the closed
state, and by preventing dissotian of stabilising FKBRBliotto et al. 2022) Several rycal
molecules exist and have shown efficacy in reducirfgl€ak to different degrees. K201

(aka JT\619) was the first rycal developed and reduced*@sk in canine models of HF,
however it was found to block other channels in additiorRigRgYano et al. 20035107 is

an RyRspecific rycal that has been shown to reduce diastoli¢ @éease from RyR2 in atrial
myocytes in the presence of FKBP1(&Ban et al. 2012prevent VT and SGDehnart et al.
2008)and prevent dissociation of FKB12 in RyBdllinger et al. 2008ARM210 is a second
generation rycal with improved binding that has reversed the primed structure of
phosphomimetic S2808D RyR2 and the CPVT linked mutants RRAIGHS et al. 2022)

R420Q and R420Y\Wiotto et al. 2024) This molecule is now undergoing clinical trials in
patients with both RyR1 and RyR&#ated myopathiegMarks 2023) These results, while
promising, are controversial due to the highly debated role of FKBP12.6 in RyR2 function
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(Section 1.5.), however if they confer reduced €&eak then they remain a viable future

treatment option for CPVT regardless of mechanism.

M®Pc POINKE G KY2ISYAO NAIKG SSYOGNROdz I NJ ReaLX | &aa
ARVD24dlso called arrhythmogenic right ventricular cardiomyopathRV() is an inherited
arrhythmogenic condition that can arise from RyR2 mutation and presents much like CPVT

with exerciseinduced VTHowever, unlike in CPV,patient hearts with ARVD2 display fatty

and fibrofatty replacement of cardiomyocytd®ampazzo et al. 1995; Basso et al. 1996)

Several ARVDIhked mutations have been identified in RyR2. R176Q, L433P, N23861 and

T2504M were the first 4 identifie(liso 2001and resulted in RyR2 GoF, with the exception

of L433P which showed a reductiofifunction phenotypgThomas et al. 2004R420W

(Nishio et al. 2006)Y2392¢Bauce et al. 2002; Tiso et al. 2008Y7V0 RQ! Y G A Si It o
are also implied to cause fatty replacement in the myocardium and dysfunctiofial Ca

NEf SIFasS GKIFG Aa 02 NikdkésiSkimancetal. ZORZENd anpfote ¢ A ( K
have been identified in genetic screening as potential causative mutations for ARGDR

Buisson et al. 2014pespite evidence that these mutations can result in the characteristic
fibro-fatty replacement of cardiomyocytes ¢ A &2 wWnannamT . | dzOS SO Ff ® H.
Nishio et al. 2006; Del Duca et al. 202%re is still some disagreement as to whether they

cause ARVD2 or CPWing et al. 2005; Priori and Napolitano 2005; Ohno 2éié)several

studies have found no evidence of fafipprous tissue in R176(Xannankeril et al. 2006;

Mathur et al. 2009pr R420W mousenodels(Okudaira et al. 2014)

Mbc fpa@#F dzy Osa 2y weéwH RAASIAaSa

While RyR2 dysfunction is most commonly associated with channel GoF, seveo# loss
function (LoF) mutations have been identified that reduce channel ac(ivitgmas et al.
2004; Jiang et al. 2007; Zhao et al. 2015; Fujii et al. 2017; Roston et al. ZtigHas been
attributed to decreased luminal or cytosolicCsensitivity and can result in decreased
caffeine sensitivity and an increase in the threshold for SCHgRré 1.14, leading to
reduced C# leak but contributing to the generation of early afterdepolarizations (EADS)
(Thomas et al. 2004; Jiang et al. 2007; Fujii et al. 2017; Roston et al. 2017; Li et al. 2021; Sun
et al. 2021; Zhong et al. 202The resulting phenotype @h LoF varies, however in some
cases it presents as CPVT or ARVD2 with syncope or SCD that can be adrenergically
stimulated(Roston et al. 2017; Sun et al. 2021; Zhong et al. 2@@A¢r LoF mutations
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aKz2g tAGGE S Gairentgic SBuitidR ahc cannot Be detected by exercise
stress testindLi et al. 2021; Sun et al. 202This has resulted in identification of a novel
ryanodinopathy termed Calcium Release Deficiency Syndrome (CRDS) that has a distinct
arrhythmogenic mechanism compared to CPVT and is predominantly associated with
mutations in hotspot IV (residueBl97-4959)that are insensitive to catecholaminergic

stimulation(Sun et al. 2021)

CRDS SR
CRDS \( Rest Stress 24 CRDS
RyRZ)’_ __t __Ielevated SOICR threshold| B e ==y \RVRZ
no Ca2+ abnormally
Spi”OVGF |arge Ca2+
B transients,
LBLPS electrical EADs and
stimulation reentrant
activity, VAs
[Ca2*]en [Ca?*]sg

Figurel.14. Changes to SOICR threshold in CRDS RyR2 muta@&1i3S increases the thresho
for activation of SOICR due to decreased sensitivity to lumirtal s leads tincreased SR €z
loadupon longburst, longpause, shorcoupled (LBLPS) electrical stimulation aeduced
diastolic C# release. Figure taken fro®teinberg et al. (2023)

M®PcwpwH AY KSIFNI Tl Af dzNB

HF is a leading cause of death worldwide and is a chronic disease in which both systolic and
RAFaG2t A0 OF NRALF O ¥Fdzy Oi-Adeeyfergk Sin@aidn BNI S 2 IS NJ
dysregulated due to stress, which over time results in desensitization andrégwlation of
receptors, requiring progressively greater stimulation to generate a normal cardiac output
(Schwinger 2021 HF can present with either a reduced ejection fraction or a preserved
ejection fraction; a reduced ejection fraction is generally associated with cardiac injury or
hypertension, resulting in altered cardiac functi@chwinger 2021)At the cellular level,

the expression and function of many-E@upling proteins is altered in HF including SERCa,
LTCCs, NCX and RyR&senfuss et al. 1994; Stter et al. 1998; Chen et al. 2002;

Hasenfuss and Pieske 20@2)d C&" homeostasis is disrupte@ers 2006)This includes

increased CAH transient duration and decreased amplitude caused by reduced 3R Ca
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content, increased Caleak due to increased RyR2 activity, and the generation of DADs
(Hasenfuss and Pieske 2002; Janse 2004; Pogwizd 2004; BersSpa@@)ral remodelling

is also observed in HF, including loss-tfbiules which impacts ClQiRopagation(Guo et al.
2013; Jones et al. 2018pss of contractile machinery and remodelling of the extracellular
matrix which increases the stiffness of the myocardiiBuohaper et al. 2002; Segura et al.

2014; Schwinger 2021)

Regarding altered €shomeostasis, the increased €a&ansient duration and decreased
amplitude seen in HF is a product of increase#t €flux from the cell via NCX, decreased
SERCa expression, and altered RyR2 function, leading to reducett BRd{Bers 2006)
Increased activity of RyR2 leading t6'Geak has long been implicated in the progression of
HF(Fischer et al. 2014; Uchinoumi et al. 2016; Eisner et al. 2017; Walweel et al. 2017a; Dries
et al. 2018)ynd is regulated by multiple factors, including phosphorylat®ection 1.4.),
FKBP12.6 bindingéction 1.5.), and altered clustering of channeection 1.2.4. While

these mechanisms all individually contribute to HF they are also interlinked, with the
possibility that PKA hyperphosphorylation results in FKBP12.6 disso¢dtox et al. 2000)
which shifts clusters into a less dense arrangen{&sghari et al. 2020all of which

increase C# leak. This then increases the propensity for triggered activity such as DADs and
EADs that can deteriorate into VT and(Y&nse 2004; Pogwizd 2004; Venetucci et al.

2007a) Collectively, it is the interplay of multiple £Qupling proteins that contribute to the
progression of HF, however R@&le is central to this and to controlling?Cux from the

SR.

MPc®EEFGISR /I NRAZ2Y@&2LI GKe@

Dilated cardiomyopathy (DCM) is characterised by dysfunctional and enlarged ventricles
(typically the left) with reduced contractiliff.ipshultz et al. 2003)t is genetically
determined in up to 50% of cas@ozkurt et al. 2016; McKenna et al. 2QX#Apst of which
occur due to mutation in the genes encoding titin, myosin 7, troponin T, phospholamban
(PLB) and lamin A/C (LMN&chultheiss et al. 2019RyR2 mutation has been noted as a
genetic cause in several studies, specifically in cases of®getetion syndrome (E3DS)
which is a rare ryanodinopathy that causes afframe deletion of 35 amino acids in exon 3
that results in a mixed tachycardiradycardic phenotypéBhuiyan et al. 2007; Campbell et

al. 2015; Dharmawan et al. 2019enetic testindnas also identified several RyR2 missense
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mutations in DCM patient@ugh et al. 2014; Walsh et al. 201although no further testing
has been performed to confirm the potential impact of these mutations, and as such DCM

appears to remain a rare consequence of RyR2 mutation.

A central mechanism in the genesis and progression of DCM is dysfunctional contraction
which arises from decreased myocyte contractjlithich can be due to abnormal €a
handling(Haghighi et al. 2004; Robinson et al. 2007; Liu et al. 2015; Rowe et al. 2017; Law et
al. 2020; Pioner et al. 2020; Wang et al. 20d%)ese changes trigger cardiac remodelling via
several mechanisms including the calcineurin / nuclear factor of activatedlS (NFAT)
pathway(Schulz and Yutzey 20G#)d via CaM / CaMKHEhang and Brown 2004everal
studies have sought to determine the changes té*@andling that might precede DCM and
a common phenotype is decreased SR*€are load and decreased €#&ransient
amplitude(Sun et al. 2012; Liu et al. 2015; Dridi et al. 202hjs has been observed in a rat
model of DCMinked PLB mutation (R25¢L B) which decreased SR*@zad and C&

transient amplitude, and increased RyR2 phosphorylation aftl€zk (Liu et al. 2015)A
mouse model of muscular dystroptagsociated DCM caused by mutation in LMNA (H22P
LMNA) also resulted in increasec?deak, increased phosphorylation at S2808 in RyR2,
decreased SR store load, and dissociation of FKBA22d6 et al. 2021)Aninduced

pluripotent stem cell (iPSC) model of familial DCM caused by mutation of troponin T also
reduced store load and €aransient amplitudeg(Sun et al. 2012E3DS in RyR2 did not alter
the store loadbut increased the propensity for SOICR and the amplitude of S@dGé&ed
transients by reducing the threshold for activation and termination &f @dease Figure

1.15 (Tang et al. 2012Not only do many of these behaviours increase the likelihood of
DADgTang et al. 2012; Dridi et al. 202t they deregulate cytosolic €avhich impairs

contraction and contributes to DCM.

M®c PBLISNINRBLIKAO /I NRAZ2Y@2L) K@

Hypertrophic cardiomyopathy (HCM) is characterised by thickening of the ventricle wall
(typically the left ventricle), fibrosis and diastolic dysfunctjSmania 2025)t is commonly
caused by genetic mutation of sarcomeric proteins with 70% of cases linked to mutations in
the genes encoding myosin heavy chain 7 and myoisiding protein(Maron et al. 2012)

however a small number of RyR2 mutations have been implicated in HCM through genetic
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Figurel.15. Changes to SOICR threshold in E3DS RyR2 mutaf@i3S results in deletion of 35
amino acids in exon 3 and causes a reduced threshold for activation of SOICR and a reduce
threshold for termination of SOICR. This results in increas&de@i and prolonged Gatransients
with greater fractional Carelease. Figure taken fro®teinberg et al. (2023)

testing (Fujino et al. 2006; Landstrom and Ackerman 2012; Lopes et al. 2015; Walsh et al.
2017; Alvarado et al. 2019yhe mechanisms involved in HCM operate via many of the same
pathways as DCM including via the calcineurin / NFAT pathway and ClaMktiigeneral

their effects are opposites, with HCM involving increased contractility compared to
hypocontractility in DCMSchulz and Yutzey 2004; Zhang and Brown 2004; Robinson et al.
2007; Tang et al. 2012)

T1107M was the first RyR2 mutation linked to HCM, identified in patients with asymmetrical
left ventricular hypertrophy which was accompanied by(Mkino et al. 2006)A cell model

of the mouse equivalent mutation A1107M was shown to increase the termination
threshold for C&'release from the SR meaning?Qalease terminated at a higher store

load than the WTTang et al. 2012)'his was accompanied by no change in the threshold

for C&*release and no change in store load, resulting in an overall decrease in fractional
C&*release, which is a hallmark of HEMang et al. 20127 second mutation in the same
domain (SPRY2), P1124L, was also identified in a patient with HCM and a mouse model of
this mutation resulted in both arrhythmia and H@®Mlvarado et al. 2019However, this
resulted in a reduced termination threshold forCeelease and decreased sensitivity to
cytosolic C# indicatingaluminal GoF bué cytosolic LoF that resulted in an overall increase
in fractional releas¢Alvarado et al. 2019)This is contrary to the usual changes t*Ca
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release in HCM, but it was posited that increased CaM expression might be an important
factor in the development of hypertrophy in P1124L mice, and that cytosolic LoF drives HCM

whereas luminal GoF drives the arrhythmia phenotyfplvarado et al. 2019)

MPTt N22SO0 wla2ylfS

Given the vast number ¢fRyR2 mutations that have been implicated in disease, it is
unsurprising that many remain uncharacterised simply due to the resources required to
investigate each one. This is particularly noticeable for mutations located outside the
hotspot regions, manyfavhich are classified as variants of uncertain significance (VUS) with
no real indication as to their pathogenicity or mechanism of dysfunction. This includes the
areas involved in the clustering interactiqriPl and SPRY.Wwhere several VUS mutations
associated with cardiomyopathies and / or aythmias are found. This is a structurally
significant part of RyR2 due to the importance of clustering as a regulatory mechanism, but
little is known about mutations in this region. Notably, two H@d4éociated mutations

T1107M and P1124hkre found in SPRY2 which is adjacent to P1 and SPRY1. This highlights a
potentially interesting and largely unexplored region of RyR2 in which to investigate disease

linked mutations from both a structural and functional perspee.

MOPT @azi | a2y G ! NBAAYAYS manpm Ay (GKS tm R2YIAY
Three missense mutations that fall into this category are found at R1051 in the P1 domain;
R1051P, R1051C and R1051H, which have been linked to CPVT (all (&é&ajas)aa et al.
2009; Landrum et al. 2016, ClinVar accessions VCV000201235.30 and VCV000043765.41)
HCM (R1051Chopes et al. 2015and DCM (R1051KRugh et al. 2014; Walsh et al. 2017)
throughgenetic testing. Multiple other mutations linked to cardiac conditions have been
identified in the P1 domain through genetic screening and the vast majority are classified as
VUS; notably, none are classified as pathogenic baséal siicoanalyses nor have

functional characterisations been performé8tenson et al. 2003; Landrum et al. 2016)
Mutations in P1 are most commonly associated with CfRi&Fjamaa et al. 2009; Medeires
Domingo et al. 2009; Giudicessi et al. 2QT@wever there are also several that have been
genetically linked to cardiomyopathi¢slaas et al. 2015; Walsh et al. 20&ry sudden

infant death(Tester et al. 2007)n addition to their role in disease, the R1051 mutations are
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of interest due to the involvement of the P1 domain in the clustering interaction, where it is
proposed to interact directly with adjacent tetramegiGabra et al. 2016Mutations at
R1051 are therefore interesting from a clinical standpoint as well as structural one, making

them a prime candidate for characterisation.

MOT Péd NHzOGdzNBE 2F GKS tm R2YFAY

The P1 domain consists of residues 861 to 1066 (human numbering) and contains two
AYGSNOD2yySOGSR R2YIl Ay a-shapeBdldSip an eaeh cornenaithell K G 7F
RyR2 tetramerKigure 1.16A(Peng et al. 2016)Vhile no higkresolution structure is
F@FAfFofS F2NJUGKS twm R2YFAY 2 FEM(Mioiteietad. KA IKSa i
2022), the crystal structure of P1 in rabbit RyR1 (residuesi824) has been resolved to

M®plL YR aK2ga (KI G -BeBcéskandMBhoiSsingiesstradded/Gi I Ay ¢ 2
0 S NJY Ashieltiand repeat 2 contains an additionahdi NJ- y-dReetRthel two r@eats

are connected via an unstructured -80nino acid loogYuchi et al. 2015}igure 1.16R The

sequence homology between P1 in human RyR1 and hRyR2 i&igd%e (.16%; so while

there are minor structure differences between the two, the general structure of the clamp

domain as seen in cry&M structure appears comparable to that of RyRifjre 1.16B

(Yuchi et al. 2015; Peng et al. 2016; Bauettdirdkova et al. 2020R1051 is located in the

OSy i NB 2 T -héliKis rege& DigageRontboth the crystal structure of P1 in RyR1

and the RyR2 cryBM (Yuchi et al. 2015; Peng et al. 20IBhis residue is highly conserved

in RyR2 across species and is conserved in RyR3, however the equivalent residue in RyR1 is a

cysteine Figure 1.16(Marjamaa et al. 2009)

P1 is proposed to form one of the main contact points for the iédramer interaction

during clustering of RyR2 channels, contacting either the P1 domain on adjacent channels
(sideby-side interaction), FKBP12.6 or the helical domain (cetoveorner /checkerboard
interaction) Eigure 1.7andE) (Yin and Lai 2000; Zalk et al. 2015; Cabra et al. 2Uh&),

along with the SPRY1 domain and the accessory protein FKBP12.6, allows RyR2 to form
clusters of multiple channels as a way to regulaté @dease and potentially facilitate

coupled gating between channelSdction 1.2.4 Modelling also suggests that, in addition

to the potential need for FKBP12.6 dissociation, some domain rearrangement in P1 may be
required to facilitate a tight corneto-corner clustering interactiofCabra et al. 2016 How

this might present is unclear, but it is known that this domain undergoes dynamic changes
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A RyR2 view from cytosolic side Side view P1

= 8
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Figurel.16. Location and structure of the P1 domain in RyR2 and RyRILogation of P1 (pink)
one monomer (cyan) of the hRyR2 tetramer as viewed from the cytosol towards the membr:
side view (SR membrane denoted by dashed lines, cytosolic domain at top), and-apctidel
and adjacent domain®. Alignment of P1 domain in RyR2 and RyR1,; in aligned structure Ryl
indicated by dark blue. The alignment demonstrates that the structure from the RyRERk®
largely comparable to the-May crystallography structure of RyRkcept fori -sheets and severa

smaller heltes that are not resolved in the RyR2 struct@eAlignment of hRyR1 and hRyR2; |

indicates conserved residue, + indicates conservative changes, absence of symbol indicate

conservative changes; the residue change from RyR1 to RyR2 is indicated inBxgR@v&tructure
¢ PDB accession 5G@2eng et al. 2016 RyR1 P1 structurePDB accession 5C@0uchi et al.

2015)
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as the channel shifts from a closed to an open state involving a downward and rotational
shift (Efremov et al. 2015; Yuchi et al. 2015; Peng et al. 28d6) is possible that it
undergoes additional conformational shifts during clustering. Mutations in P1, including
R1051, may therefore impair any rearrangement in addition to affecting interaction with

adjacent tetramers.

MPT DB N p Mt

The R1051#ARyR2 mutation was first identified in a study of patients experiencing
premature ventricular contractions with a family history of syncopal episodes and sudden
death, where it was found in a patient presenting with CPVT and subsequentig in
additional family membe(Marjamaa et al. 2009)T'he patient had a history of syncopal
episodes from the age of 30, and had minor left ventricular hypertrophy but not sufficient to
warrant an HCM diagnosfMarjamaa etal. 2008) ¢ KS LI GASy G Qa az2y I f &z
mutation and showed characteristics of CPVT from adolescence in the absence of any
hypertrophy(Marjamaa et al. 2009¥helLJI (i A Sy (i ds@nconBriAedbitisprésumed
heterozygous based on thevailable genetic informatiomo other reports of R1051P are
noted in the literature, and the variant is not reported in the ClinVar dataljaaedrum et

al. 2016) although it is reported on the Human Genome Mutation Datal{ia&eMD)

(Stenson et al. 2003)

In silicoanalyses give contradictory predictions for the pathogenicity of R1051P ranging
from tolerated to strongly pathogenidéble 1.). Based solely on the amino acid

substitution, proline is a neronservative substitution that is likely to disrupt the local
secondary structure of the P1 domain as it is known as a helix br@akarand Mitaku

2005; Melnikov et al. 2016; Baueretfiinkova et al. 2020)This is due to its unique

structure in which the side chain covalently attaches to the amino group creating a rigid
cyclical pyrrolidine ring; this also means there is no hydrogen on the amino group,
preventing proline from forming hydrogen bonds witthet amino acids in the backbone

' YR A Y GNP R dzOhejicas(Inai ahdiMitdku 20851iMeInikov et al. 2018 R1051

Aa f20FGSR Ay (K $elicesSiytieNIs dothdin, iRispbaBlethaF 2 dzNJ b
mutation to a proline would impact the secondary structure which may then impact the
R2YlIAyQa loAfAGe (G2 FdzyOlAazy O2NNBOlfes oKSI

rearrangement. Due to the potential detrimental effect of proline on protein structure, it
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was hypothesised that R1051P would be the most likely mutation to cause disruption to

RyR2 function.

Tablel.1. In silico predictions of pathogenicity for all identified R10%{RyR2 missense
mutations. Computational predictions vary in their expected pathogenicity of different variant
and as such multiple tools were consulted (a PolyPhenore could not be obtained for R1051(
AlphaMissense, PolyPhé&nand REVEL all use a score of 1 to indicateogatiic mutations and O
to indicate benign/tolerated; SIFT indicates tolerated mutations by a score of 1, and pathoge
mutations by a score of 0. AlphaMissenseypben?2 and SIFT are all individual tools for
predicting pathogenicity based on sequence and structural predictions; REVEL is an ensem
that combines scores from 13 individual algorithms (including SIFT and PoP&&a measure
pathogenicity Scores were obtained via SpliceAl Lookup
(https://spliceailookup.broadinstitute.org/) and supplemented by scores from the relevant toc
where SpliceAl did not provide a score (AlphaMisseli$erdai et al. 2024PolyPhef (Adzhubei
et al. 2010) SIFTSim et al. 2012)REVE({oannidis et al. 201%)

AlphaMissense PolyPhen2 SIFT REVEL
0.9982 0.833 0.258 0.87

R1051P
Strong pathogenic Possibly damaging Tolerated Moderately pathogenic
0.5871 0.905 0.37 0.678

R1051C
Indeterminate Possibly damaging Tolerated Mildly pathogenic
0.5039 0.876 0.3 0.716

R1051H
Indeterminate Possibly damaging Tolerated Mildly pathogenic
0.8767 0.012 0.37 0.666

R1051L
Supports pathogenic Supports benign Tolerated Mildly pathogenic
0.8832 0.435 0.716

R1051G
Supports pathogenic Tolerated Mildly pathogenic

MOPTDRmMmApwm/
R1051C was first identified in a largeale genetic screening of HCM patiefitspes et al.
2015)and has since been identified in a patient suffering from an unspecified congenital
cardiac defec{Hauser et al. 2018and has also been linked to CRVandstrom et al.
2017a) Thezygosity othese mtients is unconfirmegdbut allgenome database entridsr
R1051Ceport the variantin the heterozygos state. The total allele frequency of R1051C as
recorded inthe gnomAD database (variant IB2B7550628C T) (Karczewski et al. 202%)
0.000064, with some indications that this allele may be too frequently occurring to
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represent a pathogenic disease mutatifirandstrom et al. 2017aR1051C is listed in the
ClinVar (accession VCV000201235.30) and HGMD databases asrasvid§predictions

for pathogenicity range from likely tolerated to possibly damagirap(e 1.). The amino

acid substitution in R1051C is noanservative as it replaces the basic side chain of arginine
with the nonpolar, sulphufrcontaining side chain of cysteine. The consequences for the
local secondary structure of tHehelix are likely to be less detrimental than in the R1051P
mutation as cysteine should ngteatly interrupt the secondary structure of the helix
However it is still prone to changing the interactions that can form, including the potential
formation of disulfide bonds with nearby cysteine residues that could restrict movement of
the domain. However, while R1051 is a highly conserved residue in RyR2uihal et

amino acid in RyR1 is a cysteine which might indicate that it is tolerated at this position.

MPTDREmAP MI

R1051H is listed in both ClinvVar and the HGMD and has been identified by genetic screening
in a patient with DCMPugh et al. 2014; Walsh et al. 20&nRd suspectedCPVTKapplinger

et al. 2018) The DCM patient also harboured 6 other mutations in E&Skbciated genes,
including genes encoding tit{2 mutations), vinculin, laminin subunit alpha 4, LIM binding
domain 3, and RNAinding motif protein 2Q0and was heterozygous ftlie R1051Hrariant

in hRyR2The total allele frequency of R1051H was 0.00022 as reported in ClinVar; this is
higher than the expected frequency of pathogenic RyR2 mutafiioassdrum et al. 2016,
ClinVar acession VCV000043765.#13ilicopredictions of pathogenicity for R1051H

ranged from tolerated to possibly pathogenicaple 1.). Histidine is a conservative amino
acid substitution due to its basic side chain, however histidine is a less interactive residue
than arginine which may reduce the number of interactions it can f(vuller et al. 2019)

which could impact the function of the P1 domain.

MeéT®mAapmM[ YR wmnpwmD

More recently, two additional substitutions at R1051 have been detected; R1051L and
R1051G. Both missense mutations were identified by genetic testing and linked to CPVT
(Clinvar accession VCV001993717.3 and VCV003070716.1, respectively) and are not presen
in population databases, nor in the literature. silicopredictions for R1051L and R1051G

range from tolerated to mildly pathogeni¢dble 1.). R1051L is a necobnservative amino

acid substitution as leucine is an aliphatic branched chain aminoRt@b1G is also a non
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conservative amino acid substitution as glycine is an aliphatic amino acid with a single
hydrogen as its side chain. While neither substitution is likely to make drastic changes to
the secondary structure of the local region like proline, they are proratering the

interactions formed due to the loss of the basic properties of arginine.

MPy NE2SOU KeLRikSasSa IyR |AYa

This project aims to provide the first functional characterisation of R1051P, R1051C and
R1051H mutations in hRyR2. These mutations have been identified as potentially disease
causing in a range of cardiac conditions including CPVT, HCM and DCM, arutelibesf
represent a potential broad range of conditions arising from mutations at a singular residue.
The pathogenicity of these mutants is uncertain, therefore functional characterisation will
assist in understanding how they might contribute to diseaisé by what mechanism this

may occur. These mutations are particularly of interest as they occur outside the mutation
hotspot domains of RyR2 and are found in the P1 domain, which is proposed to interact
during the clustering interaction. It is hypothegisthat the R1051 mutants will alter €a
release from RyR2, and that this may result from a change to the clustering interaction. It is
proposed that RL05ERRyYR2 will have the most damaging effect on hRyR2 function due to
its properties as a helix breakero test this hypothesis the main aims of the project are as

follows;

- Engineer recombinant R105futant hRyR2 and express in HEK293 cells; this will
provide a suitable system for functional characterisation in whole cells and for
overexpression for solubilisation and purification of mutant hRyER@ressionwill
use a homozygous modehich will result in the formation of homotetramers
containing only WT or mutadtRyR2While co-transfection of R105Inutants with
the WT wouldmore closelymimicthe heterozygougyenotype ofpatients this would
result in aheterogenous populdon of channels including WT homotetramers,
mutant homotetramers, and heterotetramemhich couldcomplicate the
interpretation of functionaldata. Ahomozygous pproachwill allowthe impact of
R105Xmutationto be assessed mordirectly.

- Characterise R105mutant hRyR2 function at the whole cell level. This will include
live cell C& imaging in HEK293 cells transfected with RiBftant hRyR2 to assess

whether mutation impacts spontaneous Ceaelease from RyR2. Whole cells will also
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be assessed by immunofluorescence to determine whether Rb#ant hRyR2 is
trafficked correctly within the cell, and expression levels of mutant hRyR2 will be
investigated by Western Blotting.

Droplet interface bilayers (DIB) and total internal reflection microscopy (TIRF) will be
used to assess €aelease from populations of R10%iutant hRyR2. This will allow
C&*release dynamics to be assessed in a minimal system and correlated to cluster
size, which should reveal whether R18%1iitants impact the ability of channels to

form clusters and whether this alters Caelease from hRyR2 on a population level.
Solubilised and purified R10%dutant hRyR2 will be incorporated into artificial lipid
bilayers to assess the gating of single channels in a minimal system. This will reveal
whether the gating mechanics of mutant hRyR2 differs from the WT under diastolic
(nominally ~0 nM [CH]yr) and systolic (100 mM [€%.y:) conditions in the absence

of other regulatory factors and will reveal basal dysfunction of the channels.
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Materials andmethods
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HOPmlFGSNAFE & [ A&l

HOMDRAYSNIE 1 02NFi2NE NBF3ISyGazr OKSYAOILfta Fy
All reagents and chemicals were analytical grade and purchased from Sigma Aldrich or

Thermo Fisher Scientific, unless otherwise noted. Reagents and buffers were prepared using
deionised water (dkD) or autoclaved deionised water (dgl®) for molecular biology or cell

Odzft GdzNB | LILIX AOlFGA2ya FYR al2NBR |a LISN GKS Y
solutions were filter sterilised using a 0.@# Millex® syringe filter (Millipore) (indicated in

methods). All pH readings were taken using the MettleedolFiveEasy Plus pH kit and

adjusted using 1 M/10 M HCl or 1 M/10 M KOH unless otherwise noted.

A > s oA

1 Forward and reverse primers (Eurofirglesigned specifically for R1051 site (see
Section 2.2.]1
1 QuikChange Il XL Sibarected Mutagensis kit (Agilent).
0 10x Reaction Buffer proprietary formula.
0 QuikSolution reagent proprietary formula, used to improve linear
amplification.
o PfuUltra HigkFidelity DNA Polymerased ®p dzy A G ak > [
0 dNTP mix proprietary formula.
o Dpnl restriction enzyme 10 unitsAL.
1 Nuclease free wateg deionised and filtered water containing no DNases or RNases

to prevent degradation of DNA or RNA in samples.

HOPmMDOZ2YAY 3
1 pSL1180 plasmid containigpel/SanDiragment of hRyR2 (Obtained from Dr N L
ThomagThomas et al. 200%)
1 pcDNAZeGFPhRyR2 plasmid (Obtained from Dr C H Ge(Bgorge et al. 2003a;
George et al. 2003h)
1 GenelJet Gel Extraction Kit (Thermo Fisher Scientific).
o Binding Buffe contains guanidinium thiocyanate, proprietary formula.
o0 Wash Buffer diluted 1:5 with 96100% ethanol, proprietary formula.
o Elution Bufferg 10 mM TrisHCI, pH 8.5.
1 Rapid DNA Ligation Kit (Roche Applied Science).
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0 T4 DNA Ligase.
0 5x T4 DNA Ligase Buftg250 mM TrisHCI (pH 7.6), 50 mM MgCh mM
ATP, 5 mM DTT, 25% (w/v) polyethylene ghaadlO.

HOM®NI YaAaT2NXEFa2yY YR LINRLI Ilaz2y

1 XL16Gold cells (Agilent) CompetentEscherichiacolicell line used for ligation
products.

1 MAX Efficienoyg Stbi2« cells (Thermo Fisher ScientificCompetentE. colicell line
used for general propagation of hRyR2 plasmid DNA.

1 Super Optimal broth with Catabolite repression (SOC) medizfh tryptone, 0.5%
yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MdOImM MgS@ and 20 mM
glucose.

1 Luria Bertani (LB) brothl0 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, autoclaved,
and ampicillin added before use.

1 LBwpagar plates; LB broth supplemented with 15 g/L agar, autoclaved, and
ampicillin added before setting.

1 Ampicillin 200 mg/mL stoakfilter sterilised and stored a20°C. Working
O2y OSYuUNY GA2Y mMnn >3IKY[ D

HOMOPpYAELNBIEGI S LXIFAYAR Adaz2fla2y
1 QIlAprep® Spin Miniprep Kit (Qiagen).

o Buffer P1¢ Resuspension buffers50 mM TrisCl, pH 8.0, 10 mM
ethylenediaminetetraacetic acid (EDTA), 100 pg/ml RNase A.

o Buffer P2 Lysis buffer 200 mM NaOH, 1% sodium dodecyl sulphate (SDS)
(wWiv).

o Buffer N3¢ Neutralisation buffer 4.2 M guanidine hydrochloride, 0.9 M
potassium acetate, pH 4.8.

o Buffer PE; Wash buffer 80 mM NaCl, 8 mM Tr4CI, pH 7.5. Ethanol (96
100%) added 4:1 before use.

HOMOEEAIGNBRES t S LX FAYAR Aaztloazy
1 HiSpeed® Maxi Prep Kit (Qiagen).
o Buffer P1- Resuspension buffer50 mM TrisCl, pH 8.0, 10 mM EDTA, 100
pHg/mL RNase A.
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o Buffer P2 Lysis buffer 200 mM NaOH, 1% SDS (w/v).
o Buffer P3¢ Neutralisation buffer 3.0 M potassium acetate, pH 5.5.
o Buffer QBT Equilibration buffer 750mM NaCl, 50 mM-@\-
morpholino)propane sulphonic acid (MOPS buffer), pH 7.0, 15% isopropanol
(v/v), 0.15 % Triton®:100 (v/v).
o Buffer QG; Wash buffer 1.0 M NaCl, 50 mM MOPS, pH 7.0, 15%
isopropanol (v/v).
o Buffer QR Elution buffer- 1.25 M NaCl, 50 mM T#@lI, pH 8.5, 15%
isopropanol (v/v).
HOPMBPEAGNAROa2y RAISAU
1 All restriction enzymes were from the FastDigest range by Thermo Fisher Scientific
and were used with the optimised 10x FastDigest Buffer provided.
0 Bculgisoschizomer oSpelfor double restriction digest.
o Kifllgisoschizmer oSanDFor double restriction digest.
o Bgllg for verification of maxipreps.
o0 EcoRg for verification of ligation, minipreps and maxipreps.

o Hindllig for verification of maxipreps.

HOmMDAF NPaS ISt St SOUNRLIK2NBAAA
1 Agarose (BidRad)g high purity
1 50x TAE buffeg 2 M Tris, 2 M glacial acetic acid, 50 mM EDTA. Diluted to 1% dH
for use.
1 Ethidium bromide (EtBK stock 10 mg/mL; working concentration 0.1 pg/ml.
1 2x DNA loading buffer 50% (v/v) glycerol, 50% 1x TAE buffer, OraBdeading dye
(Sigma) added to the desired detection colour.

1 Gel cast, combs, tank and power pack were all purchased frorR&io

HOMOPYYFEALY [ Sttt [/ dzf G dzNB
T 5dz2 6S002Q4 a2RAFTASR 91 3ftS aSRAdzY 65a9a0=
¢ primary constituents are sodium chloride 6.4 g/L, sodium bicarbonate 3.7-g/L, L
Glutamine 5.84 g/L, lucose 4.5 g/L, and Phenol Red 15 mg/L (referred to as
minimal DMEM (rDMEM)).
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o0 Before use, mnDMEM was supplemented with 10% (v/v)freattivated
F2SG01t OFtF aSNM¥zy 6C/ { 0-sttepidtycinz 6 Ok D0
glutamine (PSG) (filter sterilised) to form complete DMEM (cDMEM).

1 Phosphate buffered saline (PE)H 7.4.

1 TrypsinrEDTA (0.25%) phenol redilter sterilised.
HOPMOMBOGSYStT GNIyaFTSOeaz2y

1 Effectene® Transfection Reagent Kit (Qiagexontains proprietary formulas.

o Effectene® Transfection Reagenbn-liposomal, lipidbased reagent.

o Enhancer for DNA condensation.

o Buffer EQ; for DNA condensation.

1 35mmglassbottomeddish(10mm glass diametgrpoly-D-lysine coated (Mattek).

1 6 well plastic cell culture dishes.

HOMMPMMONI yaFSOaz2y

1 CaGl¢pH 7, sterile, 1 M stock stored &0°C.

1 2xHEPES Buffered Saline (HB&30 mM NacCl, 10mM NacCl, 10 mM KCI, 1.5 mM
NaHPQ, 10 mM glucose, 50 mM HEPES, pH 7.05, filter sterilised and stored in
aliquots at-20 °C.

1 Sodium butyrate (NaR)1 M stocks stored a0 °C, filter sterilised.

HOMIOONBLI N} a2y 2F OStf K2Y23aSyl 4GS
1 Homogenisation buffec 20 mM Tris, 1 mM EDTA pH 7.4, Protease and Phosphatase
Inhibitor Mini Tablets (Pierce; 1 tablet per 10 mL), 1 % (v/v) Tridbh@D.

HOMIPNB LI N} a2y 2F YAESR YSYoON}IySa
1 Hypoosmotic buffer¢ 20 mM Tris, 1 mM EDTA pH 7.4, Protease Inhibitor Tablets
(Roche; 1 tablet per 50 mL).
1 Protein resuspension buffey400 mM sucrose, 10 mM HEPES, pH 7.2, Protease
Inhibitor Tablets (Roche; 1 tablet per 50 mL).

HOMIDHONBISAY vdzr yaUOl a2y
1 Piercet BCA Assay Kit.

o BCA Reagent@proprietary formula containing bicinchoninic acid and

sodium bhicinchoninate.
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o BCA Reagent®proprietary formula containing copper sulphate.

0 Albumin Standard ampule2 mg/mL.

HOMPRPAZOAE A&l a2y YR LWzZNARUOI a2y

T

3-((3-cholamidopropyl) dimethylammonie)-propanesulphonate (CHARSHoN-
denaturing zwitterionic detergent.

L-AlphaPhosphatidylcholine (PC) (Mergkrom soybean.

Gradient bufferg 300 mM NacCl, 25 mM Tris, 50 mM HEPES buffer, 0.3 mM ethylene
glycol tetraacetic acid (EGTA), 0.1 mM &d&C3% CHAPS/PC mixture, 2 mM DTT,
made up with dO, Protease Inhibitor Tablets (Roche; 1 tablet per 50 mL).

Sucrose solutiong 5%, 25% and 40% (w) made up in gradient buffer.

Highsalt solubilisation buffe¢ 1 M NaCl, 0.15 mM Ca(0.1 mM EGTA, 25 mM
PIPES, 0.6% CHAPS/PC mixture, 2 mM DTT, made up »@thpéH7.4, 1:1000

Protease Inhibitor Cocktail (Sigma).
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HPaSIK2RA

HOPHPMES S5ANBOGSR adzil 3SySara 2F {LISLk{ly5L /[
As the fullengthhRyR2 plasmid is too large to be amplified relig@lgassettebased
mutagenesis strategy was employdedure 2.} using a ~5.5kb fragment of the hRyR2
coding sequence which had been previously-slamed into the pSL1180 plasmid. This
fragment is isolated by restriction digest usfBpeland SanDtestriction enzymes (of which
only one restriction site of each is found in the pcDM&FFhRYR2 plasmid) and is

therefore referred to as th&pel/SanDragment; Spelrecognises the sequefic -ACPIAGT

in the plasmid vector immediately upstream of the hRyR2 sequeSmeDrecognises the

& S |j dzSyGGGACPQR)-5.5kb into the hRyR2 sequence. Followkaliyesitied

mutagenesis (SDM) to introduce the required point mutations, this fragment can then be re
ligated into the fulllength hRyR2 plasmid to produce the desired mutant. To introduce the
point mutation into the cassette, forward and reverse primers were designed overlapping
the mutation site(manufacturedoy Eurofinyto incorporate the desed base changes

(Table 2.}. Analysis showed a relatively high GC content which could adversely affect
primer annealing, however this was mitigated using the high fidelity PfuUltra HF DNA

polymerase which is designed to work with-@¢h sequences.

Primers were used with the QuikChange Il XL-[Sitected Mutagenesis Kit (Agilent) to

introduce the point mutation into the template in the following reaction; 35.5 pL nuclease

free water, 5 pL 10x buffer, 1.5 pL template DNA, 1.5 uL forward primerLIré&verse

primer, 1 uL dNTP, 1 pL Quik Solution and 1 pL PfuUltra HF DNA Polymerase. Thermal

cycling conditions are presented Trable 2.2 Thermal cycling products were treated with

5LYL om X[0O F2NIwm K2dzNJ 4 o1 x/ NABddlem K2 dzNJ {2

transformation.
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Spel/SanDl
cassette

pSL1180 with

PcDNA3- Spel/SanDl SDM
eGFP-hRyR2 > cassette of —_—
RyR2
Desired
mutation site
Digest with Digest of template
Spel and DNA with Dpnl
SanDl
Transformation in
XL10-Gold cells
Ligation

Mutated cassette

Ligation
pcDNA3- 9 —
eGFP-hRyR2- D—
R1051X Digest with
Spel and
SanDlI

Purified plasmid DNA
ready for transfection

Figure2.1 Schematic demonstrating the cassettgased sitedirected mutagenesis strategy and
ligation into the fulHlength pcDNAZeGFPhRyYR2 construct with R105hutation. TheSpel/SanDI
cassette from pcDNABGFFhRyYR?2 ligated in the pSL1180 plasmid was subjected to SDM usir
specific primers to introduce an amino acid substitution at R1051 (to proline (R1051P), cystei
dSwmnpm/ 0 2NJ KAAGARAYS 6 wwmn DM, thexpSIRIBGp2IBERI
plasmid and pcDNABGFFhRyYR2 plasmid wesubjectedto double restriction digesby Bculand

Kfll (isoschizomers ddpeland SanD) and ligated to form the fullength mutated hRyR2 plasmid ft

transfection. The cassetieased method was chosen due to the large size of the pcBGAP

hRyR2 plasmid making it unsuitable for SDM.
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Table2.1 Oligonucleotide primers for sitalirected mutagenesis for R105hutant hRyR2.
Primers were used in combination with the cassditssed SDM strategy illustratedkigure2.1
YR INBE RAA&ALX F@8SR Ay GKS pQ (2 0Q RANBOG.
the bold red letters indicate the nucleotide that was altered from the-NRyR2 sequence.

Direction Sequence Length (;)C Tm
Forward | CCAACAAGGACAGCCICGAGGCTGTGCGCA| 35 |68.6|>75
Reverse | CGTGCGCACAGCTGGAGGCTGTCCTTGTT( 35 |68.6|>75
Forward | CCAACAAGGACAGCOBIGAGGCTGTGCGCA| 35 | 65.7| >75
Reverse | CGTGCGCACAGCT@@GAGGCTGTCCTTGTT( 35 | 65.7|>75
Forward | CCAACAAGGACAGCCRCGAGGCTGTGCGCA| 35 | 65.7|>75

Reverse | CGTGCGCACAGCM@IGGAGGCTGTCCTTGTT( 35 | 65.7|>75

R1051P

R1051C

R1051H

Table2.2. Thermal cycling conditions for sitdirected mutagenesisSDM was performed using
the QuikChange Il XL kit (Agilent). The extension time was calculated using a guide of 1 mi
per kb of plasmid; th&pel/SanDdassette was 8.6kb.

Cycles Stage ¢ SYLISNI § d7 Time
1 cycle Denaturation 95 1 minute
Denaturation 95 50 seconds
18 cycles Annealing 60 50 seconds
Extension 68 9 minutes
1 cycle Extension 68 7 minutes
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HOPHBDEBE2YAY T 2FRKwRawpmt SDCt

Spel/SanDiragments were excised from the mutated pSL1180 plasmid and the WT
pcDNA3eGFFhRYR2 plasmid by double restriction diges¢¢tion 2.2.% before loading

onto an agarose gel for separatiddgction 2.2.J. Visualisation using a UV transilluminator

allowed the required bands (5.5Kpel/SanDdassette and 15.8kb pcDNAGFPhRYR2) to

be excised using a scalpel. Gel slices were processed individually to purify the plasmid

FNI IYSyGa dzaay3a (KS DSySwo9ce DSt 9EGNI OlAazy VY
instructions. Briefly, the excised gel slices were placed in a 1tGbeland weighed, then

. AYRAY3 . dZFFSNI gFa FRRSR Ay | mMYM NIXaGAz2 o0@2f
until the gel slice dissolved. The tube was inverted to, roxtexed and then loaded onto

the GeneJET purification column. For the pcDE&EFFRYR2 slice, an additional volume of

ddH:O equal to the volume of Binding Buffer used was added and mixed with the solution

prior to loading onto the column. Columns were centrifuged 3000 xg (applies to all

centrifugation steps during gel extraction) for 1 minute and the ftvough discarded,

then 700 pL Wash Buffer was added to the column, centrifuged at for 1 minute, and the
flow-through discarded, followed by an additionahdinute centrfugation to dry the

column. The column was transferred to a clean collection tube and 50 uL Elution Buffer

added and centrifuged for 1 minute to collect the purified extraction products.

Extraction products (5 pL) were run on a 1% agaroseSgetipn 2.2.Y to estimate yield

before ligating using the Rapid DNA Ligation Kit (Roche Applied Science). Briefly, a 1:3 molar

ratio of vector to insert (50 ng vector (15.79kb) to 52 ng insert (4.55kb)) was mixed with

DNA Dilution buffer and T4 DNA Ligation buffe2abtRA y 3 (2 GKS YI ydzfFl O d:
instructions, along with 1 uL T4 DNA Ligase and mixed gently, then incubated for 16 hours at
nx/ O0ST2NB UGN y&ARAK I GA2Y AyG2 [ wmn

HOH®NI YaT2NXIFa2y YR LINRLI Ila2y 2F 2¢ FyR Yd
Due to the large size (21,229 bp) and fragility of the hRyR2 plasmid it is not possible to store

long term in glycerol stocks and instead it must be transformed and propagated each time

from plasmid stocks. This requires using supercompetent cell linésaftsformation and

the established protocol has been optimised to accommodate the challenges of working

with the hRyR2 plasmid. The protocol largely follows that of a normal bacterial

transformation, however bacterial culture must generally be carriedadt80°C rather than
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37°C to minimise the likelihood of recombination, and colonised agar plates cannot be

stored at 4°C.

Two different competenk. colicell lines were used for transformation; XEG0Ild¢ a cell
line designed for cloning large or ligated inseused here for transformation of ligation
products and MAX Efficiency StbtZa cell line designed for propagation of unstable

constructs, used here for general propagation due to its higher yield.

The general protocol for transformation was as follows; differences between the two cell
lines are noted. XL1Gold cells were prreated with 2 pL betanercaptoethanol for 10
minutes before transformation. Plasmid DNA was diluted-tDIng/pL and 2 pL as added

to thawed cells (50 pL for Stbl2, or 45 L for XGbld) and incubated on ice for 30 minutes
prior to heatshock treatment at 42°C for 30 seconds (XGhld) or 25 seconds (Stbl2)
before incubation on ice for 2.5 minutes. SOC medium (500 pLeesd to cells which
were subsequently incubated at 37°C, 150 rpm for 1 hour in an orbital shaker. After
incubation cells were plated on AR agar plates and incubated for at least 24 hours at
30°C. Colonies were picked from plates and transferred into 5 my hdth for an 18hour

incubation at 30°C, 150 rpm.

HOPHORYALINBL) 2F LIXIFAaYAR 5b!
Following incubation of overnight cultures, 3 mL was taken off for ssoalke plasmid DNA
isolation, and an additional 6 mLAuMB broth added to cultures to continue growing
throughout the day (~5 hours) in preparation for seeding into large scale cultures. Plasmid
DNA isolation was carried out using the Qiagen Spin Miniprep Kit according to the
YI ydzF I OG dzNBNR & rudaiidn Sté©wiele Zafri@dloutlatt~17,9€@S v (i
Bacterial overnight culture (1.5 mL) was pelleted by centrifugation fomblit@iat room
temperature (RT) and the supernatant removed, then the remaining 1.5 mL culture was
added onto the pellet and centrifuged a second time. The pellet was resuspended in 250 puL
Buffer P1 and then 250 pL Buffer P2 added and mixed by inversidthensiolution became
clear. The solution was incubated for 5 minutes at RT before adding 350 pL Buffer N3 and
mixing by inversion and centrifuging for 10 minutes at 4°C. The resulting supernatant was
pipetted onto a QlAprep spin column and centrifugedXaninute and the flow through
discarded. The column was washed with 500 uL Buffer PB, centrifuged for 1 minute and the
flow through discarded, then washed again with 750 uL Buffer PE. After addition of Buffer
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PE, the column was centrifuged for 1 minute, the flow through discarded, and centrifuged
for a further minute to remove residual wash buffer. The column was placed into a 1.5 mL
tube and the plasmid DNA eluted by adding 50 pL-@dité the column, letting stand for 1

minute, then centrifuging for 1 minute. Purified plasmids were verified by restriction digest

usingEcoRand agarose (1%) gel electrophoreSedtion 2.2.6and Section 2.2.7.

HOHOPEALINBLI 2F LI I &AYAR 5b!

Following verification of plasmid DNA by miniprep, lasgale cultures were inoculated with
bacterial culture (from the sma#icale overnight cultures that had grown fds rours while

the miniprep was performed) at a dilution of 1:100 imugbroth. Cultures were then

incubated at 30°C, 150rpm in an orbital shaker for218hours to grow. Cultures (total

volume 1 L per maxiprep; grown as 5 x 200 mL, or 2 x 400 mL and 1 x 200 mL) were pelleted
by centrifugation for 15 minutes at 4°C, 6508 after whichthe supernatant was removed

and the plasmid DNA purified using the Qiagen HiSpeed Plasmid Kit following the
YIydzZFl OGdzZNBNDa AyadNdHzOGA2yad tStfSGa 6SNBE NEB
culture, then an equivalent volume Buffer P2 (i.e. 10 mLudfielo P2 if 10 mL of buffer P1

was used for resuspension) added and the solution mixed by inversion 5 times then
incubated for 5 minutes at RT. After incubation, an equivalent volume of Buffer P3 (chilled)
was added and mixed 5 times by inversion beforampw the lysate into a prepared

QIAfilter Cartridge and incubating for 10 minutes at RT. During incubation, a HiSpeed Tip
was equilibrated with 10 mL Buff@BT and allowed to flow through the resin. A plunger

was inserted into the QlAfilter Cartridge and the lysate filtered onto the HiSpeed Tip using
constant pressure and allowed to run through. Once the lysate had filtered through, the
HiSpeed Tip was wasthevith 60mL Buffer QC before placing above a collection tube and
eluting the DNA using 15 mL Buff@F. After elution the DNA was precipitated by addition

of 10.5 mL isopropanol, mixing by inversion, and incubating for 5 minutes at RT. A
QIlAprecipitator Module (filter) was attached to the nozzle of a 30 mL syringe with the
plunger removed, and after aubation the eluatesopropanol mixture was poured into the
syringe and filtered through using constant pressure. The QIAprecipitator was detached and
the plunger removed before reattaching the QlAprecipitator and adding 2 mL 70% (v/v)
ethanol which was Itiered through using the plunger to wash the DNA. The QIAprecipitator

and plunger were removed and reattached again, then the plunger used to push air through
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the filter to dry it; this was repeated 3 times. The QIlAprecipitator was removed and
attached to a 5 mL syringe with the plunger removed, before adding 500 pL warmed-DNAse
free water, inserting and depressing the plunger to elute the plasmid DNA intaa £l

mL tube.

An aliquot of purified plasmid DNA was taken and diluted 1:50 ditf© to be quantified
using the BioMate 3S Spectrophotometer (Thermo). Plasmid DNA was checked again for
recombination by visualisation of restriction digest products on a 1% agarose gel using
EcoRl, Bglland Hindlll(Section 2.2.6and Section 2.2.7.

HOPHWEAGNAROa2y RAISAU

Restriction digests were performed as both a verification step for confirming the integrity of
plasmid DNA and during cloning to produce 8el/SanDfagment for SDM. All enzymes

g SNB LJZNOKIF &SR FTNRY ¢KSNY2 CAAKSNI { OASYUGATFTAC
instructions with regards to buffering; incubation times were adjusted as necessary and

noted below.

For verification of eGFRRyYR2 plasmid DNA, restriction digests were set up to produce a
RAGGAY OO WFAYIASNIINAYGQ GKI G 6 HéngtORyR2IF NER (2
digestion by the same enzymes using the NEBcutter® onlihe too
(https://nc3.neb.com/NEBcutter/). Three restriction enzymes were chosen to identify full

length hRyR2 after the maxiprep stage of plasmid propagaBgtl; EcoRind HindllI(EcoRl

alone was used on its own to verify the plasmid after ligation and for all minipreps). Fo
verification after miniprep and ligation, samples were prepared by mixing 1 yL FastDigest
EcoREnzyme, 2 pL 10X FastDigest Buffer and 17 uL miniprep sample. After maxiprep and

DNA guantification, samples were prepared by mixing 1 uL FastDigest Enzyme, 2 uL 10X
FastDigest Buffer, 1 pug plasmid DNA and made up to 20 pL wi@ @ide sample was used

for each restriction enzyme). Restriction digests were then performed by inagsgimples

Fd otx/ F2NJHn YAydziSa &@oadnddyandlaalingyordoamY m 6 A (

1% agarose gel.

Isolation of theSpel/SanDiragment from the pSL1180 plasmid and of the corresponding
fragment from the fullength pcDNA®GFFhRyYR2 plasmid for ligation was performed by

double restriction digest. The restriction enzynisul(isoschizomer o$pe) andKfll
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(isoschizmer oSanD) were chosen as they were available in FastDigest format from

Thermo Fisher Scientific. Samples were prepared by mixing 0.5 puL FasHoigiestzyme,

0.5 uL FastDigestfllEnzyme, 2 uL 10X FastDigest Buffer, 1 ug plasmid and made up to 20
uLusingddth @ { I YLX Sa 6SNB AyOdzol 4G4SR 4 oT1x/ F2NJ
at both sitesthen were loaded onto an agarose gel for electrophoresis before excision and

gel extraction for ligation§ection 2.2.2

HOH®AFNRAS ISt St SOUNRLIK2NBAaAA

Agarose gel electrophoresis is used to separate DNA fragments based on their molecular
weight and was used during several stages of research. A 1% (w/v) agarose gel was prepared
by adding agarose to 1x TAE buffer and warming to dissolve in a microwaeec@hed to
FLILWNRPEAYI GSt@ pax/ 2 9G.N é1a& IRRSR G2 | 0O2yC
visualisation of the DNA and the mixture poured into a gel cast with comb and allowed to

set. The gel was placed into a BioRad gel tank and submerged in 1x TekERaliffwing

restriction digest$ection 2.2.% samples were prepared by adding equal volumes sample

and 2x Orang& loading dye before loading into the gel wells. Gels were run at 100V for
approximately 45 minuteg 1 hour, or until the dye front reached the end of the gel. Gels

were imaged using th&:BOX Chemi XX6 gel documentation system (Syngene), set to detect

EtBr fluorescence.

HOH®Y YYFEALFY OSff Odzf GdzNB 'yR NRdzmyS YIAYy(dSy
Expression of eGHHRYR2 was carried out in the immortalised cell line HEK293, a cell type

that does not endogenously express RyRs. HEK293s were cultured in T75 tissue culture
Fflala O2ydlrAyAy3d 5dAZ 65S5002Qa azRATFTASR) 9 3f S
FCS and 2% (v/v) PSG to create complete DMEM (cDMEM). Cells were kept in a humid cell
culture incubator at 37°C, 5% £&hd passaged when the monolayer approached full

confluence (approximately 90%) to maintain cell health. During passaging, meslia wa

removed, and the cells washed with PBS before detaching using 1 mL trypsin. Once

detached, 10 mL cDMEM was added to inactivate the trypsin and cells were centrifuged at

1000 xg for 5 minutes to form a pellet. After pelleting the supernatant was removed and

the pellet gently resuspended in 10 mL cDMEM before a proportion of cells wseseded

into new T75 flasks.
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HOH®HSOGSYS GUNIyaFSOaz2y 27F | 9 YKmddow HO S0t 38 YEAAR] K
Transfection for live cell imaging and immunofluorescence (IF) used Effectene® Transfection
Reagent (Qiagen). This method was chosen as thdiposomal lipid formula produces a

high transfection efficiency and has low cytotoxicity as it uses only smallgts of DNA,

making it more suitable for imaging live cells compared to other transfection reagents that

may impact cell survival, such as calcium phosphate (§a&Owell as maintaining normal

trafficking for IF.

Seeding of cells following routine culture to-I00% confluence was different for live cell
C&*imaging Section 4.2.2 and IF $ection 3.2.2, the Effectene reagent was made up as
follows for both live cell imaging and IF; volumes are sufficient for 7 coverslips (live®ell Ca
imaging) or 1 well (IF). Plasmid DNA (@8was made up to 100 uL with Buffer EC and then
6.4 pL Enhancer added, vortexed forsEtondsand incubated at RT for 5 minutes.

Effectene (20 pL) was added, vortexed for 10 secondsraemudbated at RT for 10 minutes
before cDMEM (600 pL) was added and mixed by pipetting up and down Wieenixture

was then addediropwise to each coverslip meniscd®0Q pL) fotive cell imagig, or adding

all of the reaction mixture to a single well (IF) and returning them to the incubator for at

least 18 hours, after which dishes were flooded with 2 mL cDMEM.

HOHMPMRONI yaFSOa2y 2F | 9YHPpo &KSvetw 4Xd M Y2AR S
CaPQ@transfection was used for the preparation of cell homogenate for Western blotting

and for preparation of mixed membranes for solubilisation and purification. This method

has a higher cytotoxicity than Effectene, however the total protein expression i muc

higher when using CaR@nd ensures sufficient protein for purification.

HEK293 cells (1.5x%@vere seeded in 10cmiameterpetri dishes with 10 mtEDMEM and
incubated at 37°C, 5% efor 24 hours prior to CaR@ansfection; 10 to 15 petri dishes

were used for each construct. Plasmid DNA (12 pg/dish) was mixed withsGl@bn pH 7

(2 M, final concentration 124 mM) and dgBito a volume of 500 pL. The solution was

added dropwise to 500 pL warmed 2x HBS (pH 7.05) while continuously vortexing and
incubated for 20 minutes at RT to allow a precipitate to form. The solution was vortexed and
1 mL added dropwise per plate beforeubation at 37°C, 5% ¢for 24 hours. Media was
replaced with cDMEM containing 2 mM NaB to upregulate expression then incubated for a
further 24 hours at 37°C, 5% £@ifter incubation cells were checked for expression using a
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Zeiss fluorescence microscope to assess eGFP fluorescence and estimate transfection
efficiency (needed to exceed 25% for to ensure sufficient yield following solubilisation and
purification). Cells were then harvested using a cell scraper and pelletezhbyfugation at

1000 xg for 5 minutes before storing aB0°C.

HOHBMRBLI NI a2y 2F OSff K2Y23SylFrdS FNRBY (N}¥yat
Cell homogenate was used for Western blotting to determine expression levels of-R1051
mutant eGFFhRyR2 compared to the WT and to assess phosphorylation |€&pter 3.
Frozen CaP@ransfected cells were thawed and resuspended in khgpmotic buffer (5QuL
per million cells) on ice to cause them to rupture. Cells were then passed through a 23G
needle 2025 times to homogenise them and then subjected to 5 rounds of fréleae

using liquid nitrogen and a sonicator waterbaifhis wagollowed by centrifigation at

1,000 xg for 5 minutes at 4°C to pellet the nuclei. The supernatant, containing cell
homogenate, was removed and aliquoted into suitable volumes and-Bonapn in liquid
nitrogen before storing at80°C. Protein quantification of samples was carried out using a
BCA assaySection2.2.13.

HOHOMBLI Nl a2y 2F YAESR YSYONrYyS YAONRAZ2YIf 7T
OSftta F2N) az2fdzoAtAalez2y YR LHzZNAUOI a2y

As RyR2 is a membrane protein, it is necessary to isolate the membrane from other cellular

components prior to solubilisation and purification of RyR2. Following £edfSfection,

cells stored at80°C were thawed and resuspended in gsmotic buffer at a

concentration of 1x1®per mL. After resuspension, cells were kept on ice and homogenised

by passing through a 23G needle ~20 times. Unbroken cells and nuclei were removed using

low-speed centrifugation at 1500g 4°C for 10 minutes. The supernatavds removed

into Beckman Ultr&Clear 38.5 mL open top centrifuge tubes for a ksglked spin to

produce microsomal material; 10% of the total volume of supernatant was removed to a

different tube and balanced with hypasmotic buffer for use in a proteirsaay after

centrifugation. The supernatant was centrifuged at 100,0004°C for 1 hour in a Beckman

Optima Ultracentrifuge to produce pellets containing microsomal material. After spinning,

the supernatant was discarded and pellets kept on ice whilesthall pellet was

resuspended using a dounce homogeniser in 500 pL resuspension buffer. This small pellet
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was used to estimate protein concentration by BCA protein assegtion 2.2.1R Pellets

kept on ice were later solubilised using the known protein concentratacijon 2.2.1%

HOHMBOSAY Fadale F2NlljdzryaUOla2y 2F LINRUGSAY
Protein quantification was used to estimate the total protein concentration in cell
homogenate and microsomal fractions for use in Western blotting and for protein
solubilisation and purification, respectively. The BCA assay system (Pierce) was chosen as
the colorimetric reaction provides quick and easy protein quantification based on reduction
of Ci#*to Cu by the peptide bonds of proteins, where the amount of Geduced is
proportional to the protein concentration.

¢tKS YSGK2R F2fft286SR 4614 06FlaSR 2y GKS YI ydzFI C
assay. Briefly, sample dilutions (1:50, 1:100, 1:200) and protein standards (bovine serum
albumin (BSA), 250 pg/uL) were prepared and 100 pL of each added in duplicethe

wells of a clear, flabottomed, 96well plate. Working reagent was prepared by adding 50
parts BCA Reagent A to 1 part BCA Reagent B and mixing; 100 pL of working reagent was
then added to each well and mixed by pipetting up and down, beforeraay¢he plate and
incubating at 37°C for 30 minutes to allow the assay to develop. Absorbance readings were
taken at 562nm using the Tecan Infinite 200Pro plate reader. A standard curve of protein
concentration vs absorbance was plotted and the sampleégimaconcentration calculated

using the polynomial (order 2) trendline equation of the standard curve. A polynomial line
was chosen in place of a linear standard curve as this produces a better fit and therefore a
more accurate protein concentration readjrof samples. The total protein concentration of
transfected cells varied based on expression but was calculated in the region of 1.2 to 2.6
Mg/uL; total protein concentration of untransfected HEK293 cells ranged from 0.9 to 1.4
Mg/uL, but in all cases the total protein concentration of transfected cells was higher than

untransfected cells from the same preparation batch.

HOHPROdZOAT AAdl a2y YR LHzZNAUOIFIa2y @Al &dzONRAS
YAONR&A2YI £ YIFGSNAL
To purify RyR2 from the mixed membranes requires solubilisation of the protein using a
detergentlipid mixture followed by separation by sucrose density centrifugation, which
separates proteins by density. The detergéiptd stock mixture was made up a4@%
CHAPS and 5% phosphatidylcholine (PC) w/v mixture (CHAPS/P£0) andHeft overnight
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on a roller at 4°C to form a suspension. This was then added at a concentration of 0.3% in
the gradient buffer and 0.6% in the solubilisation buffer. The concentration of detergent is
based on extensive optimisation to ensure sufficient solubilisationendréventing

denaturation of channels, to obtain a high yield and functional protglokherjee 2014)

Before solubilising the protein, continuous sucrose gradients were prepared for the sucrose
density centrifugation. To make the gradients, 5%, 25% and 40% (w/w) sucrose solutions
were made in gradient buffer. A gradient maker and pump were used to cregr@dsent in
Beckman Ultr&Clear 38.5 mL open top centrifuge tubes by dilution of the 25% sucrose with
the 5% sucrose, on a cushion of 40% sucrose. Tubes were handled gently to prevent
disturbing the gradient and were kept chilled at 4°C until the proteas ready to be loaded

onto them; gradients were not stored overnight and were made on the day of purification.

Following the estimation of protein concentration by BCA assay, the remaining pellets were
resuspended at a concentration of 2.5 mg/mL in sgiit solubilisation buffer containing

0.6% CHAPS/PC and left to solubilise for 1 hour at 4°C while stirringpllitien was

transferred to a 1.5 mL tube and centrifuged at 16,0@0for 30 minutes at 4°C before the
supernatant was gently loaded onto the gradients and centrifuged at 100,030rx1.8

hours at 4°C.

The following day, the gradient was carefully collected in 1.5 mL fractions from the top, and
the density of sucrose fractions measured with a refractometer. Based on previous research
(Mukherjee et al. 2012)RyR2 is expected to be found at28% sucroseall fractions

between 26% and 32% sucrose were frozen in dry ice and stor80°E.
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Generation of R150dnutant hRyR2 constructs and

their expression in HEK293 cells
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To date, more than 300 missengariantsof hRyR2 have been identifig®lubando et al.

2020)yet only a small number have undergone significant functional characterisation and

often these are the mutations associated with the most severe phenotype. The mutants of

interest in this study, R1051P, R1051C, and R10&%® some of the many disease

associated hRyR2 mutations that are classified as of uncesigiificance that have not

undergone any characterisation, and this study aims to provide the first experimental data

for these mutantsAs no animal models exist carrying these mutations ancepatiata is

limited, it was decided to engineer recombinant mutant hRyR2 that could then be expressed

in a mammalian cell system as a means to assess function. This approach has long been used

to generatehRyR2 mutantg§Jiang et al. 2002a; Jiang et al. 2004; Thomas et al. 2004; Thomas

et al. 2005) providing precise control over the mutation introduced as well as the ability to

use tags such as eGfFeorge et al. 2003ahat open up new avenues to assess hRyR2

function.

While the engineering diRyR2 mutants is not new it is still a complicated process,
predominantly due to the large size of th&yR2 plasmid. At ~21kb, the high molecular
weight of the plasmid makes it both fragile and prone to recombination, and as such the
methods used foSDMand transformation/propagation must be highly optimised. This
includes the use of a cassetb@sed mutagenesis strategy in which a fragment of the
plasmid containing the mutation site is excised from thelirigth plasmid and laged into

a smaller plasmid for SDMigure 2.}, as well as the use of supeompetent bacterial cell

lines for propagationSection 2.2.3.

Once the mutants have been generated and expressed, there are then a multitude of
techniques that can be used to assess their mechanisms of dysfunction. The three main
techniques that will be used to assess their function in this study are live éélh@aging
(Chapter 4, DIBS(Chapter § and single channel analysis in artificial lipid bilay€rsapter

6), however prior to carrying out these experiments it must first be confirmed that the
recombinant mutant hRyR2 can be expressed in an appropriateystim. For this

research, the cell system of choice was HEK293 cells which are a commonly used due to
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their easy maintenance and high yield of recombinant protein expregsi@mno et al. 2012;
Tan et al. 2021)

odmtbAYHpPo OStta a I aeadsSy FT2NJ NBO2YoAyl yi
C&*signalling in the cell is affected by a vast number of different proteins, which when

trying to assess the contribution of RyR2 to whole celt fedease can lead to difficulty in
interpreting results, and as such RyR2 function must be isolated as best as possible. Many
cell lines can be used for recombinant expression of RyR2, however those that express other
isoforms of RyR or accessory protetinat bind RyR2 do not present an ideal system as

these factors would influence €aelease; thereforean RyRaleficient cell line is most
appropriate. HEK293 cells do not endogenously express RyR2 or other isoformg@©h&yR

et al. 1997)and can be transfected with RyR2 cDNA to express homotetrameric channels.
This presents a good system for the expression of RyR2 to assess channel {Gieioet

al. 1997; Jiang et al. 200&) as a vehicle for overexpression of recombinant RyR2 for
solubilisation and purification of channels for use in single channel experirf@hé et al.

1997; Thomas and Smart 2005; Mukherjee et al. 20EK293 cells do not contain the
intracellular contractile machinery of cardiomyocytes, however studies have shown that

they demonstrate comparable functional data or*Gzscillations due to SOICRe(tion

1.6.2.1and Section 4.1.3(Jiang et al. 2004; Thomas et al. 2004; Kong et al. 2008&)

makes them a suitable system for assessing whole c&lr€aase, expression leveknd

localisation, as well as a system to express protein for solubilisation and purification.

odmMMEL LIGSNI ! AYa

R1051P, R1051C and R10%RYyR2 havall been linked to arrhythmia or cardiomyopathy,
however currently there is no experimental data available and as such characterising them
is necessary to determine whether they are functionally heterogeneous frormRYR2.

Prior to carrying out characterisat, the mutant hRyR2 plasmids must first be engineered
and propagated to produce the necessary DNA for transfection. Once engineered, the
constructs can then be expressed in a mammalian cell system to assessasieir b
functionality, including localisation and expression, prior to more rigorous functional
characterisation. This chapter focuses on the generation and primary characterisation of
these mutants to determine whether they can be expressed in HEK293 g listhey

localise to the ERhe aims of this chapter are as follows;
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Engineer mutant hRyR2 using SDM and s@penpetentE. colicell lines and verify
successful incorporation of the desired mutations using Sanger sequencing.
Determine whether R1051MR1051C and R105hRyR2are located in the same
cellular compartment as WHRyYR2 using IF, and therefore whetla@y dysfunction
may be related to incorrect cellular trafficking.

Assess protein expression leveldRdf051P, R1051C and R1051H hRygR&tructs
compared to the WAhRyR2 by Western Blotting to determine whetlagrychanges
in function can be attributed to changes in expression level. In addition, assess
phosphorylation at S2808 to determine any difference in phosphorylation at this

site.
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All reagents for cell culture are as describe&eéction 2.1.9

0 ®H

0 ®H

Alexa Fluor® 647 Arfialreticulin antibody [EPR3924] (ab196159) (Abcam). Rabbit
monoclonal antibody used for IF as an ER marker; diluted 1:150 with PBS.
Paraformaldehyde 4% (v/v) in PBS

Triton-X¢ 0.1% (v/v) in PBS

Fluorsave Reagent (Calbiochem)

Leica SP5 confocal microscope (Leica Microsystemsgd with 100x oil immersion

objective

dm53H D9

2x Laemmli sample buffer0.5M Tris (pH 6.8), 10 % (w/v) SDS, 10 % (v/v) glyceroal,
0.5 % (w/v) bromophenol blue, 5% (vi\¥mercaptoethanol as a reducing agent
4¢15% MIitPROTEAN® TiGRrecast Protein Gels (BioRad)

Precision Plus Protein Kaleidoscope marker (BioRad)

Mini-PROTEAN Electrophoresis Tank (BioRad)

~

Mol SNy . f2ky3 !'yeado2RASas: wSIF3aSyida FyR
Anti-GFP Antibody (B) se9996 (Santa Cruz Biotechnologyouse monoclonal

primary antibody used to detect hRyR2 via the eGFP tag for Western blotting; 1:5000
dilution.

Alpha Tubulin Monoclonal Antibody (1E4C11) (Thermo FisMawuse monoclonal
primary antibody used to deteét-tubulin as a loading control for Western Blotting;
1:10,000 dilution.

Rabbit AntiMouse 1gG H&L (conjugated to horseradish peroxidase (HRP)) ab6728
(Abcam) Secondary antibody for Western blotting; 1:10,000 dilution.

Goat AntiRabbit IgG H&L (HRP) ab6721 (Abcas@condary antibody for Western
blotting; 1:10,000 dilution.

RYR2 antibody (pSer2808) (Antibodies Onlirkosphespecific antibody for

detecting phosphorylation at S2808 on hRyR2; 1:1000 dilution.
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- Trisbuffered Saline with Tween (TB3$¢ 20 mM Tris, 150 mM NacCl, pH adjusted to
7.6, before addition of 1 ml/L Tweek0D.

- Enhanced Chemiluminescence Substrate (ECL) (Piaregdides luminol enhancer
and peroxide solution, mixed at a 1:1 ratio immediately prior to imaging.

- G:BOX Chemi XX6 gel documentation system (Syngene).

- Blotstripping bufferpn Ya ¢NAakl!l / f X Ldnercapogtanol:’s { 5{ Z
made up with d&O.

ODPHDNYdzy2bdz2 NBEAOSYOS |yl feaaa

Following routine culture, HEK293 cells were seeded into 6 well plates at a density of 8x10
cells per well and cDMEM added to a total volume of 2 mL before incubatiorf@t 3%

CQ for 24 hours. Cells were transfected with each hRyR2 construct using Effectene
Transfection Reagent (Qiagen) prepared &Santion 2.2.%nd the entirety of the reaction

mixture added to the cells with fresh cDMEM. After 24 hours, cells were washed in PBS,
detached using trypsin and resuspended in cDMEM to a density of 8zll€/mL, before

150uL was added in a meniscus to a plylsine coated coverslip and incukd at 37C, 5%

CQ for 24 hours. Cells were washed 3 times with PBS and fixed in 4% (v/v)

paraformaldehyde in PBS for 10 minutes at RT in the dark. Cells were washed again with PBS

and rehydrated in PBS for at least 24 hours°&.4

After rehydration, cells were washed with PBS and permeabilised using 0.1% (v/vjXTriton

in PBS for 30 minutes at RT in the dark, then washed with PBS. Cells were incubated in 10%
(v/v) FCS in PBS for 30 minutes at RT in the dark, then washed with teB®&aslfing, cells

were incubated with an ardtalreticulin antibody (ab196159, 1:150 dilution in PBS) in a 150

ML meniscus for 90 minutes at RT in the dark. Cells were washed 3 times for 10 minutes in
PBS in the dark, then washed in distilled water andinted on a slide using one drop of

Fluorsave and allowed to dry for 30 minutes before storing°@t 4

Cells were imaged using an SP5 confocal microscope (Leica) and a 100X oil immersion

objective. Detection of eGFP fluorescence was carried out using the argon laser, set to
SEOAGS ' nyyyY FyR RSGSOG 0SiG6SSy pnofnyY | yR
the anticalreticulin antibody used the HeNe633nm laser with excitation set to 633nm and
RSGSOUGA2Y 0SG6SSY cnnyY | yR 1 nihngughwasi KS WNBRG
assessed by turning off the 633nm laser and imaging a sample with the 488nrorigser
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was detected; this revealed no spectral overlap. Files were saved as .lif files before analysis
in the FIJI analysis suit8chindelin et al. 2012)he ceoccurrence of eGFP and anti

calreticulin antibody fluorescence was calculated using the Coloc2 plugin
(https://github.com/fiji/Colocalisation_Analysis) in HISthindelin et al. 2012This

calculated the thresholded Manders Overlap Coefficient véllienders et al. 1993pr
greento-red pixels; this is the most biologically relevant comparison as this indicates where
hRyR2 expression docalises with calreticulin. A coefficient closer to 1 is indicative of a high
co-occurrence of the two signals; for example a coeffitigf 1 for greerto-red would

indicate that all green fluorescence (eGRRyR2) occurs in an area that also shows red
fluorescence (Alexa Fluor® 647 ardlreticulin antibody); but a coefficient of 0.5 would

indicate that there are areas of green fluocesce that have no red fluorescence.

0 PH {PORIK 52 RS QIHIK (itS2 f 8 ONBf I YARS DSii! DPOSOGINRLIK2N
Prior to Western Blotting for expression levels, cell homogenate samples were run on an
SDSPAGE gel to separate proteins out by size. Samples were prepared by adding a volume
equivalent to 100>g total protein (determined by BCA Ass8gction 2.2.13in a ratio of

1:1 with Z Laemmli sample buffer and heating at°@for 20 minutes. Samples were loaded

into a4-15% (v/v) precast polyacrylamide gel (BioRad) along with Precision Plus Protein
Kaleidoscope marker (BioRad). This gel is suitable for resoRyRz (MW 565kDa) and

should produce a band at the top of the gel. The gel was run at 100V until the sample

entered the gel, then increased to 150V for the remaining running time.

oPHDBAGSNY . f2ky3 F2NIt NPGSAY O9ELINBaaiAzy
After separating the cell homogenate using SE&E, proteins were transferred to a PVDF
membrane usingthe iBL@TW DSt ¢NJI YAFSNI 5S0A0S O6LYGAGNRIAS

instructions. The gel was transferred at 25V for 6 minutes.

Immediately after transfer, the PVDF membrane was incubated in 5% (w/v) blocking
solution (5% dried skimmed milk powder in TBSolutionfor 1 hour at RT on a rocker. For
detection, 1% (w/v) blocking solution was supplemented with two primary antibodies;
mouse monoclonal to eGFP (to detect the eGFP tag on hRyB296¢SantaCruz)) was
added at a concentration of 1:5000, and rabbit moneoelbtoh -tubulin (1IE4C11 (Abcam),

internal loading control) was added at a concentration of 1:10,000. Membranes were
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incubated in the primary antibody solution for 2 hours at RT on a rookevernight at 4C.
Membranes were then washed 3 times for 5 minutes each in 1% (w/v) blocking solution on
a rocker to remove excess unbound antibody. HBRjugated secondary antibodies (rabbit
anti-mouse IgG (ab6728) and goat arabbit IgG (ab6721) (Abcam)) were added %

(w/v) blocking solution at a concentration of 1:10,000 each and membranes incubated in
the solution for 90 minutes at RT on a rocker. Membranes were thenadShimes for 5

minutes each in TBBon a rocker to remove excess antibody and blocking solution.

Proteins were visualised by applying ECL (Pierce) to the membrane, which reacts with the
HRP conjugated to the secondary antibodies and oxidises luminol, resulting in light emission
at 425nm. Images were captured using the G:BOX Chemi XX6 gel documesysiismm
(Syngene) with a 80 second exposure time and analysed by densitometry using ImageJ in
FIJSchindelin et al. 2012Briefly, the intensity of individual bands indicatinigyR?2

expression was calculated by the software based on pixel intensity and subtracted from the
background intensity. This was then expressed as a proportion of the intensity of the

f 21 RAY 3 -tubalig).irN@was performed individually for both th@5kDa band and

the 400kDa band (corresponding to a calpain cleavage product commonly seen when
assessing RyR2 by Western analisro et al. 2012; Zissimopoulos et al. 2018hd the

two bands combined.

oPHpASAAAYT LIK2ALK2NEBflIa2yY |G {Hyny @Al 2S3a
To assess phosphorylation at S2808, blots were first probed for-BR¥AR2 expression and

then stripped of antibody and rprobed with an antibody raised to the phosphoserine

S2808 epitope. This allows for phosphorylation to be expressed as a proporh&yBR

expression, with the eGHMRYR2 signal essentially acting as the loading control as

phosphorylation levels are inherently tied to the total amount of hRyR2 expressed.

Blots were assessed for hRyR2 expression @edtion 3.2.4and then placed in a tube with
50mLpreg I NY SR & ( NR LILIA Y Ime@aprdeth8ndlar@ thgubaked iy & 50°8 |
waterbath for 10 minutes in a fume cupboard. Blots were washed iRTTB8mes for 5
minutes each and then rexamined by applying EGLthe membrane and visualising as
described irSection 3.2.40 check no signal from the HRP conjugated antibodies used in
Section 3.2.4vere visible. Blots were then washed with TBSJolution 3 times for 5

minutes each and then blocked in 5% (w/v) TB®locking solution for 1 hour. The
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phosphaspecific S2808 antibody (ABIN2744161, Antibodies Online) was added to 1% (w/v)
TBSAT at a concentration of 1:1000 and incubated overnight at RT on a rocker. Blots were

then washed and imaged as$®ction 3.2.40 create an image of phosphorylation levels at

S2808.
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R1051P, R1051C and R1031RYR2 were successfully engineered and cloned via insertion
of a mutatedSpel/SanDdassette into the pcDNASGFFhRyYR?2 plasmidsection 2.2.Jand
Section 2.2.2 Restriction digest verified that the fuéngth plasmid had not recombined by
producing the predicted fingerprint pattern of hRyR2 digestiéigyre 3.). Sanger
sequencing was used to confirm the integrity of the restriction boundaries, and the site of

mutagenesis in each of the final construdtsglre 3.2 primer segences inAppendix ).

One of the biggest challenges in cloning and propagating large constructs like peBRR3
hRyR2 is recombination, and many steps of the method have been optimised to minimise
the chance of this occurring, including reducing the temperature of incubatidritze

choice of cell line. This did not completely avoid issues with recombination, as it was noted
following transformation of the R1051RyR2 ligation product into XL-Gbld
supercompetent. colihat colony size was heterogeneous; this can be arcaidr of
recombination.Therefore both and small and large colonies were picked to increase the
likelihood of selecting colonies that represented successfully ligated plasmids without
recombination. Restriction digest withcoRfollowing miniprep $ection 2.2.4and Section
2.2.6) of these colonies revealed recombination of plasmid DNA in several of the larger
colonies, but all smaller colonies produced a successful digest indicatiteniyth p)cDNA3
eGFFhRyR2Kigure 3.3. This heterogeneity in colorsjze was also observed in R1051C and
R1051H constructs, so for all future ligations only smaller colonies were selected which
yielded a high success rate. Following transformation into MAX Efficiency Stbl2 cells for
large scale culture it was also notedatltultures containing the R1051P construct, but not
R1051C or R1051H, grew at a slower rate than those witihRWR2 construct. In an

attempt to optimise the yield of plasmid without promoting recombination, the optical
density (absorbance at 600nm (OD®@8 a measure of cell growth) of cultures was checked
every 30 minutes post 6ours of incubation, with cells harvested when the culture
reached an OD600 of 1 (experience within the group has demonstrated this is the optimal
OD to balance yield and recdximation). This was achieved at ~22 hours posinoculation

for cultures containing R1051P, but-18 hours for WT, R1051C and R1051H. With these
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adjustments, all pcDNASGFPRYR2 plasmids were successfully propagated multiple times

with a consistent yield.
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Figure3.1 Restriction digest of WT, R1051P, R1051C and R1483HR2 following maxiprep
indicate the expected fingerprint pattern of fullength hRyR2. AMap showing pcDNABGFP
hRyR2 plasmid and the restriction sites for each of the restriction enzyBgd$ EcoRand
Hindll) used to identify fullength hRyR2 (generated by NEB CutBaction 2.2.§); asterisks
indicate bands that are too similar in molecular weight and cannot be separated on the gel,
presenting as one ban®. Predicted positive digest pattern of fldingth pcDNAZGFPhRYR2
plasmid with the chosen restriction enzymes (obtained from NEB Cultter); fewer bands are
visible than the total number of fragments produced as showh due to bands of similar size
overlapping C. Restriction digest of all three R18Fiutant-hRyR2 constructs following
maxiprep produced positive fingerprints indicatingdelhgth pcDNA2GFFhRyR2. Fragments
smaller than ~150fp were not well resolved on the gddut were visible when the gain was
turned up; this prevented them from being displayed alongside better resolved lapgendix
II). Additional bands above the predicted pattern are representative of undigested hRyR2.
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R1051P mutation site
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Figure3.2. Chromatograms show successful introduction of R1@Bditations into the pcDNA3
eGFPRyYR2 plasmidThe chromatograms indicate the required base changes to introduce the
R105Xmutants into hRyR2 were successfully introduced by SDM, with the altered codon indic
by brackets and the change from the WT sequence shown on the right. Sequencing was pbri
by Eurofins.
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Figure3.3. Restriction digest of miniprep following ligation of R105HRyR2 plasmid shows
recombination of DNA in some large colonigsolony size of XL4Bold E. coli was
heterogeneous following ligation of the double digested pcDNE&EFFPhRYR2 plasmid and
mutated Spel/SanDtassette, therefore colonies of all sizes were picked and miniprepped to
increase the likelihood of selecting a positive clone that had not undergone recombination.
Restriction digest of miniprepped samples witboRIndicated that recombinabn had occurred
in 4/10 large colonies (lanes 13, 15, 16 and 17), whereas no small colonies showed
recombination. Small colonies were therefore selected for large scale bacterial culture for
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numbered 110, and larger colonies 120.
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Two different transfection methods were used dependent on the application; Effe@tene
TransfectiorReagent for IF and live cell®€maging, and CaR@ansfection for making cell
homogenate for Western blotting or solubilisation and purification. Transfection efficiency

was calculated by capturing the same field of view (FOV) as a bright field image and a

fluorescent image and expressing the numbecels showing eGFP fluorescence as a

percentage of the total number of cells in the FOV.

There was no significant difference in the Effectenediated transfection efficiency of all
R105Xmutant hRyR2 constructs compared to the Wig(re 3.4A The variability was high

as indicated by the standard deviation, however this is likely due to the uneven distribution
of transfected cells as they form localised clustéiigijre 3.4B These transection

efficiencies (~40%) are standard for hRy®R2ro et al. 2012)
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Figure3.4. Transfection efficiency of R105fiutant hRyR2 in HEK293 cells transfected by Effec
is comparable to WIhRyR2. AThere was no significant difference in the transfection efficiency
cells transfected with R1051P, R1051C, R1051H enRVYIR2 using Effectene. Statistical analyse
performed in GraphPad Prism 10.{@aphPad Software, 2028y One2 I € ! bh ! g A
post-hoc test. WT n =5 FOV, R1051P n =4, R0151C n =5, R1051H n = 4. Transfection effic
were calculated from one plasmid prepdion over multiple transfection®. Example
demonstrating variable transfection efficiency across a single FOV; the transfection efficiency
blue rectangle is 31% compared to 20% in the red rectangle.
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The transfection efficiency of cells after CaR®@nsfection was estimated by eye after each
transfection to ensure it exceeded 30&s required for successful solubilisation and
purification. The transfection efficiency of cells used to produce cell homogenate for

Western blotting was; WIhRyR2 = 34.6%, R1051P = 45.1%, R1051C = 45.3% and R1051H =

50.5% (calculated from one transfeatieach).

0PoYYdzy2bd2NBEAOSYOS | yIfeaiKwRWRA OSNSR y@mnp
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IF was used to determine the localisation of hRyR2 within the cell and whether any of the

three R105imutations alter the trafficking of hRyR2. Physiologically, hRyR2 is expressed

primarily in the SR of cardiomyocytes, and is expected to be expresses ERtlof HEK293

cells as the equivalent organelle of noantractile cells. Calreticulin is an-ERident

protein that was intended to be used as a marker of the ER in the cell and to indicate

trafficking ofhRyR2.

Across all hRyR2 variants and untransfected control cells there were issues with imaging the
anti-calreticulin antibody as, while a reticular pattern was visible in some cells, there
appeared to be general staining of the whole cell and patches of intdunseescence in
addition to typical ER stainin§i@ure 3.3. This makes comparisons by Manders overlap
coefficient difficult as red fluorescence was present more widely throughout the cell
(including the nucleus, although to a lesser extent than the ©fjoand therefore the

values obtained do not accurately depict the@eocurrence of eGFP fluorescence with the
ER only. However, the pattern of eGFP fluorescence in cells expressing WT and-R1051H
hRyR2 shows a distinctly reticular pattern with typicaklike morphology, similar to that
obtained by others for RyRKaya et al., 2013; Thomas et al., 20@4)e to this, more

weight was placed on the appearance of eGFP fluorescence, rather than relying on the

overlap coefficient.

Results of IF analysis in HEK293 cells expressing WT andiit@b1 hRyR2 are shown in
Figure 3.5 Cells expressing WARYyR2 showed a reticular pattern of eGFP fluorescence
indicating trafficking to the ER; this matched the fluorescence of thecahteticulin ER
marker antibody in the cytosol and produced a Manders overlap coefficient for goessd
(GR) of 0.62:0.13 (n = 22 cells). Cells expressing R1051H also tended to show a reticular

pattern of eGFP fluorescence with a similar distribution t® WT and coefficients for-& of
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0.59+0.08 (n = 14 cells). R1051P and R1051C were more varied, and while some cells
appeared to show trafficking of hRyR2 to the ER, there was a higher incidence of eGFP
fluorescence appearing in a granular distribution throughout the cell with areas of
concentated fluorescence. This was found in 90% of cells expressing RABYR2 (18 out
of 20 cells analysed) and 69% of cells expressing R1FIR2 (11/16), compared to 14%
of R1051H cells (2/14) and 4.5% of WT cells (1/22). The higher proportionrefaton

also corresponds with a lower overlap coefficient, with coefficients for R1051P ot0.4D
GR (n =20 cells) and for R1051C of @316 GR (n = 16 cells). The correlationefficient
for R1051P was significantly lower than both WT and R10Bibjdré 3.6. No other
comparisons were significantly different. Overall, this indicates that Rb@&ant
expression does affect trafficking of hRyR2 to the ER, with R1051H behaving most similarly
to the WT and both R1051P and R1051C showing atypazdidation of hRyR2.
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Figure3.5. Immunofluorescence analysis of HEK293 cells expressing WT or Rid&ht hRyR2
indicates abnormal trafficking of R1051P and R1081/R2HEK?293 cellsansfectedwith WT or
mutant hRyR2 were compared to determine any difference in hRyR2 trafficking within the cel
Alexa Fluor® 64anti-calreticulin antibody ab196159 (Abcam) did not show a typical reticular
pattern in all cells and was not a good indicator of the ER; eGFP fluorescence was therefore
considered more substantially. HEK293 cells exprg3& ThRyR2 showed a typical reticular patt:
of eGFP staining, as did most cells expressing RHI0B$¥R2. R1051P and R1051/R2 expressio
resulted in areas of intense eGFP fluorescence that is not indicative of hRyR2 trafficking to th
this was tserved in R1051H and WT but to a lesser extent.
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Figure3.6. Cooccurrence of eGFP fluorescence with the ER marker calreticulin is significantly
reduced in cells expressing R105hRyR2 Comparison of Manders Overlap Coefficients for gre
to red pixels demonstrates that the @xcurrence of eGFP fluorescer(geeen)with the Alexa
Fluor® 647 anttalreticulin antibodyab196159 (Abcan(yed)was significantly lower in R1051P
compared to both the WT and R105hRyR2. This suggests that significantly more RT0RMR2
was incorrectly trafficked within the cell than™br R1051HRyR2. Statistical analysis performe
GraphPad Prism 10.1.2by Ghd @ ! bh+! A GK ¢ dz]l Seé Qalueki®.@odl; |
WT n =22 cells, R1051P n = 20, R1051C n = 16, R1051H n = 14.
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Expression levels of the recombinantly expressed hRyR2 variants were assessed using an
anti-eGFP antibody. Fd#ngth hRyR2 was identified as a band at 565kbgu(e 3.7A0n
Western blots and normalised to the signal of the loading contraubulin). Blotting for
eGFFhRyYR2 often produces a slightly lower molecular weight band at approximately
400kDa Figure 3.7Arepresenting a @rminal proteolytic fragment due to cleavage at an
N-terminal site by calpaifZissimopoulos et al. 2013} calciurractivated protease found in

the cytosol(Goll et al. 2003)

Densitometric analysis revealed no significant difference in expression betive&dT and
R1051P, R1051C or R1051H for total hRyR2 levels (565kDa and 400kDa bands combined),
full-length hRyR2 (565kDa) or calpairaved (400kDa) hRyRZdure 3.7B Visual

comparison of the results however does suggest lower expression of all fRiahts, but

due to the large variation in resultsifure 3.7Band Appendix Il) this does not reflect in the

significance of comparisons.

OPOoE2ALIK2NET a2y G {nHyny AamaZid yair Xywe waloy i
Phosphorylation at S2808 was detected using an antibody raised to the phosphoserine
S2808 epitope to determine any effect on phosphorylation levels at this site due to
mutation. Detection of phosphorylation is dependent on hRyR2 expression as well as
phosphorylation level, so phosphorylation levels are expressed as a proportion of hRyR2
expression. This was carried out by first detecting hRyR2 expression using-eG&Rti

antibody, followed by stripping of the blot and-probing with the S2808 antibod¥igure

3.8A). No significant difference in phosphorylation at S2808 was detected between WT,
R1051P, R1051C and R1081RyR2 when densitometry was performed on the combined
565kDa and 400kDa bandsdure 3.8B. Variability was observed in the relative density of

the 565kDa band and the 400kDa band that was not consistent between the eGFP antibody
and phosphoserine S2808 antibody, so the total phosphorylation was considered a more
reliable measureAppendix V). This variability was not attributable to stpijmg as complete

stripping was confirmed by imaging of the stripped blsppendix V.
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Figure3.7. Densitometry analysis of Western blots shows no significant difference in
expression of R105iutant hRyR2 in HEK293 cells compared to-WRyR2. ARepresentative
example of a Western blot of HEK293 cell homogenate expressing hRyR2. For total hRyR2
calculations, both the 565kDa and 400kDa band were grouped together. The control
(untransfected HEK293) confirmed hRyR2 was only present after transfeciibdid not affect
the expression of the loading contr@. Densitometry revealed no significant difference in the
total expression of R105hutant hRyR2 compared to the WT, although for all mutants the total
amount of hRyR2 was nesignificantly lower than the WT. The relative proportions oflerigth
hRyR2@ and calpaircleaved hRyRDJ were not significantly different in the mutants
compared to the WT. Data are shown as mean + SEM,; significance was determinedWigyOne
ANOVA with Tukey posioc tests in GraphPad Prism 10.1.2 and-smificance assigned p-
values >0.05, n = 7 Western blots.
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Figure3.8. Densitometry analysis of phosphorylation at S2808 revealed no significant differen
phosphorylation of R1054nutant hRyR2 compared to the WT. Blots were assessed for hRyR:
expression using an arGFP antibody before stripping andpmbing with an S2808 phospho
specific antibody$ection 3.2.9. B. Phosphorylation levels were normalised to hRyR2 expressic
and densitometry showed no significant difference in phosphorylation at S2808. Data shows |
+SEM; significance was determined by @kay A h =1 g A (i K -haddeSiR @aphPhd a
Prism 10.1.2 and nesignificance assigned tevalues >0.05, n =\Western blots

89



0oPBAAOdzZAAAZY

odntimt wMziipy i KwewH O2yaidNHzOia 6SNB 4dz00Saa-t
| 9YHgpo OSftf &

Before functional characterisation of the R1@%Litant hRyR2 could begin, it was first

necessary to engineer the mutant constructs and assess whether they could be expressed in

the desired cell system. Following the heavily optimised protocol for mutagenés

pcDNA3eGFFMRYR2 plasmid and then propagation of this in supercompedieiblj the

three mutants, R1051, R1051C and R106RYR2 were all verified by Sanger sequencing

(Figure 3.2. They were then successfully transfected into HEK293 cells byeHettiene

mediated and CaP@ransfection, as confirmed by successfuinfaging of the eGFRag

(Figure 3.5 and successful detection of eGRRyR2 at the expected molecular weight in

Western blotting Figure 3.7A While this demonstrates that all three R10&itants are

successfully expressed to produce-algth hRyR2 (represented by the band at 565kDa in

Figure 3.7A\ this does not guarantee functional Ceelease which must be confirmed by

live cell C& imaging Chapter 4.
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IF was used to assess the localisation of RA406thnt hRyR2 and determine whether the

mutant proteins were correctly trafficked to the ER, while expression levels were assessed

to determine if changes in expression might contribute to any functional asn§ results

indicate that trafficking of R1051P and R1051C are significantly impacted, while expression

is modestly impacted with no significant difference found.

Cells expressing R105hRyR2 and R1054RyR2 both showed a highly abnormal pattern

of eGFP fluorescence in the cytosol characterised by a granular distribution of eGFP
fluorescence in addition to a more typical reticular pattefg(re 3.5. This suggests

incorrect trafficking of a proportion of channels, possibly as a result of aggregation and
degradation (discussed below). However, this was complicated by apparent technical issues
with the ER marker antibody which showed staining of otedlular compartments in

addition to the ERFigure 3.3. The reason for this issue is unclear, however it may in part

be explained by the function of calreticulin in the cell as well as the effect of mutation.

Calreticulin is a chaperone protein predominantly expressed in the ER with important roles
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in C&*homeostasis, protein folding and apoptotic signall{Michalak et al. 1999; Gelebart
et al. 2005; Michalak 2024however it is also found outside of the ER including within the
nucleus and at the cell surfa¢goon et al. 2000; Gold et al. 2010; Bansal et al. 2@&23he
staining with the antcalreticulin antibody outside of the ER is therefore to be expected,
however the extent seen within this study was unexpected and detrimental to the results.
This might argue against the validity of the Manders Overlap Coeiticaalysis, and the
incidence of colocalization is generally lower than might be expected for twedttRent
proteins, however there was still a significant decrease in coefficient for R1051P with
calreticulin compared to WRYR2, indicative of alted trafficking for this mutantKigure
3.6).

Staining resembling protein aggregates were also observed with thealngticulin

antibody, though these did not exactly match the areas of e@®R2 aggregation,
suggesting there may be an effect of hRyR2 mutation on the distribution of calreticulin
within the cell Figure 3.9. This was particularly notable in cells expressing R1051P and
R1051chRyR2 which, as discussed above, showed increased aggregation and signs of
protein degradation. The presence of misfolded proteins in the cell, if not coyrectl
degraded, leads to ER stress which in turn triggers the unfolded protein response (UPR)
(Schroder and Kaufman 2005; Hetz et al. 2011; Woehlbier and Hetz&td t@sults in
upregulation of calreticulin along with other chaperon@&hao and Ackerman 2006; Zhang
et al. 2014; Stoner et al. 2028pd reticulophagy (the degradation of the ER via lysosomes)
(Song et al. 2018; Reggiori and Molinari 20Z2)is has been shown for RyR2 previously,
with dysfunction and instability of RyR2 resulting in ER stress and activation of t{i&U®R
et al. 2023; Uchinoumi et al. 202%8)nd ER stress has also been shown to directly contribute
to arrhythmogenesis in CP\Weress et al. 2024lt is therefore highly possible that these

mutations do affect ER function and that this may exacerbate the phenotypes they produce.

Considering the pattern of eGFP fluorescence in isolation first, cells expressing WT or
R1051HhRyYR2 largely produced the expected reticular pattern of fluorescéffvemas et

al. 2004; Kaya et al. 2013nis was a stark contrast to cells expressing R1051P or R1051C
hRyR2, the majority of which showed a granular pattern of fluorescence with concentrated
areas that are indicative of aggregation within the cytosol, and is not representative of the

net-like pattern of the ER in HEK293 cells. This was not entirely unexpected as these

91



mutations were hypothesised to disrupt hRyR2 function by causing conformational changes
in the P1 domairfBauerovéHlinkova et al. 2020which could trigger regulated breakdown

of dysfunctional or misfolded protein, although this has not been identified in other
mutations in this region. This is particularly true for R1051P, where proline substitution
would likely disrupt the domain striiere and could result in severe conformational changes
(BauerovaHIlinkova et al. 2020Protein aggregation occurs when unfolded or misfolded
proteins are not degraded by the relevant cellular pathways and instead accumulate
together due to hydrophobic amino acids becoming exposed and interacting with
hydrophobic residues on adjacent pratej resulting in the formation of aggregat@dlis

and Minton 2006; Dia¥illanueva et al. 2015; Majid and Khan 2028)the case of RyR2,
degradation initially occurs via calpains2@#ependent cysteine proteases which cleave
RyR2 at an ferminal site and leave a large ~400kDa fragment that is then further degraded
primarily via the ubiquitipproteasome pathway (UPBPPedrozo et al. 201@yr via
chaperonemediatedautophagy and the lysoson{@edrozo et al. 2013Yhis suggests that
R1051P and R1051C may undergo increased degradation, however this is only weakly
supported by results from Western blotting, which show a small but insignificant decrease

in the expression of hRyRRigure 3.6.

Decreased expression of RyR2 has been reported in disesgseiated mutants, including

the GoF CPVT mutation G357S, which increased the propensity for SOICR but decreased
expressior(Liu et al. 2017)however reduced expression is not usually associated with CPVT
and is more commonly seen in cardiomyopathi@b/arado et al. 2019)his includes the
HCMassociated mutation P1124/yR?2 which decreased expression of the channel and is
implicated in both arrhythmia and HCM, although no localisation was performed for this
mutant (Alvarado et al. 2019PDecreased expression of RyR2 has also been observed in
other models of cardiomyopathy that do not arise from RyR2 mutgfiting et al. 2004;

Meurs et al. 2006aand downregulation of RyR2 resulted in structural changes indicative of
cardiomyopathy in a mouse mod@round et al. 2012a5ince R1051C and R1051H have
been linked to HCM and DCM, respectively, this indicates reduced expression may have a
functional consequence in the R10Fiutants that contributes to cardiomyopathy, even if

this change was not found to be statistically $iigant.
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Collectively, while the apparent reduced expression of R4@iGfants was not statistically
significant Figure 3.7, the combination of this with the altered trafficking and aggregation

of R1051P and R105MRyR2Kigure 3.3 does suggest that all three R1051 mutants

undergo increased degradation or decreased expression, or a combination of the two. With
this in mind, it would be beneficial to compare the localisation of eGFP fluorescence to
markers of ubiquitination, the protesome, or the lysosome to hetnfirm whether the
changes are due to increased degradation, and if so, what pathway may be involved. In the
absence of this data however, the reticular pattern of WT and R108RyRZ Thomas et al.
2004; Kaya et al. 2018pmpared to aggregation of eGFP fluorescence in cells expressing
R1051P and R1054RyR?2 is distinct enough to demonstrate some dysfunction of these
mutants that could be due to protein misfolding or instability. This is supported by the
Manders overlap @efficients which show a significant decrease in R1&MRPR2 co

localisation with the ER marker compared to R1051H oth®§IR20verall, while additional

IF experiments could be beneficial in understanding what is causing aggregation in R1051P
and R1051Ghe data presented here suggests a change in the localisation of some-R1051

mutants that could impact their function in the cell.
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Phosphorylation was assessed as it is often attributed as a causative mechanism in

increased RyR2 activity and’Claak Section 1.4.] and several CPMifiked mutations have

been shown to alter the sensitivity of the channel to phosphorylatidohinoumi et al.

2010b)or require phosphorylation to reveal their dysfunctibiWehrens et al. 2003; Lehnart

et al. 2004a; Meli et al. 2011 here have also been several studies demonstrating a notable
difference in basal phosphorylation levels of RyR2 mutérdaiza et al. 2013; Hamilton

2017) dthough the general consensus is that most GPWY { SR w& wH Ydzil G A2y
impact basal phosphorylation levdlShelu et al. 2009; Sedej et al. 2010; Meli et al. 2011,

Dobrev and Wehrens 2014)espite this, it was decided to assess phosphorylation levels for

two main reasons; the location of the phosphorylation sites relative to R1051 and the

potential effect of phosphorylation on FKBP12.6 binding. R1051 in the P1 domain is located
relativelyclose to the two main phosphorylation sites, which sit on a flexible loop at the top

of the P2 domain approximately 6L away from R1051 (calculated using PDB accessions

7U9Q and 7U9FEigure 3.9 (Miotto et al. 2022) S2808 was chosen specifically as
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domain is approximately 6@0L from the unresolved flexible loop of the phosphorylation domai
P2 in RyR1; RyR2 is predicted to have a similar structure. Models produced in PyMol using F
accession code 7U9Q for RyR1 in the closed state.

hyperphosphorylation at this PKgpecific site has been proposed to increase RyR2 Ca
release and contribute to HF by causing dissociation of the stabilising accessory protein
FKBP12.qMarx et al. 2000; Wehrens et al. 2006; Walweel et al. 202dt))ough others

have found no evidence for an effect of S2808 phosphorylation on FKBP12.6 association
(Jiang et al. 2002a; Stange et al. 2003; Guo et al. 2006; Xiao et al. 2006; Guo et dAN®010)
significant difference in phosphorylation levels at S2808 were found between any of the
R1051 mutants and WARyR2FKigure 3.7Bwhich suggests that phosphorylation at this site
is unlikely to be altered as a result of mutation and is therefore not expected to contribute
to their phenotype. This does not preclude basal phosphorylation levels at S2814 or S2030
being impacted by RBA1 mutation, nor does it indicate whether phosphorylation is
required for these mutations to exhibit dysfunction. Despite S2gBosphorylation levels
being comparable to that of the WT, investigation of the impact of mutation at R1051 on
FKBP12.6 binding still represents an appropriate line of research, in particular due to the
role of both P1 and FKBP12.6 in RyR2 channel dlugte
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This chapter has demonstrated that recombinant R1051P, R1051C and RiR$RA can

all be successfully generated and expressed in HEK293 cells via both Effectene and CaPO
mediated transfection. While expression levels of all mutants were not significantly different
to the WT, this may be due to the large degree of variation in Western blots as they did
appear to show reduced expression. The localisation of RIARYR2 aniR1051chRyR2

was also highly atypical and indicative of increased degradation wbidd impact future

work as it might affect their ability to form functional channels. These findings warrant
further functional characterisation of the R105dutants, beginning with assessing?Ca

release at the whole cell level.
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Assessing the effect of R105hutation in hRyR2 on

whole cell C4' releasevialive cellC&*imaqing in

HEK?293 cells
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RyR2 mutations are diverse in their phenotypic presentation and their mechanism of
dysfunction, and many techniques can be used to probe different aspects of mutation. This
ranges from looking at their single channel function in a minimal environn@&mygter 6,

to looking at how mutations affect spark propagation across the cell and globake®ase

into the cytosol, all the way to ECGs in animal models. While a combination of techniques is
required to build a full picture of RyR2 function, initial studies benefit from high throughput
techniques that can identify clear signs of RyR2 dysfondiefore applying other

techniques that are capable of characterising more detailed information about the
mechanism of channel dysfunction. One such high throughptirtiecie is live cell Ca

imaging in mammalian cells expressing recombinant hRyR2. This provides insight into how
mutations affect global Carelease from the SR in a system that mimics the physiological
environment. While this technique does not reveal the precise mechanism of dysfunction, it
is a useful tool to look at the cellulevel effects of mutation and can indicate both
downstream efects of mutation and potential underlying causes. Given no functional data
has been published for the R10%iutants of interest in this study, live cell €amaging was
selected as an appropriate method to begin characterising these mutants before trying to

narrow down their mechanism of dysfunction.

nemMAER Y IAY3I F2N [ daSaaiaya gK2tS OStt OFf OAd
Live cell Cdimaging has been extensively used to investigate arrhytiimied hRyR2

mutations and hRyR2 function as it gives an overall indication of channel function in a

cellular environment. Caimaging uses highowered laser scanning confocal microscopy

(Figure 4.} and C#& sensitive dyes to visualise* release from intracellular stores, with

the fluctuation in fluorescence corresponding to the amount of*@aeased. While whole

cell C&*release cannot discern the underlying mechanism affatyction, it is an important

step in functional characterisation of hRyR2 mutants as it is directly related to hRyR2

function and is often used as an initial, higher throughput experiment for characterisation

compared to single channel analysis.

The dyes used in live cell€anaging are acetoxymethyl (AMpnjugated CH-sensitive

dyes. In their conjugated form, AM dyes can pass through the cell wall in-Hunoascent
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and nonactivable form, which becomes activated upon hydrolysis by endogenous esterases
in the cytosol. Hydrolysis allows the dye to bind*Cas well as making the dye hydrophobic
and no longer able to pass through the cell wall, thus containing it within the cytosol. Here
the dye can bind to free €an the cytosol which results in an increase in fluorescence when
C&*is released from intracellular stores via opening of RyR2 or other ion channels.
Fluorescence subsequently decreases upon reuptaketctne intracellular store,

resulting in oscillations in fluorescence that match that of*@&th high temporal resolution

(Lock et al. 2015)

Photomultiplier
tube (PMT)

Pinhole
filter
Pinhole
filter

Scanning I
mirrors '

Acousto-optical Acousto-optical Argon laser
beam splitter tuning filter

Objective

Cells loaded
with dye Stage with

z-axis displacement

Figure4.1. Diagram of confocal microscope setup for live ceIfbmaging.An argon laser of an
appropriate wavelength for excitation passes through a tuning filter and pinhole filter before
passing through an acoustiptical beamsplitter and hitting the scanning mirrors. The laser is
redirected by the mirrors to the sample wreeit excites fluorescence molecules (this could
include fluorescent tags such as eGFP, or fluorescent dyes). The laser scans back and forth across
the sample to illuminate each point individually, rather than illuminating the entire sample at
once. Emittedight from the sample passes through the objective back to the scanning mirrors
and back to the beamsplitter where the emitted light is tuned to separate the emitted light from
the excitation light. The emitted light is then filtered again by a pinhtikr #@and then detected

by the photomultiplier tube where the signal is amplified and converted to an electrical signal
that captures the fluorescence of the sample. Diagram modified from documentation by Leica
Microsystems CMS GmbH.
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As discussed i8ection 3.1.2HEK293 cells present an effective system for the expression of
recombinant RyR2 for both purification and for functional studies. This is possible as HEK293
cells expressing RyR2 still exhibit SOICR, which can be assessed to gain an understanding of
mutant RyR2 functiorfJiang et al. 2004; Thomas et al. 2004; Kong et al. 2008)
cardiomyocytes, SOICR occurs when th& @mtent of the SR reaches a critical threshold,
termed the activation threshold for Carelease(Jiang et al. 2005 his same process

applies in norcontractile cells such as HEK293 cells when tRéd@atent of the ER reaches

the activation threshold, triggering SOICR events that are comparable to those observed in
cardiomyocytegJiang et al. 2005 his spontaneous €aelease is terminated when the

Ca&* content drops to the termination threshold, after which the cycle continues to produce
spontaneous Catransients that can be analysed to determine the effects of mutation

(Jiang et al. 2004, Jiang et al. 2005; Tang et al. 2Uh®) often includes analysis of the
frequency of C# transients as an indicator of channel sensitivity to luminal or cytosolic

C&*, as increased channel sensitivity is strongly implicated in CF¢Tiqn 1.6.2.1 Other

aspects of Cdrelease can also be assessed such as the kineticg‘ae@ase, which

reflect how quickly RyR2 channels open and close during SOICR, or the amplitude of

transients as an indicator of the total amount of’Qaelease per event.

Many CPVT and disease linked mutations have been investigated in this way, including
several pivotal studies that have shaped the way RyR2 mutations are viewed. The first study
using SOICR in HEK293 cells showed that the-&R\dGiated mutations R4496C4 104K

and N4895D increased the sensitivity of the channel to lumingiada reduced the

threshold for C# release leading to increased arrhythmogenic acti(@diging et al. 2004)

Live cell Caimaging in HEK293s also identified LoF behaviour iAiSK&d RyR2 mutation
L433P that reducethe sensitivity of the channel to activation, highlighting the functional
heterogeneity RyR2 mutatiorf§homas et al. 2004More recently, HEK293 cells have been
used to investigate the impact of cardiomyopathy associated mutations on RyR2 function.
This includes the DGlstssociated mutation E3DS which was revealed to increase the
propensity for SOICR and result in larget*@ansients(Tang et al. 2012and two HCM
mutations¢ T1107M(Tang et al. 20129nd P1124l(Alvarado et al. 2019he mouse
equivalent of T1107M (A1107M) was shown to increase the threshold foré&lease and
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decrease the propensity for SOIQRNg et al. 2012whereas P1124L increased the

propensity for SOICR but also decreased channel sensitivity to cytosol{@@arado et al.

2019) Many of these studies employ the genetically encodett €msitive fluorescence

resonance transfer energy (FRET) dye D1ER in HEK293 cells to determine the ER load at

which SOICR initiation and termination occurs. In these experiments, tetracaine (an inhibitor

of RyR2) is used to inhibit SOICR, which resu#ts increase in ER [€huntil it reaches a

aiSrRe adldST GKA&a Aad GKS WYIFEAYdzZYQ ad2NB ¢ 2
2LISYAy3d 2F wewHX RSLISGAY3I GKS aG2NB dzydAf A
used to indirectly measur€&*leak, which is calculated as the difference between the

steady state of the ER following RyR2 inhibition and the level at which SOICR initiates

(Shannon et al. 2002However, the results are not always straightforward to interpret and

there is little consensus on what the functional consequence of altered termination or

initiation of SOICR is for CPVT or cardiomyopathies. Genetically encodé@tiCators also

have a lower sensitivity and temporal resolution, limiting their ability to detect small or

rapid C&*release events compared to cytosolic AM dlesck et al. 2015)

novMOKE LIGSNI ! AYa

This chapter aims to characterise R1051P, R1051C and R1051H mutants of hRyR2 at the
whole cell level via live cell €amaging as a first indication of how they differ in function

from WThRyR2. As these mutants have all been linked to CPVT it is hypothesised that they
will result in C&" leak from hRyR2. However, as R1051C and R1051H are also associated
with HCM and DCM, it is possible that they will present with a more complex phenotype as

is often observed in these cardiomyopathi&e¢tion 1.6.6and Section 1.6.7; this could

include some LoF characteristics which might arise from increased degradation or decreased

expression$ection 3.4.2 This will be assessed by the following steps:

- Investigate whole cell Carelease from HEK293 cells transfected with Ri@ktant
hRyR2 constructs by live celPOaaging to determine whether spontaneous?Ca
release events are altered compared to \WRyR2 and to quantify these differences
where possible.

- Assess the response of cells expressing Rb@Eant hRyR2 to caffeine as an

indication of ER store load compared to \WRyR2.
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- CalbryteTM 520 AM (AAT Bioquesprepared on the day as M stocks with
DMSO with 20% wi/v Pluroniel27.
- Leica SP5 Laser Scanning Confocal Microszoped with a Leica 20x dry objective
(Leica Microsystems CMS GmbH)
- Krebs Ringer HEPES buffer (KFH)/L glucose, 7 g/L NaCl, 6 g/L HEPES, 0.35 g/L
KCI, 0.16 g/L KAQ, 0.29 g/L MgS£1.3 mM Cag|pH adjusted to 7.4, filter

sterilized

noupPrNBdS "&SH{IAYIT AY | 9YHpo OSff &

For live cell Caimaging, HEK293 cells were seeded at a density o Ix 20200 pL

meniscus on polysine coated 35mm glass bottom dished (Mattek) and incubated at 37°C,
5% CQ@ Cells were then transfected with eGRRyR2 constructs via the Effectene®
transfection method $ection 2.1.19 Live cell Gdimaging was achieved using the eell
permeable C# indicator CalbryteTM 520 AM (AAT Bioquest) andpigivered laser

confocal microscopy. CalbryteTM 520 AM has an emission wavelength of 515nm and is
detected in the same range as eGFP (509nm), however the aim of imaging is to determine
the relative changén fluorescence of cells in response t&Gand it has been established

by previous studies that background fluorescence from eGFP does not affect this as its

fluorescence intensity is far lower in comm (Thomas et al. 2004; Thomas et al. 2005)

CalbryteTM 520 AM working stocks (1) were prepared by resuspending the lyophilised
indicator in 15.3 pL DMSO with 20% w/v Plurori@F and diluting (1:300) in mDMEM.
Cells were incubated with dye at 37°C, 5% 601 hour before deesterification for 10
minutes by flooding with mDMEM. Imaging was carried out in a 200 pL meniscus of KRH
buffer. Live cell Gaimaging was performed using a Leica SP5 laser scanning confocal
microscope with a 20x objective and argon laser at 488nm with photomultipler tu
detection in the range of 500 to 570nm. Data were acquired using LeicAEA&ftware

with a resolution of 512x512 pixels and captured at a rate of 5 frames per second for 6

minutes.
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Following acquisition, FIJl image processing software was used to select regions of interest
(ROIs) containing individual cells that showed activity over the course of the recording.
Analyses were carried out MatLab(The MathWorks Inc202Q using a custonapplet

designed to automatically detect different parameteEsgure 4.2 of C&*transients and

produce traces from each ROI. All traces were then manually sorted to exclude those in
which the software did not correctly identify €aelease events (g. peak assigned

incorrectly, registering transients where none were present, or where there were too few
transients (<3) to accurately calculate frequency), those where no distinct transients were
visible, or where abnormalities were observed that neededitional classification. The

parameters assessed by the applet are outline below:

- Frequency, The frequency was calculated by the number of periods per minute,
where a period includes the duration of €ascillation event and the intetransient
interval. This is dependent on the ER'Gtore load, the sensitivity of the channel to
[C&*]eyt, and the refractory period (i.e. the time after channel closure in which it is
non-responsive to reactivation).

- Duration¢ The duration was calculated as the time from the start of & Ca
oscillation until the signal returns to the baseline, measured in seconds. This
indicates the time taken from the start of €aelease until C& has been removed
from the cytosol.

- Intertransientinterval (ITI The ITI measures the time between the end of one
event and the start of the next, measured in seconds.

- Amplitudec The amplitude of Carelease was calculated by subtracting the basal
signal intensity (FO) from the peak signal intensity (F), as a proportion of the baseline
intensity (FCNOKCn 2NJ nCkCnuo® ¢ KA Ziskeleasddurig Tt SO A
one event, in combination with duration.

- RiseRatg¢ KS NA &S NI dGS 060a2YSiAaySa OFfftSR WiAyYy
aradylrt AyiaSyairde G2 GKS LIS FTNRY GKS ol a

reflects the rate of activation of channels.
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the rate of termination of Cdrelease.

Rise rate Fall rate
((AF/FO)/s) ((AF JFO)/s)
T
Amplitude
(AF/F0)
Start of End of
oscillation oscillation
| W ING LA g e _ _ _ _bBaseline
AT Y T (FO)

[

Duration  Inter-transient-interval

F 3

=
>

Period (used to calculate frequency)
Figure4.2. Parameters measured from €amaging data.The software used for analysis
measures the following parameters that can be used for characterisitigelzase; Period
the time between the start of one event and the start of the next. Frequenaymber of
events per minute, defined by the number of periods in a set time. Duratione from start of
oscillation until signal returns to the baselinetdr-transientinterval ¢ time between the end ¢
one event and the start of the next. Amplitudecalculated by subtracting FO from F, as a
proportion of the baseline intensity (En U k Cn 2 NJ p Crat€of inciease af dighal |
intensitytotheLJS | { £ SELINB& &SR I & -ratp @ deQenseofsi§rnalz y R
AyiSyaride FTNRY GKS LISFH{1s=T SELNBaaSR & o

noHbhGSAYS SELISNAYSY(a
Experiments were set up as3ection 4.2.2and cells recorded for 5 minutes prior to

caffeine addition. Caffeine was added directly to the cell medium during recording

by gentle

pipetting in order to not disturb the meniscus for a final caffeine concentration of 10 mM

and recorded for a further fininute. After caffeine addition no further recordings were

taken as spontaneous &aelease was impaired due to depletion of stores.
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HEK293 cells display spontaneoud‘@zease events when expressing hRyR2 and provided

with supplemental external C&(in the form of KRH buffer) that they do not otherwise

exhibit when not expressing hRyRIZzang et al. 20047 his makes them a good system to

assess the function of RyR2 on the whole cell level and characterise the effect of mutations

on C&t*release from the main intracellular €atore.

Analysis of traces revealed that the morphologgpdntaneous Catransients from each
mutant was markedly different than the WT.Cansients produced by cells transfected
with WT-hRyR2 tended to display a sharp rise to the peak and a sharp gradient back to the
baseline Figure 4.3. All three mutants gave transients with a slower rise to the peak; in
R1051P this is a steady gradient leading to ahele shaped transient, whereas in R1051C
and R1051H there tends to be a very gentle slope befofegsise Figure 4.3. Indepth
analysis of the characteristics of transients produced by each construct is shéigure

4.4. Data were nomormally distributed and normality was not achieved by transformation
(Logarithmic transformation (log(y)), square root transformatiti®)( reciprocal
transformation (1/y)) Appendix ). Statistical analyses were performed by Krusiédllis
G§Sad & A K-hob azglysiia GrapgaradiPrism 10adnd are shown iTable 4.1

104



16 WT L6 R1051P
— 14 14
o o
£ 1.2 £ 1.2
a 1 =) 1
L 08 L 08
£ 06 £ 06
o o
g 04 g 04
< 0.2 < 0.2

0 0

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (s) Time (s)

16 R1051C 16 R1051H
— L4 1.4
2 =)
[T
= 1.2 i“ 1.2
a1 I 1
g 08 v 0.8
3 3
2 06 Z 06
= £
£ 04 g 04
< 02 < 0.2

0 0

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (s) Time (s)

Figure4.3. Representative traces a§pontaneousC&* release events in HEK293 cells transfecte:
with WT or R105dmutant hRyR2 show different morphologieExamples of common features se
in C&*transients for each construct when expressed in HEK293 cells and given supplementa
extracellular C%; traces are representative and not averaged. A small degree?bélBanans is
observed in the R1051H representative trace, with transients of varying amplitude.

Table4.1. Median values for all Cféimaging parameters in HEK293 cells show significant

differences between WRyR2 and R105thutant hRyR2Parameters are calculated as stated i
Section 4.2.3Values represent the median (interquartile range (IQR)). Values in blue show a
statistically significant decrease compared to the WT; pink indicates a significant increase. C
byKruskat I f £ Aa aiGFGAaiAGCK2E O (ISR &P/ RD SpdE/ ¥ &K |

' FFFZ LI X nonn aRI0SIP nERE,FRIOSECH = §57, R1061H n = 444,
WT R1051P R1051C R1051H
Frequency 1.40 (0.86) 1.22 (0.75)**** 1.30 (0.79)** 1.36 (0.99)
Amplitude 1.09 (0.67) 0.82 (0.68)**** 0.69 (0.57)**** 0.64 (0.52)****
Duration 17.25 (6.09) 20.13 (9.63)**** | 20.32(7.86)**** | 19.50 (7.87)****
ITI 18.23 (15.34) 18.11 (15.42) 16.32 (12.78) 16.62 (14.44)
Rise Rate 0.182(0.15) 0.077 (0.067)**** | 0.055 (0.059)**** | 0.062 (0.050)****
Fall Rate 0.069 (0.035) 0.053 (0.054)**** | 0.043 (0.039)**** | 0.042 (0.031)****
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Compared to WT RyR2, all three RId%itants caused significant changes to the

amplitude, duration, rise rate and fall rate of Ceelease eventsTable 4.1 Figure 4.3.

Cells expressing R10&iutant hRyR2 resulted in a lower amplitude, longer duration, and
slower rise and fall rate compared to WIRyR2. R1051P and R1051C also had a significantly
lower frequency of transients than WFigure 4.4. R1051C and R1051H were not
significantly different from each other for any parameter measured, however R1051P was
significantly different compared to R1051C and R1051H for some parameigusg 4.4.

The other parameter considered was ITI; ITI was not significantly diffenelgr any

comparison.

From these resultsHigure 4.4 it is clear that, due to the large sample size, even very small
changes are considereaignificantby statistical analysis, however these very small but
significant changes may not represent functional significance. For example, while the
frequency of C# transients was significantly lower in R1051C compared to the Wal(e

<0.05), this only represents a 7.1% decrease in the median. This is a smaller percentage
decrease than some of the nesignificant comparisons madeych as the ITI of R1051H
compared to the WT which produced an 8.8% decrease in the median. Conversely, some
comparisons saw a very large percentage change from the WT, such as a 65.9% decrease in
rise rate for R1051C compared to the WT. For this reas®, @nfidence intervals (CIs)

were calculated to give an indication of theecision and magnitude of differences between
mutants and the WTTable 4.2, and to assess the functional relevance of statistically
significant findings. Overlapping Cls were ipteted as indicating potentially limited

practical effect even where results were statistically significant, whereasomerapping

Cls were taken to suggest a meaningful difference between groups. The 95% Cls of R1051P,
R1051C and R1051H all overlappieel WT for the frequency of events and the ITI indicating
that, despite R1051P and R1051C having a significantly reduced frequency compared to the
WT, this might represent a relatively small change in practical terms. The Cls of all three
mutants for duraion, amplitude, rise rate and fall rate of transients did not overlap the WT
(Table 4.2 and suggest that the changes observed represent a practical effect, which was

accompanied by statistical significance in all caBegu(e 4.4.

Variation between Cdrelease events on a ceth-cell basis is to be expected, however

some cells exhibitd behaviours that @l not fit a normal C# release profile of equally
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spaced and equal amplitude transients. All hRyR2 variants, including the WT, produced
some abnormal traces with these characteristics, all of which were excluded from the
analysis on the basis that they could not be accurately quantified by the softwaneral

transients were analysed further Bection 4.3.2
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Figure4.4. Quantification of C&*transients produced by HEK293 cells transfected with WT o
R105Xmutant hRyR2 show significant differences between all mutants and the Warameters
are calculated as stated Bection 4.2.3Results indicate that all R1051 mutants are significan
different from the WT in their duration, amplitude, rise rate and fall rate, and both R1051P ¢
R1051C are significantly different in the frequency of transients. Data weraomnally
distributed and statistical significance was calculated by Krugkallisl y R 5 dzy-§oQ &
Fylrfteaira Ay DNILKtFIR tNRAY MndOMOHT LI X n
Error bars indicate the median £ IQR. WT n = 644, R1051P n = 204, R1051C n = 357, R10
444,
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Table4.2. Confidence intervals indicate that altered €dransient characteristics due to

mutation at R1051 likely represent practical changes in hRyR2 funcfldwe upper and lower

95% CI represent the range between which the true population parameter (i.e. median) is

expected to fall with 95% confidence based on the sample. Median values indicated in bold are
significantly different from the WT based ontheKalbk | f f Ada GSad é6A04K 5dzyyQa
value < 0.05). Blue cell shading indicates upper and lovgah&t do not overlap with the WT Cl¢

indicating a practical difference in results. Based on this, the altered duration, amplitude, rise

rate and fall rate of Catransients in R1051P, R1051C and R1051H are likely a repeaatital

effect of mutation. Cls calculated in GraphPad Prism 10.1.2.

WT R1051P R1051C | R1051H
Median 1.404 1.223 1.304 1.356
Frequency Lower Cl 1.327 1.101 1.197 1.269
Upper Cl 1.504 1.361 1.389 1.438
Median 17.25 20.13 20.32 19.5
Duration Lower Cl 16.89 19.12 19.58 18.75
Upper Cl 17.68 20.7 21.45 20.26
Median 18.23 18.11 16.32 16.62
ITI Lower Cl 16.38 16.52 15 14.9
Upper CI 19.35 20.06 17.75 17.59
Median 1.089 0.8173 0.6935 0.6361
Amplitude Lower Cl 1.034 0.7476 0.6362 0.5821
Upper CI 1.124 0.881 0.7406 0.6746
Median 0.1823 0.0765 0.0552 0.0620
Rise Rate Lower Cl 0.1733 0.0659 0.0521 0.0566
Upper Cl 0.1942 0.0838 0.0619 0.0670
Median 0.0690 0.0532 0.0431 0.0421
Fall Rate Lower Cl 0.0662 0.0455 0.0403 0.0391
Upper Cl 0.0714 0.0600 0.0477 0.0450
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Ca&*transient abnormalities are associated with dysregulatedf @dease and can be
causative of arrhythmi@_ehnart et al. 2006; Wehrens 2007; Landstrom et al. 20141b)
hRyR2 variants showed some abnormal transient behaviours that did not fit a regular
pattern of C&*transient oscillation such as is showrFigure 4.3and were excluded from
the main analysis (see below for in depth description of different abnormalities). All three
mutants had a significantly higher proportion of abnormat*@ansient traces than the WT

traces Table 4.3 indicative of severe dysfunction.

Table4.3. HEK293 cells transfected with R10B1utant hRyR2 show an increased number of

C&*transient abnormalities compared to WhRyR2/ St f & 6SNBX O2yaARSNBR Wb2
displayed a regular €aransient morphologyeven ifthey could not be correctly analysgthis

includes cells where too few transients were present to calculate parametells with missing

calculationsand cells that were incorrectly analysed by the MatLab applet. Abnormal cells were

any cells that showed transients with irregular mbgbogies. Logistic regression was used to

analyse the relationship between hRyR2 variant and transient abnormality, and all-R1051

mutants were found to have a higher likelihood of producing abnormal transientg; (RID51P

odds ratio (OR) = 0.186, p < 000 WT¢ R1051C OR =0.216, p < 0.0001,0/&L051H OR =

0.335, p < 0.0001). Statistical analysis was performe&ind(RStudio Tean?2019)

Normal Abnormal Total % Total

WT 1025 152 1177 12.9%
R1051P 446 356 802 44.4%
R1051C 951 653 1604 40.7%
R1051H 1232 545 1777 30.7%

Abnormal traces from live cell €amaging were excluded from the main dataset if they
presented with one or more of the abnormalities listed bel®enttinen et al. 2015;
Polonen et al. 2018)

- Amplitude variation(Figure 4.5A¢ Characterised by consecutive transients varying
in amplitude by greater than ~25% of the mean for that particular trace; includes
both increasing or decreasing amplitude over time, and variability transeent
transient.

- Repeated amplitude variatioffrigure 4.5B¢ Characterised by repeated and regular
variation in amplitude, e.g. 3 low amplitude transients followed by 1 high amplitude
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transient followed by 3 low amplitude transients, repeated. This includes traces
where at least one full cycle of this behaviour was observed.

- Shoulder variatiorfFigure 4.5¢¢ Characterised by lower amplitude transients that
adjoin directly to a larger transient; in some cases, the shoulder forms a more
defined peak but still appears adjoined to the main larger transient.

- Irregular(Figure 4.5D¢ Characterised by variation in ITI such that the transients
appear out of phase.

- Extendedr Plateau(Figure 4.5k- Characterised by very long duration transients,
often with other shorter duration transients present or adjoined, or by transients
that appear to plateau before returning to the baseline. Often observed with other
abnormalities.

- Double PeakFigure 4.5F¢ Characterised by a secondary peak of same or similar
amplitude to main transients. Often observed with other abnormalities.

- Multiple (Figure 4.5F¢ Where multiple abnormalities are present or where trace did
not fit any of the above categories, e.g. Irregular transient intervals were often

accompanied by variation in amplitude.

Traces were categorised based on the main abnormalities obseFigaré 4.5. The
distribution of abnormalities varied significantly between all four hRyR2 variants (Chi
squared test for homogeneity 2% 176.03, degrees of freedom (df) = 18, n = 1034,
p<0.0001). All three R105hutants had a significantly different distribution to the WT ¢Chi
squared test with pairwise comparisons and Bonferroni correctionf\WWI051P X=

56.703, df = 6, p < 0.0001; WR1051C = 90.113, df = 6, p < 0.0001; WR109H X =
75.281, df = 6, p < 0.0001), and R1051P also had a significantly different distribution to
R1051C and R1051H (R10§I®1051C %= 71.275, df = 6, p < 0.0001; R10§1®1051H X

= 63.887, df = 6, p < 0.0001Trble 4.4 .All mutants showed an increased number of
amplitude abnormalities as a proportion of the various abnormality subtypes, and R1051P
showed an increase in the number of traces with multiple abnormalities. Cells expressing
WT-hRyR2 showed a higher proportiohrepeated, shoulder, and irregular abnormalities,
however as a proportion of the total number of traces analysed (both abnormal and normal)

these were found at a comparable rate in the mutants.
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A. Low Amplitude Variation B. Repeated Amplitude Variation

) LA

C.Shoulder Variation D.Irregular
E.Extended F.Double Peaks / Multiple

Figure4.5. Examples of aberrant C4release traces from HEK293 cells expragdVT or R1051
mutant hRyR2. A=.Examples of individual abnormalities seen in HEK293 cells expressing
recombinant hRyRZE. An example of double peaks (indicated by *) in addition to multiple othe
abnormalities (low amplitude peaks; shoulders); traces such as this were classified as having
multiple abnormalities.
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Table4.4. The distribution of C# transient abnormalities is different in HEK293 cells

transfected with R105dmutant hRyR2 compared to WHRyR2 Counts relate to the total

number of traces classified as the given abnormality type for each variant; the % values in black
are relative to the total number of abnormal traces for that variant; the % value in red is relative
to the total number of tracesverall (normal + abnormal; WT n = 1177 traces, R1051P n = 802,
R1051C = 1604, R1051H n = 1777). There was a swgrdfiifarence in the distribution of
abnormalities betweemRyR2 variants (Ghguared test for homogeneity 2% 116.01, degrees o
freedom (df) = 18, n = 1034, p<0.0001), and when pairwise comparisons were made, all
comparisons were found to have a significantly different distribution except RIQRIO51H
(WT¢R1051P %= 35.129, df = 6, p < 0.0001; WR1051C % 57.817, df = 6, p < 0.0001; WT
R1051H %= 48.598, df = 6, p < 0.0001, R10§1PL051C %= 54.483, df = 6, p < 0.0001; R1051P

¢ R1051H¢ = 38.967, df = 6, p < 0.0001, R108IR1051H X= 4.953, df = 6, p = 0.5499). WT n =
152, R1051P n = 365, R1051C n = 653, R1051H n = 545, Statistical analysis was performed in
RStudio

WT R1051P R1051C R1051H

Amplitude | 37(24.3%/3.1%) | 119(33.4% /14.8%) | 332 (50.8% / 20.7%) | 296 (54.3% / 16.7%)
. | Repeated | 11(7.2%/0.9%) 3 (0.8% / 0.4%) 36 (5.5% / 2.2%) 22 (4.0%/ 1.2%)
= | shoulder | 32(21.1%/2.7%) 24 (6.7% / 3.0%) 56 (8.6% / 3.5%) 49 (9.0% / 2.8%)
g Irregular | 30(19.7%/2.6%) | 45(12.6%/5.6%) 24 (3.7% / 1.5%) 32 (5.9%/ 1.8%)
-§ Extended 5 (3.3% / 0.4%) 33 (9.3%/ 4.1%) 36 (5.5% / 2.2%) 35 (6.4% / 2.0%)
Double 4(2.6% / 0.3%) 3 (0.8% / 0.4%) 5(0.8% / 0.3%) 3(0.6% / 0.2%)

Multiple | 33(21.7%/2.8%) | 129(36.2%/16.1%) | 164 (25.1%/ 10.2%) | 108 (19.8% / 6.1%)

Totals 152 (100% / 12.9%) | 356 (100% / 44.4%) | 653 (100% /40.7%) | 545 (100% / 30.7%)
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HEK293 cells expressing functional hRyR2 channels reled$m@antracellular stores in

response to the addition of caffeine (10 mM), an RyR2 agonist that sensitises the channel to
Ca&*activation and therefore increases channeldfd C&' release(Sitsapesan and Williams

1990; Kong et al. 2008)hich manifests as a caffeiieduced C# transient Figure 4.9.

Caffeineinduced C#'-release is used as a measure of ERIGad, as it triggers emptying of

the intracellular store and therefore the increase in fluorescent signal frofhirading to

the Ca*-sensitive dye is proportional to the store load.

The caffeine response of cells expressing RIf6tnt hRyR2 was significantly altered
compared to WIhRyR2Kigure 4.7. When comparing all cells subjected to caffeine
addition, HEK293 cells expressing R1051P, R1051C or RiIR$RHA produced a peak of
significantly smaller amplitude than those expressingWRYR2Kigure 4.7A, showing that
all R105imutants have a significantly decreased ER §are load compared to the WT.

Cells were subdivided into cells that oscillated prior to caffeine addition and those that did
not. The proportion of oscillating cells relative to the total number of caffeegsponding

cells was 51.4% for the WT, 47.8% for R1051P, 55.6% for R1051€3dd& R1051H. For
cells that oscillated prior to caffeine addition, both R1051P and R1051H produced caffeine
induced transients that were significantly smaller than both the WT and R165%J @«

4.7B). For cells expressing R1051P and R1051H the aafifeinced transient was often
indistinguishable from normal €dransients appearing comparable to the preceding
transients in amplitude followed by a steady return to the baseline. Iragsmillating cells,
R1051P and R1051H produced caffdmduced transients of a significantly smaller
amplitude than the WT, andaffeine-induced transients from R1051H were also significantly
lower amplitude than those of R1051Eidure 4.7¢ The mean amplitude of caffeine

induced transients was significantly lowerascillating cells than neoscillating cells for all

hRyR2 variants=(gure 4.7D.

113



R1051P

R1051C

R1051H

Non-oscillating
cell

\

Figure4.6. Representative example of caffeiri@duced C& release in HEK293 cells expressing
R105Xmutant hRyR2 or WHRyR2.Representative examples of the caffeiimeluced transient in
oscillating cells demonstrate impaired caffeine response of mutants, particularly R1051P and
R1051H. The morphology of caffeimeluced transients in nooscillating cells was comparable
betweenall RyR2 variants. Black arrows indicate the point of caffeine addition.
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Figure4.7. HEK293 cells expressing R1051P and R1883yR2 have an impaired response to
caffeine activation and a lower ER €#ad. A.Comparison of caffeinenduced transients across
cells shows that R1051P, R1051C and R1051H all produce significantly smaller transients th:
hRyR2B. Comparison of nowscillating cells onlyC.Comparison of oscillating cells only.
Comparison for each variant of oscillating vs 4oagillating cells. Statistical analysis was perforn
in GraphPad Prism 10.1.2; test apglier ACwas Kruskadl I f ft Aa (GSaid gAGK
usedMan KAGySe GS&adT LI X nonp I FI LI XWRhdnwm
oscillating/nonoscillating n = 18 / 17, R1051P n =32/ 35, R1051C n=74 /59, R1051Hn =5
Error bars show mediahlQR.
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Live cell Cdimaging has revealed that all three R1051 mutants of RyR2 display highly
abnormal spontaneous €aelease, with significantly increased duration and decreased
amplitude, rise and fall rate of transients, R1051P and R1051C also resulted in a significantly
reduced frequency of transient§igure 4.4Table 4.), as well as altered caffeifeduced
Ca&*release that indicates a decreased ER &are load Figure 4.F. These changes to the
C&*transients indicate an overall slowing of the kinetics ofr€ease and decreased store
load that points to potentially severely impaired’Ceelease function, as slowed €a

release kinetics have been reported extensively in association with both HF and arrhythmia
(Hasenfuss et al. 1994; Hasenfuss and Pieske 2002; Wehrens et al. 2005; Wehrens 2007;
Kolstad et al. 2018Regarding HF, multiple studies have reported a decreased amplitude of
C&*transients associated with this conditigifao et al. 1998; Marx et al. 2000; Jiang et al.
2002Db; Lehnart et al. 2004b; Kubalova et al. 2@0%) increased duration of release
(Kubalova et al. 2005%everal have cited impaired reuptake ofGato the SR as a primary
cause(Gsmez et al. 2001; Jiang et al. 2002b; Kubalova et al. 200) some

demonstrating that inhibition of SERCa by PLB or downregulation of SERCa IdWwers Ca
transient amplitude by reducing the amount ofZavailable to RyR2 in the SR lumen
(Gsmez et al. 2001; Jiang et al. 2002Increased Céleak via RyR2 (potentially as a product
of PKA hyperphosphorylatio®éction 1.4.)) also leads to the slowing of transient kinetics,
as the C# load of the SR is reduced leading to slowet*@park kinetics and de
synchronization of global release dynam(btarx et al. 2000; Wehrens et al. 2006; Wehrens
2007; Kolstad et al. 2018 &* leak is heavily implicated in the generation of arrhythmia
(Section 1.6.21) (Venetucci et al. 2007; Wehrens 2007; Bers 2014; Landstrom et al. 2017hb)
and is also more tentatively linked to cardiomyopathies like DCM and HCM, with growing
evidence that the functional changes associated with RyR2 GoF can result in structural
remodelling(Fauconnier et al. 2011; Lan et al. 2013; Coppini et al. 2018; Souidi et al. 2024)
This reflects in the altered morphology of’C@ansients produced by the R105dutants,

all of which show a distinctly more drawn out?Calease process than the WHigure 4.3
and4.4).
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C&*leak is described as anyeelease via RyR2 during diast¢ienetucci et al. 2007b;

Bers 2014and was initially attributed to hyperphosphorylation causing disassociation of
FKBP12.6 resulting in destabilisation of the chanBettion 1.4.J(Marx et al. 2000; Marx

et al. 2001, Reiken et al. 2008jhough the importance of FKBP12.6 binding on RyR2
function is highly debatedSgection 1.5.). Regardless of the exact mechanisn¥ @k is
identified as a leading cause of dysfunction in RyR2 GoF mutations and can occur on
Ydzt GALIX S  S@StaT | &YPRiedk@ipd aadigdli $996Y Bracheey G Q
al. 2011) and a larger scale leak from spontaneous'€parks. In both of these cases,
intracellular stores are constantly depleted by persistert*@ek, resulting in slower €a

spark kinetics and decreased SR*@md. Slower kinetics of €aelease have also been
implicated in DCM (via E3DS) and HCM (A1107M and P1T2dig)et al. 2012; Alvarado et

al. 2019) Interestingly, these mutations are associated with LoF (A1107M) or a dual LoF /
GoF phenotype (E3DS and P1124L), with slower kinetics tied to an increased threshold for
activation (slower rise rate) and abnormal termination (slower fall rGfeng et al. 2012;
Alvarado et al. 2019However, LoF mutations typically increase the store load as SOICR is
not so easily triggered (which also decrease% [éak) and therefore, in light of the
significantly decreased store load observed héiigire 4.7, LoF leading to slower kinetics

is not a likely mechanism in R1061utants. Overall, this strongly indicates that?Qaak

may be responsible for the dysfunction of spontaneou% @dease in R105inutant

hRyR2.

An alternative cause of slowed transient kinetics is reuptake &fitta the SR by SERCa2a,
which pumps Cafrom the cytosol into the SR. SERCa is inhibited by PLB, and PLB is in turn
regulated by PKA and CaMKII phosphorylation which results in decreased inhibition of
SERCa. SERCala is the skeletal isoform of SERCa and is expressed in HEKZfiBatalls
1999a; Tong et al. 1999)owever PLB is not expressed in HEK293(Gelifuku et al.

1994; Kimura et al. 1996; Asahi et al. 20(E}RCala expression was not assessed in this
study, so the possibility that this is altered due to transient expression of Rb0Bdnt-

hRyR2 cannot be confirmed. Few studies have sought to assess this when characterising
RyR2 mutations, potentially due the relatively limited amount of time for cellular

remodelling to occur when performing a transient expres©bdRyR?2 (in this case in

HEK293). Using this method, cells are imaged at approximately 36 to 48 hours after
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transfection Gection 4.2.2, which is slightly longer than the average doubling time of

HEK?293 cells (33 housbaandou et al. 202),)therefore imaging occurs in a time frame

that could facilitate some degree of cellular remodelling. The most comprehensive study

that has assessed SERCa expression in response to several®R&DRyR2 mutations

mutation found no significant differase in its expression; however it should be noted that

ER C#load was also unaffected in these mutai$omas et al. 2005%iven the R1051

mutants do affect ER €doad based on their caffeinmduced C#-release Figure 4.7, it

would be beneficial to assess SERCa expression to determine whether this may be impacting

store load and therefore Carelease from RyR2.

Working on the assumption that SERCa expression and function are not affected by
transient expression of R105futant hRyR2, this would point to €#eak as the likely

leading cause of the altered global’Caelease observed in this studligure 4.4. When
considering how this might arise, it is important to consider that FKBP12.6 is not expressed
in HEK293 cells and therefore changes in its interaction with RyR2 cannot be the cause for
the difference in Cd release between the WT and R165tutant as sggested in one
hypothesis of Cdleak(Marx et al. 2000; Wehrens et al. 2004BKBP12 is expressed

HEK293 cells, although its affinity for RyR2 is much lower and the contribution of both
proteins to RyR2 function remains highly debat8édtion 1.5.)(Marx et al. 2000; Galfré et

al. 2012a; Gonano and Jones 20Equally, hyperphosphorylation by PKA at S2808 does
not appear to be a factor as phosphorylation at this site was not significantly altered in
R105Xmutants Section 3.3.%. It is possible that phosphorylation at other sites could
contribute to C&*leak in the R1051 mutants, namely S2814 and S2030, however this was
beyond the scope of the current project and represents an avenue for future research.
Among other causes, altered CaM bind{@yo et al. 2006)oxidation by RO&ooper et al.
2013; Hamilton et al. 202@&nd domain unzippin¢Oda et al. 2005; Uchinoumi et al. 2010a)
have all been implicated in €deak from RyR2 in CPVT and / or HF. This demonstrates that
there may not be one unifying mechanism through which*@ak occurs and that many of

these interconnected processes likely contribute.

One way in which RyR2 protects against' @k is via clustering, which results in spatial
separation of C release to control propagation of CICR and potentially allows for coupled
gating between channelsStern 1992; Marx et al. 2001; Sobie et al. 2q8&)tion 1.2.4.
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For this reason, it was hypothesized that mutation of R1051, which is located in the P1
domain of RyR2 and is proposed to be involved in the clustering intergC@atora et al.

2016) could cause a conformational change that may impair the it@gamer interaction

and affect both cooperativity of channels and cluster size. This is pertinenftte@i as
multiple studies have found a relationship between cluster size or density and diastdflic Ca
release(Sobie et al. 2006; Asghari et al. 2014; Walker et al. 2014; Kolstad et al. 2018;
Asghari et al. 2020Beveral studies have demonstrated increaset IEak from smaller
clusters(Sobie et al. 2006; Kolstad et al. 20M8hereas others have shown a tendency for
W3 A f & i éntall dusers compared to spdrésed leak in larger clustef@/alker et al.
2014) This is thought to happen due to smaller clusters being less able to initiaté a Ca
spark, leading to invisiblE&* leak (Kolstad et al. 2018Cluster density is also an important
factor in regulating Carelease from RyR2, with several studies indicating a lower channel
density (implying fewer intetetramer interactions) increases €deak(Marx et al. 2000;
Wehrens et al. 2006; Asghari et al. 2014; Asghari et al. 202@)e case of the R1051
mutants, impaired intetetramer interactions that alter any allosteric interactions between
channels or cause changes to cluster size or arrangement could result in pathologfical Ca
leak, that would lead to the slower kinetics of’Caelease observed heréigure 4.4. This is

discussed in more detail @hapter 5

Interestingly, in addition to showing significantly different kinetics of spontaneoérs Ca
release to the WT, there were also significant differences between the mutants. Notably,
R1051P was significantly different from R1051C in the amplitude, rise rate and fall rate of
transients, and was also significantly different from R1051H in the fregyeamplitude and
fall rate of transientsKigure 4.4. R1051C and R1051H were not significantly different from
each other in any of the spontaneous?Cmansient parameters. Regarding the difference in

rise rate, there was notable difference @&*transient morphology that is visible by eye

(Figure4.4 GKI GO @l ay Qi LJ2aaAaoFighre 4.£Tadldd.QRI1082R) Ay R

generally showed a more consistent gradient up to the peak (rise rate), whereas R1051C
and R1051H are more unevenly distributed, showing a slow startXaré&ease followed by

a more rapid riseHigure 4.3. It is possible that this is an indicator of the degree of
dysfunction; cellexpressing R1051C/H may struggle to initiate glob&l i€kease events

but once initiated C release may resume at a more typical pace to a (albeit lower
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amplitude) peak. In R1051P however, the kinetics remain slow throughout, possibly
indicating that even after many clusters have been activated and gloBat@eentrations
have increased that there is still a lack of synchronisation between clusters. This does not
appear to be a direct reflection of the ERRGaore load as while R1051C and R1051H
appear relatively similar in their transient morpholodyigure 4.3, the store load is more
comparable between R1051H and R105#iBYre 4.7, suggesting thathis is not the only
factor affecting their different morphologies. These results cdaddsupplemented by

further research using ledkad type experiment§Shannon et al. 2002 determine

whether a specific difference in ER?*Qaak is contributing to these variable results

between mutants.

Despite the clear differences in €&ansients observed during live cell imaging, one aspect
that has not yet been considered is whether the totat'@aleased during an individual

event is lower in the mutants, and this could be assessed by looking at the area under the
transient as opposed to amplitude and duration individually. While all Rib@&&ants result

in spontaneous Carelease events of lower amplitude than WT, this occurs over a longer
duration (Table 4.} so it is possible that the total itome of C&* released is more

comparable between WT and R1061utant hRyR2 than the amplitude alone might suggest.
This may reflect a reduced store load as the whoR edease and reuptake cycle becomes
desynchronised by reduced availability ofGa the store, which as mentioned previously is
an indicator of C# leak. It could also reflect a change in the gating mechanism of channels
that results in longer open times and shorter closed times possibly as a result of increased
sensitivity to C#&, however this would require further research to confirm. In practice,
calculating the area under the curve of &@Qeansient is mathematically complicated and is
not a feature built into the Matlab applet use&dction 4.2.3, although several groups have
more recently developed software that performs this analysis oii {€ansients(Hawey et

al. 2023; Mozneb et al. 20245uture analyses would benefit from calculating this parameter

to better understand the full effect of the R1051 mutations on whole celt @tease.
non OBONF YyaASYld Foy2NXYIftAaSa YIFe AYRAORGS
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In addition to displaying slower &€aelease kinetics than cells expressing-WRyR2,

expression of each of the three R10Biltants resulted in an increased number of cells
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producing abnormal spontaneous €eelease Figure 4.5. Such abnormalities are widely
reported to be a direct effect of €adeak and are strongly associated with arrhythmias
(Lehnart et al. 2006; Wehrens 2007; Landstrom et al. 2QJébjicularly the generation of
DADs, EADs, and®Calternans(Lehnart et al. 2006; Xie and Weiss 20@Ds are
membrane depolarisations that occur during phase 4 of the cardiac AP cycle (diastole;
Section 1.1.2 due to increased intracellular €activating NCX and leading to an influx of
Na" (Priori and Corr 199@hat can trigger VT if the amplitude of the DAD is large enough
(Priori et al. 2002)This arises due to SR*Gaverload(Rubenstein et al. 1993; Miura et al.
1999; Katra and Laurita 200&sulting in spontaneous €aelease from the SBMarban et
al. 1986; Boyden et al. 200@ADs on the other hand are depolarisations that occur during
phase 2 or 3 of the AP cycle (repolarisatiBection 1.1.2(Marban et al. 1986; Priori and
Corr 1990; Katra and Laurita 2005; Xie and Weiss 286€)can also be triggered by
spontaneous Cdwaves during Caoverload of the SRXie and Weiss 2009; Zhao et al.
2012)as well as reactivation of LTQ@siori and Corr 1990; January and Moscucci 1992;
Zhao et al. 2012FinallyC&* alternans is described as a beatbeat alteration in C&
transient amplitudg(Lehnart et al. 200@hat results in altered strength of cardiac
contractions and is linked to \(Lehnart et al. 2006; Weiss et al. 20Q8Jial fibrillation AR
(Hiromoto et al. 2005; Narayan et al. 20,1and SC[DWalker 2003)

DADs, EADs and alternans have all been linked to spedfiza@aient abnormalities which
were observed in all hRyR2 variants analysed but were more common in the-Ril@&its
compared to the WTTable 4.3. C&" alternans usually refers to regular beai-beat

variation in C#& transient amplitude but itsalso applied more widely to other variations in
transient amplitudgLehnart et al. 2006 Overall, amplitude variations were the most

frequent abnormality across all variantaple 4.4, however there was much heterogeneity
between traces of this classification. The most distinctive abnormality that is associated with
Cz't f GSNYlya Aa (GKS WNBLISFGSR | YL AGdzRSQ 06 SKI
surround individual larger transien{Polénen et al. 2018Jigure 4.5B This made up a

higher proportion of abnormalities in cells expressing R183R¢R2 (2.2% of all cells
analysed) compared to WT (0.9%) and R1051H (1.2%) and was notably less prominent in
R1051P (0.4%7 &ble 4.3, although this represents a very small number of traces overall.

Ca&*transient alternans is associated with both LoF and GoF mutations in RyR2, however
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the mechanism of generating alternans in each is different. For LoF mutations such as those
that cause CRDSéction 1.6.4, alternans arises due to low activity of RyR2 causing the

store load to increase beyond its normal threshold (i.e. an increased threshold#or Ca
activation) which results in a large €aansient(Sun et al. 2021)The store is then

depleted for the next beat causing a smaller transient; this cycle repeats as the store refills
and results in beato-beat alternangSun et al. 2021)n GoF mutations, alternans is

associated with abnormal €zhandling that desynchronises €aelease, decreases channel
refractoriness, depletes the store and reduces the amount &f 8ailable to be released

by a less regular mechanigpXie et al. 2008; Xiao et al. 2016; P6lonen et al. 200U%

highlights an interesting paradox thatalternans can present in both LoF and GoF
mutations and does not indicate a defined way in which this could occur in RhQg&ints.

It is also intriguing that this behaviour, while still a very small proportion of traces overall, is
more frequently obsergd in cells expressing WT, R1051C and R1051H than R1051P. This
could be a product of the higher rate of multiple abnormalities observed in R10%HRe(

4.4) but could also reflect a difference in functiam R1051C and R1051H are associated

with HCM and DCM in addition to CPVT, whereas R1051P has only been linked to CPVT,; this

is discussed further i8ection 4.4.3

DADs are also associated with lower amplitudé' @ansients(Kopljar et al. 2018; P6l6nen
et al. 2018) however there are subtle differences in the way these presertt: t@msients
indicating DADs are thought to include less regular low amplitude transi€igsré 4.54,
shoulders on peaks-{gure 4.5Cor irregular phasing of transientBigure 4.5¢(De Ferrari

et al. 1995; Xie and Weiss 2009; Shinnawi et al. 2015; P6lonen et al, @@h8hese small
out of phase increases in fluorescence representing diastofir€aase from the SR.
Shoulder variation peaks made up a comparable proportion of the total number of traces
for WT and all three mutants (23.5%), however as a proportion of all abnormality
subtypes this was notably more common in the WT (21.1%) tHahrak mutants (6.7%

9%) Table 4.4. Irregularly phased peaks were also a more common subtype in the WT at
19.7% compared to 12.6% for R1051P, and less than 6% foRAO&ILC and R1051H, but
again when considered as a percentage of all traces analysed this is still a very small
proportion (Table 4.4. Where the mutants stand apart from the WT is in the proportion of

low amplitude transients, which accounted for between 14.8% and 20.7% of all transients
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for the mutants compared to just 3.1% for WITable 4.4, and for R1051C and R1051H this
subtype made up more than 50% of all abnormalities classified. As mentioned, this
behaviour is linked to both DADs and?Caternans and the higher proportion observed in

the mutants suggests it may be an important contributor to their resulting phenotypes.

EADs are best represented by extended transients and double peégksed 4.5End4.5F

(Xie and Weiss 2009; Kopljar et al. 2018; P6lonen et al. 2018; Prajapati et al.2a1@e

peaks were the least common abnormality across both WT and mutants, and extended
transients while still uncommonwere notably more frequent in cells expressing R1051P
(Table 4.4. EADs are related to an extended duration of &gand are heavily linked to

long QT syndrome (LQTShimizu et al. 1991;Bherif and Turitto 1999; Lankipalli et al.
2005) which is characterised by a prolonged QT interval and can be caused by RyR2
mutation (Cai et al. 2022; Lv et al. 202Bblpowever, there have been reports of patients

being misdiagnosed with LQTs where subsequent genetic testing revealed CPVT as a more
appropriate diagnosiéPriori et al. 2002; Tester et al. 2005; Medeif@dsmingo et al. 2009;
Letsas et al. 202@)nd several studies have identified EADs in CPVT cardiomy@€yiaia

et al. 2012; Bezzerides et al. 2019; Polonen et al. 20203 is most notably associated with
atypical CPVT due to LoF mutatigdkao et al. 2015; Hirose et al. 202&hough others

have indicated that diastolic €aelease (i.e. GoF leak) can trigger EADs which may explain
their occurrence in CP\(PPriori and Corr 1990; Xie and Weiss 20@RDS has also been
shown to contribute to EADS and is exclusively associated wit{SuaFet al. 2021; Hirose

et al. 2022) Overall, this behaviour generally points towards RyR2 LoF which is a less
common result of RyR2 mutation, however this accounts for only a small number of cells in
this study and therefore may not represent a significant functional consequence of

mutation.

There were also a large number of cells in which multipfe @ansient abnormalities were
detected, which makes pinning down precise mechanisms such?aal@anans or DADs /
EADs difficult, but highlights the high degree of dysfunction in the Rtif&nts. These
traces almost always included amplitude variations in addition to other abnormalities. This
is most notable in R1051P in which more than 16%ldfeces analysed demonstrated
multiple abnormalities, which agrees with the hypothesis that piheline mutation is likely

to be the most damaging to RyR2 function, likely due to its effect on protein secondary
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structure. While this cannot be confirmed by live cell imaging, these results serve as a good
starting point for probing the function of R10%iutant hRyR2.

nonhdb i SNBBE/SHAS Oly O2yiNRO0dziS G2 GKS ISy SN
While these results demonstrate a similar effect orrGalease from RyR2 due to the

mutation of R1051 to either proline, cysteine, or histidikgg(re 4.3, the clinical data that
identified these mutants, although inconclusive, suggests they have different phenotypes
(Section 1.7.). There are also subtle differences in their spontaneou’si€kease Figure

4.4). All three mutants have been associated with CPVT via genetic testing to some degree
(Marjamaa et al. 2009nd the alterations to whole cell €aelease align well with the

normal changes seen in agthmialinked mutants(Venetucci et al. 2007; Wehrens 2007;

Bers 2014; Landstrom et al. 2017b; Kolstad et al. 204&yever, R1051C has additionally
been linked to HCNJLopes et al. 2015nd R1051H to DCPugh et al. 2014)ndicating a

broader role for R1051 mutation in cardiomyopathies.

While both HCM and DCM can arise from dysregulatédt@adling due to changes in RyR2
function their effects are due to mostly opposing mechanisgexc{ion 1.6.6and Section
1.6.7). In general, in HCM dysfunction is characterised by impaired diastolic function leading
to elevated cytosolic Gawhich triggers chronic activation of hypertrophic remodelling
pathways like the calcineurin / NFAT pathwéyatkin and Graham 2002; Robinson et al.
2007; Lan et al. 2013; Coppini et al. 20I3EM on the other hand is characterised by
impaired systolic function and reduced®Cansients that result in hypocontractility of the
myocyte(Robinson et al. 2007; Schultheiss et al. 2019; Souidi et al..ZD&&)ally, both of
these effects can be caused by*Qaak despite their different outcomes due to differences
in the specifics of Carelease such as the timing and magnitude of*@zlease events. This
indicates a potential way by which R10&iltants could cause these diseases, but it is
unclear how the largely comparable spontaneous'@lease profiles of the mutants would

lead to such different phenotypes.

The most notable difference between R1051C and R1051H identified during live’tell Ca

imaging was their caffeinmmduced C# release, in which R1051H exhibits a more severely

reduced store load compared to the WT than R1034i@ufe 4.7. As discussed, a reduced

store load is an indicator of €deak and is frequently associated in the literature with DCM

both in RyR2 and in other proteins associated with OiSh et al. 2012; Tang et al. 2012;
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Liu et al. 2015; Dridi et al. 202However, the reduced store load of R1051H does not
appear to manifest in the characteristics of spontaneou¥ €ansients, as R1051H and
R1051C were not significantly different from each other for any paramefteégsie 4.3.

R1051H was also observed to produce fewer abnormalities than R10&b{e 4.3,

although the distribution of each abnormality type was very similab{e 4.4. This raises

the question of what the practical effect of a more depleted store in R1051H means. It could
be that R1051Heduces the threshold for both the activation and termination of‘Ca

release from the ER to a greater extent than R1051C, resulting in an equivalent transient
despite an overall lower store load. This combines some of the characteristics ef DCM
associated E3DS, which reduced both the threshold for activation and ternmraftiod*
release but did not impact store load relative to the \W&ang et al. 2012and other DCM
mutations in proteins such as PLB, troponin T, and LMNA which decreased the store load

and increased Caleak(Sun et al. 2012; Liu et al. 2015; Dridi et al. 2021)

There are also other factors within the cell that might have an impact on the triggering of
remodelling pathways but were not within the scope of this study. Increased CaMKII activity
is heavily implicated in hypertrophic remodelling and driving HZhang and Brown 2004;
Coppini et al. 2018; Lehman et al. 20&a8) its activity might be affected differently in the
R105¥mutants. This was the case in the H@bbociated P1124RyR2 mutation in which
increased CaM expression was thought to play an important role in hypertrophy of this
mutant in addition to direct #ects of mutationon C&* release from RyR@lvarado et al.

2019) Alternatively, excess €deak from R1051H that depletes the store could be
compensated for by altered reuptake via SERCa, which might balance spontan&ous Ca
release at the expense of a lower store load, although it is unclear why a similar mechanism
might not rescue the aberrant behaviour of any mutation at R1051. There is also the
possibility that other mutations were present in these patients that contréotat their

resulting phenotypes; this is particularly pertinent for R1051H where multiple taouisin

genes associated with DCM were identifi@ligh et al. 2014)lhis reinforces the complex
nature of C&*handling in cardiomyopathies and how conflicting mechanisms can lead to

similar phenotypes, and vice versa.
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Live cell Caimaging in HEK293 cells has revealed a significant dysfunction of-RiL@&#it
hRyR2 that leads to desynchronised and slowét etease with increased abnormalities
compared to the WT, which could be due to increasetf leak. The hypothesis that this is
due to C&*leak is also supported by the decreased ERIGad of HEK293 cells expressing
R1052mutant hRyR2 and the increased number of'@ansient abnormalities observed in
these cells. This could arise from several mechanismsiding single channel dysfunction
that increases the activity and open time of channels, or could be due to mutation altering
communication between channels in a cluster which might impact the cooperativity of
channels, but this is unclear from live celfGmaging alone. Regardless, this serves as the
first functional characterisation of €aelease from these mutants and supports the
hypothesis they have a damaging effect on cardiac function, although further investigation

is needed to determine the méanism behind their altered Carelease.
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Investigating C& release from populations of

R105tmutant hRyR2 using droplet interface
bilayers
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Characterisation of RyR2 function at the single channel level is well establiShaptér §

and likewise there are many ways RyR2 function can be probed on a larger scale, including

measuring global Carelease in whole cellChapter 4, assessing propagation ofCa

sparks, or using animal models. However, one of the biggest questions in RyR2 research is

the question of coupled gating within clusters of RyR2. Coupled gating is proposed as a

mechanism to control Carelease via allosteric communicatioand while it has been

demonstrated in planar lipid bilayefMarx et al. 2001; Ondrias and Mojzisova 2001;

Gaburjakova and Gaburjakova 2008; Gaburjakova and Gaburjakova 2010; Porta et al. 2012)

these experiments provide no spatial information and therefore no confirmation that this

process is a product of clustering. Our understanding of the organisation of clusters has

improved massively in recent years using su@solution microscopy techques in fixed

cells(Baddeley et al. 2009; Shen et al. 2QZ9)d recently livecell supesresolution imaging

using photeactivated localization microscopy (PALM) has been used to analyssp@ek

propagation between cluster@iou et al. 2023however these techniques do not provide

the simultaneous functional and spatial data needed prove coupled gating, or to bridge the

gap between single channel €eelease and spark generatioAn emerging technique that

may be able to answer this question is Droplet Interface Bilayers (DIB), which can be

combined with Total Internal Reflectidiluorescencélicroscopy (TIRF) to gather

electrophysiological and optical data simultaneoyslgptihn et al. 2013)

The DIB system uses the ability of monolayers to spontaneously form bilayers on contacting
another monolayer; this can be applied to two droplets contacting each other, or between a
droplet and a planar hydrogéCastell et al. 2012; Leptihn et al. 201Bhe latter of these

two techniques also allows the system to be mounted onto a TIRF microscope for detailed
optical interrogation(Castell et al. 2012 his allows for the bilayer to be visualised and can
facilitate singlemolecule imaging of proteins embedded in the bilayer, which for RyR2

allows for measurement of €#lux using C# sensitive dye¢Castell et al. 20124t the

same time, electrophysiological recordings can be taken by inserting an electrode into the

droplet, meaning single channel gating can be measured, albeitaNdtvertemporal
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resolution and lowesignatto-noise ratiothan single channel recordi{@astell et al. 2012;
Leptihn et al. 2013)This setup allows individual channels and populations of channels to be
monitored optically for C flux using TIRF, while electrical recordings taken at the same

time can be used to measure activity.

DIBs are a minimal system in which the precise environment can be controlled and modified
as needed and has the potential to add modulators to assess their effect on channel
function. Both bilayer formation and channel incorporation (using solubilisechantied

RyR2) are relatively straightforward compared to single channel recordingsfer 6,

however the data obtained requires significant processing to extract meaningful insights
about C&*release behaviour from 2D fluorescent imaging. This istiaddily complicated

by the difficulty in aligning optical data with electrophysiological recordings, as imaging
normally captures a small portion of the bilayer whereas electrophysiology captures the

entire droplet.

Previous work by the group (Cumbes etualpublishedl has spent considerable time
optimising the system for monitoring &dlux optically from RyR2 and has laid the
groundwork for assessing clustering and*Calease from RyR2 populations by this method.
DIB / TIRF allows for quantification of cluster size either via visualisation of eGFP on the
hRyR2 construc&ppendix VI), or an estimate of the minimum number of active channels
to be made based on a combination of electrophysiological readings arzhbgata. These
foundations form the building blocks for assessing the relationship between the ability of
RyR2 to form clusters and €lux behaviour. In the context of this research, it will allow
comparison of Cdrelease behaviour from populations of WT and Rt6fiitant hRyR2 and
will indicate whether dysfunction of these mutants may be in part duth&r effects on

clustering dynamics.

poPMDA YA

The P1 domain of RyR2 is located on the corner of the RyR2 tetramer and is proposed to be
involved in the clustering interactiofCabra et al. 2016yvhich is a key regulator of RyR2
function. R1051 is located within the P1 domain and therefore may alter the ability of
channels to form clusters or affect €aelease from clusters. This research aims to assess
WT and R105inutant hRyR2 (with a focus on R1089iRyR?2) in the DIB / TIRF system to
determine whether mutation affects the number of channels per cluster or their ability to
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form, and to assess whether €aelease from R105inutants differs at the population

level. The primary aims of this chapter are to:

- Investigate the size of clusters formed spontaneousifRyR2 in the DIB and TIRF
system and determine whether R1051 mutants have altered cluster size compared
to WERyR2.

- Assess function of populations of WT @&ti05tmutant hRyR2 channels in the DIB
system using Caflux behaviour measured optically using?Gaactive dyes and
TIRF microscopy. Changes id*@zlease over time will be used to categorise
different C&* releasebehaviour patterns, and this will be correlated to cluster size.
This will help indicate whether channels in a cluster behave cooperatively together,
or whether their C&f release behaviour is independent of other channels in the

cluster.
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- 7.5 mg/mL agarose made up in Cheletteated dHO. Chelex 100 resin chelates
metal ions and was used to remove contaminant metal ions in buffers.

- 35 mg/mL agarosemade in buffer containing 0.33 M Cadl0 mM HEPES, pH 7.35,
heated to 80°C; used in rehydratingaaose

- 1,2-Diphytanoyisn-glycere3-phosphocholine (DPhPC) (Avautiypid used for
droplet formation.

- Calb90 sodium salt (AAT Bioquestytock of 50 mg/mL made up in ChelgbbO.

- Nikon Eclipse Tl microscope (Nikon Instrumegis$ed with a 60x TIRF objective

pOPHBNRLI SG AYOGSNFI OS oAtFre@SNAR FyR G241t AydS
A glass coverslip was cleaned in an oxygen environment in a plasma reactor to remove any
contamination prior to mounting onto a vacuum spin coater. The coverslip was coated in

120 pL of 7.5 mg/mL agarose (madie in Chelextreated dBO) heated to 80°C and spun for

30 seconds, then placed on the bottom of a milled acrylic device so that the agarose
contacts the device (substrate agarosd-igure 5.1A. The device itself consists of a block of
acrylic, micremilled to form wells that allow droplets placedtanthem to contact agarose

on the bottom coverslip, and ports in which electrodes can contact the agaFogeré

5.1A). The device was then placed on a heat block at 30°C and filled carefully with 170 uL 35
mg/mL agarose containing Caeated to 80°CYection 5.2.1rehydrating agarose iRigure

5.1A). A visual check under a light microscope was carried out to verify that the agarose had
filled the device evenly. It was then secured over a hole in the bottom of a faraday cage that
wasplaced on the micrasope stage of the Nikon Eclipse TI microscope (Nikon Instruments).
The device wells were filled with 8 mg/mL DPhPC in a mix of 60% hexade®¥esilicone

oil, and a 1mm silver electrode connected to an Axopatch Amplifier was placed in one of the

ports to contact the agarose; this electrode was held at grotiigufe 5.15

Droplet mixtureswere made containing 10 pL KCI/HEPES buffer (1.5 M KCI, 10 mM HEPES,
pH 7.35), 0.uL50 mg/mL Cab90, 0.6 pL 10 mM EDTA, 0.6 pL purified RyR2 protein
(Section 2.2.1%4(diluted 1:10 (WT, R1051P, R1051H) or 1:5 (R1051C) and 3.2 pk Chelex
treated dHO.
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Array of wells

Agarose coating
between device

Glass coverslip and coverslip

B. Electrode

Aqueous droplet
containing RyR2 and
Ca?* sensitive dye

Rehydrating
agarose

Lipid bilayer

Substrate agarose

Coverslip

TIRF beam

C. Droplet

"\\ T

Substrate agarose  \Wellsides Bilayer

Figure5.1. Schematic of droplet interface bilayer device and setup on a TIRF microsdape.
Diagram showing the acrylic device used to house droplets. The ground electrode can be ins
into any one of the three larger ports (denoted *); these ports are also used to fill the device v
rehydrating agarose (3®mg/mL). B. Crosssection shows a single well in the device, containing a
droplet that has spontaneously formed a bilayer on contacting the lipid/oil mixture in the well.
orientation of channels in the droplet is representative of the orientation in which thegrporate

into the bilayer.C Bilayer formation is spontaneous and monitored optically. On bilayer format

small circle can be seen in the bottom of the droplet showing the bilayer area.
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Droplets were formed by pipettingp to 50 nLof droplet mixture into a trough containing 8
mg/mLDPhPC in 60% hexadecane / 40% silicone oil, then incubated at RT in the dark for at
least 30 minutes. After incubation, individual droplets were pipetted into wells on the

device and monitored visually for bilayer formatidfigure 5.1 Once a bilayer had

formed, a 0.1mm silver electrode was dipped in 80°C 7.5 mg/mL agarose and lowered
towards the droplet via a micrmanipulator until the droplet was piercedhe 60x TIRF
objective (Nikon Instruments) was then prepared by adding a drop ofllawescence
immersion oil to the lens, bringing the objective up to the device until the oil contacted the
coverslip and focused. The shutter was opened and the blee (433nm Ventus laser;

Laser Quantum) and green laser (532nm Ventus laser; Laser Quantum) were switched on
(the full laser path and filter setup is includedAppendix VII). The two lasers were aligned
and their power checked (this was to ensure unifagnacross different experiments), then

the TIRF angle and TIRF focus were adjusted to correct the depth of field and bring the
bilayer into focus. Optical information was detected via an Andor iXon Ulta EMCCD camera
(Oxford Instruments) and visualised mgiAndor Solis | software (Oxford Instruments);
electrophysiological data e recorded via an Axopatch 200B Amplifier (Molecular Devices)
and WInEDR.

Andor Solis camera acquisition and analysis software was used to scan the bilayer for
oscillating patches of fluorescence which indicaté*@mmes fromhRyR2, as indicated by
Cat590 (excited by the green 532nm laser and detected in the range 573nm to 613nm). The
473nm laser was used to excite the eG&® on the Nterminus of the hRyR2 recombinant
protein (detected in the range 500nm to 550nm). Once arm@wvas located, 1000 frames

were recorded at 33Hz at constant voltage to capture both fluorescende an
electrophysiological data (10,000kHz). The voltage was varied across different recordings
due to difficulty in observing any channel activity at lower voltages in some cases and

ranged from OmV te90mV relative to the ground (luminal) electrode.

The 0.1mm electrode was used to manipulate the size of the bilayer by pulling up on the
electrode, which decreases the area of droplet in contact with the substrate agarose. If the
area of the bilayer is reduced such that the whole bilayer is visibldgigeicording

software, any channel activity as visualised by TIRF should align with the

electrophysiological data as both recordings capture the entirety of the bilayer. This is not
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the case if the bilayer extends outside of the F-@/there may be other channels

contributing to the electrophysiological data that cannot be imaged.

All DIB / TIRF experiments were performed with guidance and assistance from Hannah
Baird.

pPHHBNROSaaAYyI 2F RNRLI SO AYGSNFIFOS oAfl @SN I
Optical data from the DIB and TIRF experiments were saved as .tiff files and then processed
using a combination of FIJI image processing soft{@&chindelin et al. 2012nd a custom

MatLab App designed by Dr Oliver Castell for analysing this data; this is referred to as the
Gaussian Fitting Suite (GFS). The aim of the GFS is to fit a 3D Gaussian to the optical data
generated from these experiments to attemyat accurately quantify Carelease; this

captures the volume under the €plume and represents the total amount of Ceeleased

from that site per frame. An overview of the process is described below and illustrated in

Figure 5.2

Optical data stored in a .tiff file from one recording was loaded into FIJI, where files were

cropped to show only the illuminated area and to remove the first frame (underexposed

due to shutter opening). Thegoject function in FIJI was used to generateaverage

(mean) image and coordinates of2Cux spots in the recording were collected; both of

these items were saved. The GFS was opened in MatLab aneptogeZted image and
O22NRAYIFI0Sa dzaSR (2 ONBIGS I wWaaBnafti§aaQ AY!l 3
stack were concatenated in FIJI before running a macro to perform laser fluctuation

correction, illumination flattening and background subtraction; this results in a .tiff file

containing only the corrected spots. The image processiagraalso produces a value

OFff SR W{illIyRIFINR aSladaNS 2F 5AFFSNBYyOSQ o6{ah
about the background correction, cropping and illumination; the SMOD can be used to

normalise data between different recordings at a later staghe .tiff file containing

corrected spots was reloaded into the GFS and processed again to fit the Gaussian, which

was then saved into the MatLab workspace. Here another round of processing was

conducted, including applying a Chulignnedy filter and &fp detection to the trace; data

were also normalised by the SMOD value at this stage. The output from this process

includes Gaussian volume over time, dwell times and levels, mean and median fluorescence,

and various other parameters that can be used flmting the data.
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Figure5.2. Schematic of main steps of Gaussian Fitting Suite to analyse DIB datptical

data from TIRF saved as image stack and used to identify areas of fluctuating fluoresc&nce (Ca

flux spots)B. All frames are averaged (mean) and spot locations plottedveraged image and

spot coordinates are input into GFS to 3D reconstruct spot averBg&pot averages are

ddzo NI OGSR FTNRBY 0l Ol 3NER dzy Radie totDeNstaurt di the okigin#a LJ2 (1 f S &
image stackE Correction algorithm is applied temove background W& L2 (4 f @@8da Q A Yl 23S0
correct for laser fluctuation and image flattenirtg.Corrected stack is processed through GFS

again; fits 3D Gaussian to all spots for all franGe$fostprocessing applies &Hter (to filter out

background signal) and step detection to create an idealised trace that describes the raw data.
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After processing through the GF&ch individual Caflux spot (a site consisting of one or

more RyR2 channels) was plotted as fluorescence (using the Gaussian volume normalised by

SMOD) against time to create a corrected trace of activity over the recording period. Six

broad categories of behaviour wereeidtified by eye and mathematical criteria assigned to

guantify these behaviours by their activity level and defining features via a serRof

functions in Microsoft Excel (sé@pendixX). This grouped traces into one of the six

behaviour categoriesand then traces were checked by eye to confirm no obvious errors in

categorisation.

Cluster size was estimated based on previous data generated by the drigupe(5.3 that
used comparison between Gaussitited TIRF data and electrophysiological recordings
taken from the same droplet to calculate the normalised fluorescence of a single channel.
This was obtained by diluting the purifie®yR2 preparation to minimise the likelihood of
multiple channels being present and reducing the bilayer size so that only dh#ukapot
was visible; the optical and electrophysiological recordingee then overlayed, and this
showed a correlation between fluorescence amplitude and currEigure 5.3. The

maximum current was measured as ~4pA with*@a the permeant ion, which agrees with
other studies that have measured the maximum current of a single RyR2 cl{aghehrt et

al. 2008; Porta et al. 2011, Gillespie and Fill 20th#} corresponded to ~40AU as recorded
by TIRF in DIBBigure 5.3. The 3 highest Gaussian volume datapoints for eaéhflda

spot (normalised by SMOD; referred to as Maximum Fluorescence Intensity) were averaged
and divided by 40 to give an estimate of the minimum number of active channels per

cluster.
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Figure5.3. Alignment of electrophysiological and optical traces to estimate fluorescence
equivalent to 1 channelElectrophysiologicalataacquired from DIBs and optical data from TIRF
were overlayed to determine the approximate fluorescence (AU) for 1RHR2 channel at max
conductance. From 4 €dlux spots (containing 5 total channels), a fluorescence of ~40AU was
equated to ~4pA. Note that the fluorescence data does not match the lowest level of conduct:
therefore at lower fluorescence the change in pA is smaller than at higher fluoresdzsatee.
obtained from Dr Bevan Cumbes via personal correspondence.
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Traces of Gaussian volume over time for individudf fliax spots (each spot could contain 1

channel or a cluster of channels) from DIBs containing R1051P aidRWH?2 displayed

distinctly different behaviours, allowing them to be categorised. The main characteristics

used to classify traces were amplitudieictuation and time spent at baseline (~0

fluorescence; channels closed). This resulted in a total of 6 behaviour categories, however

only 4 of these behaviours were observed withYWRyR2; the othe? behaviours were

exclusive to R105fMutant hRyR2Kigure 5.4 the main analysis compares WT and R1051P

hRyR2 only). The basic characteristics of each behaviour, the criteria by which they were

sorted and the implications for €aelease are as follows;

- Infrequent Eventg long periods at very low/no fluorescence (baseline; indicates
channels mainly in the closed state) interspersed with events; >25% of values in the
bottom 5% of the range, <50% of values in the top 50% of the range, >25% of values
in bottom 5% are contimous. Suggests generally low or nd'@alease activity,

followed by defined periods of €aelease activity from the Caflux spot.

- Frequent Eventsfrequent peaks in fluorescence with high fluctuation, interspersed
with multiple short returns to the baseline; >25% of values in the bottom 20% of the
range, <50% of values in the top 50% of the range, <25% but >5% of values in bottom
5% are continuousSuggests relatively high®Teelease activity but still interspersed

with shutdown periods.

- Fluctuating- frequent fluctuations in fluorescence with few plateaus or returns to
the baseline; baseline visits are very short and immediately followed by return to
higher activity levels; >50% of values in the bottom 40% of the range, at least 1 visit
to baseling(fluorescence value-0), <55% of values in bottom 5% are continuous.

Suggests high activity and minimal shutdown of*@zlease.

- Always Org a consistently high level of fluorescence with some fluctuation but no
returns to the baseline; no values in the bottom 1% of the range from O fluorescence

to maximum fluorescence. Suggests near constaft i€ase activity.

138



- Inverted¢ majority of time spent at stable high fluorescence with only occasional
short returns to baseline or other stable level and little other fluctuation; >80% of
values in the top 50%, at least 2 visits to the bottom 5%. Suggests consistent Ca

releasethat reactivates immediately after brief shutdown.

- Stepped; defined steps in fluorescence intensity between relatively stable
fluorescence levels with sharp transitions, interspersed with peaks/fluctuation; >5%
of values in top and bottom 5% are continuous. Suggests cooperative opening and
closing of channels tbdN2 RdzOS RSTAYSR W2y Q YR WYW2FFQ

tKSaS 0SKI@A2dzZNE R2 SEA&G 2y | &LISOGNHzE F2
WCNBIjdzSydiQ |yR WCftdzOidz GAy3IQr 6KSNB | GSNE
might affect the categorisation. While the criteria were applied initially, @sdary visual

check was performed to check the correct classification of traces; this was particularly
AYLRNIFYG F2N 0KS WLy @ Sddhikmey ate Ydth défified I8/LILIS R Q
very rapid transitions between high and low?Cifux states, tiere were multiple

2OSNI I LIIAYIT ONRGSNRAIF gAGK 20KSNJ OF S32NASA
traces did not ever visit the baseline, but still presented clear changegifiastate,

dzyt A1S GKS Wl fglea hyQ O0SKI@GA2dz2NOV® h@PSNIF X
allhRyR2 variants. It is also likely that populationBR§R2 switch behaviour over time, as is
observed in single channels (discusseGlimpter §, therefore where any change in

behaviour was noted the trace was ddged based on the majority behaviour over the

recordingperiod.

Post CHiltering in the GFS, traces from each category in both WT and R1051P were
compared using step size (between different levels of fluorescence) against time as another
means to compare and classify?Ciiux behaviours. Traces classified as the same behaviour
by visual comparison of traces were backed up by similar step size profiles, providing a
tertiary means of organising populations of hRyR2 where the criteria did not fit and visual

comparison was rosufficient @ppendix 1X.
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Figure5.4. R1051PhRyR2 populations exhibit novel (zfa‘lux behaviours not seen in WRyR2

in DIB/ TIRETraces are representative and were chosen to loegtictthe characteristics of

each C# release behaviourAmplitudes are not to scale; this is due to a high degree of

amplitude variation in traces of the same behaviokrThe 4 behaviours WL Yy T NB lj dzSy & Q>
WCNBIjdzSy i Qs WwCft dzOgwere cbdeywétin both/WRT anél!RLOBIIRERR2 h y Q

populations (and to some extent in R1051C and R1051H populat®itsK S WLY @SNISRQ | y i
W{GSLIISRQ 0SKI@PA2dzZNA ¢gSNBE 2yfteé& 20aSNIER Ay Ydzil
W{ ( S LILIS R Q asalSofobséive@ idARID54C populations).
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All four behaviours that were observed in WIRyR2 were also observed in R10bdtant

0KSAS 6SNB WLYTNBIldzSYyidiQ>x WCNEBIljdsSSydQz
behaviours observedW{ i S LILISR Q E appearédllioyb&exdiBive o ®R106Ltant

020K 0SKI@A2dzNE 6SNBE 20aSNWUSR Ay wwmnp
was observed once in R105IKle 5.). For R1051P, 13.2% of spots analysed exhibited
SAGKSNI KS WLY@BSNISRQ 2N W{ (S wadkBcmo@SKI JA 2 dzN
frequently observed in R1051P at 10.3% of spots (7 of 68 spots), compared to 2.3% (1 of 44

Kweé wH
hwe wH T

hweé wH T

spots) for WIhRyR2. The most common behaviour in both WT and R1051P was
WCE dzOldzr 6 Ay3Q> {4 npldges)l YR HpdPm:>I NBALISOGACL

Fewer experiments were conducted using R1051C and RIOBYR2 than WT (n = 44%Ca

flux spots) and R1051P (n = 68), with 10 and P2flx spots recorded, respectively. This

was an intentional experimental choice to prioritise WT and R1051P due to the predicted

impact of the R1051P mutatioséction 1.7.3 When the same behaviour groups were

F LILJX ASR (G2 GKSa&aS Ydzi F yia>x ySAGKSNI 6SNB T
fl aQ).AFobh& R4 | & W{ G

4 WLYFTNBIljdsSyidQs

0o 2
behaviours, and only one && f dzE & LJ2 i
FtdzE alLkRda 6SNB OfFaaiTAisSR

gl a

frequently observed behaviours in WT and R1051P and may be a product of the smaller

sample sizeTable 5.). No other novel behaviours were noted in either R1051C or R1051H.

Table5.1. The distribution of C#& release behaviours is different in R108ftutant hRyR2 C4

flux spots compared to W-FhRyR2 spotsThe main observed differences in behaviour frequency

FNB GKS y20ro0ts t10] 2F WLYSSNISRQ FyR W{dSLLBR
FYR GKS [06aSyoS 2F (KS Wl tglreéa hyQ o0SKIFI@GA2dzNI AY
size for R1051C drR1051H (R1051C n = 16*@ax spots R1051H n = 12) was much lower than

either the WT or R1051P (WT n = 44, R1051P n = 68). Generally, WT, R1051P and R1051C showed
AAYAEEF NI RAZGNR G dzii B2\ yET (R WICY HADR [az$ i i/ ¢

Infrequent Frequent Fluctuating Always On Inverted Stepped
WT 29.5%(13) 22.7% (10) 45.5% (20) 2.3%(1)
R1051P 19.1%(13) 27.9% (19) 29.4% (20) 10.3%(7) 7.4% (5) 5.9% (4)
R1051C 20% (2) 30% (3) 40% (4) 10% (1)
R1051H 8.3% (1) 58.3% (7) 33.3% (4)
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Initial attempts to estimate cluster size based on photobleaching of eGFP onttdrenius

of the recombinant hRyR2 protein used in this study were unsuccessful due to the rate of
photobleaching of eGFP. This was due to the strength of the lasers uaeduoe optical

data on C# release, resulting in almost immediate photobleaching of eGFP during
recording. Efforts to align electrophysiology recordings (which captures the activity of all
channels in the bilayer) with Cal590 fluorescence (ié" @&ease fromhRyR2) to estimate
population size based on current were also unsuccessful, due to difficulty in reducing the
bilayer size to fit entirely within the TIRF FOV. An alternative method to estimate the
minimum number of active channels per cluster was emplaysdg data obtained from

earlier research that revealed one channel at maximum conductance ®gpjptoximately
40AU after processing in the GFS (Cumbes airglyblishedFigure 5.3. It is important to

note that this method is likely to undesémate the number of channels present in a cluster
as not all channels may be active at a time, and even when multiple channels are active
their collective fluorescence may not reach the threshold to be classified as more than one

channel; this is discued in more detail irBection 5.1

Of all C& flux spots analysed (both WT and mutant), 68.7% were classified as minimum 1

channel L channel), 23.9% were classed as minimum 2 chanigglsh@nnels), and 7.5%

GSNE Of aaSR a o 2N Y2 NRRblebRIOflyTt&rREOSIB RS A Iy | (i
there more C# flux spots categorised ag channels thakl channel. Statistical analysis on

this discrete data indicated that there was no significant association between hRyR2 variant

and cluster sizeTable 5.2 Chisquared test for Independence?X12.32, df = 6,walue =

0.055, n = 134). However, when analysed using continuous data (using Maximum

Fluorescence Intensity, which givesedtbr indication of relative cluster sizes than discrete
categories), R1051C and R1051H populations were shown to be significantly larger than WT

hRyR2 populationg-(gure 5.5 despite a much smaller sample size.
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Table5.2. Distribution of estimated minimum cluster size for all hRyR2 is comparablee
minimum number of active channels per cluster was calculated from the Maximum
Fluorescence Intensity divided by 40AU, which has been calculated to represent one channel
open at maximum conductance. This reveals a relatively similar distribution ofgtimpusizes
across all hRyR2 variants tested (Shuared test for Independence’ X12.33, df = 6,palue =
0.055), although there is a slight deviation from the trend in R1051H, which is the only vari
have more clusters of minimum 2 or more active channels than single channels.

>1 Channel >2 Channels Cluster
WT 33 9 2
R1051P 50 12 6
R1051C 5 4 1
R1051H 7 1
Total spots 92 32 10
*
*
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Figure5.5. R1051PhRyR2 populations contain a comparable number of channels toMRR2
populations, but R10510DRyR2 and R1051KRyR2 populations are significantly largéhen
compared on a continuous scale, the mean cluster size of R1051C and RIE)RPipopulations
were significantly larger than WARyRZp-value = <0.05 (*))no other significant comparisons
were found. Outliers from R1051P (Maximum Fluorescence Intensity = >10, n = 2) have been
removed, but statistical analysis showed that their inclusionngidchange the significance of
any results Appendix X). Statistical analysis was performedGraphPad Prism 10.1uBing
KruskakWallis noAaLJ: NI YSGNA O (S ahoctesth G K 5dzyy Qa Ll2ad
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Overall across all 4 hRyR2 variants there was a significant change in distribution of

behaviours as predicted cluster size increh§Eable 5.3 Chisquared Test for

Independence; Ckiquared statistic (% = 36.45, degrees of freedom = 1eyglue = 7.02,

nN=134).InCatf dzE aLR (o OOKBYEKFASCR GBS WLINBR2YA Yl yi

WLY TNBIjdzSYyiQr WCNBIjdzSyidQ yR WcCf dzOldzZ GAy3IQX

at this cluster sizeHigure 5.6 @ !y OKS$ yY St Q Sy RI VORK 8za G ISNBI & 5 ¢

WLY@PSNISRQ yR W{GSLIISRQ 0SKI gxfudapndts NBELINS &Sy

analysed at 18.8% and 70&spectively(Figure 5.9, despite a much smaller sample size of

Wi OKFIYyySftQ IyR WOt dzZaGSND LR2LJzZ FGA2yad

Table5.3. There is a significant association between?Caelease behaviour from hRyR2 and

cluster size Chi-squared test for independence indicated that thavasa significant association

between C& flux behaviour and cluster size?x36.45, df = 10, walue = 7.02, n = 134n =

134) across all four variants of hRyR2 analysed, including the WT. Values in bold indicate

individual cells that contributed most to the overall @quared statistic based on adjusted

residuals, and * indicates a cell that differs significantly ftbmpredicted distribution (pvalue
<0.05). The numberof &€& t dzE &Ll iGa Of I 8aAFASR | &4 WCNBIdSyiQ
AAIAYATFAOLIyGfte 2SN GKFY LINSRAOGSRE FyR (KS ydzy
Cluster category was significantly higher than predicted. Thesdildred test was performed

with Bonferronicorrection and using marginal totals RStudio

1 Channel 2 Channels Cluster
Infrequent 16 3 0
Frequent 45 14 1*
Fluctuating 26 9 3
Always On 1 2 4%
Inverted 2 2 1
Steplike 2 2 1
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Figure5.6. The distribution of C# releasebehaviours changes as estimated cluster size

increases. AGraph showing absolute counts-#Xis) of behaviour type for each size category,

RSY2y &GN GAy3 GKS avYlffSN ydzYoSNI 2F B LJzZA I GA2ya
Graph showing proportional distribution of behaviours. The distribution éfflCa behaviours

OKlFy3aSa Ia OftdzadGSNI aAl S AyONBlIraSas ¢gAGK (GKS WLy
becoming less common as cluster size increases, an#?thél SLILISRQZ WWIE vE SN SRQ@ |y
behaviousNB LINBASYy GAy 3 | YdzOK f 1 NHSNJ LINRPLR2NIAZ2ZY 2F W

There was a significant difference in ttistribution of behaviours as cluster size changed
when R1051P was compared to the WT data$able 5.4 Chisquared Test for

Homogeneity; X= 24.58, df = 10,-galue = 0.0062, n = 112), however no individual counts
were found to be significantly different. Analysis of this data was complicated by the
LINS&AaSyO0OS 2F 1T SNRra Ay (GKS RFEGFaSaGas ylrySte Ay
categoies of the WT data. Zeros can invalidate many statistical tests, including the Chi
squared test; in an attempt to negate thes small value (0.5) was added to all values,
however this did not drastically alter the result (Ghjuared Test for Homogeneity? X

20.76, df = 10, value = 0.0228, n = 112). Regardless of this result, the presence of these
behaviours at all in R1051P and the higher proportion of them in larger clusters suggests
(Figure 5.7 there is an important relationship between predicted cluster size and the
WLY@SNISRQE W{ (S LAhxRéhaviodrsydven ¥this aannét e shoWr) / |

statistically.
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Due to the small sample size obtained R¥051Gn = 10C&* flux spots Figure 5.7¢and
R1051Hn = 12 Figure 5.D), the statistical power to detect a meaningful difference was

reduced therefore, statistical analyses wemot performedfor these mutants

Table5.4. The distribution of C#&' release behaviours as cluster size increageR1051P

hRyR2 populations is different than in WHRyR2 populationsStatistical analysis showed that
that there was a significant difference in the distribution of'@ax behaviours as cluster size
increased in R105HRRYR2 populations compared to WRyR2 populations (Cbguared Test

for Homogeneity; X=24.58, df = 10, walue = 0.0062, n = 112)hree comparisons had
standardised residuals greater than 1 (bold underlined numbers) indicating that they
contributed more to the overall statistic, however no significant difference in any one variable
was detected (pralue >0.05). Several categories could not be compared due to the presen
zeros in the dataset; this includes any category where the WT (i.e. expected count) equalled

Zero.
1 channel 2 channel Cluster
WT RP WT RP WT RP
Infrequent 6 9 2 1 0 0
Frequent 16 23 4 4 0 0
Fluctuating 11 13 3 2 1 0
Always On 0 1 0 2 1 3
Inverted 0 2 0 1
Stepped 0 2 0 1 0 1
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Figure5.7. The distribution of C# release behaviours from populations of WT and R1051
mutant-hRyR2 changes with cluster siZzéraphs on the left show absolute counts of behaviours
at each size category; graphs on the right show behaviours as a proportion of the whole for each
size categoryA. WFhRyR2 populations show a comparaBld & § NA o dzi A 2y 28 0SKI @A ;
OKF Yy SHQ OKYRYBEBED odai GKA&E OKFy38a Ay Of dza G SNE
manifests B. R1051P populations show an increased propar2 y 2 F (KS W{ iSLIISRQ=Z
Wi tglea hyQ o0SKI @A 2 dRIBS1CCandR10823 i) Shiwadeksid&finel y ONB | & S
trend in behaviour relative to cluster sizéis may be due to their small sample si?éT n = 44
Ca&*flux spots; R1051P n = 68;081C n = 10R1051H n = 12.
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The activity and relative fluctuation in signal intensity froni*@lax spots were used as

measures to compare €aelease from WT and R1051P, and also to compare different

behaviour classifications. Activity was calculated as the mediarsigaal amplitude as a

proportion of the maximum signal, with values closer to 1 indicating higher activity.

Fluctuation was calculated from the step frequency and size (from idealised traces) as a

proportion of the maximum fluorescence. Cluster size watgdl on acontinuous scale

using the Maximum Fluorescence Intensity of eact fllax spot asa better way of

visualising estimated cluster size.

t 2LJdzt  GA2y&a OFGSI2NAASR d WLYFTNBIdzSSyiQz WCN
between the WT and R1051P datasdig(re 5.8, tending towards lower activity with the

SEOSLIiA2Yy 2F WCf dzOlGdzr iAy3IQ 6KAOK &K2g64& | 0NP
YSRAFYYYIE NIGA2d t2LdzZ FGA2ya OflaaATASR |

ax

have higher and more variable activity thather behaviours regardless of cluster size

(Figure 5.8. In WT populations there appeared to be an upper limadivity relative to

Oft dZA G SNJ AT ST LI NILGAOdzE I NY &8 Ay G kshapgtiCt dzOG dz G A
distribution of data Figure 5.8A This relationship between cluster size and activity was less
defined in R10514ARyR2Kigure 5.8B

Relative fluctuation of each behaviour was largely comparable betweerFijiré 5.8¢

and R1051PFjgure 5.8D), however in R1051P populations there appears to be an upper
threshold of fluctuation for a given cluster size, although nonlinear regression revealed no
relationship (Semilogarithmic regression, df = 64(vRlues close to 1 indicate good fit of
model) = 0.004, 95% CI for sloped=085, 0.051). WT values were more evenly distributed,

and cluster size did not appear to affect relative fluctuation.
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Figure5.8. Relationship between estimated cluster size and channel activity or fluctuation of

Infrequent

Frequent

Fluctuating Always On

Inverted Stepped

activity in WT and R1052RRyR2 populations recorded in DIBdaximum Fluorescence
Intensity was used as a gauge of cluster size; the grey dotted line indicates the upper threst
L2 LJdzt  GA2ymn OKIFIFHSRQEAUGWS NBR R20MSRORMAYWBSA&HQT K

g2

GKS NMNIKI

27

GKS NBR

populations.B. Activity of R1051fRyR2 populations. In VAARyR2 population®\j, activity
appears to be limited by cluster size, with smaller populations unable to achieve higher levels of

activation; in R1051HBJ this relationship is less defined indicating higher activity of smaller

Of dZAGSNE® ¢KS y2@0Stf o0SKIF@A2dz2NE WLYOBSNILISRQ

tend towards higher activity than the other behaviour classificati@h&elative luctuationin

WT-hRyR2 population®. Relative luctuation in R1051#RyR2 populations. In both WJ) énd
L32 Lddzt F GA2yas NBEFGABS FtdzOldz- GAz2zy 27F &
0SKI OA2dz2NBE A4

R1051FhRyR2D0
WCt dzOl dzr GAYy3Q
between larger cluster size and higher fluctuation in R108RPR2 populations. The remaining

behaviours display overall very variable fluctuation.
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The initial hypothesis behind this study was that mutation of R1051 may affect the ability of

hRyR2 channels to form functional clusters, of which one consideration is cluster size.

Results shown herd-{gure 5.5Table 5.2 indicate that there is no significant difference in

the minimum number of active channels per cluster betweenWRyR2 and R1054HRyR2,

however R1051C and R1051H populations vestenatedto be significantly larger than

WT-hRyR2 populations.

If R1051C and R1051H mutants have an increased propensity to form larger clusters than
WT-hRyR2Kigure 5.9, itisnecessary to examine how or why this might occur. R1051 is
located in the P1 domain which is believed to be involved in the-tetieamer interaction

and may need to undergo domain rearrangement to facilitate tight clustéfaipra et al.
2016) Mutation at R1051 could disrupt or alter this remodelling, but is it possible that this
results in a strengthened interaction that facilitates the formation of larger clusteisia
proposed to interact with FKBP12.6 on adjacent tetran{@atbra et al. 2016and while
FKBP12.6 is lacking in these experiments, its binding is associated with decreased cluster
size containing fewenRyR2gAsghari et al. 202@nd so this should not interfere with large
clusters forming in either WT or R1G5iutants.Detailed modelling of the P1 domain

during clustering has not been performed to date, but this would help determine whether
rearrangement is needed for a tight clustering interaction, and whether Rb@&ation

might interfere with this. However, this Imgs its own complications as modelling in detail
such a large protein dfRyR2 is computationally complex and as withnadilicomethods,

does not provide a deiitive result. Xray crystallography would provide a more definitive
answer, however to truly understand the impact of these mutations on the clustering
interaction would require crystallisation of twiRyR2s in a cluster; given the difficulty of
crystallising RyR2 alone, maintaining clustering interactions during crystallisation would be a
significant challenge. A more achievable approach could be to look at the P1 domain in

isolation and examine the stctural impact of R1051 mutation. As of yet, the RIn@in of

wewH KIFa y2G 06SSy ONRaldlfAaSR:I fGK2dAK (KS
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(Yuchi et al. 2015however crucially R1051 and the surrounding residues are not conserved

in RyR1%ection 1.7.2

It is important when considering these results to take into account both the method of
calculating cluster size and the smaller sample size for R1051C and R1051H. In this study,
cluster size is calculated based on the Maximum Fluorescence Intensityarast gbjective
count of the number of channels present (discussed in more det8iation 5.4.2.

Therefore, it is possible that R108iutant hRyR2 is simply more acti@dure 5.8,

releasing more Cathan the WT, which with this measure of clusteresiould reflect as

larger clusters$ection 5.3.3. This is discussed further 8ection 5.4.2

It is also worth noting that, while no significant difference in cluster size was found between
R1051P and WFigure 5.5, several large, bright €dlux spots (1619 active channels)
presumed to come from very large clusters were observed for R1051P which far exceed the
size of any populations observed in WT, R1051C or R1051H. Earlier research by Cumbes et
al., Unpublished}lid identify C&*flux spots from WHRYR2 populations with these
characteristics, so while they may not be exclusive to the R16&&Bnt, it is possible that
GKSe 200dzNJ Y2NB FNBIljdsSyidfted ¢KSasS tFNBS aLkrRi
of several clusters within 100nm of each other thought to act as one functional CRU
(Baddeley et al. 2009Yhe number of channels required to form a supercluster is not

certain, with different studies obtaining averages of 2B&ddeley et al. 20099 103
channelgHou et al. 2015)but there is agreement that these frequently consist of multiple
distinct smaller clusters of RyRRaddeley et al. 2009; Hou et al. 2015; Hou et al. 2023)
Logically, superclusters of many RyR2s acting in cooceldfacilitate greater C# release

to contribute to spark generatiofHou et al. 2023)and if they form more readily with

R1051PhRyR?2 this would have implications forGalease.

penpAYAlloaz2yada Ay OFf OdA Fsay3d Of dzaliSNJ aAl S
As mentioned above, it is important to note that the method used to calculate cluster size
(Section 5.2.3is an estimate, which considers only active channels and therefore is
inherently likely to underestimate the total number of channels in a population. It is
probable that a single €&flux spot recorded at a different time would be calculated to
contain a different number of channels as its activity (and therefore fluorescence) changes
stochastically, despite being in buffered conditions. It is disar¢hat, while 40AU was used
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as an estimate of 1 channel at maximum conductance based on earlier resEayate(5.3,
many populations exhibit a maximum fluorescence much lower than this. This is due to
fluorescence not being a direct measurement of channel open time; a shorter open time of
an individual channel would result in lower fluorescence intensity than a eiamith a

longer open time due to time averaging, as the total amount &f deased would be

lower. This means that the cumulative fluorescence produced by mugtipdet openings of
multiple channels may still not reach the 40AU threshold to count as more than 1 channel.
The R of channels in a cluster ésopredicted to be relatively low with many channels
remaining inactivéHou et al. 2023)so with the combination of inactive channels and low

Po, the minimum number of active channels is likely to represent a very conservative count

of the total number of channels present.

Initially it was intended to measure the photobleaching of the e@gRon the recombinant

hRyR2 protein tanore accuratelyalculatethe number of channels presenthis was

unsuccessful due to complications in the acquisition of this da¢&tion 5.3.3 despite

eGFP photobleaching having been measured previously in this system (Cumbes et al.,
unpublishedl(Appendix V). Other studies that have aimed to quantify the number of RyR2
channels in a cluster have largely relied on seqesolution imaging ofixed samples via

techniques such as direct stochastic optical reconstruction microscopy (dSTORM) or

electron microscopyBaddeley et al. 2009; Asghari et al. 2012; Asghari et al. 20dwever

GKAA AayQid O2YLI GAOES gAU0K GKS Bralterndtited 1 SY Rd
that has been used to quantify RyR2 clusters previdislyasinghe et al. 2018&hd could

be applied in this system is DNpaint. In DNApaint, a targetspecific antibodys linked to a

short DNA strandanda complementary DNA strand is covalently linked to a fluorophore

When the DNA strands hybridizie fluorescent signal increasg®esulting influorophore

Woft Ay 1AY3AQ | & GKS 5linds thistengomliisépsratioraliows gretisea | Y R
mapping of single moleculdgyond the diffraction limitin combination with TIRF, this

would allowthe location of eaclietramer of RyR2 to benappedbased on the position of
individualmonomets, which would indicate both the number of channels idasterwell as

their organisationJungmann et al. 2014; Schnitzbauer et al. 2017; Stehr et al..201D)

spatial resolution of DNyaintreaches around -:@0nmcompared to dSTORM and PALM

which achieve resolutions of around 20nandit is not so heavily impacted by
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photobleachingas dSTORM and PAlagl the fluorophores can replenighungmann et al.
2010; Jungmann et al. 2014uture work will aim to optimis®NApaintfor DIBs to allow
for quantification of cluster size and organisati@e¢tion 5.4.}, as these are important

factors in understanding €arelease and dysfunction in R1051 mutants.

Finally, when considering cluster size, it is also important to consider the density of RyR2 in
the droplet mixture, as this could artificially affect the propensity for RyR2 to form clusters
by forced proximity of channels. Measuring the concentratiohRyR2 in these

preparations is not straightforward; while total protein concentration can be determined by
absorbance at 280nm or through use of assays (such as a BCA Assay), this does not give an
actualhRyR2 concentration. This is due to the sucrose itlensentrifugation method

(Section 2.2.1%used to puriffhRyR2 in this studyhis preserveghannelfunction, however

as it relies on density alone toisoldtw @ wH A G R2Sa y20 LINRBRdzOS WwWOf
compromise with alternative methods that can be used for purificatiohRyR2 such as
ion-exchange chromatography or affinity chromatography that are more specific and would
allow for exact concentrations ¢iRyR2 to be calculated but produce a lower yield of

protein (Hu et al. 2021)In practice, visual comparison of concentration of*@ax spots in

DIBs was used, and the dilution of protein added to the droplet mix was adjusted to give an
approximate similar concentration. However, the actual number of populations is likely
higher as not all channels are active at any given time. Amiatl solution would be to

assess eGFP fluorescence; this could be used as preliminary step before regording
overcome issues with photobleaching as discussed aliowgtermine the correct diltion

of hRyR2 in the droplet mixture to ensure more comparaii®RyR2 concentratigbetween
different protein preparations. It was attempted to artificially increase the concentration of
channels by corralling the proteins by manipulation of the bild@oss et al. 2011)n

practice, this requires the electrode in the droplet to be gently lifted up, which lifts the
droplet with it and reduces the area of the droplet in contact with the substrate agarose,
therefore reducing bilayer size. With other proteins and peptides has successtul

corralled them into a smaller ard&ross et al. 2011howeverhRyR2 does natppear to

behave in the same way, likely due to its large size preventing it from moving so freely
through the bilayer. This prevented corrallingh®®yR2 and as such the density could not be

adjusted during experiments.
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A total of six behaviour groups were identified across WT and Ridnt hRyR2 Caflux

spots, four of which were observed in both WT and mutant populations, and two which

were only observed in the mutant (predominantly R1051P, and to a lesser extent R1051C;

Figure50 ® ¢ KS F2dzNJ O2yASNIWSR O0SKI @GA2dzNBX f | 0S¢t f

FYR WItgleéa hyQs FNBE OKIFNIOGSNKEwdRe 08 AYyON

between periods of inactivity, to steady €aelease with no shutdown period&igure 5.3.

The emergence of two seemingly novel behaviours in the mutardssignificant event and

suggests mutation at this location does impact RyR2 function at the population level. This

dysfunction becomes more apparent as the estimated number of active channels increases

with an increased proportion of these behaviourddrger clustersKigure 5.7, despite no

significant difference in estimated cluster sigggure 5.5.

A
~

¢KS W{GSLIISRO YR WLYZSNISRQ &RyR2 arebatizNBE 20 a
characterised by rapid stepise transitions between relatively stable high or low Glaix

states, suggestive of increased cooperativity between active channels in the ckigtame(

5.4) and a tendency for higher activitlfiure 5.88 Concerted opening and closing of

channels in a cluster has been demonstrated previo(MBrx et al. 2001)and this

OSKI @A2dzNJ F LIISFNAR (2 06S Iy FTYLXEAFTAOLIGAZY 27F
(if not all) active channels are acting in unison. M@NRA A G Ay OG A2y 06S06SSy |
YR WL helSioufsSNRRY) 0 KS RgSft GAYSaAaT W{GSLIWISRQ N
their low activity level (usually equivalentto no’cl5 € S aS | OGAGAGe v GKI Yy

tended to return to high activity quickly (~1 second) after low activity periods.

2 KAtTS y2i SEOtdzaA @S (2 GKS Ydzilyids GKS LINBJI
than threetimes greater in R1051P populations than the WT (8.8% of R1051P spots

compared to 2.3% of WT). This behaviour is characterised by high activity witeteohs

CZ*NBf SIFaS yR y2 W2FFQ (AYSI FAgird582TId K a2YS ¥
tendency for consistent and high levels ofGQalease does point to a degree of

O22LISNY AQPGAGeY K26SOSN) KAa Ad RSIAaSRESHA Y &RAE
Perhaps more importantly however is the lack of termination of @dease observed in the

Wi fglea hyQ OFGS32NE O ¢ KBrelbaeiibbtitthe sirgf + YR G SN
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channel level and population level, is an important regulatory factor in CICR ahsp@k

propagation which is essential for normal heart function. The absence of this, as is apparent

AY Wltgléa hyQ LRLMAIFIGA2ya YR (2 a2YS SEGSy
be an important factor in impaired €aelease from R105:RRyR2.

It is important tonote that this aberrant behaviour occurs in the absence of a depletifty Ca
store (i.e. the SR load), as there is excessi@#he rehydrating agarose (0.38; simulates
luminal C&"). This highlights that dysfunction of these mutants is a functidnRyR2 itself
and not a product of depleting store influencing?Q&lease. These conditions are
representative of conditions similar to diastole, with high luminaP{daut low cytosolic

[C&*]. This means that Carelease from populations in DIBs essentially mimic SOICR and
indicates that this is severely dysregulated in large populatio®&l661P channels. This
dysregulated Cais likely to contribute to diastolic €deak which is a causative factor in
arrhythmias(Wehrens 2007; Kolstad et al. 2018; Dridi et al. 2020)

One experimental factor that might potentially have impacted channel activity is the
voltage.The voltage applied to the bilayer across different recordings was not consistent, as
in some droplets no activity was observed2®mV (the planned experimental voltage)
relative to the luminal electrodeThevoltage wagherefore adjusted to a more negative
potential (up to-90mV) to prompt channel activation. This was most notable in droplets
containing WThRyR?2 in which very little activity was observed3®mV (1 droplet (3 Ca

flux spotg of atotal 20 droplets (4 C&*flux spots)). This contrasts with all 3 R1051

mutants, which displayed activity in the range of Om\\@@mV. Activity, behaviour and
estimated cluster size were retrospectively assessed in association with voltage and
revealed no significant associatifiigure 5.9. As RyR2 is not a voltagated channel this

was not unexpected, however increasing the voltage increases the driving force for ion
migration so this could be expected to increa88*NB f S| 4Sd 2 KAf S (KA& R2¢
the case, it does seem that increasing the voltage may initiate channel activity in the WT,
and that the mutant is more active even with a lower drive. Any future works should bear
this in mind and strive to use ogarable voltages, or further research should be conducted
on the relationship between voltage amRyR2 population activity and Caelease

behaviour.

155



>

WT Voltage-Activity R1051P Voltage-Activity

1 1
(=] o fe) °
= (@) =
g 0.8 LSCU 0.8 5 o
& s o o
2 06 2 06 © © o omy
c c ™ o O -30mv
o O o o]
= ki o] © -40mV
=04} (o] 0.4 (o8}
: o og = o o O -50mV
@ _
202- oo OO S gogf o0 8:' o) | 8omv
g 5 o) & C§O & ’ o O -90mv
0 L. e co ° o .
10° 10? 102
Maximum Fluorescence Intensity Maximum Fluorescence Intensity
WT -30mV -90mvV R1051P OmV |-30mV|-50mV
=1 channel 2 3 5 23 21 channel 10 30 11
B. 22 channels 2 7 22 channels 1 9 1
Cluster 1 1 Cluster 5 1
WT -30mV -90mV R1051P OmV | -30mV | -50mV
Infrequent 1 2 10 Infrequent 2 10 1
Frequent 1 3 6 Frequent 1 15 3
C Fluctuating 1 2 2 16 Fluctuating 4 10 6
' Always On 1 Always On 5 2
Inverted Inverted 4 1
Stepped Stepped 3 1

Figure5.9. Relationship betweerapplied voltage ancestimated cluster size, channel
activity,and behaviourin WT and R1051:RRyR2 populations recorded in DIBs. Zcatterplot
showing the relationship between Maximum Fluorescence Intensity and activity for WT (left
R1051P (right), with different voltages indicated by different colour markers. No significant
association between voltage and activity was found¢Kallz I f f A4 SAGK 5dzyyQa LJ2a
WT pvalue = 0.100, R1051Pvplue = 0.836)B. Table showinthe number of C# flux spots
classified as each cluster sizes for all recording voltages for WT (left) and R1051P (right). No
significant association was found between voltage and cluster size (Fishers Exact Test with
Monte-Carlo simulation, WT-palue = 0.740, R1051Pvplue = 0.663)C.Table showing the
number of C# flux spots classified as each*Qalease behaviour for all recording voltages for
WT (left) and R1051P (right). No significant association was found between voltage and
behaviour (Fisher Exact Test with Mont€arlo simulation, WT-palue = 0.299, R1051Pvplue =
0.207).
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Taking all of this into account, it appears that R106RYR2 populations result in distinct
dysfunctional C& release behaviours that are characterised by increased cooperativity and
impaired termination at high luminal [€% While this behaviour is somewhat reminiscent

of the proposed effect of coupled gating, which is hypothesised to keep channels closed

during diastole to prevent Caeak but promote concerted opening during systole to

facilitate C&* spark generatiorfMarx et al. 2001 this does not appear to be the case with

R1051P populations. Instead, under the diaside conditions of DIBs, R1051P seems to

increase CHrelease vidhRyR2 which would contribute to €#eak. It is unclear how this

might manifest under systolic conditions; it is possible that the increased cooperativity of

channels could assist in termination of’Oalease if one channel spontaneously closes and

0KS 20KSNJ WO22LISNI 6SQF K26S@OSNI AG Aazltaz LR
releasemay be sustained in R1051P clusters. This latter seems more likely given the
AYONBIASR LINBGIfSyOS 2F GKS Wl fglrea hyQ o0SKI
termination of C&'release; this could be an indication that activity of a single channel could

lead to activity of others in the cluster. Either way, results thus far demonstrate significant

dysfunction of R105XRRyR 2t the population level.

A

pPntbaaIaA0fS YSOKWYZABRYE BWewmnBR&adTdzyOsz2y

l'a RAa0OdzaaSR 102053 (GKS AYONBIF&aASR O22LISNI (A
0KS Wlfglrea hyQ o0SKI@A2dz2NBE LRAYyGa G2 SyKIFyOS
level at high luminal [C§ that could cause Caleak. This appears to be associated with

increased cluster size, as these behaviours represent a higher proportion of the behaviours
observed in larger clusterfigure 5.7, despite no significant difference in cluster size of WT

and R1051#RyR2Kigure 5.9. What is unclear is how this dysfunction arises, but there are

several possibilities that seem plausible from the data.

One possible mechanism is altered allosteric communication between channels, which is
predicted to contribute to coupled gating within clusters, although this has yet to be proven
(Stern et al. 1999; Marx et al. 200B1051 is located in P1, and it was hypothesised that
mutation might affect the ability of P1 to interact in the intetramer interaction during
clustering. As discussed, this does not appear to have a direct effect on clustier size
R1051Pbut it is possible that mutation impacts the intetramer interaction in more

subtle ways that have knock on effects orfQalease. In this scenario, mutation appears to
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which would be exacerbated in larger clusters due to an increased number of these altered
interactions; this could be a logical explanation for why such behaviours become more
apparent as cluster size increases. This is significant as research has shownZ%ileak @a

a result of reduced cluster size and loss of stabilising interactions, and that larger clusters
protect against thigSobie et al. 2006; Kolstad et al. 2018he study did suggest larger

clusters have an increased likelihood ofQgak, although this was in the context of’Ca

sparks and involved far larger clusters of RyRZ(6hannels being considered moderate

size, and >70 being considered large) and this was attributed to the increased likelihood of a
small number of channels being open resulting in silerit [ak(Galice et al. 2018)his
suggests that an important regulatory mechanisnmi®yR2 might be heavily impaired by
R1051P mutatiopand might reveal a novel mechanism of dysfunction that can contribute

to arrhythmias and cardiomyopathies.

It is also possible thahe density and spatial organisation of clusters may be affected in
R1051 mutants, which further complicates the RyR2 clustesfgimion relationship. Of

the two main organised RyR2 cluster configurations, the cheloiard (cornesto-corner)
arrangement otetramers is associated with lower channel density, which is promoted by
phosphorylation which in turn is associated with increased cluster size, dissociation of
FKBP12.6Asghari et al. 2014; Asghari et al. 20200 increased Caleak(Marx et al. 2000;
Wehrens et al. 2006)Conversely, denser packing of RyR2 via alsigsde arrangement is
associated with decreased cluster size, increased FKBP12.6 binding, improved channel
stability and reduced Caleak(Wehrens et al. 2004a; Asghari et al. 20F)rther to this,
RyR2 configurations are not limited to these two arrangements; less regular and more
dispersed organisation of RyR2 has also been demonstrated with-seg@ution
microscopy, highlighting the complexity of cluster format{@sghari et al. 2014; Asghari et
al.2020% LYy RA&SIFaSsz NBY2RSftftAy3d 2F Of dzaiSNAR KI
CRUs into more numerous, smaller (but still functionally associated) clusters during HF,

which promotes CH leak(Kolstad et al. 2018)

Finally, it is possible that the dysfunction observed in DIBs is an exaggeration of dysfunction
Fd G0KS aAy3atsS OKFIyySt tS@Stod ¢KS NBadzZ a4 FNP
C&*release from R1051P and the WT are comparable at this [Eiglré 5.7, so this
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appears unlikely, however in the absence of true single channel data this cannot be ruled
out; this is discussed @hapter 6 With such a complex sizgrangementfunction

relationship, it is clear that a much more detailed assessment of R1051P cluster organisation
is needed to understand the mechanism of dysfunction. fpigitvt would be a suitable

method to investigate the spati arrangement of RyR2 in DIBs and could be used in concert
with optical and electrophysiological data to better understand threwrnstances under

which aberrant CH release behaviours occur and elucidate the mechanism of dysfunction.

podnmhpy Of dzaA2y a

These results show a clear difference if*@alease behaviour of some R1061Litant

hRyR2 populations compared to the WT. Of the three mutants of interest, R1051P appeared

to form clusters of a similar size to WiRyR2, however it exhibited two aberrant’Ca

release behaviours not seen in the WT that were characterised by increased cooperativity.
¢tKSaS O0SKI@GA2dzNBY Ff2y3 gA0K GKS Wl fglea hyQg
in R1051P populations, were found to be more prevalent in larger cluastetdhrad generally

high C&* release activity that is indicative of diastolic’Qaak. On the other hand, R1051C

and R1051H were shown to form larger clusters thanrhRyR2 but exhibit behaviours

fINBSte aAYATIFINI G2 GKS 2¢3 FfdK2dAK wmnpwm/ |

seen in R1051F hisinterpretation ishowever imited due to their small sample size.

Given the role of the P1 domain in the intxtramer interaction that facilitates cluster
formation, it is proposed that the differences observed in Rt6kitants are a product of
changes to this interaction. This may be due to altered allosteric comonchetween
channels that increases cooperativity, although this is hard to prove without understanding
the mechanism of allosteric communication. This could in part be clarified by an improved
understanding of cluster size and organisation, which cbeldccomplished using DNA

paint technology; preliminary experiments are ongoing and as such no data is yet available,
however this has demonstrated that DNdaint can be accomplished ihe DIBsystem The
possibility of dysfunction at the single channel level also rem&haygter §, however the
NEadzZ §a a2 TFIFIN aK2¢ GKIFIG 2¢ FyR wmnpmt SEKADOG
OK I Y Y SHamheldevelRigure 5.7. In conclusion, Carelease behaviour exhibited by
R1051FRyR2 is novel in its characteristics and demonstrates a clear difference in function

between R1051P and AARYR?2 at the population level.
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Analysis of single channel gating of R1054IRyR?2
and WFhRyR?2
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The effects of RyR2 mutation are wide reaching and there are many techniques that can be
used to determine how they contribute to disorders such as CPVT or cardiomyopathy.
However, elucidating the exact mechanism of dysfunction is complicated by thecdrray

other processes involved in controlling cardiac and cardiomyocyte function, in particular
the interplay between the SR load and RyRZ €ensitivity can make the exact role of RyR2
difficult to determine in experiments which assay’Galease alonelt is therefore

necessary to isolate RyR2 function at its most basal level to begin to understand the effect
of mutation, which can be done via single channel analysis. Due to its intracellular location
on the SR membrane, traditional patch clamp techngjaannot be used to assess single
channel function of RyR2aver 2001)Instead, RyR2 can be incorporated into planar lipid
bilayers, acting as artificial membranes, and the current flowing through the channel
measured in real timéFavre et al. 1999)This allows for detailed analysis of channel gating
that can be used to determine channel function in the absence of regulators or other
channels (i.e. in the absence of clustering, €dapter 9, with the added benefit of being

able to add modulators to observe their effects on channel function in isolgtiaver 2001,

Williams et al. 2001).

Single channel experiments can be carried out using either solubilised purified proteins or
native membrane vesicles containing bound accessory proteins and other ion channels.
While native membrane vesicles may provide a more physiological environmeRyRz by
maintaining regulatory accessory protein interactions, the introduction of other ion
channels (namely*ihannels) can distort current recordings and therefore interfere with
results. This can be circumvented by using divalent permeant ionsgdingliRyR@
endogenous activator €a however monovalent permeant ions increase the sigoaloise
ratio and improve themplituderesolution of gating eventgWilliams et al. 2001)
Alternatively, solubilised and purified protein can be used in single channel experiments to
look at channel function in isolation. The process of solubilisation and purification is not
straightforward, requiring a highly optimised process to succegsidlate channels at a
suitable yield for experiments. There are of course inherent issues with removing RyR2 from

its native environment due to the use of detergents, however the experimental procedure
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used in this study has been optimised to use the lowest possible detergent concentration
(Section 2.2.1% maintaining channel function and €aensitivity(Laver et al. 1995;

Mukherjee 2014) Solubilisation of RyR2 also removes accessory proteins that regulate its
function, and while this might not reflect the environment of the channelivocompared

to native vesicles, it allows functional defects inherent to the channel itself to be
characterised and allows for more precise control over the regulators present, as well as
providing an improved sign#b-noise ratio. Taking this into consi@ion, purified RyR2
incorporated into an artificial planar lipid bilayer system serves as a usetilod in

determining single channel function of RyR2 and, in combination with other techniques that
study function at different organisational levels, can contribute to an overall understanding

of RyR2 channel function and the impact of mutations.

c PMBORSFEfAAl a2y 2F weéwH AdAAy3IES OKIyySt Oda2NNBy
Single channel recordings in planar lipid bilayers monitor electrical current through RyR2 in a
similar way to standard electrophysiological techniques like patch clamp, and the resulting
traces show gating of the channel as transitions between the opérchsed state. During
analysis, the amplitude and duration of each state transition is used to characterise channel
activity. One of the primary parameters of interest from single channel recording issthe P
which describes how likely a channel is to Ipew at any given time, where @Bf 1 is a

channel that is always open and ad? O represents a channel that is always closed. This
however is a simplistic view of channel gating, as a comparaldarPbe used to describe
channels with drastically different gatingigure 6.). To better understand the precise

gating of channels, modelling can be used to build gating schemes that mathematically
describe RyR2 function at the single channel level. This gives a much rdegghrook at

the specifics of g@ting and reveals nuanced differences in channel function that are not

described by fand can help determine the impact of hRyR2 mutations.

One of the first stepsiidetermining B and building models is idealisation, where the raw

data is processed to characterise all opening and closing events. There are multiple methods
that can be employed for this; Hidden Markov Models (HMMs) are one of the most

frequently applied analysis tenilques and were used to analyse the data in this study in

QuB analysis softwar@lilescu et al. 2000HMMs are employed to model systems with a
WKARRSYQ aidlGS 6APSd gKSGKSNI 6KS OKIFyySt Aa
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Figure6.1. Example of different channels gating at the samgtt with notable visible

th
a

differences in behaviourTwo traces were selected with a similay(B.973 vs. 0.974) that

demonstrate visible differences in the frequency and dwell time of events. The closed state is

indicated by the black bar; the open state is indicated by the red bar. In the top trace)(B73)

there are fewer events, but the dwell time of both the open and closed states are longer. In the

bottom trace (B = 0.974) there are many more events, but both open and closed events have a
shorterduration. This shows that, while the frequency, duration and distribution of events is
different in each trace, thedO | £ Odzf G A2y AAYLIX AFASAE (GKAA Ayidz |
0dzi R2SayQi OF LWidzNBE (KS ydzZ yOSa 2F weéww 3L dAy3aTo

(i.e. the current through the channel) that is accompanied by extraneous noise. This is a
memoryless system and uses the current state to predict a future state based on
probabilities. For analysis of RyR2, this can first be used for idealisation of taw da
assuming a simple open to closed model. Additional open and closed states can then be
added, and the model fitted to the new scheme to determine the likely gating kinetics and
identify states with different dwell times (i.e. how long a state is) anduencies (i.e. how

often the state is visited).

The gating kinetics of WHRyR2 have been studied extensively before and a comprehensive
minimal model of its gating at stdictivating, activating and saturating aonditions was
constructed by Mukherjee et al., (201EBidgure 6.2. Each model contains at least three

open states and three closed states, however the organisation of these differs depending on
the channel B, which corresponds to [E3cyt. All possible channel states in the Mukherjee

et al., (2012) models are listed below;
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Sub-activating [Caz*]

cyt

P, ~0.00

Activating [Ca2+]

cyt

Saturating [Ca2+]cvt

P, >0.89

Figure6.2. Gating models of WHRYR2 at sutactivating, activating and saturating [G8cy:

from single channel recordingl’he gating models demonstrate the changing kinetics of WT

hRyR2 gating in response to increasing{{ga The sukactivating level contains two unique

adFdSaT Wil 3akyR @ édA45K®) thath&\Rmanifest at lowd? The

FOGAGFGAY 3T Y2RSE A ylidsRoR tigdngbaund closeédstate (kghSréskitingt G F G S 0
from ion pore collapse. This state persists in the saturating model, but this model is defined by

an additional open state ¢#pthat represents a stable open state. Modified from Mukhegee

al., (2012).

- Wb N a L2 Y\ § ax&inaliclosed state that does not directly transition to

any open states.

- WwSa LR Y g adoS@state/able to transition to ligatdund open states,

responsive to ligand binding.

- YCf A @t dshanlived/closed state emerging from ligabdund open states,

likely as the result of Gaindependent collapse of the ion pore.

- Y[ A B2 ¥#H R@hise@losed state is only resolved at the satdiivating level and

is an intermediate betweendand the open states.

- Yy A2 ILIBRPRtGsiopen state is only resolved at the sattivating level
and likely occurs due to thermodynamic fluctuation.
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- C&"bound open states (QO, Oz, Qi) ¢ these states represent €zbound open

states where @has the lowest amount of €sbound and Qthe greatest.

These models serve as a starting point to investigate the effect of regulatory accessory
proteins or pharmaceuticals on RyR2 gaiiityikherjee et al. 2012)and they also provide a
means to compare the gating of hRyR2 mutants at the single channel level. In the context of
this research, modelling will be used to determine whether the RIi&fants demonstrate
different gating from the WT at the single chahievel under saturating conditions, and
whether changes to their gating could contribute to their overall dysfunction. This will be
donein sub-activating (nominally 0 nM [€4yy) and saturating (10AM [C&]cy)

condtions

comaiSyolf AYWHZ2OG2F @ynphy3dItS OKFIyySt FdzyC
As discussed previousigéction 1.7.2, R1051 is located inone of fowK St A OS & Ay (G KS
shaped P1 domain of RyR2 (also known as the clamp or RY1&2), on the corner of the

tetramer. Its position is far removed from thet€minal domain where the ion pore is

located, neither is it in close proximity to the knowr?Qzinding sites in the central domain
(Murayama et al. 2016; Xu et al. 208)at the interface of other domaing is proposedo

interactwith FKBP12.6r P1on adjacent tetramers during clusterii@abra et al. 2016)t

was therefore hypothesized that mutation of R1051 would not significantly affect hRyR2

function at the single channel level.

cPmMDAYa

Earlier chapters have probed the effect of mutation at R1051 (with a focus on R1051P) on
hRyR2 at the populatiorChapter § and whole cell levelQhapter 4, and this chapter aims

to assess the impact of R1051P mutation at the single channel level. This will demonstrate
whether dysfunction othis mutant is likely to arise due to alterations to single channel
function, or whether higher level organisation such as clustering or interactions with
accessory proteins is more likely to be responsible. The maia of this chapter are as

follows;

- Incorporate solubilised and purified WT and RI®BRYR?2 into planar lipid bilayers
and record gating in saturated €&onditions (10QuM [C&*]y) to investigate

function under systolic conditions. The ability of the channel to shut down in the
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absence of Ca(~0 nM [C&cy) will also be assessed by chelating*@adetermine
any dysfunction in conditions that partially mimic diastoléne main mutant of
interest is R1051P, with a secondary focus on R1051C and R1051H.

Build gating models for WT and R1081RyR2 to compare their gating kinetics and
determine any difference in function at the single channel level under saturatitig Ca

conditions.
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- Styrene copolymer cug cischamber.

- Perspex block transchamber.

- Bovine heart phosphatidylethanolamine (PE) (Avantijade as 50 mg/mL stock in

chloroform and stored at20°C. Made into working stocks of 35 mg/mL wdecane
on the day of experiments.

- Recording solutioq 210 mM KCI, 20 mM HEPES, pH 7.4.

- LiClg 3 M for electrode wells.

- Agar salt bridge 2% w/v agar in 3 M LiCl in a curved glass capillary.

- KClg 3 M stock to create osmotic gradients.

- EGTA 5 mM stock for bufferingrans chamber; 90 mM stock for buffering.

- Nitrilotriacetic acid (NTAQ 90 mM stock for buffering.

- EMD41000¢ caffeine analogue.
cOoHPAYyIES OKFIYyySt NBO2NRAY3I AY | NBUOAIT f ALR
Bilayers are established in a cup and block system representing the cytosplan(l
luminal (rans) chambersKigure 6.3. The cupKigure 6.3Ais made of a styrene copolymer
with a concave cavity on the outside that forms into a thin septum with a 200um hole
drilled in the centre, across which the artificial bilayer is created. The btagkre 6.3B
contains a rectangular cavityrgns chamber) and an adjoining circular cavity in which the
cup can be placed, with the 200um hole facing titeas chanber. The cup and block system
and electrical components are set up within a faraday cage on a vibration isolation table to
reduce mechanical noise and electrical interference. A magnetic stirrer under the cup and
block allows for mixing of solutions in tikeschamber with minimal interference to the
bilayer setup. The electronic system is connected to the cup and block via two silver wire
electrodes coated in silver chloride that are placed in wells within the block containing 3M

LiCl Figure 6.3¢ The wdls are connected to the recording solution via agar salt bridges.

Bilayers were formed using PE (Avanti) storee2@tC as 50 mg/mL stocks in chloroform.
For each experiment, an aliquot was taken out and dried in a stream, dihéh
resuspended in{gdecane to a final concentration of 35 mg/mL. Before assembling the cup

and block, lipid was painted across the inside of the 200um hole of the cup using the back of
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and helps to disperse the lipid across the hole. The cup was then placed into the block and
recording solution added to theis(500 pL) andrans (1000 pL) chambers. The painting

stick was recoated in a small amount of lipid and dragged upwards across the holeas the
side to disperse lipid across the hole to form a bilayer, which should occur spontaneously
due to the natural properties of the lipidVhite 1986; Laver 200I)hetranschamber was

held at virtual ground while theischamber was clamped at different voltages relative to

the ground, so that the lipid bilayer can act as a capacitor that charges up and discharges
with changes in membrane potential. As capacitance of the lipid film is inversely
proportional to its thicknss, formation of bilayers was monitored in reimhe on Acquire

v5.0.1 software (Bruxton) by application of a square wave pulse oscillating between +4mV
and visualising capacitance spikes in response tathgnof the membrane; capacitance

spikes increase in size to ~200pA as the lipid approaches a planar fliayer 2001)

Channels were incorporated by addition of a small volum8 (L dependent on

preparation) of purified recombinant hRyR2 to ttiechamber.The exact concentration of
purified protein in the preparation is unknown as it is so low that it is unquantifiable by
most biochemical means. However, the aim is to incorporate a single RyR2 channel into the
bilayer, something that can be quantified dugisingle channel recordinBue to the

structure of RyR2 and its large cytosolic domain, incorporation alwayssoicctire same
orientation with the cytosolic domain facing tleschamber and the luminal domain facing
the transchamber. To aid channel incorporation, an osmotic gradient frontibi trans

side was created by addition of 3 M KCI (2 x 100 uL) teifolhamber and stirred using a
magnetic stirrer, after which purified hRyR2 was added. During additions, the recording
chambers were isolated from the electronic set up using a magnetised reed switch that
prevents breaking of the bilayer during adjustmenthe recording solutions. Channel
incorporation was monitored using Acquire software. Once it was confirmed that a channel

had incorporated, channel shutdown and activation experiments were performed.
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Figure6.3. Schematic of cup and block system used in artificial lipid bilayer setup.
Schematic of cup from front and side view. Red shading indicatesghbamber that is
filled with buffer during experiments; the 20t hole is indicated by B. Schematic of
the block. Small blue shaded wells indicate the LiCl solution; purple shaded area
indicates thetranschamber. The cup is inserted into the circular chamber with the
200um hole facing théranschamber.C.Diagram shows a basic cross section of the
main £t up. Channels are added to tekesschamber and insert so that the cytosolic
domain faces theischamber. Electrodes connect to an electronic recording system t
measure channel gating.
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