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APPROVAL PAGE    
ABSTRACT 

It is now well established that sarcoplasmic reticulum (SR) Ca2+ release in cardiac 

muscle is triggered via a mechanism termed Ca2+-induced Ca2+ release (CICR). It is 

unknown, however, how the SR Ca2+ release is terminated. The overall objective of the 

current study is to understand the mechanisms of activation and termination of SR Ca2+ 

release mediated by the cardiac ryanodine receptor (RyR2) and their roles in the 

pathogenesis of cardiac disease. 

A simple HEK293 cell expression system was established to assess the impact of 

RyR2 mutations on both Ca2+ release activation and termination. We found that 

mutations in the pore-forming region of RyR2 affected either the activation or the 

termination of Ca2+ release or both, indicating that the pore-forming region is a major 

determinant of Ca2+ release termination. Two additional regions, the N-terminal region 

and the calmodulin binding domain (CaMBD) of RyR2, were also found to be important 

for the termination of Ca2+ release. These results demonstrate that RyR2 itself controls 

the termination of Ca2+ release. 

RyR2 and its numerous modulators together form a macromolecular complex. 

Whether these modulators regulate the activation or termination of Ca2+ release is largely 

unknown. Our results show that both the 12.6 kDa FK506 binding protein (FKBP12.6) 

and calmodulin (CaM) facilitate the termination of Ca2+ release, but have little effect on 

Ca2+ release activation. On the other hand, cytosolic Ca2+ affects both the activation and 

termination of Ca2+ release, whereas CaM-dependent protein kinase II (CaMKII) only 

alters the activation of Ca2+ release. These data indicate that Ca2+ release termination is a 

common target of RyR2 regulation. 
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RyR2 modulators are believed to exert their impact on channel function by inducing 

conformational changes in the channel, but these ligand-induced conformational changes 

and their functional correlation have yet to be demonstrated. Using a novel fluorescence 

resonance energy transfer (FRET)-based conformational probe, we assessed 

conformational changes in the “clamp” region near the corners of the square-shaped 

three-dimensional structure of RyR2 upon activation by a number of ligands. Our data 

demonstrate that conformational changes in the clamp region of RyR2 are ligand 

dependent, and suggest that RyR2 possesses multiple ligand-dependent gating 

mechanisms associated with distinct conformational changes. 

Enhanced luminal Ca2+ activation has been recognized as a common defect of RyR2 

mutations linked to catecholaminergic polymorphic ventricular tachycardia (CPVT). 

However, why some CPVT mutations are also associated with cardiomyopathies is 

unknown. Single cell luminal Ca2+ imaging revealed that RyR2 mutations that are 

associated with dilated cardiomyopathy (DCM) or arrhythmogenic right ventricular 

dysplasia type 2 (ARVD2) markedly reduced the threshold for Ca2+ release termination 

and increased the fractional Ca2+ release. In contrast, a RyR2 mutation associated with 

hypertrophic cardiomyopathy (HCM) increased the threshold for Ca2+ release termination 

and reduced the fractional Ca2+ release. These results provide the first evidence that 

abnormal fractional Ca2+ release attributable to aberrant termination of Ca2+ release is a 

common defect in RyR2-associated cardiomyopathies.      

Overall, these findings provide novel and important insights into the molecular basis 

and regulation of Ca2+ release activation and termination, and their roles in the genesis of 

cardiac arrhythmias and cardiomyopathies. 
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1.1 Cardiac excitation-contraction coupling and Ca2+ homeostasis 

The heart’s main function is to pump blood throughout the body. Rhythmic contraction 

in the heart is initiated by an electrical excitation signal. As a ubiquitous multifaceted 

messenger, Ca2+ is essential and pivotal in the coupling between excitation and contraction. 

Aberrant Ca2+ cycling has been implicated in a range of pathological conditions, 

including cardiac arrhythmias, cardiomyopathies, and heart failure 1.  

Ca2+ signaling in cardiac muscles is a bi-directional process that involves the 

crosstalk among extracellular Ca2+, cytosolic Ca2+ and the Ca2+ stored in organelles such 

as the sarcoplasmic reticulum (SR) and mitochondria. Typically, during an action 

potential, Ca2+ influx through the L-type Ca2+ channel activates the cardiac ryanodine 

receptor (RyR2), resulting in a large reinforcing Ca2+ release, a process known as Ca2+-

induced Ca2+ release (CICR).  The combination of Ca2+ influx and release from the SR 

raises the free intracellular Ca2+ concentration. This transient increase in intracellular 

Ca2+ concentration has been termed a Ca2+ transient. It plays a critical role in cardiac 

contraction by determining the degree to which Ca2+ ions are able to bind to troponin (Tn) 

C. Ca2+ binding to TnC causes a cascade of structural rearrangements within the troponin 

complex of the myofilament, thereby allowing contraction to occur. During the relaxation 

phase, cytosolic Ca2+ declines as a result of Ca2+ reuptake back to the SR via the 

sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) or Ca2+ extrusion to the 

extracelluar space via the Na+/Ca2+ exchanger (NCX) and the plasma membrane Ca2+-

ATPase (PMCA) or Ca2+ uptake to the mitochondria via the Ca2+ uniporter. Resting 

intracellular Ca2+ is always maintained at a low level (~100 nM) ensuring that myocytes 

are relaxed, and that improper signaling transduction is prevented 2,3 (Fig. 1). The major 
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Fig. 1 Ca2+ transport in ventricular myocytes  

Inset shows the time course of an action potential, Ca2+ transient and contraction 

measured in a rabbit ventricular myocyte at 37 °C. The T-tubule (or transverse tubule), a 

deep invagination of the sarcolemma, is important for excitation-contraction coupling. 

NCX, Na+/Ca2+ exchange; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic 

reticulum. (Taken from “Cardiac excitation–contraction coupling” by Donald M. Bers. 

Nature. 2002 3) 

 

 

http://en.wikipedia.org/wiki/Invagination
http://en.wikipedia.org/wiki/Sarcolemma
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processes and modulators that maintain Ca2+ homeostasis in cardiac excitation-

contraction (EC) coupling are reviewed in the following sections. 

1.1.1 Ca2+ influx via L-type Ca2+ channel 

Voltage activated Ca2+ channels that respond to depolarization account 

predominantly for the Ca2+ influx crossing the plasma membrane. Other types of Ca2+ 

channels, such as stretch-activated Ca2+ channels and store-operated Ca2+ channels, do 

mediate Ca2+ entry in cardiomyocytes, but are not necessary for the initiation of EC 

coupling 4. 

Five types of Ca2+ currents have been classified, of which two (L-type and T-type) 

are expressed in cardiomyocytes. L-type Ca2+ channels are also named dihydropyridine 

receptors (DHPRs), since they can be effectively blocked by the Ca2+ channel antagonist 

dihydropyridine. The T-type current is rich in pacemaker and conducting cells, whereas 

the L-type current is ubiquitously expressed in atrial and ventricular tissues 5. The L-type 

current is critical to the CICR process because of its large single channel conductance, 

long opening time and slow voltage-dependent inactivation 6. During an action potential, 

L-type Ca2+ channels are activated by depolarization, leading to an increase in the Ca2+ 

concentration within a restricted space located between the sarcolemma and the 

underlying SR. Within this space, known as the “junctional zone” or “dyadic cleft”, Ca2+ 

concentration can rise from 100 nM to 10 µM 7. The elementary Ca2+ influx signal 

produced by a single opening of a DHPR, has been observed in confocal line-scan 

imaging and termed “Ca2+ sparklet” 8. Inactivation of the L-type Ca2+ channel is mediated 

by both membrane repolarization and Ca2+ itself, but the latter is by far predominant. 

When Ca2+ reaches a certain level, Ca2+ will bind to CaM, and the Ca2+-bound 
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calmodulin (Ca2+-CaM) will interact with the carboxy terminus of the L-type Ca2+ 

channel, resulting in channel inactivation 9-11. This Ca2+-dependent inactivation creates a 

negative feedback on Ca2+ influx and allows for efficient auto-regulation and termination 

of Ca2+ influx.  

1.1.2  SR Ca2+ release 

Muscle cells contain a unique endoplasmic reticulum that has been termed the SR. 

The SR acts as a specialized Ca2+ storage vesicle that enables the control of muscle 

contraction. The small amount of Ca2+ that enters through the L-type channel during the 

cardiac action potential is not sufficient to activate the contractile machinery and thus a 

large amount of Ca2+ released from the SR is required 2.  

1.1.2.1  SR Ca2+ release channel 

Inositol trisphosphate receptors (IP3Rs) and ryanodine receptor (RyRs) are two 

major classes of Ca2+ release channels in the SR. They share some common structural 

and functional features 12. However, the activation of IP3Rs requires inositol 

trisphosphate (IP3), while the activation of RyR does not. When phospholipase C (PLC) 

is activated through different mechanisms in various signaling pathways 13, it catalyzes 

the hydrolysis of membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2). 

Hydrolysis of PIP2 generates IP3. IP3 then together with cytosolic Ca2+ activates the IP3R, 

releasing Ca2+ from the internal store 14. IP3Rs are widely expressed in many tissue types 

and play a critical role in numerous physiological processes such as apoptosis 15, synaptic 

transmission 16 and smooth muscle EC coupling 17. The contribution of IP3R to EC 

coupling in cardiac muscle is not well understood.  

RyR channels, which are activated by an increase in cytosolic Ca2+ in the absence of 
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IP3, have been suggested to control the Ca2+ release from the SR during EC coupling. 

Mal-functioning RyR disturbs cardiac Ca2+ homeostasis and causes impaired EC 

coupling. The structure and function of RyRs will be introduced in detail in section 2 of 

this chapter. 

1.1.2.2 Activation of SR Ca2+ release-CICR  

The primary stimulus for the activation of SR Ca2+ release differs between skeletal 

muscle and cardiac muscle. In skeletal muscle cells, voltage-gated Ca2+ channels 

transform the electrical depolarization signal of the plasma membrane to SR Ca2+ release 

via a direct physical interaction between RyRs and DHPRs. This process is commonly 

known as voltage-dependent Ca2+ release (VDCR). On the other hand, in cardiac muscle, 

activation of SR Ca2+ release is triggered by Ca2+ influx through the voltage gated Ca2+ 

channel- a process named CICR 18. 

1.1.2.2.1 The paradox of CICR 

Although the importance of Ca2+ in EC coupling has been known for over a century, 

it was Fabiato who showed, for the first time, that Ca2+ release from the SR can be 

activated by a moderate increase in cytosolic Ca2+ 19. This process acts to amplify the 

Ca2+ signal in such a way that a small “trigger” Ca2+ is able to induce a large SR Ca2+ 

release via RyR2. Theoretically, a small Ca2+ influx can trigger Ca2+ efflux from the SR 

and the Ca2+ efflux could further activate adjacent unactivated RyR2, leading to 

uncontrollable positive feedback signaling. However, voltage-clamp studies and single-

cell Ca2+ measurements unexpectedly showed that Ca2+ release from the SR in the normal 

heart is graded and tightly controlled by the magnitude and duration of the L-type Ca2+ 

current 20. These findings raise a longstanding and fundamental question in EC coupling: 
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how can the plasma membrane Ca2+ influx amplify the Ca2+ release from the SR in a 

graded manner, despite the theoretical runaway positive feedback mechanism that would 

occur between adjacent RyRs. 

1.1.2.2.2  The “local control” theory 

A “local control” theory has been proposed to account for the tight control of SR 

Ca2+ release induced by Ca2+ influx 21-26. In this model, a group of 10-25 DHPRs on the 

plasma membrane and the co-localized cluster of ~100 individual RyRs within 

nanometers are considered as a Ca2+ release unit (also termed “couplon”). Each release 

unit is possibly activated only by Ca2+ influx through the coupled DHPR and the 

activation does not spread to neighboring units 27,28. This would allow for graded control 

of Ca2+ release. 

The discovery of “Ca2+ sparks” provides firm evidence for the existence of this type 

of Ca2+ release unit. Using a confocal microscope, localized Ca2+ release events termed 

“Ca2+ sparks” were first visualized in quiescent cardiomyocytes loaded with the 

fluorescent Ca2+ indicator Fluo-3 acetoxymethyl ester (AM) 29. Depolarization-triggered 

Ca2+ sparks appear to be identical to spontaneous Ca2+ sparks with regard to their 

amplitude kinetics and spatial properties. This indicates that depolarization-evoked global 

(cell-wide) Ca2+ release and spontaneous Ca2+ release share similar properties. 

Interestingly, these Ca2+ sparks occur predominantly along the Z-lines where DHPR-

RyR2 couplons are localized. Under physiological condition, these are independent Ca2+ 

release events that do not interfere with each other 29-31. During a cardiac action potential, 

around ~20,000 units in one cardiomyocyte are simultaneously activated, leading to a 

synchronized global Ca2+ release 32.  
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These observations support a “local control” theory in which Ca2+ sparks are the 

elementary events of Ca2+ release, and global Ca2+ transients arise from the spatio-

temporal summation of these independent Ca2+ sparks. Hence, the gradation of SR Ca2+ 

release in response to Ca2+ influx is thought to occur by recruiting varied numbers of 

individual Ca2+ sparks 28,31,33,34.  

1.1.2.3 Termination of SR Ca2+ release 

The development of the local control theory may satisfactorily resolve the mystery 

of graded regulation of SR Ca2+ release. However it does not explain how CICR is 

terminated within each release unit. Although the exact number of RyR2s initially 

activated by the L-type Ca2+ current to produce a Ca2+ spark is uncertain 35-38, all of the 

RyR2 channels (~100) in one release unit are thought to be activated because of the 

inherent positive feedback of CICR. Consequently, Ca2+ release in each elementary 

release unit would continue until the Ca2+ store is completely depleted. In contrast to this 

predicted all-or-none pattern of release, investigators from different groups all found that 

the SR Ca2+ store was only partially depleted during Ca2+ sparks or global Ca2+ transients 

39-42, suggesting the existence of robust mechanisms that turn off SR Ca2+ release. Active 

termination of SR Ca2+ release would be essential for maintaining the rhythmic nature of 

EC coupling and muscle relaxation 20. 

A number of theories have been proposed to account for the mechanism of SR Ca2+ 

release termination. 

(1) The stochastic attrition 21 and coupled gating 43,44 theory - This theory states that 

since the opening of any given RyR in a cluster is stochastic, there is always a chance that 

all of the RyRs may close simultaneously, which would reduce the cytosolic Ca2+ to a 
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level below the activation threshold and break the positive feedback loop. This might 

work for a limited number of RyRs, but with more realistic numbers of channels, the 

probability for all of the channels to close at the same time becomes infinitesimal. 

Coupled gating of RyRs might overcome this limitation. In this case, physically linked 

RyRs could influence their neighbors through mechanical contact in the presence of 

FK506 binding protein (FKBPs) 44. The closing of multiple RyRs within a release unit 

would then be better synchronized. However, the coupled gating theory remains to be 

confirmed since other laboratories have not been able to reproduce the results. Even if 

coupled gating does exist, other additional mechanisms such as RyR2 inactivation would 

be required to explain the initial decrease in the open probability (Po) of the channel. 

(2) RyR2 adaptation - The activity of RyR2 decreases spontaneously after activation. 

Decline in Po occurs in both adapted and inactivated channels, but an adapted channel 

remains responsive to subsequent stimuli. Adaptation of RyR2 was observed following a 

rapid increase in cytosolic Ca2+ by photolysis at the single channel level 45-47. However, 

not every group was able to observe the phenomenon of RyR2 adaptation. More 

importantly, if adaptation of RyR2 is a real channel property, its kinetics (100 ms to 

seconds) are not fast enough to adequately account for Ca2+ release termination (ms to 

tens of ms) 31.  

(3) Cytosolic Ca2+-dependent inactivation - It has been postulated that elevated 

cytosolic Ca2+ levels are able to close RyR2s 48. Although RyR2s can be inactivated by 

high levels of cytosolic Ca2+ (>1 mM) in artificial lipid bilayers, the physiological 

cytosolic Ca2+ concentrations (100 nM-10 µM) during EC coupling may not be sufficient 
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to inactivate the channel. Moreover, there are no experimental data showing that SR Ca2+ 

release can be terminated by increasing cytosolic Ca2+ in ventricular cardiomyocytes.  

(4) Regulatory proteins – Regulatory proteins associated with RyR2 such as CaM 

and sorcin may play a critical role in the termination of SR Ca2+ release by regulating the 

activity of RyR2. CaM has been found to bind and inhibit RyR in the presence of low 

levels of cytosolic Ca2+ 49. Mice with impaired CaM regulation of RyR2 were associated 

with defective SR Ca2+ release 50. This evidence raises the possibility that CaM is the 

Ca2+ sensor that mediates Ca2+-dependent inactivation of the RyR. Sorcin, a 21.6 kDa 

Ca2+-binding protein has been shown to inhibit both the spontaneous activity of RyRs in 

quiescent cells (visualized as Ca2+ sparks) and the triggered activity of RyRs that gives 

rise to Ca2+ transients, thus sorcin is also a candidate for controlling the termination of 

CICR 51,52. Nevertheless, the roles of CaM and sorcin in SR Ca2+ release termination 

remain largely undefined. 

(5) Local depletion of SR Ca2+ and luminal Ca2+-dependent deactivation - Instead of 

cytosolic Ca2+, luminal Ca2+ has been suggested to play a critical role in Ca2+ release 

termination since a decrease in SR luminal Ca2+ level during CICR deactivates the RyR2. 

A major advance in understanding luminal Ca2+-dependent termination comes from the 

development of a dye named Fluo-5N that has a low Ca2+ binding affinity. Using this dye 

to directly monitor luminal Ca2+ dynamics, the reciprocal events of Ca2+ sparks, called 

“Ca2+ blinks”, were detected as rapid nanoscopic decreases in luminal Ca2+. Interestingly, 

Ca2+ depletion in a blink only corresponds to about 54% reduction in the free Ca2+ in the 

SR and 28% liberation of the CASQ-bound Ca2+, indicating that SR luminal Ca2+ is only 

partially depleted during Ca2+ blinks 53. Similarly, Zima and his colleagues found that SR 
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Ca2+ release terminated at a fixed level of SR Ca2+, called the termination threshold 

(~60% of the resting SR Ca2+ level). This threshold seems to be an intrinsic property of 

the cells, as it was independent of the initial SR Ca2+ load, the magnitude of Ca2+ release 

flux, or the level of cytosolic Ca2+ 42. Because clear and convincing evidence has shown 

that a decrease in luminal Ca2+ significantly reduces the open probability of the RyR2 

channels 40,41,54-56, it is likely that partial luminal Ca2+ depletion contributes markedly to 

the Ca2+ release termination. However, mechanistic and molecular studies regarding 

luminal Ca2+ sensing by RyR2 and Ca2+ release termination are lacking. 

1.1.3 Ca2+-dependent muscle contraction 

Ca2+ release activation and termination both play a significant role in maintaining 

Ca2+ homeostasis, as they cooperatively shape the amount of Ca2+ release from SR. Ca2+ 

release from SR together with extracellular Ca2+ influx is essential for the initiation of 

muscle contraction. Contractile myofilaments consist of myosin-containing thick 

filaments and thin filaments, which are made up of actin polymers and 

troponin/tropomyosin (Tn/Tm) regulatory units 57. In the resting state, the C terminal of 

TnI binds specifically to actin preventing the myosin head from interacting with actin. 

Once Ca2+ binds to the regulatory sites of TnC, the interaction of TnC with TnI is 

strengthened and the inhibitory activity of TnI on actin is destabilized thereby allowing 

for the attachment of TnT to Tm. These re-organizations of the myofilament allow 

myosin to interact with actin, increasing the ability of myosin ATPase to hydrolyze ATP. 

Chemical energy stored in the form of ATP is then transformed to kinetic energy to 

produce force and shortening of the muscle. Upon decreased cytosolic Ca2+ concentration 
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during muscle relaxation, Ca2+ is released from TnC, leading to a detachment of the 

myosin heads from actin filaments. 58. 

The Ca2+ sensitivity of myofilaments is critical to sarcomere function. The Frank-

Starling law of the heart states that enlarged diastolic filling (increased sarcomere length) 

leads to enhanced contractile force –a phenomenon known as length-dependent activation. 

In this phenomenon, enhanced contractile force is known to be due to increased overlap 

between thick and thin filaments as well as elevated myofilament Ca2+ sensitivity 59, 60. 

The Ca2+ sensitivity of myofilaments can be modulated by a number of factors and 

conditions. Cytosolic Mg2+ acidosis (e.g. during ischemia) and β-adrenergic stimulation 

are found to reduce the Ca2+ sensitivity, whereas caffeine and certain inotropic drugs 

increase the Ca2+ sensitivity 3. 

Since TnCs are able to bind ~50% of the released Ca2+ during a typical SR Ca2+ 

release 2, the myofilament complex plays an important role in Ca2+ buffering. Alterations 

in Ca2+ association with, or dissociation from, myofilaments can markedly affect 

intracellular Ca2+ homeostasis in cardiomyocytes. For instance, upon isoproterenol 

(Iso) stimulation, protein kinase A (PKA)-mediated TnI phosphorylation accelerates the 

Ca2+ off-rate from TnC and thus enhances re-uptake of Ca2+ and relaxation of the muscle 

61-64. Several groups also observed impaired Ca2+ transients in mice harboring 

myofilament mutations that either increase or decrease the Ca2+ sensitivity 65-69. 

1.1.4  Ca2+ re-uptake 

Clearance of cytosolic Ca2+ in cardiac cells mainly involves NCX and SERCA, and 

to a small degree, the PMCA. Mitochondria and some cytosolic Ca2+ binding proteins 

may also play a role in Ca2+ buffering. 
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1.1.4.1 NCX 

NCX is one of the essential regulators of Ca2+ homeostasis and contractility in 

cardiac muscle. It catalyzes electrogenic countertransport of three Na+ for one Ca2+ across 

the plasma membrane in either the Ca2+ efflux (forward mode) or Ca2+ influx mode 

(reverse mode). The direction in which the exchanger will move Ca2+ is determined by 

the Na+ gradient, the Ca2+ gradient, and the membrane potential. High intracellular Ca2+ 

favors Ca2+ efflux (inward INa/Ca), whereas positive membrane potential (Em) and high 

intracellular Na+ favor Ca2+ influx (outward INa/Ca) 
70.   

NCX is present in the plasma membrane of most cells with different alternatively 

spliced variants, of which NCX1.1 is predominantly expressed in the heart 71. Under 

normal physiological condition, upon Ca2+ elevation in the cytosol, the primary function 

of NCX in the heart is to extrude Ca2+, thus contributing to muscle relaxation. This 

process requires the energy of the Na+ gradient maintained by the Na+-K+-ATPases.  

The physiological significance of reverse mode of NCX in EC coupling is 

controversial. It is thought that both DHPR and NCX are involved in Ca2+ entry during 

membrane depolarization. However, the efficiency of triggering SR Ca2+ release by Ca2+ 

influx via NCX has been shown to be much lower than that via DHPR. While the role of 

NCX in mediating Ca2+ entry under physiological conditions is debatable, it is generally 

believed that the reverse mode of NCX is important under pathological conditions 72-75. 

Prolonged action potential duration, increased intracellular Na+ and lowered SR Ca2+ 

release, commonly observed in failing hearts, promote NCX to reverse its mode of 

operation and favor Ca2+ influx 76. Further, NCX expression is markedly elevated and its 

role in both Ca2+ efflux and influx become more prominent in failing cardiomyocytes, in 
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which the SR function is often impaired 71. 

1.1.4.2 SERCA and its modulators 

SERCA is a ~110-kDa membrane protein that pumps cytosolic Ca2+ into the SR 

store. Both SERCA and PMCA belong to the family of P-type ATPases. These Ca2+ 

pumps interconvert between two different conformations (E1 and E2) during the 

reversible cycle of ATP hydrolysis and Ca2+ transport 77. In the E1 state, the enzyme has 

a high affinity for cytosolic Ca2+. Upon binding of Ca2+, a series of structural 

rearrangements occur to promote the phosphorylation of the enzyme using ATP. 

Hydrolysis of ATP permits the transfer of the enzyme from the E1 to the E2 state. Once 

in the E2 state, decreased Ca2+ affinity leads to the release of the bound Ca2+ to the lumen 

of the SR 78. More than 10 isoforms of SERCA mainly resulting from alternative splicing 

have been identified. Among them, SERCA2a is the most abundantly expressed isoform 

and serves a fundamental role in establishing the intracellular Ca2+ gradients in 

cardiomyocytes 79.  

SERCA2a transports Ca2+ with a fast turnover rate and a high transport capacity. 

The Ca2+/ATP stoichiometry for SERCA2a is 2:1. In comparison, the PMCA pumps Ca2+ 

across the sarcolemma with much lower turnover rate and transport capacity and with a 

1:1 Ca2+/ATP stoichiometry. SERCA is also more cost-effective than NCX in terms of 

the amounts of ATP required per Ca2+ transported. Although the transport of Ca2+ via 

NCX does not require ATP consumption directly, it does require a Na+ gradient that is 

expensive to maintain. NCX removes one cytosolic Ca2+ in exchange for three 

extracellular Na+ ions. Cytosolic Na+ is pumped out of the cell by Na+-K+-ATPases at a 

ratio of 3 Na+ : 2 K+ : 1 ATP, resulting in a net ratio of one Ca2+ transported per ATP 
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hydrolyzed. If the same amount of Ca2+ is to be removed by SERCA2a and NCX, Ca2+ 

uptake by SERCA2a into the SR would only require half of the energy needed for Ca2+ 

extrusion via NCX 80. Theoretically, this may explain why cardiomyocytes employ 

SERCA as the major Ca2+ removal machine, and SR as the main source of Ca2+ for 

muscle contraction. 

Although the proportion of Ca2+ cycling via SERCA varies among different species, 

SERCA remains the predominant mechanism of Ca2+ removal. During relaxation, in the 

rat ventricle, about 92% of the cytosolic Ca2+ returns to the SR, while 7% is removed via 

NCX and 1% via the slow systems (PMCA and mitochondria). In humans and some other 

mammals, including rabbits and dogs, SERCA contributes up to 70% of the Ca2+ removal, 

while 28% is removed by the NCX and 2% is removed by other mechanisms such as 

PMCA and mitochondria 3.  

The activity of SERCA2a can be modulated by a number of factors, including 

cytosolic Ca2+, SR Ca2+ content, ATP levels and pH. SERCA2a is also regulated by two 

membrane proteins, namely phospholamban (PLB) and sarcolipin (SLN). PLB is a 52- 

residue, single transmembrane protein that reversibly binds to and regulates the 

SERCA2a. In the resting state, PLB works as an inhibitor of SERCA2a and its inhibitory 

effect can be relieved upon increase in Ca2+ concentration. During β-adrenergic 

stimulation, dissociation of PLB from SERCA2a is enhanced by phosphorylation of PLB 

via PKA at Ser-16 or via Ca2+/calmodulin-dependent protein kinase II (CaMKII) at Thr-

17 81. On the other hand, dephosphorylation of PLB by type 1 phosphatase (PP1) results 

in the inhibition of SERCA2a 82. Another regulator, the 31-amino acid peptide SLN, 

which was originally found to interact with SERCA1 in skeletal muscle, is also 
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abundantly expressed in the heart. Both PLB and SLN inhibit SERCA2a activity by 

lowering the Ca2+ binding affinity of the pump, and their inhibitory effects are removed 

upon β-adrenergic stimulation. However, unlike PLB, the inhibitory effect of SLN on 

SERCA2a is not relieved even at high intracellular Ca2+ concentrations, suggesting that 

SLN and PLB may have different functional roles 81. 

As the fundamental determinant of SR Ca2+ re-uptake in cardiomyocytes, impaired 

SERCA2a function has been linked to cardiac diseases. SERCA2a gene expression and 

activity are reduced in human heart failure as well as a variety of animal models of heart 

failure. Naturally occurring mutations of SERCA2a, on the other hand, are rarely found 

in patients. Some mutations in the SERCA2a gene are embryonically lethal in mouse 

models. These findings suggest that alterations as a result of mutations in SERCA2a can 

cause early death and thus may not be tolerated 83.  

Both SERCA2a and its regulatory protein PLB are suggested to be crucial for the 

cure of contractile failure. In recent years, investigators have tried to improve the systolic 

and diastolic cardiac function by overexpressing SERCA2a and by reducing the 

inhibitory effect of PLB. Overexpression of SERCA2a or reduced PLB inhibition of 

SERCA2a has been shown to improve SR Ca2+ handing and cardiac function. However, 

enhanced SERCA2a function may increase the risk of cardiac arrhythmias due to SR 

Ca2+overload 84. 

In summary, SERCA2a is important for maintaining normal Ca2+ homeostasis and 

cardiac function by re-cycling Ca2+ back to the SR and building up the SR Ca2+ content 

required for subsequent Ca2+ release and contraction. 
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1.2 Ryanodine receptors  

As discussed above, SR has been recognized as the major intracellular Ca2+ store in 

cardiomyocytes. While SERCA2a controls the uptake of Ca2+ ions into the SR, there 

must be a group of channels responsible for SR Ca2+ release. A plant alkaloid, ryanodine, 

greatly benefits the identification of the SR Ca2+ release channel. Early studies showed 

that ryanodine produces irreversible contractures of skeletal muscle and inhibits twitches 

of cardiac muscle 85-87. Later studies revealed direct regulation of Ca2+ release from SR 

membrane vesicles by ryanodine 88,89. Using this specific ligand, the ryanodine binding 

protein, RyR, was purified from the junctional terminal cisternae of SR and visualized 

using electron microscopy 90-94. After decades of intensive investigation, RyR is now 

recognized as the major governor of SR Ca2+ release in skeletal and cardiac muscles. 

1.2.1  Expression and localization of RyRs 

Three isoforms of RyRs (RyR1, RyR2 and RyR3) have been identified in 

mammalian tissues. They are encoded by three different genes, which share ~70% 

identity in amino acid sequence 95 with three major regions of diversity: D1 (residues 

4254−4631 in RyR1 and residues 4210−4562 in RyR2), D2 (residues 1342−1403 in 

RyR1 and residues 1353−1397 in RyR2), and D3 (residues 1872−1923 in RyR1 and 

residues 1852−1890 in RyR2). RyR1 is the dominant isoform expressed in skeletal 

muscle, while RyR2 is the most abundant isoform in cardiac muscle. The expression of 

RyR3 has been detected at relatively low levels in lymphocytes, thalamus, hippocampus 

and smooth muscles 96-99. The levels of expression of different RyR isoforms vary in 

different developmental stages and under different physiological or pathophysiological 

conditions 100-102.  
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RyRs are commonly believed to reside in the SR membrane in striated muscle and in 

the ER membrane in other cell types. In cardiomyocytes, the SR has two structurally and 

functionally distinct membrane regions, the longitudinal SR and terminal cisternae. The 

terminal SR is mainly involved in Ca2+ release and contains RyR2.  It forms very close 

contacts (~12 nm) with the deep invagination of the sarcolemma, termed T-tubules. In 

skeletal muscle, junctional sites between the SR and T-tubules are known as triads. They 

are formed by a T-tubule and the flanking terminal cisternae of the SR on either side of 

the T-tubule. In cardiac muscle where T-tubule is only associated with one terminal 

cisterna, the junctional sites are known as dyads. The close proximity between the 

terminal SR and the T-tubules allows for a rapid and precise communication between the 

voltage sensor DHPR and the signal amplifier RyR2. In skeletal muscle, DHPRs form 

tetrads, which are organized in arrays that face in exact correspondence of arrays of RyR 

tetramers.  Although, in cardiac muscle, the organization of DHPRs and RyRs is less 

rigid compared to that in skeletal muscle, functional local Ca2+-release units still exist. As 

previously mentioned, in each junctional cleft, a cluster of about 100 individual RyRs and 

a closely localized group of ~10-25 L-type Ca2+ channels form a local Ca2+ release unit, 

which is capable of generating Ca2+ sparks 30.  

1.2.2 Structure of RyRs 

RyR is a homotetrameric channel composed of four identical subunits. Each subunit 

has ~5,000 amino acids. Although the structure of the full-length RyR channel has not 

been solved at a high resolution, models of RyR structures have been proposed based on 

mutational analyses and homologies with other better characterized ion channels, such as 

the bacterial potassium channel KcsA from Streptomyces lividans. The overall features of 

http://en.wikipedia.org/wiki/Invagination
http://en.wikipedia.org/wiki/Sarcolemma
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the structures of the three RyR isoforms are similar, which is not surprising given their 

high sequence homology. Based on the amino acid sequence, RyR has been predicted to 

possess two major domains, the transmembrane domain located in the C-terminal region 

and the large cytoplasmic domain located in the N-terminal region.  

1.2.2.1 C-terminal transmembrane domain  

Sequence analysis reveals that one-fifth of the RyR molecule at the C-terminus is 

likely to form the channel pore. Several transmembrane topological models derived from 

the hydropathy profile of RyR have been proposed, in which the number of the 

transmembrane (TM) segments vary from 4 to 12 103. Because four potential 

transmembrane sequences are clearly more hydrophobic than others, they are designated 

as M1-M4 to form the pore region in Takeshima’s model in early days 104. Zorzato et al. 

identified eight additional hydrophobic sequences and proposed a model with 10 

transmembrane segments from M1 to M10 and 2 tentative helices M’, M’’ 105. Later, Du 

et al found that the previously proposed M’, M’’, M1, M2, and M3 sequences were not 

associated with membrane and proposed a model with 8 transmembrane segments named 

M4a, M4b, M5, M6, M7a, M7b, M8 and M10 106. Recent progress in three-dimensional 

(3D)-reconstruction of RyR has enabled the visualization of the TM domain of RyR1 at 

8–10 Å resolution under conditions favoring the closed state. Samso et al. suggested at 

least six transmembrane helices per RyR2 monomer based on the similarities between 

RyR2 and the bacterial KcsA channel 107. Ludtke et al. identified five helix-like densities 

and found that the conformation of pore-lining helices of the closed state of RyR1 

corresponded well to that of open MthK channel 108,109. Further studies are required to 

resolve these discrepancies. 
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Although debates continue regarding the number of transmembrane segments, two 

of the putative hydrophobic helices, TM8, the proposed outer helix, and TM10, the 

proposed inner helix, as well as the loop joining them, are generally accepted to form the 

channel pore of both RyR1 and RyR2. Using site-directed mutagenesis, the ion-

conducting pore has been found to be located in the luminal region of the RyR. It 

includes the GVRAGGGIGD amino acid sequence conserved among all RyRs 110,111. The 

sequence GGIGD in the pore-forming loop has been proposed to form the selectivity 

filter based on its homology with the selectivity filter of K+ channels 112,113. The helix 

bundle crossing region, which is also conserved in all RyR isoforms from different 

species, has been identified as the luminal Ca2+ ion gate (unpublished data). The 

predicted transmembrane topology of RyR2 and the putative model of the pore based on 

the KcsA-template are shown in Figs. 5A,B 114. 

1.2.2.2 N-terminal cytoplasmic domain  

The gigantic cytoplasmic domain of RyR is the site of interaction with a large 

number of channel modulators and harbors many mutations that underlie RyR 

channelopathies. The cytoplasmic domain comprised of 4000 amino acid residues 

constitute the apparent junctional “foot” structure as observed about half a century ago by 

electron microscopy 115. The “foot” structure has been found in native muscle tissues, 

isolated SR vesicles and purified RyRs 90-92,94. Further efforts, which improve the 

resolution of the RyR1 structure to ~30 Å in cryo-electron microscopy (cryo-EM), led to 

more detailed discoveries of the RyR structure. It is found that the “clamp”-like structures 

are located at the corners and there are “handles” connecting these corners. A central rim 

is found on the cytoplasmic face around the four-fold axis. Between the cytoplasmic and 
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Fig. 2 A 9.6 Å resolution cryo-EM density map of RyR1 in the closed state  

The map is displayed at the threshold level corresponding to a molecular mass of ~2.3 

MDa and viewed from cytoplasm (A) and in a side view (B). Clamp, handle, central rim 

and column are indicated by the arrows. The subdomains numbered from 1 to 12 are 

distinguished and highlighted by various colors. (Taken from “Subnanometer-resolution 

electron cryomicroscopy-based domain models for the cytoplasmic region of skeletal 

muscle RyR channel” by Irina I. Serysheva.  Proceedings of the National Academy of 

Sciences. 2008 109) 
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transmembrane regions, there is a column 116-118 (Fig. 2). Subnanometer-resolution cryo-

EM also enables the dividing of the cytoplasmic domain into 15 subdomains, which are 

interpreted as entities with compact protein density and with only weak connections to 

adjacent entities. The clamp is formed by subdomains 5, 7a, 7b, 8b, 9, and 10 from one 

monomer and by subdomains 6 and 8a from adjacent monomers. The handle is formed by 

subdomains 3 and 4. The central rim is formed by subdomains 1, 2a, and 2b and the 

column is formed by subdomains 11 and 12 109 (Fig. 2). 

1.2.2.2.1 Clamp region 

The clamp region has been suggested to contain several key structural domains that 

are crucial for channel gating and regulation. Based on the spacing of the DHPR 

arrangement and that of the homotetrameric RyR, the clamp region has been implicated 

in the interaction with neighboring RyRs and in the activation of RyRs by DHPRs during 

EC coupling in skeletal muscle 119-121. Additionally, DR2 and DR3 in RyR2 have been 

mapped to the cytoplasmic clamp subdomains 6 and 9, respectively 122,123. The central 

disease-causing mutation hotspot has also been localized to this clamp region 124. 

Domains of RyR1 and RyR2 containing phosphorylation sites have recently been 

crystallized. Docking of these domains into cryo-EM maps suggests a putative location of 

the phosphorylation domain in the clamp region 125,158. Consistent with this prediction, 

GFP inserted into RyR2 after residue Tyr-2801, close to the Ser-2808 phosphorylation 

site, has been mapped to the clamp region 126. The clamp region also harbors the binding 

sites for the natrin toxin, a cysteine-rich secretory protein isolated from snake venom, and 

the chloride intracellular channel protein 2 (CLIC2), both of which have been shown to 

modulate the activity of RyR 127,351. All of these findings suggest that the clamp region 
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plays an important role in channel function. 

1.2.2.2.2 Cytoplasmic central rim 

The N-terminal domain is now known to form the cytoplasmic central rim of the 3D 

structure of the channel. Since the N-terminal region of RyR is a disease hotspot 

including a large number of disease-associated mutations, several crystallographic studies 

have focused on this region. Ikura and coworkers reported the first crystal structure of 

this region, covering residues 1-210 of RyR1 128. Tung et al. later published the crystal 

structure of an N-terminal fragment of RyR1, encompassing the first 559 amino acids. 

The first 559 amino acids of RyR1 fold into three well-defined domains (A, B, and C). 

Interestingly, lots of disease-causing RyR1 mutations are located at domain-domain 

interfaces. In docking analysis, the N-terminal domains (A, B and C) were placed at the 

center rim in the low-resolution cryo-EM structure of the full-length RyR1129. The crystal 

structure of the first 217 amino acids of mouse RyR2 has been solved at 2.5 Å resolution 

130. Recently, the crystal structure of the corresponding N-terminal region of IP3R has 

also been solved. The N-terminal region of IP3R also encompasses three well-defined 

domains folded in a manner nearly identical to that seen in RyR1 12, 157. These studies 

provide the essential framework for understanding the mechanisms of disease-causing 

mutations and the gating of RyRs.  

1.2.2.3 Ligand-dependent conformational changes during channel gating 

Considerable efforts over the past decades have been focused on understanding 

conformational changes during RyR gating. The open state of RyR was stabilized by Ca2+ 

and other activators, such as ryanodine, PCB95 and AMP-PCP. Upon binding of these 

ligands to RyR, significant conformational changes were observed 131-136.  
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Ikemoto and colleagues labeled RyR with a thiol-reacting fluorescent probe and 

showed that channel ligands such as Ca2+ and ATP changed the fluorescence intensity of 

the labeled RyR, suggesting ligand-induced conformational changes during RyR channel 

gating 131,132,135. Consistent with these biochemical studies, cryo-EM and single particle 

image analysis also revealed major structural rearrangements in the 3D structure of the 

RyR 133,134,136. Particularly, large conformational changes were observed in the 

transmembrane domain and in the clamp region upon binding of ryanodine and Ca2+ or 

binding of a non-hydrolyzable analog of ATP, AMP-PCP, and Ca2+ 133,134. Using a 

compound named PCB95, the highest resolution so far for the open-state of RyR was 

obtained at 10.2 Å. Upon activation of the channel by PCB95, the clamp region and 

central rim were found to move outwards and away from the center, while the 

transmembrane region was detected to be kinked 136.  

These studies clearly demonstrate that RyR contains various ligand-specific binding 

sites, and that ligand binding to these sites induces conformational changes in the channel 

that consequently lead to the opening of the channel gate. Moreover, unlike the 

conventional notion that upon opening, structural changes happen mainly at the pore 

region, they suggest that global conformational changes in the clamp region and central 

rim region also occur. Nevertheless, how the clamp region and central rim region are 

allosterically coupled to the C-terminal pore-forming region during modulation by 

diverse ligands is a question beyond our understanding so far. 

1.2.3  Regulation of RyRs 

Consistent with its functional importance, RyR2 can be regulated by numerous 

modulators, including physiological agents (e.g. Ca2+, ATP, and Mg2+), small proteins 
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Fig. 3 3D map of RyR assembly  

The large grey structure shows a side view of the RyR homotetramer. In order to show 

the interactions between SR membrane-bound RyR and its associated modulators, the 

single particle cryo-EM reconstruction map of rabbit RyR1 in the closed state at 

resolution of 10 Å was used. Location of each subdomain is labeled with a red number. 

RyR-interacting proteins are illustrated in blue, green and light brown. D1&3 (white) and 

TA (brown) indicate the DR and TM assembly domain, respectively. DR2 is located in 

the groove hidden by domains 5 and 6.  (Modified from "Ryanodine receptor assembly: a 

novel systems biology approach to 3D mapping" by Dong Woo Song. Progress in 

Biophysics and Molecular Biology. 2011 138) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

27

 

 

Ca 2+

Ca 2+

Ca 2+

Luminal

ATP

Mg 2+
Ca 2+Cytosolic

Mg 2+

Mg 2+

Ca 2+

Ca 2+

Ca 2+

Luminal

ATP

Mg 2+
Ca 2+Cytosolic

Mg 2+

Mg 2+

 

 

 

 

 

 

 

 



 

 

28

(e.g. CASQ, FKBP and CaM), kinases (e.g. PKA and CaMKII) and pharmacological 

agents (e.g. ryanodine, caffeine, and 4-chloro-m-cresol (4-CmC)) 137. In cardiomyocytes, 

numerous physiological regulators are associated with RyR2, making it a huge 

macromolecular complex as seen in Fig. 3 138. Note that Fig. 3 is intended to show a large 

number of regulators associated with RyR2. The exact binding locations of these 

modulators in the 3D structure of RyR have yet to be determined. 

1.2.3.1 Cytosolic Ca2+  

Since cytosolic Ca2+ plays a central role in the activation of RyR2 during CICR, the 

molecular mechanism of cytosolic Ca2+ sensing by RyR has been extensively studied. 

Regulation of RyRs by cytosolic Ca2+ is affected by a number of cellular factors and 

varies with different RyR isoforms, leading to different characteristics of EC coupling in 

cardiac and skeletal muscles.  

In the absence of cytosolic Mg2+, both RyR1 and RyR2 show a bell-shaped 

dependence on Ca2+ concentrations, which suggests that Ca2+ can activate and inhibit 

RyR activity. RyR is activated by low Ca2+ concentrations via Ca2+ binding to its high 

affinity Ca2+ binding sites. On the other hand, RyR can be inhibited by high Ca2+ 

concentrations via Ca2+ binding to less selective and low-affinity Ca2+ binding sites. 

Cytosolic Mg2+ is also able to bind to Ca2+ binding sites in RyR, especially the low-

affinity inhibitory sites 139,140. The affinity for Ca2+/Mg2+ binding to the inhibitory site is 

higher in RyR1 than in RyR2. The inhibition of RyR1 by Mg2+ is important for 

maintaining low RyR activity in the resting state, and can only be relieved by voltage for 

full activation. The inhibition of RyR2 by Mg2+ is greatly reduced by elevated cytosolic 
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Ca2+. During EC coupling, physiological levels of Ca2+ alone are able to fully open the 

RyR2 channel and generate subsequent Ca2+ release from the SR. 

Mutagenesis studies have provided some evidence regarding the location of the Ca2+ 

activation and Ca2+ inactivation sites in RyR. A single point mutation E3885A in RyR3 

was found to form a functional channel with a normal conductance and unaltered 

modulation by other ligands, but a 10,000-fold reduction in Ca2+ sensitivity 141. The 

corresponding glutamate 4032 of RyR1 was also found to be essential for channel 

function. Mutation E4032A in RyR1 abolished caffeine response and [3H] ryanodine 

binding 142. In line with the importance of this glutamate, Chen’s group identified 

glutamate 3987 located in the predicted transmembrane segment M2 of the mouse RyR2 

as the cytosolic Ca2+ sensor for channel activation 143. These studies suggest that the 

cytosolic Ca2+ activation site is located in the C-terminal region. Since Ca2+/Mg2+ 

inhibition differs between RyR isoforms as stated above, the inhibitory Ca2+/Mg2+ 

binding sites may be located in the divergent regions of RyR1 and RyR2. As expected, 

studies with RyR1/RyR2 chimeras indicate that the C-terminal region (3687–4968) 

encompassing the divergent region 1 (4254–4631) of RyR1 contains the Ca2+ inhibitory 

binding sites 144-146. 

1.2.3.2 Luminal Ca2+ 

In addition to cytosolic Ca2+, RyR2 is also regulated by luminal Ca2+. The total 

amount of luminal Ca2+ in the SR is determined by Ca2+ uptake via SERCA2a, Ca2+ 

efflux via RyR2 and the binding capacity of intra-SR Ca2+ binding proteins. The SR Ca2+ 

buffering protein calsequestrin (CASQ2) allows Ca2+ to be stored at a total concentration 

of up to 20 mM, while the free Ca2+ concentration in the SR remains at ~1 mM. The 
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presence of bound Ca2+ in the SR lumen allows this organelle to supply sufficient amount 

of Ca2+ for activation of the contractile machinery despite its minuscule luminal space 

(3.5% of cell volume) 2.  

The physiological role of luminal Ca2+ regulation has been intensively studied. 

Using single channel recordings in planar lipid bilayers to assess the effect of luminal 

Ca2+ on RyR2, most groups consistently found that luminal Ca2+ is able to regulate the 

activity of RyR2. Increased luminal Ca2+ enhances RyR2 activity, whereas decreased 

luminal Ca2+ reduces RyR2 activity 147-149. Further, a large body of experimental evidence 

indicates that an increased SR Ca2+ content stimulates Ca2+ release, whereas a decreased 

SR Ca2+ content inhibits Ca2+ release from the SR in cardiomyocytes 40,54-56.  

Impaired luminal Ca2+ regulation of RyR2 have been implicated in the pathogenesis 

of various cardiac diseases. As early as 1972, Fabiato demonstrated that increased SR 

Ca2+ load could generate propagating Ca2+ waves and periodical contraction in skinned 

muscle fibers 150. This type of store-overload-induced Ca2+ release (SOICR) is distinct 

from physiological CICR. The resulting large SR Ca2+ spillover can lead to delayed 

afterdepolarizations (DADs) and triggered arrhythmias. A number of catecholaminergic 

polymorphic ventricular tachycardia (CPVT) RyR2 mutations, such as N4104K, R4496C, 

and N4895D, were found to enhance RyR2 luminal Ca2+ activation and reduce the 

threshold for SOICR, which in turn increases the propensity for triggered arrhythmia. 

Similar to CPVT RyR2 mutations, loss of function in CASQ2 lowers the Ca2+ buffering 

capacity of the SR and increases the level of free Ca2+ in the SR, thereby likewise 

increasing the propensity for SOICR 151. These studies suggest that an increased 

sensitivity to luminal Ca2+ may be a common defect in cardiac diseases, including heart 
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failure and CPVT. Unlike other RyR2 mutations, a unique RyR2 mutation A4860G 

associated with catecholaminergic idiopathic ventricular fibrillation diminishes the 

response of RyR2 to activation by luminal Ca2+, indicating that a decreased sensitivity to 

luminal Ca2+ can also cause disease 152. Additionally, while cytosolic Ca2+ initiates CICR, 

the decline of luminal Ca2+ following SR Ca2+ release may contribute to the termination 

of CICR and Ca2+ signaling refractoriness through the process of luminal Ca2+-dependent 

deactivation of RyR2, as discussed in section 1.1.2.3. 

Although it becomes increasingly apparent that luminal Ca2+ plays a major role in 

RyR2 regulation, the mechanism by which luminal Ca2+-dependent regulation occurs is 

unclear. Meissner’s group has suggested that luminal Ca2+ acts on RyR2 via a “feed-

through” regulatory mechanism 153,154. In other words, luminal Ca2+ flowing through an 

open RyR channel affects the channel activity by binding to the cytosolic Ca2+ activation 

and inhibition sites. This “feed-through” theory would require luminal to cytosolic Ca2+ 

flux for luminal Ca2+ to be able to act on the cytosolic side of the channel.   

Alternatively, it is possible that luminal Ca2+ can directly modulate RyR2 channel by 

binding to low affinity Ca2+ binding sites on the luminal side of the channel. Indeed, an 

increasing body of evidence has challenged the “feed-through” theory and supported the 

existence of a true luminal Ca2+ sensor in RyR2. In contrast to observations from 

Meissner’s group, studies from other groups showed that increased luminal Ca2+ (1 μM-

10 mM) enhanced channel activity at both positive and negative membrane holding 

potentials 148,155,156, suggesting that luminal to cytosolic Ca2+ flux through the open RyR2 

channel is not a major determinant of luminal Ca2+ activation of RyR2. Furthermore, 

single channel studies demonstrated that luminal Ca2+ activation and cytosolic Ca2+ 
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activation of RyR2 could be selectively modulated. By applying luminal trypsin to sheep 

RyR2 in lipid bilayers, Williams’ group found that trypsin digestion led to a selective 

abolishment of luminal Ca2+ activation, but not cytosolic Ca2+ activation, of the channel  

149. Chen’s group revealed that, unlike previously characterized disease-linked RyR2 

mutations, the A4860G mutation diminishes the response of RyR2 to luminal Ca2+ 

activation, whereas it has little effect on the sensitivity of the channel to activation by 

cytosolic Ca2+. The selective impact of the A4860G mutation on Ca2+ activation indicates 

that the luminal Ca2+ activation of RyR2 is distinct from its cytosolic Ca2+ activation, and 

argues against the existence of luminal Ca2+ “feed-through” regulation and the idea of 

luminal Ca2+ acting on the cytosolic Ca2+ activation site 152.  

The location of the luminal Ca2+ sensor has been investigated recently. CASQ2, the 

SR luminal Ca2+ binding protein, was proposed to serve as the SR luminal Ca2+ sensor 

161,162. However, the RyR2 channel in CASQ2-null cardiomyocytes is still capable of 

sensing luminal Ca2+ in the SR 163. Purified native and recombinant RyRs that lack 

CASQ2 can also be modulated by luminal Ca2+ 154,164,165. Furthermore, a putative luminal 

Ca2+ sensor has been identified in the helix bundle crossing of RyR2, which contains a 

number of negatively charged amino acids. A single mutation of one of these negatively 

charged residues (E4872A) completely abolishes luminal, but not cytosolic, Ca2+ 

activation of RyR2. Other mutations in the helix bundle crossing also affect the luminal 

Ca2+ activation to various extents (unpublished data). Taken together, it is likely that 

luminal Ca2+ regulates the RyR2 channel through direct interactions with the luminal 

activation sites of the channel. 
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1.2.3.3 ATP  

Activation of RyR2 by Ca2+ alone can not achieve maximum activation of the 

channel. It is thought that ATP acts as a co-activator of RyR2 that can markedly increase 

the channel activity during EC coupling. Various other adenine nucleotides (ADP, AMP, 

cAMP, adenosine, and adenine) also potentiate SR Ca2+ release but are less effective than 

ATP 139,166,167.  

The effect of ATP is influenced by a number of factors, such as Mg2+, cytosolic Ca2+ 

and luminal Ca2+. At the cellular level, Mg2+ and ATP form a MgATP complex. 

Considering the high concentration of cytosolic Mg2+ (~1 mM) in cardiomyocytes, it is 

possible that the MgATP complex rather than free ATP regulates Ca2+ release under 

physiological conditions. Activation of RyR by ATP is generally thought to occur under 

the influence of cytosolic Ca2+. By studying adenine nucleotide stimulated Ca2+ efflux 

from isolated SR vesicles, it has been demonstrated that skeletal RyR1 can be partially 

activated by ATP alone 139,168, whereas RyR2 can not be activated by ATP in the absence 

of cytosolic Ca2+. Moreover, adenine nucleotides have been reported to be more effective 

in stimulating Ca2+ release from skeletal than from cardiac SR vesicles 169. However, 

later single channel studies suggest that ATP is a more potent activator (EC50 = 0.22 mM) 

of RyR2 than previously suggested from flux studies indicating that it is equipotent in 

activating skeletal and cardiac RyRs 166. Interestingly, a recent single channel study 

shows that ATP-dependent activation of RyR2 is not only influenced by cytosolic Ca2+, 

but also by luminal Ca2+. Luminal Ca2+ at physiological concentrations (~1 mM) 

significantly increases the binding affinity of ATP to the RyR2 channel. High levels of 

luminal Ca2+ (8~53 mM) in the presence of very low concentrations of cytosolic Ca2+ 
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(100 nM) are capable of amplifying the effect of ATP on RyR2 by increasing the Po 

without changing the ATP binding affinity 170. 

The exact ATP binding sites in RyR are currently unknown. A number of potential 

ATP-binding sites, which contain the signature ATP binding motif, GXGXXG, have 

been predicted in RyR 103. Further site-specific mutation analysis and functional 

characterization will be required to identify the residues that form the ATP-binding sites. 

Meanwhile, structural studies will also be required to locate these sites on the 3D 

structure of RyR. 

1.2.3.4 Phosphorylation 

RyR2 is known to be regulated by multiple protein phosphatases and kinases including 

phosphoprotein phosphatase (PP1), protein phosphatase 2A (PP2A), PKA, protein kinase C 

(PKC), cGMP-dependent protein kinase (PKG) and CaMKII 171. Of these, the effects of PKA 

and CaMKII on RyR2 function have been most widely studied.  

1.2.3.4.1 PKA 

It is well accepted that PKA plays a central role in β-adrenergic signaling pathway. 

β-adrenergic receptor stimulation activates adenylyl cyclase mediated by specific G 

proteins and results in the generation of cAMP, which in return activates PKA. PKA 

phosphorylates several major Ca2+ cycling proteins (L-type Ca2+ channel, PLB, and RyR2) 

in cardiac cells 172, leading to an increase in SR Ca2+ content, SR Ca2+ release, and 

cardiac output 3.  

 It has been shown that RyR2 in failing hearts is hyperphosphorylated by PKA at a 

single residue, Ser-2808, which has also been previously suggested to be a CaMKII 

phosphorylation site 173. Hyperphosphorylation of RyR2 by PKA at Ser-2808 was found 
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to cause dissociation of FKBP12.6 from RyR2, and, consequently, result in an increased 

sensitivity of the channel to Ca2+ activation 174. However, several studies have clearly 

shown no correlation between PKA phosphorylation of RyR2 at Ser-2808 and FKBP12.6 

dissociation 175-179. FKBP12.6 was found to bind to both the Ser-2808 phosphorylated and 

nonphosphorylated forms of RyR2. Complete phosphorylation at Ser-2808 by exogenous 

PKA disrupted neither the recombinant nor native FKBP12.6-RyR2 complex. 

Furthermore, Chen’s group identified another PKA phosphorylation site, Ser-2030. Later 

functional studies suggest that PKA-dependent phosphorylation enhances the response of 

RyR2 to luminal Ca2+ and reduces the threshold for SOICR, and that the effect of PKA is 

largely mediated by phosphorylation at Ser-2030 but not Ser-2808 181.  Using a GFP 

insertion after Thr-2023, cryo-EM studies show that the Ser-2030 site lies in domain 4 

within the cytoplasmic assembly of the RyR2 structure 182. 

1.2.3.4.2 CaMKII 

In addition to PKA, the predominant isoform of CaMKII in cardiomyocytes, 

CaMKIIδC, can also phosphorylate several Ca2+ handling proteins in response to Ca2+ 

elevation. With elevated cytosolic Ca2+ during systole, Ca2+ binds to CaM and the 

resultant Ca2+-CaM complex then binds to the regulatory domain of CaMKII, leading to 

the activation of the enzyme. Activated CaMKII targeting to L-type Ca2+ channels, PLB, 

and RyR2 can generate multiple functional consequences. Additionally, CaMKII also 

regulates a number of proteins that are not directly involved in Ca2+ cycling  such as Na+ 

183 and K+ channels 184, making their regulation sensitive to Ca2+ handling as well. 

An increasing body of evidence indicates that abnormal phosphorylation of RyR2 by 

CaMKII is involved in the pathogenesis of cardiac diseases, including heart failure and 
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cardiac arrhythmias 185. However, even after decades of studies, the functional 

significance of phosphorylation of RyR2 by CaMKII is complex and controversial. Single 

channel and [3H]-ryanodine binding studies with isolated RyR2 have suggested that 

CaMKII phosphorylation either increases 173,186-188 or decreases 189,190 the sensitivity of 

the RyR2 channel to Ca2+. Recent studies from Bers’s laboratory using isolated cardiac 

myocytes overexpressing CaMKIIδC indicate that CaMKII-mediated phosphorylation 

increases the fractional SR Ca2+ release during EC coupling and the frequency and 

duration of spontaneous Ca2+ release, causing increased diastolic SR Ca2+ leak 186. 

Similarly, Currie et al. showed that in rabbit hearts the CaMKII peptide inhibitor (AIP) 

depressed Ca2+ spark frequency, indicating that CaMKII activates RyR2 in myocytes 188. 

However, Cheng’s group suggests that CaMKII negatively regulates RyR2 activity and 

spontaneous SR Ca2+ release, thereby forming a negative feedback mechanism that 

stabilizes local and global CICR in the heart 190. Further studies are needed to resolve these 

discrepancies. 

Phosphopeptide mapping has revealed that RyR2 could be phosphorylated by 

CaMKII at multiple sites 172. Witcher et al. first reported that direct phosphorylation of 

rabbit RyR2 by CaMKII at Ser-2809 (corresponding to Ser-2808 in mouse RyR2) 

activated the channel 173. Their hypothesis that Ser-2809 is a CaMKII site is supported by 

other studies 191,192. However, Marks’ group suggested that Ser-2809 in rabbit RyR2s is 

not a CaMKII site, but a unique PKA site. Instead, they identified an adjacent site, Ser-

2815, in human RyR2 (corresponding to Ser-2814 in mouse RyR2), as the sole CaMKII 

site 187. 

Ser-2808, Ser-2814 and other potential phosphorylation sites (Thr-2810 and Ser-
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2811) in this region form a phosphorylation “hotspot” in RyR2.  Recently, the 

phosphorylation domains of RyR1 and RyR2, including residues Ser-2843 (RyR1) and 

Ser-2808/Ser-2814 (RyR2), have been crystallized 125,158. Docking this domain into the 

cryo-EM maps of RyR1 suggests a putative location of this domain in the clamp region, 

implying that phosphorylation may affect conformational changes within this region 

125,158. Consistent with these studies, residue Tyr-2801, which is close to the 

phosphorylation site Ser-2808, has been mapped to the bridge between domains 5 and 6, 

in each of the corner (clamp) regions of RyR2. Interestingly, the Ser-2808 site and the 

previously mentioned Ser-2030 site are far away from the FKBP12.6-binding site, 

indicating that neither of these PKA phosphorylation sites is directly involved in 

FKBP12.6 binding 126,182.  

1.2.3.5 CaM 

CaM is a key mediator in a wide range of cellular processes. This small 16.7 kDa 

cytosolic protein has a dumbbell-like structure with 4 EF-hand Ca2+ binding sites that 

form two symmetrical domains linked by a central alpha helix. Two high affinity 

(Kd~1 μM) Ca2+ binding sites are located at the C-domain, while 2 low affinity binding 

sites are located at the N-domain (Kd~12 μM) 193. Ca2+ binding to each domain alters 

interhelical angles in the EF-hand motifs, causing a conformational change. The flexible 

central helix and exposure of the hydrophobic sites allow CaM to wrap around its target 

proteins. Using this unique conformational change of CaM upon Ca2+ binding, a number 

of “cameleon” proteins have been generated to measure intracellular Ca2+ 194. A 

cameleon construct normally consists of a CaM sequence, a CaM recognition sequence 

(CRS), a pair of fluorescent proteins sequence (e.g. CFP and YFP) linked together by the 
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CaM sequence and CRS, and a targeting sequence for organelle-specific expression. 

Upon Ca2+ elevation, Ca2+-CaM wraps around the CRS peptide, bringing CFP and YFP 

closer, thus increasing the fluorescence resonance energy transfer (FRET) efficiency 

between them 159,195. CRS peptide derived from CaM-dependent kinase kinase has been 

used to replace the CRS peptide derived from myosin light chain kinase to enhance the 

FRET efficiency 160. CaM mutations are also incorporated to fine tune the Ca2+ binding 

kinetics and affinities for measuring free Ca2+ concentrations in the range of 10-8 to 10-2  

M 195. These cameleons have been successfully applied to study cytosolic, nuclear and 

ER Ca2+ dynamics160, 194-197. 

In cardiomyocytes, CaM influences SR Ca2+ release by modulating a variety of ion 

channels, including DHPRs, IP3Rs and RyR2s. Specifically, RyR2 is not only regulated 

by CaM through the CaM-CaMKII pathway, but also through direct interaction with 

CaM. The purified RyR2 is able to bind to either Ca2+-CaM (Ca2+-bound form of CaM) 

or apoCaM (Ca2+-unbound form of CaM) 198. CaM modulates the activity of different 

RyR isoforms differently. Ca2+-CaM inhibits all three types of RyR, whereas apoCaM 

stimulates the RyR1 and RyR3, but not RyR2. RyR2 is reported to be either unaffected 

49,199,200 or inhibited 201 by apoCaM.  

The physiological role of RyR2 inhibition by CaM in EC coupling has not been well 

defined. Interestingly, CaM binds to and dissociates from RyR2 on a time scale of 

seconds to minutes 201, which suggests that CaM occupancy of the RyR2 channel remains 

unchanged during a cardiac action potential. Nevertheless, during the SR Ca2+ release 

process in EC coupling, whether CaM is always effective in inhibiting RyR2 has been 

questioned. Xu et al. found that CaM most effectively reduced the channel open 
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probability, open events and mean open time at Ca2+ concentrations <10 μM. At Ca2+ 

concentrations >10 μM, CaM was less effective in inhibiting RyR2 at the single channel 

level. This observation suggests that during the active phase of Ca2+ release, SR Ca2+ 

release is not significantly affected by CaM due to the presence of a high concentration of 

local cytosolic Ca2+. CaM may have a role in the termination of SR Ca2+ release by 

reducing the probability of channel reopening when cytosolic Ca2+ is reduced to a low 

level 49. In contrast, studies of the effect of CaM in permeabilized frog skeletal muscle 

fibers suggest that CaM modulates the initiation of Ca2+ release via RyR1, but does not 

play a significant role in the termination of Ca2+ release 202.  

Mutagenesis studies have shown that the effect of CaM on RyR2 is mainly mediated 

through the binding of CaM to a domain comprised of highly conserved amino acid 

residues 3583-3603 in RyR2. The deletion of residues 3583-3603 resulted in a decrease 

of [35S]CaM binding to background levels and prevented CaM inhibition of RyR2 in 

single channel studies200. Single residues in this region such as W3587 and L3591 were 

also identified to be crucial for the CaM effect on RyR2. Corresponding region in RyR1 

including residues 3614-3643 has also been identified as a calmodulin binding domain 

(CaMBD) for both Ca2+-CaM and apo-CaM 203,204.  Interestingly, another region 

including residues 4064-4210 in RyR1 has been found to interact with the CaMBD and 

regulate the function of the channel 205,206.  

In 3D structural studies, CaM was found to bind within a cleft that separates the 

“handle” and “clamp” regions in the RyR cytoplasmic assembly 107,207-209. Till now, cryo-

EM mapping of CaM binding sites has only been done for apoCaM-RyR2, but not for 

Ca2+-CaM-RyR2 209. Apo-CaM was localized to the gap between subdomain 3 and 7 in 
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RyR2, which is different from the apo-CaM binding site in RyR1. The 3D structures of 

RyR1 with and without added CaM suggested that the Ca2+-CaM binding site is located 

in subdomain 3 and the apo-CaM binding site is located at the outer surface of subdomain 

3, just above the binding site for Ca2+-CaM 107,207,208. The centers of mass of apo-CaM 

and Ca2+-CaM were separated by 33 Å in the structure of RyR1 208. Recent FRET-based 

mapping has, however, challenged the idea that there are different binding locations on 

RyR1 for Ca2+-CaM and apo-CaM, and suggested a co-localization of Ca2+-CaM and 

apo-CaM, since the distance between FKBP and CaM is almost the same in the presence 

or absence of Ca2+
 210. 

1.2.3.6  FKBP12.6 

FKBPs belong to a family of highly conserved proteins called immunophilins that 

bind immunosuppressive drugs such as FK506 and rapamycin. FKBPs are named 

according to their molecular mass (e.g. FKBP12, FKBP12.6, FKBP13 and FKBP25). 

FKBP12.6 is a 12.6 kDa protein that shares 85% sequence identity with FKBP12, which 

has only 18 residues different from FKBP 12.6. FKBP12 and FKBP12.6 physically 

interact with all three isoforms of RyR but show different expression levels and binding 

affinity in different tissues. FKBP 12 is the predominant form bound to RyR1 in skeletal 

muscle. In cardiac muscle, although the concentration of FKBP12 is higher compared 

with that of FKBP12.6, FKBP12.6 plays a major role in regulating RyR2 function due to 

its high binding affinity 211. 

The functional role of FKBP12.6 in RyR2 regulation has been a hot subject of 

research in recent years, though some controversies remain. In early studies, several 

groups reported that dissociation of FKBP12.6 from RyR2 by immunosuppressants 
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(rapamycin or FK506) activated RyR2 and induced subconductance states at the single 

channel level 212-214. In cardiomyocytes, FK506 was reported to increase Ca2+ spark 

frequency and Ca2+ transients 179,213-215. Marks and coworkers further proposed that 

impaired interaction between RyR2 and FKBP12.6 is a major mechanism underlying 

cardiac dysfunction in heart failure. In their model, hyperphosphorylation of RyR2 by 

PKA at a single residue Ser-2809 induces dissociation of FKBP12.6, which increases the 

Po of the channel and causes long-lasting subconductance states. Increased RyR2 activity 

is believed to cause diastolic SR Ca2+ leak and triggered arrhythmias. K201(JTV519), an 

experimental cardioprotective and anti-arrhythmic drug, was found to stabilize the 

interaction between FKBP12.6 and RyR2, and thus prevent the development of 

arrhythmias 174,187.   

However, several other groups have challenged the hyperphosphorylation-

hypothesis in heart failure. In single channel studies, removal of FKBP12.6 was found to 

have no effect on RyR2 activity 175,216 and no subconductance was observed in RyR2 

channels isolated from FKBP12.6 knockout mice 217. Using Western blotting analysis, 

Xiao et al. found that PKA phosphorylation at Ser-2808 in mouse RyR2 (corresponding 

to Ser-2809 in rabbit RyR2) did not dissociate FKBP12.6 178. Using fluorescently-labeled 

FKBP12.6/12, Guo et al. directly measured in situ binding of FKBP12.6/12 to RyR2 in 

rat and mouse ventricular myocytes, and found that PKA phosphorylation did not alter 

the binding kinetics or affinity of FKBP12.6/12 179. Furthermore, no significant changes 

in the level of RyR2 phosphorylation at Ser-2808 or of binding of FKBP12.6 were 

detected in humans and canine heart failure models. Instead, Jiang et al. found a 

significant decrease in the expression level of SERCA2a in failing hearts 176,178. In 
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addition, the inhibitory action of K201 on spontaneous Ca2+ release was found to be 

independent of FKBP12.6 218. This large array of evidence indicates that removal of 

FKBP12.6 does not alter the conductance, activation of the RyR2 channel and the 

susceptibility to ventricular arrhythmias, and that RyR2 hyperphosphorylation by PKA 

does not disrupt FKBP12.6-RyR2 binding. The exact physiological role of FKBP12.6 in 

cardiac function remains to be defined. 

Both FKBP12 and 12.6 bind to RyRs with a stoichiometry of four FKBPs per RyR 

homotetramer. A critical residue in RyR1 required for the binding of FKBP12 is Val-

2461. Mutations of the Val2461 residue in RyR1 to Gly, Glu, or Ile greatly reduce the 

affinity of binding of FKBP12 to RyR1, but not the affinity for binding of FKBP12.6 219. 

In line with this finding, Bultynck et al. reported that the conserved residue Val-2322 

located in the central domain of RyR3 (corresponding to Val-2461 in RyR1) was also 

responsible for the interaction of RyR3 with FKBP12 220. It is likely that the equivalent 

residue in RyR2 (Ile-2427) also plays a similar role. Although studies by Marx et al. 

supported this hypothesis 174, several other groups challenged the importance of Ile-2427 

in FKBP12.6 binding to RyR2. Masumiya et al. found that none of the mutations of 

residue Ile-2427 abolished FKBP12.6 binding. Instead, it was suggested that FKBP 12.6 

binds to amino acid residues in the N-terminal region of RyR2, between residues 305–

1937 which includes the DR3 region 221. Zhang et al. further demonstrated that the 

FKBP12.6 binding site in the 3D structure of RyR is close to the DR3 region, and that a 

region including residues 1815–1855, upstream of the DR3 region, is essential for 

FKBP12.6 binding 123. Further, Zissimopoulos and Lai suggested that the C-terminal 

region, which encompasses the transmembrane domain of the channel, interacts with 



 

 

43

FKBP12.6 222,223. These studies indicate that multiple domains from different regions of 

the channel may contribute to the formation of the FKBP12.6 binding site. The location 

of FKBP binding site in the 3D structure of RyR lies between subdomains 3, 5, and 9 

based on 3D reconstruction and FRET studies 207,224-227. Interestingly, FKBP12 binding 

site and CaM binding site are found only 9 nm apart on the opposite sides of subdomain 3 

207.  

1.2.3.7 Pharmological ligands  

Besides a wide array of physiological channel modulators, RyR is also regulated by 

various pharmacological ligands, such as ryanodine, caffeine and 4-CmC.  

1.2.3.7.1 Ryanodine 

Ryanodine is a natural poisonous alkaloid found in the South American plant Ryania 

speciosa, which was originally used as an insecticide. The RyR derives its name from this 

specific, high-affinity compound, which made possible the initial purification of the RyR 

from skeletal and cardiac SR 2. 

Equilibrium binding experiments suggested that up to four ryanodine molecules are 

able to bind to a RyR tetramer with varied binding affinities 228,229. The binding of 

ryanodine is slow and irreversible. It is commonly believed that ryanodine at nM to 

hundred μM concentrations “locks” the channel in an open subconductance state by 

binding to its high affinity site. At higher concentrations (0.3~2 mM), ryanodine inhibits 

the channel by binding to its low affinity site 228,230,231.  

In vitro high-affinity ryanodine binding is influenced by temperature, pH, ion 

concentrations, and other RyR modulators. A number of ligands known to open the 

channel and stimulate Ca2+ release increase ryanodine binding to the channel. Among 
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these known ligands, Ca2+ is able to increase both the binding affinity and the apparent 

maximum binding capacity (Bmax) of ryanodine to RyR. Generally, the binding of 

ryanodine is strictly Ca2+ dependent. Caffeine was also found to facilitate ryanodine 

binding to skeletal and cardiac RyRs. On the other hand, ligands known to close the 

channel and inhibit Ca2+ release, such as micromolar ruthenium red and millimolar Mg2+, 

inhibit ryanodine binding to the channel 232. Thus, it becomes apparent that ryanodine 

binds preferentially to the open state of the channel and it can be used as a 

conformational probe to study the gating of RyR. 

Biochemical and functional studies have localized the ryanodine binding sites to the 

C-terminal region of RyR, which forms the channel pore 233,234. Mutations in the 

conserved pore-forming motif GVRAGGGIGD abolished or markedly reduced high 

affinity [3H]ryanodine binding to RyR, suggesting that this region is essential for 

ryanodine binding110,111,113,235. In addition, mutations in the TM10 region of RyR2 also 

diminished [3H]ryanodine binding. Among these mutations, a single point mutation 

Q4863A, dramatically altered the kinetics and affinity of ryanodine interaction with 

RyR2 channels without affecting the response of the channel to other ligands, such as 

caffeine, ATP and Mg2+, indicating that the TM10 sequence and in particular the Q4863 

residue constitute an important determinant of ryanodine interaction 236. 

1.2.3.7.2 Caffeine and other methylxanthines 

The methylxanthine compound, caffeine, is a nonselective adenosine receptor 

antagonist that has long been used as a pharmacological agonist of RyR-mediated Ca2+ 

release. Caffeine has also been used in the clinical diagnosis for the skeletal muscle 

disorder malignant hyperthermia (MH) 237. Other methylxanthine compounds, 
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aminophylline and theophylline, have been used clinically for the treatment of pulmonary 

diseases, but their use was limited largely due to their pro-arrhythmic properties 238-240.  

Caffeine and other methylxanthines activate both RyR1 and RyR2, though RyR2 

displays higher sensitivity 241,242. The mechanism of caffeine activation on RyR remains 

incompletely defined. Caffeine is generally thought to sensitize the RyR2 channel to 

activation by cytosolic Ca2+, leading to an increase in the Po of the channel 242,243. 

However, the unique feature of caffeine-induced Ca2+ release termed “quantal” Ca2+ 

release indicates a mechanism of luminal/store Ca2+-dependent regulation. That is 

multiple additions of caffeine at submaximal concentrations can each induce a partial and 

transient Ca2+ release from intracellular Ca2+ stores in cells expressing RyRs or from SR 

vesicles. When the luminal Ca2+ level is below a threshold level, caffeine is no longer 

able to induce Ca2+ release despite its continued presence 244,245. Recent studies have 

confirmed that single RyR2 channels are insensitive to caffeine in the absence of luminal 

Ca2+ 246. Interestingly, caffeine, aminophylline and theophylline were all demonstrated to 

potentiate luminal Ca2+ activation of RyR2 and increase the propensity for spontaneous 

Ca2+ release, mimicking the effects of disease-linked RyR2 mutations 165. These findings 

suggest that luminal Ca2+ plays a pivotal role in caffeine dependent RyR2 activation. It is 

most likely that both cytosolic and luminal Ca2+ modulate caffeine-dependent RyR2 

activation 247, though luminal Ca2+ is probably more effective 165.  

The exact binding site for caffeine in RyR has not been identified, largely because 

mutations throughout the channel sequence cause alterations in caffeine sensitivity. All 

MH and central core disease (CCD) mutations in the N-terminal and central regions of 

RyR1 displayed increased caffeine sensitivity 248,249. CPVT mutations in the N-terminal 
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250,251 and C-terminal regions 252 of RyR2 also showed altered sensitivity to caffeine. 

Caffeine activation of RyR was affected by mutations throughout the amino acid 

sequence, suggesting that caffeine activation may involve multiple regions of RyR. 

1.2.3.7.3 4-CmC 

The phenol-based compound, 4-CmC, is a strong activator of both skeletal and 

cardiac RyR isoforms 253,254 but is less effective in stimulating RyR3 255. 4-CmC activates 

RyR1 with an EC50 value of 50 to 200μM, which is about 20 times more potent when 

compared with caffeine. 253,256. Sensitivity to activation by 4-CmC is increased for RyR1 

mutations associated with the skeletal muscle disorder MH. This finding led to the 

clinical use of 4-CmC as a tool to distinguish between MH susceptible and normal 

muscle 257-260. At the single channel level, the sensitivity to 4-CmC was found to be 

higher when applied to the luminal side of the channel, suggesting that the binding site of 

4-CmC is different from caffeine, which was normally applied to the cytosolic side of the 

channel 256. At the cellular level, 4-CmC can produce a contractile response in skinned 

and intact skeletal muscle 256,261,262. Since 4-CmC activation of RyR3 is much weaker, 

RyR1-RyR3 chimeric proteins were generated to identify the 4-CmC activation site in 

RyR1. The activation site of 4-CmC was localized to residues 4007-4180 in the RyR1 

primary sequence 263 and two amino acids (Gln4020 and Lys4021) in this region were 

identified to be essential for 4-CmC activation 264.  

Although not as widely used as caffeine, 4-CmC is also a common pharmacological 

agonist of RyR2. It is capable of generating caffeine-like responses in saponin-skinned 

cardiac muscles at the concentrations of 0.1 to 2 mM, but not in intact fibers. Choisy et al. 

claimed that the failure of 4-CmC to induce contraction in intact cardiac muscle is 
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probably due to the side effect of 4-CmC on cardiac sarcolemmal membrane-associated 

proteins, especially the Ca2+ extruders, PMCA and NCX. The effects of 4-CmC and 

caffeine on SR Ca2+ release are independent from each other in cardiac muscle fibers, 

suggesting that the binding site for 4-CmC in RyR2 is different from that for caffeine 254. 

To date, the specific 4CmC activation site in RyR2 has not been identified. 

 

1.3 Cardiac ryanodine receptor and cardiomyopathies 

1.3.1  RyR2 mutations and cardiac disease 

Giving the significant role of RyR2 in cardiac function, it is no surprise that 

dysregulation of RyR2 can contribute to various cardiac abnormalities. Naturally 

occurring mutations in RyR2 have been linked to at least two autosomal dominant forms 

of cardiac arrhythmias, namely CPVT and arrhythmogenic right ventricular dysplasia 

type 2 (ARVD2) 265-268. More recently, mutations in RyR2 have also been associated 

with dilated cardiomyopathy (DCM) 269-271 and hypertrophic cardiomyopathy (HCM) 

270,272, in addition to cardiac arrhythmias.  

CPVT is an arrhythmogenic cardiac disorder, manifesting as syncopal events and 

sudden cardiac death, usually in response to intensive exercise or emotional stress. 

Dominant mutations in RyR2 could lead to the genesis of CPVT. The mechanism of 

CPVT caused by RyR2 mutations has been uncovered by recent studies 273,274. Under 

physiological conditions, initiation of SR Ca2+ release is controlled by membrane 

depolarization via the mechanism of CICR. In the absence of regular membrane 

depolarizations, spontaneous Ca2+ waves or Ca2+ oscillations can occur. These 

spontaneous Ca2+ events have been found to be highly dependent on SR Ca2+ store and 
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thus termed SOICR. A number of conditions, including β-adrenergic stimulation, digitalis 

intoxication, elevated extracellular Ca2+, and fast pacing can lead to SR Ca2+ overload 

and subsequently SOICR in cardiac cells. SOICR may activate NCX to generate a 

transient inward current. This inward current is capable of depolarizing the surface 

membrane after the action potential is ended, thus producing delayed afterdepolarizations 

(DADs), which can lead to triggered arrhythmias. A common defect of CPVT RyR2 

mutations is an enhanced sensitivity of the channel to luminal Ca2+ activation and a 

reduced threshold for SOICR. A reduced SOICR threshold would increase the propensity 

for DADs and thus triggered arrhythmias 151,250,251,275-278. 

Interestingly, some of these CPVT mutations cause cardiac arrhythmias without 

structural modifications of the heart, while other CPVT mutations lead to both cardiac 

arrhythmias and cardiomyopathies. The mechanism by which RyR2 mutations are able to 

contribute to the progression of cardiomyopathies is still a mystery. 

To date, there are eleven RyR2 mutations that have been linked to three distinct 

types of cardiomyopathies in addition to cardiac arrhythmias. These include 2 DCM 

mutations (exon 3 deletion and R3570W) 269-271, 7 ARVD2 mutations (A77V 279, 

R176Q/T2504M (double mutations) 280,281, R420W 281-283, L433P 280, G1885E/G1886S 

(compound heterozygous) 284, N2386I 280, and Y2392C282) and 2 HCM mutations 

(T1107M, and G2367R) 270,272. It is particularly interesting that a large portion of these 

mutations is located at the N-terminal region of RyR2. Exon 3 deletion is an in-frame 

deletion of 35 amino acids in the N-terminal region of RyR2. This large genomic 

deletion in RyR2 elicits extended clinical phenotypes, including progressive 

atrioventricular node block, sinoatrial node dysfunction, atrial fibrillation and DCM 
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combined with CPVT. Besides, a number of point mutations including A77V, 

R176Q/T2504M (double mutations), R420W and L433P in the N-terminal region are 

found to be associated with ARVD2. Missense mutations of RyR2 in the N-terminal 

region are also linked to HCM. Although patients with novel missense mutation T1107M 

only show moderate hypertrophy, the disease prevalence with this mutation is high in the 

pedigree (100%), while this mutation was completely absent in the other 299 probands or 

200 controls 270,272. These findings provide new insights into the pathogenic mechanism 

whereby mutations in RyR2 can lead to hypertrophic or dilated cardiomyopathies. 

Further functional studies need to be performed to resolve the intriguing question of why 

deletion of exon 3 and other missense mutations lead to DCM, ARVD, or HCM in 

addition to CPVT. 

1.3.2  General aspects of cardiomyopathies 

Numerous conditions, either primary or acquired from chronic ischemia, 

hypertension or diabetes, can lead to the muscle disorder, known as cardiomyopathy 285. 

As a major cause of heart failure, cardiomyopathy is always associated with 

abnormalities in cardiac wall thickness, chamber size, contraction, relaxation, conduction, 

or rhythm. Primary cardiomyopathies are due to the intrinsic weakness in the muscle of 

the heart rather than identifiable external causes. Based on pathological phenotypes, the 

primary cardiomyopathies were traditionally classified as HCM, DCM and restrictive 

cardiomyopathy.  New clinical entities such as ARVD and other unclassified 

cardiomyopathies have also been defined in recent years 286.  

In HCM the wall of the heart is thickened due to enlarged cardiomyocytes and/or 

increased myocardial interstitial fibrosis. These anatomic abnormalities can obstruct 
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blood flow and prevent the heart from pumping effectively 287. DCM is characterized by 

dilation of the heart, especially the left ventricle, which leads to depressed myocardial 

contractility and impaired systolic pumping function 288. Restrictive cardiomyopathy is a 

less common type of cardiomyopathy, in which the ventricle size is normal (nondilated 

and nonhypertrophied). However, in this scenario, the diastolic function of the heart is 

affected due to the increased stiffness of the ventricular tissue, while systolic function is 

still normal in most cases. ARVD is characterized by a substitution of the right 

ventricular myocardium with progressive fibrofatty tissue, which results from apoptosis, 

inflammation of cardiomyocytes or myocardial dystrophy. ARVD may eventually lead to 

congestive heart failure that mimics DCM 289. 

1.3.3  Sarcomeric proteins and cardiomyopathies 

Cardiomyopathies with distinct clinical phenotypes, including HCM and DCM are 

generally associated with mutations in various sarcomeric proteins. To date, hundreds of 

mutations in more than 20 genes that encode protein constituents of the sarcomere have 

been identified in HCM 290. A missense mutation in the β-myosin heavy chain gene is the 

first identified gene linked to HCM 291. Mutations in genes encoding the β-myosin heavy 

chain, myosin-binding protein C, TnI and TnT account for most reported cases. 

Mutations have also been found in other genes encoding sarcomeres or myofilament 

related proteins, such as titin, actin and essential myosin light chain. On the other hand, 

the genetics of DCM has been under intensive investigation lately. Inherited DCM is 

commonly autosomal dominant, but also presents autosomal recessive, X-linked, or 

mitochondrial inheritant patterns 285. Of the 20 reported defective genes responsible for 

DCM, genes encoding sarcomeric proteins such as β-myosin heavy chain, Tn, and Tm 

http://en.wikipedia.org/wiki/Systole_%28medicine%29
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are the majority 288. 

Interestingly, most of the mutations linked to HCM increase myofilament Ca2+ 

sensitivity 58,67, whereas most of the mutations in sarcomeric proteins that are linked to 

DCM decrease the Ca2+ sensitivity of myofilaments 292,293. Numerous HCM mutations in 

Tn and several in Tm have been found to result in an increase in the Ca2+ sensitivity of 

force development in vitro 294. Several transgenic mice harboring TnT HCM mutations 

(such as TnT-I79N 66,295,296, TnT-R92Q 297 and TnT-F110I 298) or TnI HCM mutation 

(TnI-R146G 299,300) have been generated. In all of these cases, the Ca2+ sensitivity of 

force development in these transgenic mice is increased compared with wild type mice in 

in vitro studies. TnT, TnC and Tm mutations in DCM are also related to defective Ca2+ 

sensitivity of the myofilament. In contrast to the mutations in HCM, all of these 

mutations show decreased Ca2+ sensitivity of contractile regulation. Mouse models 

expressing deletion of K210 293 and missense mutation R141W 301 in TnT have been 

created. As expected, cardiac muscle fibers of these mutant mice showed significantly 

lower Ca2+ sensitivity in force generation than those of wild type mice. 

1.3.4  SR Ca2+ handling and cardiomyopathies 

Aside from sarcomeric protein malfunction, alterations in SR Ca2+ handling have 

also been implicated in cardiomyopathies. 

SR Ca2+ has been recognized as an important signal driving the pathogenesis of 

HCM. In mice bearing an Arg403Gln missense mutation in the α cardiac myosin heavy 

chain, SR Ca2+ content and the expression levels of CASQ2 and RyR2 are reduced prior 

to changes in cardiac histology or morphology 65,302. In another HCM mouse model, SR 

Ca2+ uptake was found to be suppressed due to reduced SERCA2a expression and 
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hypophosphorylation of PLB 303. Lowered SR Ca2+ levels and altered expression of SR 

Ca2+ handling proteins seem to be two of the earliest detectable manifestations in these 

HCM models, which indicates that malfunction of SR Ca2+ homeostasis is closely 

associated with HCM.  

In DCM, the important role of SR Ca2+ handling became evident after the discovery 

of direct correlation of PLB and DCM. PLB is a small regulatory protein of the 

SERCA2a pump. Phosphorylation of PLB relieves the inhibition of SERCA2a and 

consequently accelerates SR Ca2+ uptake and cardiac relaxation as introduced in section 

1.1.4.2. Interestingly, impaired PLB function has been recognized as a cause for 

cardiomyopathies. A missense mutation (R9C) in PLB has been linked to inherited 

human DCM with refractory congestive heart failure. Transgenic mice carrying this 

mutation recapitulated human cardiomyopathy and heart failure with premature death. 

Further cellular and biochemical studies revealed that the R9C mutation significantly 

reduced the phosphorylation of PLB by PKA and thus enhanced SERCA inhibition. 

Increased SERCA inhibition, which slowed down SR Ca2+ re-uptake and prolonged the 

decay of cytosolic Ca2+ transients in myocytes, may eventually result in the development 

of DCM 304. On the other hand, cardiac contractility and the DCM phenotype can be 

rescued by enhanced SR Ca2+ re-uptake. Mice with a deficiency in a cytoskeletal protein, the 

muscle-specific LIM protein (MLP), developed DCM after birth. Ablation of PLB, which 

up-regulated SERCA activity, rescued a wide spectrum of morphological and 

ultrastructural defects including chamber dilation in the MLP-deficient mice, indicating 

that SR Ca2+ handling is an important therapeutic target for preventing the progression of 

DCM 305.  
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1.3.5 Fundamental mechanism of cardiomyopathies  

The fact that sarcomeric protein mutations, PLB mutation and RyR2 mutations all 

result in clinical phenotypes of cardiomyopathies is particularly interesting. 

Myofilaments represent a major pool of Ca2+ buffering in the cytosol. RyR2 and PLB are 

the major players in SR Ca2+ handling. The cross-talk between the cytosolic Ca2+ and SR 

Ca2+ shapes the Ca2+ environment in cardiomyocytes, a critical factor in the development 

of cardiomyopathies. Thus, it is possible that mutations in these three types of Ca2+ 

handling proteins share the same mechanism of genesis of cardiomyopathy. 

Since myofilaments play a pivotal role in cytosolic Ca2+ buffering, changes in 

myofilament Ca2+ sensitivity will alter the amplitude or decay of cytosolic Ca2+ transients 

67. It is believed that increased myofilament Ca2+ sensitivity will reduce the amplitude and 

slow the decay of the cytosolic Ca2+ transients, whereas decreased myofilament Ca2+ 

sensitivity will increase the amplitude and hasten the decay of the transients 65-69. 

Impaired cytosolic Ca2+ transients that arise as a result of altered myofilament Ca2+ 

sensitivity have been proposed to trigger subsequent cardiac remodeling leading to 

cardiomyopathies 306-309.  

Similar to changes caused by mutations in sarcomeric proteins, altering the 

termination of SR Ca2+ release as a result of RyR2 mutations or altering Ca2+ re-uptake as 

a consequence of PLB mutations would also result in changes in cytosolic Ca2+ transients. 

Delayed termination or weakened Ca2+ re-uptake would lead to increased Ca2+ transients, 

whereas premature termination or enhanced Ca2+ re-uptake would result in decreased 

Ca2+ transients. While the influences of cardiomyopathy-linked sarcomeric protein 

mutations and PLB mutations on cytosolic Ca2+ transients are clear, the impact of RyR2 
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mutations on SR Ca2+ release termination have not yet been determined. 

 Cytosolic Ca2+ transients are capable of affecting the formation of Ca2+-CaM 

complex. Ca2+-CaM dependent signaling pathways such as the calcineurin/NFAT 

pathway 306,307, HDAC/MEF2 pathway 308 and apoptotic signaling 309, have been 

suggested to be critical in the development of cardiomyopathies, including HCM (Fig. 4) 

and DCM.  

Calcineurin is a Ca2+-CaM-dependent phosphatase. In contrast to CaMKII, which 

responds to high and transient Ca2+ oscillations, calcineurin has a relatively higher CaM 

binding affinity and can be activated by low but sustained Ca2+ plateaus. This indicates 

that Ca2+-CaM can work as a key signaling molecule acting on substrates with different 

affinities on different time scales. Moderate elevated levels of Ca2+-CaM can activate 

calcineurin, which dephosphorylates nuclear factor of activated T-cells (NFAT) 306. 

Consequently, dephosphorylated NFAT is imported into the nucleus where it works 

cooperatively with cardiac-restricted zinc finger-containing transcription factor-4 

(GATA4) to activate genes responsible for cardiac hypertrophy 310.  

The formation of Ca2+-CaM complex also activates CaMKIIδB. Activation of 

CaMKIIδB in the nucleus is able to phosphorylate and dissociate histone deacetylases 

(HDAC) from transcription factors including myocyte enhancer factor-2 (MEF2) 308. 

Activation of MEF2 has been suggested to act as a common end point for hypertrophic 

signaling pathways in the myocardium 311,312. When the calcineurin/NFAT pathway 

synergizes with HDAC/MEF2 pathway, profound hypertrophy can be evoked 313.  

On the other side, activation of another form of CaMKII, CaMKIIδC, by cytosolic 

Ca2+-CaM can induce a series of downstream events, including phosphorylation of  
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Fig. 4 Ca2+-dependent transcriptional pathways that reprogram cardiac gene 

expressions leading to hypertrophy  

Increased intracellular Ca2+ promotes the formation of Ca2+-CaM, which activates 

calcineurin or CaMKII. Activation of CaMKII can phosphorylate and disssociate HDAC 

from transcription factors including MEF2 in the nucleus. Activation of the phosphatase 

calcineurin can dephosphorylate NFAT, which works cooperatively with the transcription 

factor GATA4. Activation of these transcriptional pathways eventually leads to the 

expression of hypertrophic genes. (HDAC, histone deacetylases; NFAT, nuclear factor of 

activated T-cells; MEF-2, myocyte enhancer factor-2; GATA4, zinc finger-containing 

transcription factor-4). 
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proteins involved in apoptotic pathways. Initiation of apoptosis will result in the loss of 

cardiomyocytes, thus possibly contributing to DCM 308.  Toko et al. found that p53, 

a tumor suppressor protein, was crucial in the induction of cardiomyocyte apoptosis in a 

DCM mouse model 309. However, detailed signaling cascades involved in this process are 

still unknown. 

It is worth mentioning that the mechanisms through which altered cytosolic Ca2+ 

transient induces remodelling of the heart and eventually results in distinct phenotypes of 

HCM and DCM are complex due to the presence of various signaling pathways operated 

in cardiomyocytes. Nevertheless, the role of cytosolic Ca2+ transients in the development 

of cardiomyopathies warrants further investigations. 

 

1.4 Research objective and specific aims 

The overall objective of this study is to understand the molecular basis and 

regulation of Ca2+ release activation and termination as well as the role of RyR2 in the 

pathogenesis of cardiac arrhythmias and cardiomyopathies. The central hypotheses are 

that (i) the activation and termination of Ca2+ release are controlled by RyR2 and 

regulated by RyR2 modulators; and (ii) altered Ca2+ release by RyR2 mutations can lead 

to cardiomyopathies. 

1.4.1 Defining the molecular determinants of Ca2+ release activation and termination 

in RyR2 

Since CICR is a re-enforcing process, a mechanism accounting for SR Ca2+ release 

termination is needed. RyR2 has been commonly accepted as the governor of Ca2+ 

release activation, however, little is known about its role in Ca2+ release termination. 
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Here we aim to investigate the structure-function relationship of RyR2 in Ca2+ release 

termination by studying mutations in regions potentially involved in Ca2+ release 

termination. Recent studies have suggested that the regulation of RyR2 gating by luminal 

Ca2+ is responsible for Ca2+ release termination and a luminal Ca2+ sensor formed by 

residues in the pore-forming region of RyR2 has been identified. In addition, the N-

terminal region of the channel undergoes large conformational changes during channel 

gating and thus may be involved in Ca2+ release activation or termination. Therefore, a 

number of mutations in the pore-forming region and N-terminal region will be 

constructed and expressed in HEK293 cell lines. Using a FRET based luminal Ca2+ 

sensing probe D1ER, luminal Ca2+ dynamics reflecting ER Ca2+ release activation and 

termination will be monitored in cells expressing these mutants. 

1.4.2 Determining the roles of RyR2 modulators in Ca2+ release activation and 

termination  

RyR2 has been shown to interact with a large array of modulators, ranging from 

small proteins to physiological ions. An increasing number of studies have demonstrated 

that these modulators are capable of altering the channel function. However, it is unclear 

whether these RyR2-interacting proteins affect Ca2+ release primarily by modulating the 

activation or the termination aspect of Ca2+ release. To this end, a number of experiments 

are designed to determine the roles of several RyR2 modulators in Ca2+ release activation 

and termination. The RyR2 regulatory proteins, CaM, FKBP12.6 and CaMKII, will be 

overexpressed in HEK293 cells and their impact on Ca2+ release activation and 

termination will be characterized. The properties of some regulatory protein-binding 

deficient RyR2 mutations will also be studied. Moreover, permeabilized cells will be 
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used for directly assessing the effect of cytosolic Ca2+ on Ca2+ release activation and 

termination. 

1.4.3 Studying the correlation between ligand-regulated channel function and ligand-

dependent conformational changes  

Physiological or pharmacological ligands of RyR are able to activate the channel 

and induce global conformational changes in the 3D structure of the channel. However, it 

is not known whether these structurally diverse ligands induce the same or different 

conformational changes. To answer this question, we plan to construct a FRET-based 

probe by inserting a CFP and a YFP into RyR2 after specific residues that have 

previously been mapped to the clamp region of RyR2. This clamp region consists of 

several key structural domains that are crucial for channel regulation and gating. The 

extents of conformational changes in the clamp region and the extents of Ca2+ release 

upon binding of various ligands will be monitored and compared. 

1.4.4 Assessing the impact of cardiomyopathy-linked RyR2 mutations on Ca2+ release  

Naturally occurring mutations in RyR2 have been linked not only to cardiac 

arrhythmias and sudden death, but also to cardiomyopathies, such as HCM and DCM. 

Why some CPVT mutations are also associated with cardiomyopathies is unknown. To 

study the mechanism underlying cardiomyopathies, the impact of RyR2 mutations 

associated with cardiomyopathies on Ca2+ release activation and termination will be 

studied using single cell luminal Ca2+ imaging. In addition, the properties of CPVT-only 

mutations will also be characterized to understand the important question of why some 

RyR2 mutations cause cardiac arrhythmias only, whereas other mutations lead to both 

cardiac arrhythmias and cardiomyopathies. 
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CHAPTER II:
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2.1  Site-directed mutagenesis 

2.1.1  Construction of RyR2 deletions and point mutations 

The RyR2 deletion mutant Del-305 (deletion of the first 305 N-terminal residues) 

was constructed as follows. A NheI-AflII adaptor was generated by annealing two 

primers: 5’-CTA GCA GCG CGG AGC CAT GGC TGA TTA C-3’ (forward) and 5’-

TTA AGT AAT CAG CCA TGG CTC CGC GCT G-3’ (reverse). The full-length mouse 

RyR2 cDNA was digested with NheI and AflII. The NheI (vector)-AflII (915) fragment 

was discarded, and the remaining fragment was ligated with the NheI-AflII adaptor to 

form the N-terminal deletion mutant Del-D305. 

The RyR2 deletion mutant Del-Exon-3 and Del-3583-3603 as well as the RyR2 

point mutations A77V, R176Q/T2504M, R420W, L433P, A1107M, I4862A, G4864A, 

D4868A, A4869G, F4870A, G4871R, E4872A, Q4876A, V4880A, K4881A, E4882A, 

D4896A, W3587A, L3591D, F3603A and W3587A/L3591D/F3603A were constructed 

using the polymerase chain reaction (PCR) mediated overlap extension method 314.  

Briefly, a fragment containing the deletion or mutation was produced by performing 

PCR twice and then subcloned into the full-length mouse RyR2 WT using specific 

restriction enzymes. In each case, PCRs were carried out with four designed primers: the 

outer forward (OF) primer, the inner reverse (IR) primer, the inner forward (IF) primer, 

and the outer reverse (OR) primer. The inner primers contain the mutated nucleotides and 

the outer primers include restriction digestion sites.  

In the first step, two fragments of the RyR2 cDNA sequence encompassing the point 

mutation were amplified by PCR using two pairs of the primers (OF and IR; IF and OR). 

The 50 µl first-step PCR system contained 38 µl H2O, 400 µM dATP, dCTP, dGTP, and 
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dTTP (dNTP) (Invitrogen), 0.5 unit of Pfu DNA polymerase (Pfu) (Stratagene), 5 µl 10 x 

Pfu buffer (Stratagene), 0.5 mM forward primer,  0.5 mM reverse primer, and 1 μl (100-

200 ng) of template DNA (RyR2 WT plasmid). The DNA was denatured for 4 min at 94 

°C followed by 26-30 cycles of amplification. Each cycle consisted of 45 seconds 

denaturation at 94 °C, 1 min annealing at 56 °C, and 1-3 min extension at 72 °C.  An 

additional elongation step for 5 min at 72 °C was performed after the final cycle. The 

annealing temperature and the number of cycles for each pair of primers in PCR were 

determined empirically. The first PCR products were then subjected to DNA 

electrophoresis and purified using Qiaex® beads (Qiagen). 

In the second step, these two purified fragments were then denatured and annealed 

in the presence of the two out primers in a subsequent PCR reaction. The 100 µl second 

PCR system contained 57 µl H2O, 400 µM dNTP, 1 unit of cloned Pfu, 10 µl 10 x Pfu 

buffer, 0.5 mM OF primer, 0.5 mM OR primer, 5 µl of each paired first-PCR product. 

Reaction conditions for the second PCR were the same as the first PCR except that the 

extension step at 72 °C was longer. The second PCR generated fragments multiplying the 

RyR cDNA sequence between the two outer primers with the desired mutation. The 

positions of the two outer primers on the cDNA sequence were chosen so that there was 

one unique restriction endonuclease site present at each end of the fragment. The 

products of the second PCR, the amplified full fragments containing the desired mutated 

nucleotides, were then purified using the QIAquick PCR purification kit (Qiagen).  

Using restriction enzyme, each of the constructs was finally made by subcloning the 

purified second PCR product containing the specific mutation to the full-length WT 
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RyR2 in pcDNA3 vector for transient transfection or pcDNA5 vector for generation of 

cell lines.  

In several cases, additional steps are required to generate the full-length RyR2 DNA. 

For example, double mutation R176Q/T2504M was made by subcloning R176Q into the 

full-length RyR2-T2504M cDNA using NheI and ClaI. A fragment containing the point 

mutation A1107M was generated by PCR and subcloned into RyR2 WT cDNA using 

ClaI (2350) and KpnI (3823, 7553). The missing KpnI (3823)-KpnI (7553) fragment was 

then ligated back to form a full length RyR2-A1107M construct. The fragment containing 

double mutation W3587A/L3591D was first made and subcloned to a RyR2-Del-(NheI-

BsiwI) truncation in pBluescript vector.  The fragment containing 

W3587A/L3591D/F3603A triple mutation was generated by PCR using F3603A inner 

primers and RyR2-W3587A/L3591D template. The fragment containing the triple 

mutation was then cloned to the full length RyR2 in pcDNA3 or PcDNA5 using NheI 

(vector) and BsiwI (8864). 

All mutations and the sequence of the PCR-amplified region were confirmed by 

DNA sequencing analysis. 

2.1.2  Construction of GFP-tagged RyR2 and CFP/YFP-dual labeled RyR2 

GFP-tagged RyR2 constructs RyR2 D4365-GFP, and RyR2 D4365-GFP/ Del-Exon-3 was 

generated according to previously described procedures 122,315,316. Briefly, the DNA 

encoding GFP flanked by glycine-rich linkers and an AscI site was obtained by PCR 

using the following primers: 5′-GGG CGC GCC GGT GGA GGT GGA AGT GGA GGT 

GGA GGT ACT ATG GTG AGC AAG GGC GAG GAG CTG-3′ and 5′-GGC GCG 

CCC ACC ACC TCC TCC AGA TCC TCC ACC ACC CTT GTA CAG CTC GTC CAT 
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GCC GAG-3′. The AscI site was introduced into RyR2 WT or Del-Exon-3 after Asp-

4365 by overlap-extension PCR. A fragment containing GFP and the glycine-linkers was 

then subcloned into the full-length RyR2 wt or Del-Exon-3 via the AscI site.  

RyR2S2367-CFP and RyR2Y2801-YFP cDNAs were constructed by replacing the GFP in 

previously made GFP-tagged RyR2 124,126 with CFP or YFP via the AscI site. To generate 

the cDNA construct of RyR2S2367-CFP/Y2801-YFP, the full-length RyR2 cDNA containing 

S2367-CFP in pcDNA3 was released by the NheI-NotI restriction digestion and 

subcloned to the pBluescript vector. A cDNA fragment containing Y2801-YFP was 

introduced into RyR2S2367-CFP via the SphI restriction sites to form the full-length RyR2 

containing both S2367-CFP and Y2801-YFP. The full-length RyR2S2367-CFP/Y2801-YFP 

construct was then transferred from pBluescript to pcDNA3 or pcDNA5. To generate the 

1–4770 COOH-terminal deletion mutant, the BsiWI (8864)-NotI (vector) fragment in the 

pcDNA3 plasmid was digested with HpaI and ligated with a linker containing a stop 

codon, 5′-CTAGCTAG-3′ 221. The BsiWI (8864)-NotI (vector) fragment containing the 

inserted stop linker was then used to replace the corresponding fragment in the full-length 

RyR2(wt)S2367-CFP/Y2801-YFP cDNA to yield the RyR2(1-4770)S2367-CFP/Y2801-YFP construct. 

The sequences and the orientation of the inserted GFP, CFP or YFP cDNA were verified 

by DNA sequencing analysis.  

2.1.3  Construction of CaM (1-4), CA-CaMKIIδC 

Residues Asp 20, 56, 93, and 129 in bovine CaM gene were mutated to Ala to 

generate the CaM (1-4) construct using PCR mediated overlap extension method as 

described previously 317. The constitutively active CaMKIIδC (CA-CaMKIIδC), T287D 

mutation was made using the same method with the wt CaMKIIδC as the template, which 
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was kindly provided by Dr. Andrew Braun from the Faculty of Medicine, University of 

Calgary. All mutations were confirmed by DNA sequencing analysis. 

 

2.2 HEK293 cell culture and DNA transfection 

To express the WT and mutant RyRs, a human embryonic kidney (HEK) 293 cell 

line was used. The HEK293 cell line has been extensively used as an expression system 

for the functional and biochemical study of ion channel proteins. It has also been used for 

the expression of RyRs. It is important to note that there is no detectable expression of 

RyR in HEK293 cells at either the protein or the functional levels. HEK293 cells were 

maintained in standard Dulbecco's modified eagle medium (DMEM) with 0.1 mM 

minimum Eagle's medium nonessential amino acids, 4 mM L-glutamine, 100 units of 

penicillin/ml, 100 g of streptomycin/ml, and 10% fetal calf serum at 37 　 C in a 5% 

CO2 atmosphere. The cells were grown to 95% confluency in a 75 cm2 flask, split with 

phosphate buffered saline (PBS) (137 mM NaCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 

mM KCl), and plated in 100 mm tissue culture dishes at ~10% confluence 18 h before 

transfection. A Ca2+-phosphate precipitation protocol was employed for transfection. 

Briefly, 12 μg of DNA was diluted into a final volume of 500 μl of solution containing 

248 mM CaCl2. This solution was then added drop-wise to 500 μl of 2X HEPES buffer 

containing 274 mM NaCl, 1.8 mM Na2HPO4, and 50 mM HEPES, pH 7.04. The mixture 

was thoroughly mixed, incubated for 1 min at room temperature, and then added to the 

cells.  
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2.3 Caffeine-induced Ca2+ release measurements 

Measurements of free cytosolic Ca2+ concentrations in the transfected HEK293 cells 

expressing RyR2 WT or mutants using the fluorescent Ca2+ indicator dye Fluo-3 AM 

were carried out as described follows. The cells grown for 18-20 hr after transfection 

were washed four times with PBS and incubated in Krebs-Ringer-Hepes (KRH) buffer 

without MgCl2 and CaCl2 (KRH buffer: 125 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 6 

mM glucose, 1.2 mM MgCl2, 2 mM CaCl2, and 25 mM Hepes, pH 7.4) at room 

temperature for 40 min and then at 37°C for 40 min. After being detached from culture 

dishes by pipetting, cells were collected by centrifugation at 1,000 rpm for 2 min in a 

Beckman TH-4 rotor. Cell pellets were washed twice with KRH buffer and loaded with 

10 μM Fluo-3 AM in KRH buffer plus 0.1 mg/ml BSA and 250 μM sulfinpyrazone at 

room temperature for 60 min., followed by washing with KRH buffer three times and 

resuspended in 150 μl KRH buffer plus 0.1 mg/ml BSA and 250 μM sulfinpyrazone. The 

Fluo-3-loaded cells were added to 2 ml (final volume) KRH buffer and challenged with 

various concentrations of caffeine (0.025-5 mM) or ryanodine (100 μM) in a cuvette. 

Fluorescence intensity of Fluo-3 AM at 530 nm was measured in an SLM-Aminco series 

2 luminescence spectrometer with 480 nm excitation at 25 °C (SLM Instruments, Urbana, 

IL). 

 

2.4 Generation of stable, inducible HEK293 cell lines expressing RyR2 WT and 

mutants 

Stable, inducible HEK293 cell lines expressing RyR2 WT or mutants were 

generated using the Flp-In T-REx Core Kit from Invitrogen. Flp-In T-REx-293 cells were 

http://www.jbc.org/cgi/redirect-inline?ad=Invitrogen


 

 

67

co-transfected with the inducible expression vector pcDNA5/FRT/TO containing the WT 

or mutant cDNAs and the pOG44 vector encoding the Flp recombinase in 1: 4 ratios  (2 

μg RyR cDNA and 8 μg pOG44 per dish) using the Ca2+ phosphate precipitation method. 

The transfected cells were washed with PBS 24 h after transfection followed by a change 

into fresh media for 24 h. The cells were then washed again with PBS, harvested, and 

plated onto new dishes. After the cells had attached (~4 h), the growth medium was 

replaced with a selection medium containing 200 μg/ml hygromycin B (Invitrogen). The 

selection medium was changed every 3-4 days until the desired number of cells was 

reached. The hygromycin-resistant cells were pooled, aliquoted, and stored at -80 °C. 

These positive cells are believed to be isogenic, because the integration of RyR2 cDNA is 

mediated by the Flp recombinase at a single FRT site.  

 

2.5 Western blotting  

HEK293 cell lines grown for 24 h after induction were washed with PBS plus 2.5 

mM EDTA and harvested in the same solution by centrifugation for 8 min at 2000 rpm. 

The cells were then washed with PBS without EDTA and centrifuged again at 2000 rpm 

for 8 min. The PBS-washed cells were solubilized in a lysis buffer containing 25 mM 

Tris/50 mM Hepes (pH 7.4), 137 mM NaCl, 1% 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% soybean 

phosphatidylcholine, 2.5 mM dithiothreitol (DTT) and a protease inhibitor mix (1 mM 

benzamidine, 2 μg/ml leupeptin, 2 μg/ml pepstatin A, 2 μg/ml aprotinin and 0.5 mM 

PMSF). This mixture was incubated on ice for 1 hr. Cell lysate was obtained by 

centrifuging twice at 16,000 x g in a microcentrifuge at 4C for 30 min to remove 

http://www.jbc.org/cgi/redirect-inline?ad=Invitrogen
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unsolubilized materials. 25 µl of cell lysate of RyR2 WT or mutant was diluted with 25 

µl H2O, mixed with 50 μl of 2 x Laemmli sample buffer including 5 % β-

mercaptoethanol and boiled for 5 min. According to the protein concentration measured 

using the Bradford protein assay (Bio-Rad), a certain volume of boiled sample containing 

~15 μg of proteins was loaded into a SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). The RyR2 WT and mutant proteins were separated by the 6% SDS-PAGE and 

transferred to nitrocellulose membranes at 45 V for 18-20 h at 4 C in the presence of 

0.01% SDS. The nitrocellulose membranes containing the transferred proteins were 

blocked for 30 min with PBS containing 0.5% Tween-20 and 5% skimmed-milk powder. 

The blocked membrane was incubated with anti-RyR2 antibodies (34c) (1:1000) and then 

incubated with the secondary anti-mouse IgG (H&L) antibodies conjugated to 

horseradish peroxidase (1:20000). After washing for 15 min, three times, the bound 

antibodies were detected using an enhanced chemiluminescence kit from Pierce. 

 

2.6 Single-cell Ca2+ imaging (cytosolic Ca2+) of HEK293 cells  

Intracellular cytosolic Ca2+ changes in stable, inducible HEK293 cells expressing 

RyR2 WT or mutant channels were monitored using single-cell Ca2+ imaging and the 

fluorescent Ca2+ indicator dye Fura-2 AM. Cells grown on glass coverslips for 18-22 h 

after induced by 1 μg/ml tetracycline (Sigma) were loaded with 5 μM Fura-2 AM in 

modified KRH (Krebs-Ringer-Hepes) buffer (125 mM NaCl, 5 mM KCl, 1.2mM 

KH2PO4, 6 mM glucose, 1.2 mM MgCl2 and 25 mM Hepes, pH 7.4) plus 0.02% pluronic 

F-127 (Molecular Probes) and 0.1 mg/ml BSA for 20 min at room temperature (23°C). 

The coverslips were then mounted in a perfusion chamber (Warner Instruments, Hamden, 
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CT, U.S.A.) on an inverted microscope (Nikon TE2000-S). The cells were continuously 

perfused with KRH buffer containing increasing extracellular Ca2+ concentrations (0-2.0 

mM). Caffeine (10 mM) was applied at the end of each experiment to confirm the 

expression of active RyR2 channels. The ratio of Fura-2 AM fluorescence was captured 

every 4 seconds with excitation at 340 or 380 nm and emission at 510 nm through a Fluor 

20x objective and a Chroma filter set (Photon Technology International, Lawrenceville, 

NJ). Only cells that responded to caffeine were analyzed using the Compix Simple PCI 6 

software (Compix Inc.) 

 

2.7 Single-cell Ca2+ imaging (luminal Ca2+) of HEK293 cells 

Luminal Ca2+ transients in HEK293 cells expressing RyR2 WT or mutant channels 

were measured using single-cell Ca2+ imaging and the Ca2+ sensitive FRET based 

cameleon protein D1ER 197. Stable, inducible HEK293 cells expressing WT or mutant 

channels were transfected with D1ER using the Ca2+ phosphate precipitation method 18-

20 h after subculture. After transfection for 24 h, the growth medium was then changed to 

an induction medium containing 1μg/ml tetracycline. 

In order to exclude the possibility of D1ER saturation, an experiment was performed 

to measure the D1ER signal at 0.5, 1, 1.5 and 10 mM free Ca2+ concentrations 

respectively. The HEK293 cells expressing WT was first permeabilized by 50µg/ml 

saponin in an incomplete intracellular-like medium (incomplete ICM containing 125 mM 

KCl, 19 mM NaCl, and 10 mM HEPES, pH 7.4 with KOH) for 3-4 min and then saponin 

was washed off. The cells were then incubated with ICM buffer (incomplete ICM plus 1 

mM ATP, 1 mM Mg2+, pH 7.4 with KOH) containing 600 nM A23187 (a Ca2+ ionophore, 
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sigma-aldrich) for 6 min at each concentration of  free Ca2+ from 0.5 to 10 mM. Finally 

the cells were treated with 20 mM caffeine to deplete the store and 20 mM EGTA to 

chelate all of the remained Ca2+ ions. 

After induced for ~22 h, in a typical experiment, HEK293 cells expressing RyR2 

WT and mutants in the pore-forming region, CaMBD and N-terminal region were 

perfused continuously with KRH buffer containing various concentrations of CaCl2 (0-2 

mM), tetracaine (1 mM) and caffeine (20 mM) or variouse concentrations of caffeine (1-

20 mM) at room temperature (22 °C). In the study of permeabilized cells, the cells were 

first permeabilized by 50µg/ml saponin in an incomplete ICM for 3-4 min. The cells were 

then switched to a complete ICM (incomplete ICM plus 2 mM ATP, 2 mM MgCl2, and 

0.05 mM EGTA, and 50 nM free Ca2+, pH 7.4 with KOH) for 5-6 min to remove the 

saponin in the buffer and recorded for 6 min as the control. The permeabilized cells were 

then challenged with 200nM free Ca2+ and 20 mM caffeine. Images were captured every 

2 seconds with excitation at 430 nm and emission at 470 nm or 535 nm using an inverted 

microscope (Nikon TE2000-S) equipped with an S-Fluor 20x/0.75 objective. The FRET 

signal was determined from the ratio of the light emission at 535 and 470 nm. Data were 

analyzed with the Compix Simple PCI 6 software. 

For intact cells expressing RyR2S2367-CFP/Y2801-YFP or the WT control, the cells were 

perfused with KRH buffer containing 1mM CaCl2, 1-10 mM caffeine, 10 mM 

aminophylline or 10mM theophylline at room temperature (22 °C). For permeabilized 

cells expressing RyR2S2367-CFP/Y2801-YFP or the WT control, the cells were first 

permeabilized by 50µg/ml saponin in an incomplete ICM buffer for 3 to 4 min. The cells 

were then switched to a complete ICM (incomplete ICM plus 2 mM ATP, 2 mM MgCl2, 
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and 0.05 mM EGTA, and 200nM free Ca2+, pH 7.4 with KOH) for 5-6 min to remove the 

saponin in the buffer. The permeabilized cells were then challenged with caffeine 

(10mM), 4-CmC (1mM), ATP (5mM), Ca2+ (1µM), or ryanodine (100µM) plus caffeine 

(10mM). Images were captured by a QuantEM 512SC camera (Photometrics) every 2 

seconds using the NIS-Elements AR software (Nikon Instruments Inc.). The cells were 

excited at 430nm and the emission was split into 465 nm and 535 nm beams by a dual 

view device (Photometrics) placed in a Nikon eclipse Ti microscope equipped with the 

QuantEM 512SC camera (Photometrics). D1ER signals were determined from the ratios 

of the emissions at 535±30 nm (YFP) and 465±30 nm (CFP). Data were analyzed with 

the NIS-Elements AR software (Nikon Instruments Inc.). 

 

2.8 Measurements of FRET signals from the RyR2S2367-CFP/Y2801-YFP FRET pair  

FRET signals from the RyR2S2367-CFP/Y2801-YFP pair were measured using two 

approaches.  

In the first approach, we determined the acceptor-donor emission ratio, i.e. the 

emission ratio of YFP and CFP fluorescence after CFP excitation only in intact or 

permeabilized HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP as described above for 

measuring ER luminal Ca2+ using D1ER. To increase the expression level of RyR2S2367-

CFP/Y2801-YFP and thus the fluorescence signals, HEK293 cells were induced by 1μg/ml 

tetracycline for two days.  

In the second approach, HEK293 cells grown for 24-48 h after transfection with 

RyR2S2367-CFP/Y2801-YFP were washed 3 times with KRH buffer without MgCl2 or CaCl2 

and examined on a Leica TCS SP5 confocal laser scanning microscope with a 63/NA1.4 
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oil-immersion objective lens 318. Cells were kept at 37C using a water-heated stage 

incubator. To test the impact of RyR2 ligands on FRET, buffer in the cultured dishes was 

exchanged by peristaltic pumps. We utilized the acceptor photobleaching method to 

detect and measure FRET signals in the live cells. Briefly, CFP and YFP were excited 

with separate laser channels of 458nm and 514nm, respectively. Emission fluorescence 

intensity data were obtained at 465-495nm (CFP) and 520-550nm (YFP). We used a 700 

Hz line frequency scan speed with bidirectional scan mode in combination with an image 

format of 1024  1024 pixels, which can record one image every 754 ms. Repeated scans 

(30-60) with maximum laser intensity at 514nm were used to photobleach YFP which 

lasted about 23-45 seconds, and the FRET efficiency was calculated according to the 

equation: 

%100








 


CFPpost

CFPpreCFPpost
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E  

where ICFPpre and ICFPpost are the respective background-corrected CFP fluorescence 

intensities before and after photobleaching YFP 319. The photobleaching, fluorescence 

intensity measurements, and FRET efficiency calculation were controlled automatically 

by the software Leica Application Suite Advanced Fluorescence (LAS AF). 

Measurements of the FRET efficiency were carried out in the laboratories of Dr. Zheng 

Liu and Dr. Terence Wagenknecht. 

 

2.9 [3H]ryanodine binding 

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP for 2 days were collected in a 50 ml 

tube and permeabilized by 50µg/ml saponin in an incomplete ICM buffer for 3 min. After 
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saponin was washed off, the cells were split into two 50 ml tubes with an equal amount. 

The two tubes of cells were incubated in a complete ICM buffer with or without 100µM 

ryanodine plus 10 mM caffeine for 10 min. The ryanodine-treated or non-treated cells 

were washed with the complete ICM buffer to remove caffeine and free ryanodine. The 

washed cells were solubilized with the lysis buffer containing 25 mM Tris, 50 mM 

HEPES, pH 7.4, 137 mM NaCl, 1% CHAPS, 0.5% soybean phosphatidylcholine, 2.5 mM 

DTT, and a protease inhibitor mix (1 mM benzamidine, 2 μg/ml leupeptin, 2 μg/ml 

pepstatin A, 2 μg/ml aprotinin and 0.5 mM PMSF) on ice for 15 min. Cell lysate was 

obtained after removing the unsolubilized materials by centrifugation in microcentrifuge 

at 4°C for 2 min. Equilibrium [3H]ryanodine binding to cell lysate was performed as 

described previously 320 with some modifications. [3H]Ryanodine binding was carried out 

in a total volume of 600 μl binding solution containing 60 μl of cell lysate, 500 mM KCl, 

25 mM Tris, 50 mM HEPES (pH 7.4), 30 μM Ca2+, 10 mM caffeine, 5 nM [3H]ryanodine, 

and a protease inhibitor mix at 37 °C for 20 min. The binding mix was diluted with 5 ml 

of ice-cold washing buffer containing 25 mM Tris, pH 8.0, and 250mM KCl and 

immediately filtered through Whatman GF/B filters presoaked with 1% polyethylenimine. 

The filters were washed three times, and the radioactivities associated with the filters 

were determined by liquid scintillation counting. Nonspecific binding was determined by 

measuring [3H]ryanodine binding in the presence of 50 μM unlabeled ryanodine. All 

binding assays were done in duplicate. 
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2.10 Culture, transfection and single cell Ca2+ imaging of mouse HL-1 cardiac cells  

HL-1 cardiac cells were kindly provided by Dr. William C. Claycomb from the 

Louisana State University Health Sciences Center. Cells were thawed and grown in a 

75cm2 tissue culture flask coated with 0.02% (wt/vol) gelatin. The cells were grown in 

the Claycomb media (JRH Biosciences) supplemented with 10% (volume/volume) fetal 

bovine serum, penicillin/streptomycin (100U/ml/100ug/ml), 2 mM L-glutamine and 0.1 

mM norepinephrine. For transfection, HL-1 cells were washed with PBS and collected in 

a 13ml-Falcon tube. The cells were then centrifuged at 1200 rpm for 2 min and the 

supernatant was removed. The cell pellet was then gently mixed with 10 μg of RyR2 WT 

or Del-Exon-3 cDNA in the Cell Line Nucleofection Solution V (Lonza Bioscience) in a 

total volume of 100 μl. The mixture of cells and DNA was subjected to Nucleofection by 

using the Amaxa apparatus with the A033 program. Transfected cells were then plated 

onto a 6-well plate containing 12-mm glass coverslips coated with gelatin and fibronectin 

and grown for 24-28 h. Intracellular Ca2+ transients in transfected HL-1 cells were 

measured by using single-cell Ca2+ imaging and the fluorescence Ca2+ indicator dye Fura-

2 AM. Briefly, cells grown on glass coverslips for 24-28 h after transfection were loaded 

with 5 μM Fura-2 AM in KRH buffer plus 0.02% Pluronic F-127 and 0.1 mg/ml BSA for 

20 min at room temperature. The coverslips were then mounted in a perfusion chamber 

(Warner Instruments, Hamden, CT) on an inverted microscope (Nikon 6 TE2000-S). The 

cells were continuously perfused with KRH buffer containing different concentrations of 

CaCl2 (0 to 10 mM) at room temperature (23°C). Time-lapse images (0.5 frame/s) were 

captured with excitation at 340 nm or 380 nm and emission at 510 nm through a Fluor-

20x objective and a Chroma filter set using the Simple PCI System. Data were analyzed 
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with the Compix Simple PCI 6 software. All chemicals were obtained from Sigma (St. 

Louis, MO) unless otherwise specified. 

 

2.11 Statistical analysis  

All values shown are mean ± SEM unless indicated otherwise. To test for 

differences between groups, we used Student's t test (2-tailed) or one-way ANOVA with 

post hoc test. A P value <0.05 was considered to be statistically significant. 
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CHAPTER III:
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3.1 Introduction 

Over the past 50 years, enormous progress has been made in the field of EC 

coupling concerning the mechanism of Ca2+ release activation. However, the 

longstanding question of how SR Ca2+ release terminates remains unanswered. Since 

CICR is an intrinsically self-reinforcing process, it seems reasonable to expect that the 

positive feedback process of CICR would deplete all of the Ca2+ stored in the SR. In 

contrast to the predicted all-or-none pattern of release, a complete depletion of Ca2+ was 

not observed during CICR in most studies 39-42,53. Robust mechanisms that turn off SR 

Ca2+ release are essential for stable EC coupling and muscle relaxation 20. During SR 

Ca2+ release, there is an apparent sudden decrease of luminal Ca2+. The reduced luminal 

Ca2+ has been found to be capable of deactivating the RyR2 channel either in studies at 

the single channel level or at the cellular level 40,41,54,55,147-149. Interestingly, Zima et al. 

showed that Ca2+ release from SR terminated at a fixed luminal Ca2+ level in 

cardiomyocytes 42. These findings indicate that luminal Ca2+ may play an important role 

in Ca2+ release termination. 

We have recently found that the pore-forming region of RyR2 is essential for 

luminal Ca2+ activation. A single point mutation, E4872A, located at the helix bundle 

crossing abolished the luminal, but not cytosolic, Ca2+ activation of the channel. Luminal 

Ca2+ sensing was markedly reduced in a knock-in mouse model harboring the E4872Q 

mutation (unpublished data). In addition, the inner helix (TM10) in the pore-forming 

region was also found to play a critical role in luminal Ca2+ sensing and gating 152,321. 

Mutations in TM10 displayed varied properties. Some of these mutations abolished or 

reduced the sensitivity of the RyR2 channel to activation by caffeine, while others 
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enhanced the basal activity of the channel 321. These observations raise an important 

question of whether the same pore-forming region pivotal to luminal Ca2+ activation is 

also crucial for Ca2+ release termination. 

In the present study, we established a simple system to directly assess the impact of 

RyR2 mutations on both Ca2+ release activation and termination. Stable, inducible 

HEK293 cell lines expressing RyR2 WT and mutants in the pore-forming region were 

generated and characterized. We found that HEK293 cells expressing RyR2 displayed 

robust Ca2+ release termination similar to that observed in cardiac cells 42. This simple 

HEK293 cell system was used to systematically assess the role of a number of amino 

acids in the pore-forming region of RyR2 in Ca2+ release termination. Our results indicate 

that mutations in the pore-forming region can affect either the activation or the 

termination of Ca2+ release or both, suggesting that the pathways for Ca2+ release 

activation and termination are distinct but overlap. Moreover, the pore-forming region, 

including the helix bundle crossing and inner helix of RyR2, responsible for luminal Ca2+ 

activation is also a major determinant of Ca2+ release termination. 

 

3.2 Results 

3.2.1 Generation of RyR2 mutations in the pore-forming region 

According to Williams’s model of the RyR2 channel pore (Figs. 5A,B,C) 114, the 

predicted transmembrane segment TM10 is believed to correspond to the pore inner helix 

lining the internal pore of the channel (Figs. 5 B,C). The luminal mouth of the pore is 

formed by the loop between TM8 and TM10 (Figs. 5 B,C). This region is identified to 

encompass the selectivity filter important for ion selection and conduction. On the other 
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hand, the cytosolic mouth of the pore is formed by residues in the C-terminal region of 

the TM10 inner helices, corresponding to the crossover of the pore inner helices (Fig. 5 

B). This helix bundle crossing is proposed to constitute the ion gate of the channel 107. 

Interestingly, a number of conserved negatively charged residues in the helix bundle 

crossing have been shown to be involved in the luminal Ca2+ regulation of the channel 

(unpublished data). Among them, E4872 was identified as a critical residue for Ca2+ 

sensing. We have also previously shown that the TM10 transmembrane sequence (inner 

helix) constitutes an essential determinant of luminal Ca2+ activation and gating152,321. 

Mutations in this region could either reduce or enhance the channel activity. Interestingly, 

single I4862A mutant channels exhibited considerable channel openings and altered 

gating at very low concentrations of Ca2+ 321. Since luminal Ca2+ has been proposed to be 

important in Ca2+ release termination, it is likely that the helix bundle crossing and the 

inner helix, which are pivotal for luminal Ca2+ activation, also play a crucial role in Ca2+ 

release termination. To test this hypothesis, a number of critical residues within the helix 

bundle crossing (from D4868A to E4885) and the inner helix (from I4844 to I4867) were 

mutated by using the PCR-mediated overlap extension method. Mutations including 

D4896A, located near the helix bundle crossing have also been made. The amino acids 

that have been studied and mentioned in the following Results Section are labeled in red 

in Fig. 5C. 

3.2.2 Experimental model for studying luminal Ca2+ release activation and termination 

A powerful approach to studying the termination of Ca2+ release is to directly 

monitor the SR luminal Ca2+ dynamics. However, the luminal Ca2+ probes currently used, 

such as Fluo-5N, have never been successfully loaded to mouse cardiac cells for some 
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Fig. 5 Proposed pore structure of RyR2 and corresponding amino acid sequence 
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 unknown reasons, although they are effective for monitoring SR Ca2+ dynamics in rat 

and rabbit cardiac cells 42,53,322,323. In addition, the extremely large size of the RyR2 

cDNA (~15 kb) eliminates the use of adenovirus-mediated gene transfer techniques for 

introducing RyR2 mutations into adult cardiac myocytes. Further, it is impractical to 

generate knock-in mouse for each of the RyR2 mutations proposed to be investigated. In 

summary, the lack of proper luminal Ca2+ probes and animal models harboring RyR2 

mutations makes the study of the molecular basis of Ca2+ release termination in 

cardiomyocytes very difficult at present. 

Alternatively, the HEK293 cell system could be used to assess the effect of RyR2 

mutations on Ca2+ release termination. Stable, inducible HEK293 cell lines expressing 

each of the RyR2 mutations in the helix bundle crossing and inner helix were generated 

using the Flp-InTM T-RexTM system. To be able to monitor the luminal Ca2+ dynamics, 

RyR2 WT or mutant cells were transfected with the FRET based luminal Ca2+ sensing 

protein, D1ER, which is a modified cameleon protein specifically expressed within the 

ER due to its KDEL ER retention motif 197 (Fig. 6A). The FRET signal of D1ER, which 

reflects the luminal Ca2+ dynamics, was determined by calculating the ratios of the YFP 

and CFP fluorescence. Typically, as shown in Fig. 6B, elevating extracellular Ca2+ from 

0 to 2 mM induced SOICR in the form of Ca2+ oscillations in HEK293 cells expressing 

RyR2 WT. These Ca2+ oscillations were observed as the downward deflections of the 

FRET signal (indicated with red circle in Fig. 6B). Spontaneous Ca2+ release (or SOICR) 

occurred when the ER Ca2+ increased to a threshold level (the SOICR activation 

threshold, FSOICR) and terminated when the ER Ca2+ declined to another threshold level 

(the SOICR termination threshold, Ftermi; Fig. 6B, C). SOICR in HEK293 cells expressing 
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RyR2 WT occurred at a threshold of ~94% of the store capacity and terminated at a 

threshold of 57% of the store capacity (Figs. 6B, C). The termination threshold in 

HEK293 cells is similar to that (60%) observed in cardiomyocytes 42. Following the 

addition of 1~2 mM tetracaine, RyR2 activity was inhibited to get the maximum Ca2+ 

store level (Fmax), and following 20 mM caffeine, the Ca2+ store was depleted to obtain 

the minimum Ca2+ store level (Fmin). This model allows us to monitor the luminal Ca2+ 

dynamics and to determine the SOICR threshold (FSOICR) and the termination threshold 

(Ftermi) of WT and each RyR2 mutant.  

Note that SOICR is mediated by RyR2, but not by endogenous IP3Rs that may be 

present, because xestospongin C, an inhibitor of IP3Rs, had no effect on SOICR in 

HEK293 cells expressing RyR2 WT (Fig.7). Furthermore, these cells lack some major 

Ca2+ handling proteins present in cardiac cells, such as CASQ, DHPR and PLB. Thus, the 

properties of spontaneous Ca2+ oscillations observed in RyR2-expressing HEK293 cells 

largely reflect the intrinsic properties of the RyR2. It should also be noted that, similar to 

that reported previously197, the D1ER signal in HEK293 cells was not saturated at 0.5-10 

mM free Ca2+ concentrations (Fig. 8 ).  

Taken together, these results demonstrate that HEK293 cells expressing RyR2 can 

reproduce cardiac SOICR, and thus offer a readily accessible and manageable cell system 

for investigating the impact of RyR2 mutations and regulators on SOICR activation and 

termination.  

 

 



 

 

83

Fig. 6 Experimental model for studying luminal Ca2+ dynamics in HEK293 cells 

expressing RyR2 

Stable, inducible HEK293 cell lines expressing RyR2 WT were transfected with the 

FRET-based ER luminal Ca2+ sensing protein D1ER 48 h before single cell FRET 

imaging. The expression of RyR2 WT was induced 24 h before imaging. HEK293 cells 

transfected with D1ER are shown in (A). The cells were perfused with KRH buffer 

containing increasing levels of extracellular Ca2+ (0-2 mM) to induce SOICR, followed 

by the addition of 1-2 mM tetracaine to inhibit SOICR, and then 20 mM caffeine to 

deplete the ER Ca2+ stores. A representative FRET recording trace from one of the 330 

RyR2 WT cells is shown (B). The activation threshold and termination threshold were 

determined using the equations shown in panel B. FSOICR indicates the FRET level at 

which SOICR occurs, while Ftermi depicts the FRET level at which SOICR terminates. 

The fractional Ca2+ release was calculated by subtracting the termination threshold from 

the activation threshold (C). The maximum FRET signal (Fmax) is defined as the FRET 

level after 1 mM tetracaine treatment, whereas the minimum FRET signal (Fmin) is 

defined as the FRET level after 20 mM caffeine treatment. The store capacity was 

calculated by subtracting Fmin from Fmax. Data shown are mean ± SEM (n = 24). 
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Fig. 7 Effect of xestospongin C on Ca2+ release activation and termination in 

HEK293 cells  

Stable, inducible HEK293 cells expressing RyR2-WT were transfected with the D1ER 

cDNA 48 h before single cell FRET imaging. The expression of RyR2-WT was induced 

24 h before imaging. The cells were perfused with KRH buffer containing increasing 

levels of extracellular Ca2+ (0-2 mM) to induce SOICR. This was followed by the 

addition of 1 μM xestospongin C, 1.0 mM tetracaine, and then 20 mM caffeine. (A) 

D1ER FRET signals from a representative RyR2-WT expressing cell. The activation 

threshold (B) and termination threshold (C) of SOICR before (-XesC) and after (+XesC) 

the addition of xestospongin C to RyR2-WT cells (50 cells) were determined using the 

equations shown in panel A. FSOICR indicates the FRET level at which SOICR occurs. 

Ftermi depicts the FRET level at which SOICR terminates. The maximum FRET signal 

(Fmax) is defined as the FRET level after tetracaine treatment. The minimum FRET signal 

(Fmin) is defined as the FRET level after caffeine treatment. Data shown are mean ± SEM 

(n = 4). 
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Fig. 8 D1ER signal is not saturated in HEK293 cells at physiological Ca2+ 

concentrations 

Stable, inducible HEK293 cells expressing RyR2-WT were transfected with the D1ER 

cDNA 48 h before single cell FRET imaging. The expression of RyR2-WT was induced 

24 h before imaging. The cells (50-68) were permeabilized with incomplete ICM buffer 

containing 50µg/ml saponin. After the saponin was washed off, the cells was perfused 

with complete ICM buffer with 1 mM ATP, 1 mM Mg2+, 600 nM A23187 and Ca2+ from 

0.5 to 10 mM. Finally 20 mM caffeine and 20 mM EGTA was applied to deplete the 

store and chelate Ca2+. The level of D1ER signal were determined with the equation as 

(R-Rmin)/(Rmax-Rmin). The maximum FRET signal (Rmax) is defined as the FRET level at 

10 mM Ca2+. The minimum FRET signal (Rmin) is defined as the FRET level after 20 

mM caffeine and 20 mM EGTA treatment. Data shown are mean ± SEM (n = 3-7). 
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3.2.3 Mutation of the luminal Ca2+ sensing residue E4872 elevates both the activation 

and termination thresholds  

Residue E4872 at the helix bundle crossing (the proposed gate) of RyR2 has been 

identified as a critical residue for luminal Ca2+ sensing. A single mutation E4872A in the 

helix bundle crossing completely abolishes luminal, but not cytosolic Ca2+ activation of 

RyR2. Given the significant role of luminal Ca2+ in termination, it is possible that the 

E4872A mutation with impaired luminal Ca2+ activation will also cause impaired 

termination. Since the E4872A mutant does not show SOICR induced by elevated 

extracellular Ca2+, various concentrations of caffeine were applied to trigger SOICR, so 

that the impact of this mutation on SOICR could be studied. As shown in Fig. 9, caffeine 

caused a concentration-dependent reduction in the SOICR and termination thresholds in 

both RyR2 WT and the E4872A mutant cells (Fig.9A, B). However, at a given 

concentration of caffeine (e.g. 5 mM), the thresholds for Ca2+ release activation and 

termination were much higher in the E4872A mutant cells (90% and 46%) than in the 

RyR2 WT cells (33% and 20%) (P<0.01) (Figs. 9C, D), indicating that the E4872A 

mutation markedly inhibits the activation and enhances termination. There were no 

significant differences in the store capacity between WT and the mutant (Fig. 9F). Note 

that since 20mM caffeine may not be able to completely deplete the store, 100 µM 

SERCA blocker cyclopiazonic acid (CPA) and 20 mM caffeine were applied together to 

promote the Ca2+ store depletion. The results showed that the minimum Ca2+ store 

detected using 20 mM caffeine alone was similar to that detected using caffeine and CPA 

together (data not shown). Thus, 20 mM caffeine alone can be used for detecting the 

minimum Ca2+ store level in the present study. 
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Fig. 9 Effect of mutation E4872A on Ca2+ release activation and termination  

HEK293 cells expressing RyR2 WT (A) and E4872A (B) were transfected with D1ER 

and perfused with elevating extracellular Ca2+ and caffeine concentrations. 

Representative traces of FRET signal (YFP/CFP ratio) from single cells are shown. Since 

in cells expressing RyR2 WT, SOICR occurred at a threshold of 94% of the store 

capacity as shown in Fig. 6C, the store capacity here (FSOICR(0) - Fmin) is normalized to 

94% (FSOICR(0), FRET level at which SOICR occurs in the presence of 0 mM caffeine; Fmin, 

FRET level after 20 mM caffeine treatment). In cells expressing E4872A, the store 

capacity is directly calculated from (Fmax - Fmin). Since the cells were fully loaded by Ca2+ 

at 2 mM extracellular Ca2+ and no oscillation took place under this condition. 

Accordingly, the thresholds for activation (C) and Ca2+ release termination (D) at 5 mM 

caffeine for cells expressing WT (40) and E4872A (39) were calculated using the 

equations shown in panel A and B. FSOICR (5) and Ftermi (5) indicate the FRET levels at 

which Ca2+ release occurs and terminates in the presence of 5 mM caffeine respectively. 

Fractional release was determined by subtracting the termination threshold from the 

activation threshold as previously described (E). Data shown are mean ± SEM (n = 3) (* 

P < 0.01; vs. WT). 



 

 

90

 



 

 

91

To further study the significant role of the residue E4872 in Ca2+ release, double 

mutation G4871E/E4872A was generated to relocate the “glutamic acid” from site 4872 

to the closely positioned site 4871. As shown in Fig.10, the double mutant retained a 

similar SOICR activation threshold (Fig.10B) and a slightly decreased termination 

threshold compared with WT (Fig. 10C) (54% vs. 57%, P<0.05). As a result, fractional 

release (activation threshold - termination threshold) was not altered in this double 

mutant. This result indicates that introducing a negative charge next to residue E4872 

(G4871E) is capable of restoring the missing luminal Ca2+ activation of the E4872A 

mutant channel. Taken together, these data suggest that the E4872 residue as a luminal 

Ca2+ binding site plays a crucial role in both luminal Ca2+ activation and termination.   

3.2.4 Mutations in the pore-forming region reduce both the activation and termination 

thresholds  

It has been shown that a single mutation, E4872A, increased both the activation and 

termination thresholds for Ca2+ release. However, it is unknown whether other mutations 

in this pore-forming region also play a role in regulating Ca2+ release. As shown in Fig. 

11, a number of point mutations in the pore-forming region were found to reduce both the 

activation and termination thresholds. In other words, both the activation and termination 

of Ca2+ release occurred at a lower luminal Ca2+ level in the mutant cells as compared 

with the RyR2 WT cells (Figs. 11A,B,C,D) (P<0.01). These mutations can be further 

divided in to two groups: while A4869G and Q4876A decreased both the activation and 

termination thresholds to a similar extent and thus did not alter the fractional Ca2+ release 

(Figs. 11A,C,D,E), F4870A, V4880A and K4881A reduced the activation threshold to a 

greater extent than the termination threshold, consequently, leading to decreased 
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Fig.10 Effect of G4871E/E4872A double mutation on Ca2+ release activation and 

termination  

D1ER FRET signals were recorded in HEK293 cells expressing WT and the 

G4871E/E4872A double mutant. A representative trace of the FRET signal from single 

cells expressing G4871E/E4872A is shown (A). The activation threshold (B), termination 

threshold (C), fractional Ca2+ release (D), and store capacity (E) in RyR2 WT (330) and 

mutant (89) cells were determined as described in the legend to Fig. 6. Data shown are 

mean ± SEM (n = 6-24) (# P < 0.05; vs. WT). 
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Fig. 11 Effect of A4869G, Q4876A, F4870A, V4880A and K4881A on Ca2+ release 

activation and termination  

D1ER FRET signals were recorded in HEK293 cells expressing WT, A4869G, Q4876A, 

F4870A, V4880A and K4881A mutants. Representative traces of FRET signals from 

single cells expressing A4869G (A) or V4880A (B) are shown. The activation threshold 

(C), termination threshold (D), fractional Ca2+ release (E), and store capacity (F) in RyR2 

WT (330) and mutant (56-135) cells were determined as described in the legend to Fig. 6. 

Data shown are mean ± SEM (n = 4-24) (* P < 0.01; vs. WT). 
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 fractional Ca2+ release (33%, 30%, 30%) compared with WT (36%) (Figs. 11B,C,D,E) 

(P<0.01). Traces of A4869G and V4880A, representing the oscillation pattern for each 

group, are shown in Figs. 11A, B. There were no significant differences in the store 

capacity between WT and all of the mutants (Fig. 11F). These results indicate that 

mutations in the pore-forming region can reduce the thresholds for both Ca2+ release 

activation and termination. 

3.2.5 Mutations in the pore-forming region alter either the activation or the 

termination threshold 

Since E4872A and a number of mutations in the pore-forming region showed an 

increase or a decrease in both the activation and termination thresholds, it is interesting to 

know that whether the activation and termination of Ca2+ release are always modulated 

together with the same trend. As shown in Fig, 12, in I4862A and G4864A mutant cells, 

SOICR occurred at a significantly lower luminal Ca2+ level (82% and 89%) compared 

with WT (94%) (P<0.01), but the Ca2+ release termination was hardly affected (Figs.12 

B,C,D,E). The fractional releases of SOICR in I4862A and G4864A cells were also 

reduced (25% and 32% vs. 36% in WT, P<0.01). Note that I4862A and its control WT 

were only induced for 8 h instead of 24 h, because high expression levels of I4862A 

caused constant spillover of ER Ca2+ preventing synchronized Ca2+ oscillations. 

Interestingly, although fewer numbers of oscillating WT cells were detected when they 

were induced for 8 h, once they oscillated, the properties of Ca2+ release activation and 

termination were similar to those in cells induced for 24 h (Fig.12C,D,E,F), indicating 

that the SOICR properties are likely independent of the expression level of RyR2. These 
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results suggest that mutations in the pore-forming region can alter Ca2+ release activation 

without changes in Ca2+ release termination. 

Furthermore, it was also found that the G4871R, E4882A and D4896A mutations in 

the pore-forming region altered the threshold for Ca2+ release termination but did not 

change the threshold for Ca2+ release activation (P<0.01) (Figs.13 A,B,C,D,E). While 

G4871R markedly decreased the termination threshold (40% vs. 57% in WT, P<0.01), 

E4882A and D4896A significantly increased the termination threshold (60% and 63% vs. 

57% in WT, P<0.01). In line with the change in termination threshold, the fractional Ca2+ 

release in G4871R cells (54%) was dramatically enhanced compared with that in WT 

cells (36%) (P<0.01), whereas the fractional releases were reduced in E4882A (33%) and 

D4896A (30%) cells (P<0.01) (Fig. 13F). There were no significant differences in the 

store capacity between WT and all of the mutants (Fig. 13G). In summary, these results 

demonstrate that mutations in the pore-forming region could either change the SOICR 

activation or termination threshold without affecting the other. 

3.2.6  D4868A increases the activation threshold but decreases the termination 

threshold 

A negatively charged residue D4868 located in the helix-bundle crossing in the 

RyR2 channel pore was also found to be crucial in luminal Ca2+
 sensing. As with E4872A, 

D4868A mutant cells were insensitive to elevated extracellular Ca2+. Caffeine was 

required to induce SOICR in D4868A mutant cells. As revealed in Fig. 14, in the 

presence of 3 mM caffeine, the threshold for SOICR was greatly increased in D4868A 

mutant cells (80%) in comparison with that in WT cells (45%) (P<0.01) (Figs. 14A,B,C). 

However, D4868A affected the Ca2+ release termination completely differently from 
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Fig. 12 Effect of I4862A and G4864A on Ca2+ release activation and termination  

Stable, inducible HEK293 cell lines expressing RyR2 WT, I4862A or G4864A were 

transfected with D1ER 48 h before single cell FRET imaging. The expression of RyR2 

WT, G4864A was induced 24 h before imaging. The expression of I4862A and its 

corresponding control WT was induced for 8 h before imaging. FRET recordings from 

representative I4862A (A) and G4864A (B) cells are shown. The activation threshold (C), 

termination threshold (D), fractional Ca2+ release (E), and store capacity (F) in RyR2 WT 

(28-330) and mutant (33-102) cells were determined as described in the legend to Fig. 6. 

Data shown are mean ± SEM (n = 3-24) (* P < 0.01; # P < 0.05; vs. WT). 
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Fig. 13 Effect of G4871R, E4882A and D4896A on Ca2+ release activation and 

termination  

HEK293 cells expressing G4871R (A), E4882A (B) or D4896A (C) were transfected 

with D1ER 48 h before imaging and induced 24 h before imaging. During single cell 

FRET imaging, cells were perfused with elevated extracellular Ca2+ concentrations (0-2 

mM), followed by 1 mM tetracaine and 20 mM caffeine. The activation threshold (D), 

termination threshold (E), fractional Ca2+ release (F), store capacity (G) in these cells 

(61-330) were determined as described in the legend to Fig. 6. Data shown are mean ± 

SEM (n = 5-24) (* P < 0.01; vs. WT). 
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Fig. 14 Effect of D4868A on Ca2+ release activation and termination 

HEK293 cells expressing RyR2 WT (A) and D4868A (B) were transfected with D1ER 

and perfused with elevating extracellular Ca2+ and caffeine concentrations. 

Representative traces of FRET signal (YFP/CFP ratio) from single cells are shown. The 

activation threshold (C) and termination threshold (D) at 3 mM caffeine in RyR2 WT (95) 

and D4868A (92) mutant cells were calculated using the equation shown in panel A and 

B. Fractional Ca2+ release (E) and store capacity (F) were determined as described in the 

legend to Fig. 9. FSOICR (3) and Ftermi (3) indicated the FRET level at which Ca2+ release 

occurs and terminates in the presence of 3 mM caffeine. Data shown are mean ± SEM (n 

= 5) (* P < 0.01; # P < 0.05; vs. WT). 
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 E4872A. It reduced rather than elevated the termination threshold (21% Vs. 28% in WT) 

(P<0.05) (Figs. 14 A,B,D). Consequently, the fractional release triggered by 3mM 

caffeine was markedly increased in cells expressing D4868A (59% Vs.18% in WT). 

There were no significant differences in the store capacity between WT and D4868A (Fig. 

14F). Interestingly, this result indicates that the activation and termination thresholds for 

Ca2+ release can be regulated in an opposite manner. 

 

3.3 Summary 

While the mechanism of Ca2+ release activation has been intensively studied in the 

past decades, the mechanism of Ca2+ release termination remains undefined. It has been 

suggested that luminal Ca2+ is responsible for Ca2+ release termination. We have 

previously identified a luminal Ca2+ sensor critical in channel activation and gating. In 

this study, whether this luminal Ca2+ sensor is also involved in Ca2+ release termination 

and the molecular basis of luminal Ca2+ dependent termination were investigated. 

A simple system was established using D1ER to readily study the luminal Ca2+ 

dynamics in HEK293 cells expressing RyR2 WT and mutants. Taking advantage of this 

system, a systematic study of mutations in the pore-forming region, which are crucial for 

luminal Ca2+ sensing and channel gating, was carried out. It was found that a critical 

luminal Ca2+ sensing residue E4872A increased both SOICR activation and termination 

thresholds, whereas A4869G, Q4876A, F4870A, V4880A and K4881A decreased both 

thresholds. Furthermore, G4871R, E4882A and D4896A significantly altered the Ca2+ 

release termination threshold, but they had little impact on Ca2+ release activation. In 

contrast, the I4862A and G4864A mutations mainly enhanced the Ca2+ release activation 



 

 

104

without altering the Ca2+ release termination. Taken together, these results indicate that 

mutations in the pore-forming region can alter either the activation threshold or the 

termination threshold or both. Therefore, the pore-forming region of RyR2 is a key 

determinant of both luminal Ca2+-dependent activation and termination. Further, these 

results also indicate that the pathways for Ca2+ release activation and termination are 

distinct but overlap. 
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CHAPTER IV:
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4.1 Introduction 

It is clear that the pore-forming region of RyR2 represents an important determinant 

of both Ca2+ release activation and termination. Functional and biochemical studies have 

shown that RyR2 directly interacts with a number of physiological modulators, such as 

CaM, FKBP12.6, Ca2+ and CaMKII 324,325. It is likely that these RyR2 regulators also 

play a critical role in modulating the Ca2+ release process. 

Both apoCaM and Ca2+-CaM have been reported to bind to and dissociate from 

RyR2 in a time scale of seconds to minutes 198,201. Although CaM is thought to be an 

inhibitor of RyR2 based on single channel studies, the physiological role of CaM remains 

not well understood 49,199,200. The CaM binding domain (CaMBD) (residues 3583-3603) 

in RyR2 has been identified. Deletion of this CaMBD completely abolishes CaM binding 

to RyR2, as revealed by [35S]CaM binding assays, and the CaM inhibitory effect on 

RyR2 at single channel level 200. More interestingly, this CaMBD was suggested to 

directly interact with other domains in RyR2 206,326, indicating its potential role in 

regulating the channel via domain-domain interactions.  

FKBP12.6 is a ligand tightly bound to RyR2 with a high affinity 179,327,328. 

Nevertheless, its role in regulating RyR2 is debatable. Early studies suggested that 

dissociation of FKBP12.6 from RyR2 by immunosuppressants such as FK506 activates 

RyR2 channels and induces subconductance states 212-214. On the contrary, later findings 

showed that the removal of FKBP12.6 neither influences the activity of RyR2 nor 

generates subconductance states 175,216,217. Whether FKBP12.6-RyR2 interaction is 

regulated by RyR2 phosphorylation is also controversial 176,178,179. Overall, the functional 

role of FKBP12.6 still remains to be determined.  
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Cytosolic Ca2+, as the primary activator of CICR, was found to activate the channel 

at low concentrations and to inhibit the channel at high concentrations. It is not known 

whether physiological concentrations of Ca2+ that sensitize the channel to activation 

would affect the inactivation of the channel as well.  

The molecular basis and functional consequences of phosphorylation of RyR2 by 

PKA is becoming clear 180,181, whereas the impact of phosphorylation on RyR2 by 

CaMKII is still controversial. CaMKII phosphorylation has been reported to increase 

173,186-188 or decrease 189,190 the sensitivity of the RyR2 channel to Ca2+.   

Impaired interactions of RyR2 with these regulators have also been shown to cause 

or affect the development of cardiac disease as a result of altered SR Ca2+ release. For 

instance, knock-in mice harboring CaM binding deficient RyR2 mutant 50 and FKBP12.6 

null mice 329 both displayed cardiac hypertrophy and abnormal Ca2+ release. Transgenic 

CaMKIIδc overexpression mice exhibited heart failure and impaired Ca2+ handling 186. 

On the other hand, reduced CaMKII activity normalized cardiac function and rescued 

disease phenotypes 330-333. It is unclear, however, whether abnormal regulation of RyR2 

by these RyR2-interacting proteins affects Ca2+ release primarily by modulating the 

activation or the termination aspect of Ca2+ release. In the present study, it was found that 

FKBP12.6 and CaM both promote Ca2+ release termination without changing the 

activation of Ca2+ release. In addition, the CaMBD of RyR2 itself was found to be 

involved in the regulation of Ca2+ release activation and termination. Cytosolic Ca2+ is 

capable of affecting both the activation and termination thresholds, whereas CaMKII 

targets the activation aspect of Ca2+ release only. These findings indicate that, in addition 

to activation, Ca2+ release termination is a common target for RyR2 modulators, and that 
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Ca2+ release activation and termination can be altered by various regulatory proteins and 

factors respectively.  

 

4.2 Results 

4.2.1 Effect of CaM and CaMBD on Ca2+ release activation and termination 

4.2.1.1 Ca2+-CaM inhibits Ca2+ release by increasing the threshold for Ca2+ release 

termination 

To test whether CaM affect ER Ca2+ release, HEK293 cells expressing RyR2 were 

transfected with CaM wt and ER luminal Ca2+ dynamics in these cells were monitored by 

Ca2+ imaging. The effect of CaM on SOICR is shown in Fig. 16B. Co-expression of CaM 

in RyR2-expressing HEK293 cells had no effect on the activation threshold (Fig. 16D), 

but it significantly increased the termination threshold (65% vs 57% in control, P < 0.01) 

(Fig. 16E). As a result, the fractional Ca2+ release during SOICR was significantly 

reduced in HEK293 cells transfected with CaM (29%) than in control cells (37%) (P < 

0.01) (Fig.16F).  

CaM contains 4 EF-hand Ca2+ binding sites. To determine whether Ca2+ binding to 

these sites is required for its action on Ca2+ release termination, a Ca2+ binding mutant of 

CaM, CaM (1-4), was employed. In CaM (1-4), all 4 Ca2+ binding sites have been 

mutated. In contrast to co-expression of CaM wt, co-expression of the CaM (1-4) mutant 

significantly reduced the termination threshold (49%) compared with non-transfected 

cells (57%) (Fig. 16C,E) (P<0.01). As a result, fractional Ca2+ release was enhanced in 

cells transfected with CaM (1-4) (44% vs 37% in control, P < 0.01) (Fig. 16F). There 

were no significant differences in the store capacity between the control and the CaM or  
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Fig. 15 Construction of a CaM mutant that lacks 4 Ca2+ binding sites 

CaM(1-4) mutant: aspartates 20, 56, 93, and 129 in Ca2+ binding loops I-IV were all 

mutated to alanine.  
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Fig. 16 Co-expression of CaM or CaM (1-4) alters the threshold for Ca2+ release 

termination 

HEK293 cells expressing RyR2 WT were co-transfected with D1ER and CaM or CaM 

(1-4). During single cell FRET imaging, cells were perfused with elevated extracellular 

Ca2+ concentrations (0-2 mM), followed by 1 mM tetracaine and 20 mM caffeine (A, B). 

The activation threshold (C), termination threshold (D), fractional Ca2+ release (E), store 

capacity (F) in these cells and non-transfected control cells (88-150) were determined as 

described in the legend to Fig. 6. Data shown are mean ± SEM (n = 4-10) (* P < 0.01; vs. 

WT). 
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CaM (1-4) co-expressing cells (Fig. 16G). Note that endogenous CaM is expressed in 

HEK293 cells. Therefore, in Figs. 16C,E, weakened Ca2+ release termination is probably 

due to suppression of the endogenous CaM by overexpression of CaM (1-4). In addition, 

the inhibitory effect of CaM on Ca2+ release termination may have been underestimated if 

we simply compare the termination thresholds in CaM wt transfected and non-transfected 

cells (a change of 8% in termination threshold). The effect of CaM on termination is 

actually more potent based on the comparison of the Ca2+ release termination threshold in 

cells overexpressing CaM wt with that in cells overexpressing the dominant negative 

CaM (1-4) (a change of 15% in termination threshold).  

Taken together, these observations suggest that CaM inhibits Ca2+ release by raising 

the threshold for Ca2+ release termination without affecting the activation threshold. 

Meanwhile, unlike CaM wt, the Ca2+-insensitive mutant of CaM is unable to enhance 

Ca2+ release termination, indicating that Ca2+ binding to CaM is required for its action on 

Ca2+ release termination. 

4.2.1.2 Effect of CaM on the termination of Ca2+ release is mediated by RyR2 

Since CaM has a number of targets and is involved in a wide range of cellular 

processes, it is possible that the altered termination threshold observed above is unrelated 

to the direct binding of CaM to RyR2, but is due to some complicated remodeling caused 

by overexpression of CaM wt or CaM (1-4). To determine whether CaM modulates the 

termination of Ca2+ release in HEK293 cells by directly interacting with RyR2, we 

generated a HEK293 cell line expressing a CaM-binding deficient mutant of RyR2, 

RyR2-Del-3583-3603, in which the CaMBD (amino acids 3583-3603) in RyR2 has been 

deleted. Then the impacts of CaM wt and CaM (1-4) on Ca2+ release in cells expressing 
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RyR2-Del-3583-3603 were assessed. As shown in Fig. 17, deletion of the CaM binding 

site in RyR2 significantly lowered the termination threshold (32% vs 57% in control, P < 

0.01) (Fig. 17A,E), but had no effect on the activation threshold  (Figs. 17A,D). As a 

result, the fractional Ca2+ release is significantly increased (62% Vs. 37% in WT) (P < 

0.01) (Fig. 17F). Furthermore, co-expression of CaM wt or CaM (1-4) in HEK293 cells 

expressing RyR2-del(3583-3603) had no effect on either the termination threshold or the 

activation threshold for Ca2+ release (Figs.17 B,C,D,E). Thus, the termination or 

activation of Ca2+ release in HEK293 cells expressing the CaM binding mutant of RyR2 

is no longer modulated by CaM wt or CaM (1-4). These observations indicate that the 

action of CaM on Ca2+ release termination is mediated by RyR2, particularly by the 

CaMBD of RyR2. 

4.2.1.3 The CaMBD of RyR2 itself is important for Ca2+ release activation and 

termination irrespective of its CaM binding 

It is clear that the CaMBD of RyR2 mediates the action of CaM in Ca2+ release 

termination by providing the binding site for CaM. However, it is unclear whether the 

CaMBD of RyR2 itself is important for the Ca2+ release process unrelated to its CaM 

binding function. To this end, the impact of a number of CaMBD mutations on Ca2+ 

release was assessed. These mutations, including W3587A/L3591A/F3603A triple 

mutation and each single mutation, affect CaM binding to different extents 200. 

Similar to Del-3583-3603, W3587A/L3591A/F3603A (33%), W3587A (34%) and 

L3591A (40%), greatly reduced the termination threshold compared with WT (57%), 

while they hardly changed the activation threshold (Figs. 18A,B,C,D,E,). Consequently, 

fractional release in Del-3583-3603 (62%), W3587A/L3591A/F3603A (62%), W3587A 
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(60%) and L3591A (56%) were all increased in comparison with WT (37%) (Figs. 

18A,B,C,F, & Figs. 17A,F). Interestingly, Del-3583-3603 and W3587A/L3591A/F3603A, 

which fully abolished the binding of CaM to RyR2, reduced the termination threshold to 

the same level as W3587A, which only partially eliminated CaM binding. These 

observations raise the possibility that W3587A and other mutations may cause allosteric 

effects on RyR2 in addition to the failure of CaM binding. Alternatively, delayed 

termination in these deletion/mutations may arise from the combined effect of 

dissociation of CaM and conformational changes in RyR2. 

As F3603A showed no Ca2+ oscillation at 2 mM Ca2+, 1 mM caffeine was applied to 

trigger SOICR. Similar to other mutations, F3603A also delayed the Ca2+ release 

termination (27% vs. 37%) and generated a large amount of fractional release (61%) in 

contrast to WT (33%) (Figs. 19 A,B,D,E). Note that in addition to the change of 

termination threshold, F3603A mutation caused an unique effect on RyR2 with increased 

activation threshold (Figs. 19 A,B,C). This is unlikely due to deficient binding of CaM 

since the change in activation threshold was not observed in cells expressing the Del-

3583-3603, which completely abolishes CaM binding. These observations suggest that 

the CaMBD may also be involved in Ca2+ release activation. Taken together, these data 

indicate that the CaMBD of RyR2 itself is important for the activation and termination of 

Ca2+ release irrespective of its CaM binding. 

4.2.2 FKBP12.6 accelerates Ca2+ release termination 

The role of FKBP12.6 in RyR2 channel function has been the subject of intensive 

investigations but it is still highly controversial. Interestingly, cardiac myocytes from 

FKBP12.6 null mice display a significant increase in Ca2+ spark amplitude and duration,  
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Fig. 17 Effect of CaM and CaM (1-4) on SOICR activation and termination 

thresholds in cells expressing RyR2 Del-3583-3603 

HEK293 cells expressing RyR2 Del-3583-3603 were co-transfected with D1ER and CaM 

or CaM (1-4). During single cell FRET imaging, cells were perfused with elevated 

extracellular Ca2+ concentrations (0-2 mM), followed by 1 mM tetracaine and 20 mM 

caffeine (A, B, C). The activation threshold (D), termination threshold (E), fractional 

Ca2+ release (F), store capacity (G) in these cells and non-transfected control cells (51-

150) were determined as described in the legend to Fig. 6. Data shown are mean ± SEM 

(n = 4-10) (* P < 0.01; vs. WT). 
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Fig. 18 Effect of W3587A/L3591A/F3603A, W3587A and L3591A on Ca2+ release 

activation and termination 

D1ER FRET signals were recorded in HEK293 cells expressing WT, 

W3587A/L3591A/F3603A (A) W3587A (B) or L3591A (C) mutant. Cells were perfused 

with elevated extracellular Ca2+ concentrations (0-2 mM), followed by 1 mM tetracaine 

and 20 mM caffeine. The activation threshold (D), termination threshold (E), fractional 

Ca2+ release (F), store capacity (G) in these cells (70-177) were determined as described 

in the legend to Fig. 6. Data shown are mean ± SEM (n = 5-10) (* P < 0.01; vs. WT). 
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Fig. 19 Effect of F3603A on Ca2+ release activation and termination 

D1ER FRET signals were recorded in HEK293 cells expressing WT (A) and F3603A (B) 

mutant. These cells (103-112) were perfused with elevated extracellular Ca2+ 

concentrations (0-2 mM), followed by 1 mM caffeine and 20 mM caffeine. The SOICR 

activation threshold (C), termination threshold (D), in these cells were calculated as 

indicated in panel A and B from Fmax (maximum FRET level), FSOICR (1 or 0) (FRET level 

at which SOICR occurs in the presence of 1 or 0 mM caffeine), Ftermi (1) (FRET level at 

which SOICR occurs in the presence of 1 mM caffeine) and Fmin (minimum FRET level). 

Data shown are mean ± SEM (n = 4-5) (* P < 0.01; vs. WT). 
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indicating the role of FKBP12.6 in the regulation of Ca2+ release process 329. However, 

how the removal of FKBP12.6, which does not affect the activation and conductance of 

the RyR2 channel, could lead to prolonged openings is puzzling and interesting. 

Considering the direct role of Ca2+ release termination in determining the size of 

Ca2+ release, it is possible that FKBP 12.6 affects the termination of Ca2+ release. To test 

this hypothesis, HEK293 cells expressing RyR2 WT were transfected with or without 

FKBP12.6. It was found that co-expression of FKBP12.6 significantly increased the 

termination threshold (Fig. 20A,C) (P<0.01). In other words, FKBP 12.6 makes Ca2+ 

release termination occur at a higher luminal Ca2+ level. Interestingly, co-expression of 

FKBP12.6 did not seem to alter the threshold for SOICR activation (Fig. 20.B), which is 

consistent with our previous observations that the removal of FKBP12.6 does not affect 

Ca2+ activation, conduction, or the propensity for spontaneous Ca2+ release 217. This result 

suggests that the functional role of FKBP12.6 is to accelerate Ca2+ release termination. 

4.2.3 Cytosolic Ca2+ reduces the thresholds for both Ca2+ release activation and 

termination 

Cytosolic Ca2+ plays a central role in the CICR process. Physiological Ca2+ at the 

concentrations of 0.1~10µM activates RyR2. However, whether it sensitizes the channel 

by promoting the Ca2+ release activation or by delaying the Ca2+ release termination is 

unknown. To directly manipulate the concentrations of cytosolic Ca2+, we permeabilized 

the plasma membranes of the HEK293 cells expressing RyR2 WT with saponin. After 

washing off saponin, the cells were perfused with ICM buffer containing different 

concentrations of Ca2+. Elevating the cytosolic Ca2+ concentration from 50 nM to 200 nM 

increased the propensity for SOICR in HEK293 cells expressing RyR2 WT, as revealed 
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by a reduction in the Ca2+ release activation threshold (from 100% to 86%, calculated as 

described in the legend to Fig. 21), (Fig 21, A, B) (P<0.01). On the other hand, the 

threshold for Ca2+ release termination declined from 66% to 55% (calculated as described 

in the legend to Fig. 21), (Fig 21, A, C) (P<0.01). These observations suggest that 

cytosolic Ca2+ at physiological concentrations is able to lower both the activation and 

termination thresholds. 

4.2.4 CaMKIIδc stimulates the activation of Ca2+ release 

CaMKIIδc is thought to be the major isoform of CaMKII that modulates RyR2. 

However, the specific effect of CaMKIIδc on RyR2 is highly controversial. To study the 

effect of CaMKIIδc on RyR2 mediated Ca2+ release, constitutively active CaMKIIδC 

(CA-CaMKIIδc) and D1ER were co-expressed in HEK293 cells expressing RyR2 WT. 

The results showed that SOICR occurred at a lower level of luminal Ca2+ in the presence 

of CA-CaMKIIδc (86%) compared with that in the absence of CA-CaMKIIδc (94%) (Fig. 

22A,B,C) (P<0.01). Because the activation threshold was reduced and the termination 

threshold not altered, fractional Ca2+ release (activation threshold - termination threshold) 

was decreased (Fig. 22A,B,D,E). These results indicate that CaMKIIδc may enhance the 

SOICR propensity by lower the threshold for Ca2+ release activation, and that CaMKIIδc 

does not alter Ca2+ release termination. Notably, it is well known that CaMKIIδc is 

involved in multiple signaling pathways and has multiple targets in cells 334. The 

observed change in Ca2+ release activation may not reflect the direct phosphorylation of 

the channel by CaMKIIδc. It may reflect some adapted alternations in the cells caused by 

global overexpression of CaMKIIδc. Since this condition mimics environments in failing 

human myocardium and in animal models of cardiac hypertrophy and heart failure, where 
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Fig. 20 Co-expression of FKBP12.6 increases the threshold for Ca2+ release 

termination 

HEK293 cells expressing RyR2 WT were co-transfected with D1ER and FKBP 12.6. 

During single cell FRET imaging, cells were perfused with elevated extracellular Ca2+ 

concentrations (0-2 mM), followed by 1 mM tetracaine and 20mM caffeine (A). The 

activation threshold (B), termination threshold (C), fractional Ca2+ release (D), store 

capacity (E) in transfected cells (62) and non-transfected control cells (150) were 

determined as described in the legend to Fig. 6. Data shown are mean ± SEM (n = 4-10) 

(* P < 0.01; vs. WT). 
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Fig. 21 Effect of cytosolic Ca2+ on the SOICR activation and termination thresholds  

HEK293 cells expressing RyR2 WT (118) were permeabilized and perfused with ICM 

buffer containing 50-200 nM Ca2+, followed by 20 mM caffeine (A). The thresholds for 

activation (B) and termination (C) at each concentration were determined based on the 

equations indicated in panel A for FSOICR (50 or 200) (FRET level at which SOICR occurs in 

the presence of 50 or 200 nM Ca2+), Ftermi (50 or 200) (FRET level at which Ca2+ release 

terminates in the presence of 50 or 200 nM Ca2+), and Fmin (minimum FRET). Note that 

Ca2+ release activation and termination thresholds were calculated using the maximum 

change of FRET signal (FSOICR(50) minus Fmin ) as 100% in this experiment but not the 

store capacity. Fractional release (D) was defined by subtracting the termination 

threshold from the activation threshold. Data shown are mean ± SEM (n = 15) (* P < 

0.01; 50 nM vs. 200 nM). 
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Fig. 22 Effect of CaMKIIδc on the SOICR activation and termination thresholds  

HEK293 cells expressing RyR2 WT were co-transfected with D1ER and constitutively 

active CaMKIIδC (CA-CaMKIIδc). During single cell FRET imaging, cells were perfused 

with elevated extracellular Ca2+ concentrations (0-2 mM), followed by 1 mM tetracaine 

and 20mM caffeine (A, B). The activation threshold (C), termination threshold (D), 

fractional Ca2+ release (E), store capacity (F) in these cells (42) and non-transfected 

control cells (150) were determined as described in the legend to Fig. 6. Data shown are 

mean ± SEM (n = 4-10) (* P < 0.01; vs. WT). 
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CaMKII expression and activity are increased globally, this result may be useful for 

understanding the actions of CaMKII in pathological conditions. 

 

4.3 Summary  

Although numerous modulators have been found to be associated with RyR2, the 

functional consequences mediated by these modulators are not entirely understood. In 

this study, it was found that co-expression of CaM wt increased the threshold for Ca2+ 

release termination, whereas co-expression of Ca2+ binding deficient CaM mutant, CaM 

(1-4), greatly reduced the termination threshold. These results suggest that Ca2+-CaM 

accelerates the termination of Ca2+ release. Enhanced Ca2+ release termination by CaM 

was not observed in HEK293 cells expressing CaM binding deficient RyR2-Del-3583-

3603, indicating that the effect of CaM on Ca2+ release termination is mediated by RyR2. 

Interestingly, a deletion and a triple mutation that fully abolished the binding of CaM to 

RyR2 reduced the termination threshold to the same level as a single mutation in the 

CaMBD that only partially reduced CaM binding. Cells expressing the F3603A mutant 

showed an increased activation threshold, which was not observed in the deletion or 

mutations that fully abolished the CaM binding. Thus, it is likely that the CaMBD of 

RyR2 itself exerts an important influence on Ca2+ release activation and termination.  

Several other RyR2 regulators have also been investigated. FKBP12.6, whose 

functional role is highly controversial, was found to attenuate ER Ca2+ release by 

elevating the termination threshold. Cytosolic Ca2+ sensitizes the activation and delays 

the termination of ER Ca2+ release, whereas CaMKII appears only to enhance the 

activation of the channel by lowering the activation threshold. These results suggest that 
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various RyR2 modulators regulate Ca2+ release activation and termination in different 

ways, and that Ca2+ release termination is a common target of physiological RyR2 

regulators. Considering the controversies regarding the functional roles of RyR2 

modulators, this study is significant because it reveals novel information on the 

functional consequences of regulation of RyR2 by these modulators at the cellular level, 

and establishes the link between specific RyR2 modulators and their impact on the 

activation and/or termination of Ca2+ release. 
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CHAPTER V:
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5.1 Introduction 

As shown in the previous chapter, RyR is regulated by various physiological ligands, 

such as CaM, FKBP, CaMKII and Ca2+, to ensure proper SR/ER Ca2+ release 324,325. In 

addition, RyR is also modulated by a number of pharmacological ligands including the 

well known agonists, caffeine and ryanodine 335,336. As with physiological ligands, altered 

RyR regulation by abnormal RyR response to pharmacological ligands has also been 

linked to muscle disorders such as heart failure, cardiac arrhythmias, and MH 274,335,337-340. 

These RyR modulators are believed to exert their impact on channel function by inducing 

conformational changes in the channel, but the ligand-induced conformational changes 

and their functional correlation have yet to be demonstrated.  

A fundamental unresolved question is how this large array of ligands with diverse 

structures activates the RyR channel through directly interacting with RyRs 324,335,336. It is 

thought that RyR contains ligand-specific binding sites, and that ligand binding to these 

sites induces conformational changes in the channel that consequently lead to the opening 

of the channel gate and Ca2+ release 131-136. Considerable efforts over the past decades 

have been focused on the understanding of ligand-induced conformational changes in 

RyR. Particularly, large conformational changes were observed in the transmembrane 

domain and in the four corners of the square-shaped cytoplasmic assembly, also known 

as clamp regions, in the 3D architecture of RyR. Substantial structural rearrangements in 

the clamp region, the central cytoplasmic region, and the transmembrane domain were 

also detected when RyR was activated by another channel ligand, PCB 95 136. Hence, 

these studies clearly demonstrate that conformational changes occur in RyR upon ligand 

binding. 
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While the transmembrane domain primarily serves as the channel conducting pore, 

an increasing body of evidence suggests that the cytoplasmic clamp region consisting of 

several key structural domains are also crucial for channel regulation and gating. The 

phosphorylation domain 125,126,158, central disease-causing mutation hotspot and one of 

the divergent regions (DR2) were all localized to this region 122,124. Based on the spacing 

of the DHPR arrangement in tetrads and that of the homotetrameric RyR, the clamp 

region has also been implicated in the activation of RyRs by DHPRs during EC coupling 

in skeletal muscle 119-121,134. The clamp region also harbors the binding sites for the natrin 

toxin, a cysteine-rich secretory protein isolated from snake venom, and the chloride 

intracellular channel protein 2 (CLIC2), both of which have been shown to modulate the 

activity of RyR 127,351. Thus, studying conformational changes in the clamp region is 

likely to yield important insights into the mechanism of ligand dependent gating of RyR. 

Although cryo-EM studies revealed ligand-induced structural rearrangements in the 

clamp region, little is known about the ligand dependence of these conformational 

changes and their correlation with function. In the present study, we employed the FRET 

approach to determining conformational changes in the clamp region of RyR2 upon 

binding with various ligands in live cells. The ligand-induced conformational changes 

were then correlated with the extent of Ca2+ release induced by the same ligand. To 

monitor conformational changes in the clamp region, we constructed a FRET probe in the 

clamp region by inserting a CFP after residue Ser-2367 and a YFP after residue Tyr-2801, 

both of these insertion sites have been previously mapped to the clamp region by cryo-

EM 124,126. Using this novel FRET probe, we found that caffeine, ATP, and ryanodine 

induced conformational changes in the clamp region and Ca2+ release in HEK293 cells, 
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whereas Ca2+ and 4-chloro-m-cresol (4-CmC) induced Ca2+ release but caused no 

detectable conformational changes in the clamp region. Our results indicate that 

conformational changes in the clamp region are ligand-dependent, and that RyR can be 

activated by different mechanisms associated with different conformational changes in 

the channel structure.  

 

5.2 Results 

5.2.1 Construction of a FRET probe in the clamp region of RyR2  

The clamp region located at the corners of the square-shaped 3D structure of RyR 

has been shown to display major structural rearrangements when the channel transitions 

from the closed to the open state 133,134,341. The clamp region thus represents a potential 

location for building a FRET-based probe for sensing the conformational changes in RyR. 

We have previously mapped the 3D locations of a number of GFPs inserted into different 

sites in the primary sequence of RyR2 123,124,126,182,315,316. Two of these GFPs, one inserted 

after residue Ser-2367 (S2367-GFP) and the other after residue Tyr-2801 (Y2801-GFP), 

were located close to each other (30Å center to center) in the clamp region 124,126. Thus, 

Ser-2367 and Tyr-2801 represent two suitable sites for inserting a pair of fluorescent 

proteins to build a FRET probe in the clamp region. To this end, we inserted a CFP after 

residue Ser-2367 (S2367-CFP) and a YFP after residue Tyr-2801 (Y2801-YFP) to 

generate the dual CFP- and YFP-labeled RyR2, RyR2S2367-CFP/Y2801-YFP (Figs. 23A and 

23B). Fig. 23C shows that RyR2S2367-CFP/Y2801-YFP forms a functional Ca2+ release channel 

in HEK293 cells with a caffeine response similar to that of RyR2(wt). Note that the level 

of Ca2+ release induced by 2.5 mM or 5.0 mM caffeine is lower than that induced by the 
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prior addition of 1.0 mM caffeine due to ER Ca2+ store depletion caused by the preceding 

cumulative additions of caffeine. To assess whether RyR2S2367-CFP/Y2801-YFP is capable of 

producing FRET, we determined its FRET efficiency by measuring the fluorescence 

intensity of CFP (donor) before and after bleaching YFP (acceptor) in live cells. As 

expected based on their close proximity in the 3D structure of RyR2, HEK293 cells 

expressing RyR2S2367-CFP/Y2801-YFP displayed a significant level of FRET with a FRET 

efficiency of 14.4 ± 1.1% (n=20) (Fig. 24A,C).  

RyR is a homotetramer consisting of four identical subunits. It is possible that the 

FRET signal observed in RyR2S2367-CFP/Y2801-YFP results from the interaction between 

S2367-CFP and Y2801-YFP in the same RyR2 subunit (intra-subunit interaction) or 

between S2367-CFP in one subunit and Y2801-YFP in the neighboring subunit (inter-

subunit interaction). To distinguish an intra-subunit from an inter-subunit interaction 

between the donor and acceptor in a FRET probe in tetramic RyRs, we have previously 

developed a co-expression approach 342. Using the same approach, we constructed RyR2 

fusion proteins with a single insertion of S2367-CFP (RyR2S2367-CFP) or a single insertion 

of Y2801-YFP (RyR2Y2801-YFP), and co-expressed RyR2S2367-CFP and RyR2Y2801-YFP in 

HEK293 cells. Fig. 24 shows that, unlike cells transfected with RyR2S2367-CFP/Y2801-YFP, 

HEK293 cells co-transfected with RyR2S2367-CFP and RyR2Y2801-YFP displayed no 

detectable FRET signals (Fig. 24B,C). In other words, there is no detectable interaction 

between S2367-CFP of one subunit and Y2801-YFP of the neighboring subunit, 

indicating that the FRET signal in RyR2S2367-CFP/Y2801-YFP results from intra-subunit 

interactions. Thus, collectively, our results indicate that S2367-CFP/Y2801-YFP pair is a 

functional, intra-subunit FRET probe. 
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Fig. 23 Construction and characterization of a novel FRET pair S2367-CFP/Y2801-

YFP in RyR2  

(A) Schematic illustration of the linear sequence of RyR (open box) showing the three 

major hotspots (pink boxes) where disease-causing mutations frequently occur (CPVT, 

catecholaminergic polymorphic ventricular tachycardia; ARVD2, arrhythmogenic right 

ventricular dysplasia type 2; MH, malignant hyperthermia; CCD, central core disease). 

The locations of S2367-CFP (cyan box), Y2801-YFP (yellow box), the S2808 and S2814 

phosphorylation sties, the cytosolic Ca2+ sensor, and the pore-forming segment (circles 

inside the open box) are also indicated. The inserted CFP and YFP are flanked by short 

glycine-rich linkers. (B) Locations of S2367-CFP (cyan spheres) and Y2801-YFP 

(yellow spheres) in the 3D architecture of RyR (left, top view; right, side view) based on 

the previous 3D reconstructions of the RyR2S2367-GFP and RyR2Y2801-GFP fusion proteins 

124,126. The distance between CFP and YFP is 30Å. The clamp region (red dashed ellipse) 

and subdomains (red numbers) are indicated. (C) Caffeine-induced Ca2+ release in 

HEK293 cells transfected with RyR2 (wt) (a) or RyR2S2367-CFP/Y2801-YFP (b). Transfected 

HEK293 cells were loaded with Fluo-3 AM. The fluorescence intensity of the Fluo-3-

loaded cells was monitored continuously before and after the sequential additions of 

increasing concentrations of caffeine (0.025 to 5 mM).  
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Fig. 24 FRET efficiencies in HEK293 cells transfected with RyR2S2367-CFP/Y2801-YFP or 

co-transfected with RyR2S2367-CFP and RyR2Y2801-YFP 

Confocal images showing cyan fluorescence of the donor CFP and yellow fluorescence 

of the acceptor YFP before (top panels) and after (bottom panels) photobleaching of a 

small area (indicated by a green ellipse) in HEK293 cells transfected with RyR2S2367-

CFP/Y2801-YFP (A) or co-transfected with RyR2S2367-CFP and RyR2Y2801-YFP (B). The 

corresponding FRET efficiencies were shown and calculated according to the equation in 

panel (C). ICFPpre and ICFPpost are the background-corrected CFP fluorescence intensities 

before and after photobleaching. YFP Scale bar represents 10 m. Data shown are mean 　

± SEM (n = 20). (*P < 0.01). Measurements of the FRET efficiency were carried out in 

the laboratories of Dr. Zheng Liu and Dr. Terence Wagenknecht. 
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5.2.2 S2367-CFP/Y2801-YFP FRET probe is a dynamic, functional conformation 

sensor 

We next determined whether this intra-subunit FRET probe (S2367-CFP/Y2801-

YFP) is capable of sensing conformational changes in RyR2. We activated RyR2S2367-

CFP/Y2801-YFP with various concentrations of caffeine to alter the conformational and 

functional state of the channel, and continuously monitored the FRET signal by 

determining the fluorescence ratio of YFP and CFP upon CFP excitation. We reasoned 

that if caffeine activation of RyR2 leads to conformational changes in the clamp region, it 

would alter the relative positions of S2367-CFP and Y2801-YFP and thus their FRET 

signals. Indeed, as shown in Fig. 25A, caffeine reduced the FRET signal in HEK293 cells 

expressing RyR2S2367-CFP/Y2801-YFP in a concentration dependent manner. The effect of 

caffeine on FRET is reversible. Upon caffeine wash off, the FRET signal recovered to a 

level similar to that before caffeine treatment.  

To assess whether caffeine-induced FRET changes are associated with functional 

changes, we monitored caffeine-induced Ca2+ release in HEK293 cells by determining 

the ER luminal Ca2+ level using a FRET-based ER luminal Ca2+ sensor, D1ER. We have 

previously shown that caffeine reduces the ER luminal Ca2+ level at which spontaneous 

Ca2+ release occurs (i.e. the threshold for spontaneous store-overload induced Ca2+ 

release, SOICR) 151,165,251,343. The threshold for SOICR reflects the propensity (or 

functional state) of the RyR2 channel for spontaneous Ca2+ release 151,251. As shown in 

Fig. 25, we found that caffeine concentration-dependently and reversibly reduced the 

SOICR threshold in HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP (Fig. 25B) and 

RyR2(wt) (Fig. 25C) to a similar extent (Fig. 25D). Note that the CFP or YFP 
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fluorescence intensity in HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP alone is only 

~10% of that in cells expressing both D1ER and RyR2S2367-CFP/Y2801-YFP (Fig.26). Thus, 

the FRET signal detected in cells expressing both D1ER and RyR2S2367-CFP/Y2801-YFP 

largely reflects that of the D1ER luminal Ca2+ sensor. Taken together, these data indicate 

that the concentration-dependence of caffeine-induced FRET changes is similar to that of 

caffeine-induced changes in the SOICR threshold (Fig. 25D). Hence, caffeine-induced 

FRET changes closely correlate with the functional states of the channel.  

To ascertain whether the large N-terminal cytosolic domain of RyR2 itself is 

sufficient to confer FRET between S2367-CFP and Y2801-YFP and its response to 

caffeine, we determined the FRET efficiency of a C-terminally truncated RyR2 

containing the same S2367-CFP/Y2801-YFP FRET pair, RyR2(1-4770)S2367-CFP/Y2801-YFP 

(a channel lacking the small pore-forming domain) 221. We found that RyR2(1-4770)S2367-

CFP/Y2801-YFP still exhibited significant FRET (Fig. 27). However, caffeine did not change 

the FRET efficiency of RyR2(1-4770)S2367-CFP/Y2801-YFP, while caffeine reduced the FRET 

efficiency of RyR2S2367-CFP/Y2801-YFP in a concentration dependent manner (Fig. 27). Thus, 

the large N-terminal domain of RyR2 itself is not sufficient for caffeine-induced 

conformational changes in the clamp region. It should be noted that caffeine did not 

affect the CFP or YFP fluorescence intensity of HEK293 cells co-transfected with 

RyR2S2367-CFP and RyR2Y2801-YFP where FRET was not detected. (Fig. 28). The results of 

these control experiments indicate that caffeine-induced FRET changes in HEK293 cells 

expressing  RyR2S2367-CFP/Y2801-YFP  did not result from a direct effect of caffeine on the 

fluorescence of CFP or YFP. Taken together, these data indicate that the S2367- 

 



 

 

142

Fig. 25 Caffeine induces correlated structural and functional changes in RyR2 

(A) Stable, inducible HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were perfused with 

KRH buffer containing increasing levels of caffeine (0-10 mM) to induce conformational 

changes in RyR2. A representative recording of the S2367-CFP/Y2801-YFP FRET signal 

from a single HEK293 cell is shown. Changes in the S2367-CFP/Y2801-YFP FRET 

signal reflect structural changes in the clamp region of RyR2. Dashed lines indicate 

steady-state FRET levels at different concentrations of caffeine. (B) Stable, inducible 

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were transfected with the FRET-based 

ER luminal Ca2+ sensing protein, D1ER. The transfected cells were perfused with KRH 

buffer containing increasing levels of caffeine (0-10 mM). The trace shows a 

representative FRET recording from a single HEK293 cell expressing both D1ER and 

RyR2S2367-CFP/Y2801-YFP. Since the CFP or YFP fluorescence intensity in HEK293 cells 

expressing RyR2S2367-CFP/Y2801-YFP alone is only ~10% of that in cells expressing both the 

D1ER luminal Ca2+ sensor and RyR2S2367-CFP/Y2801-YFP, the FRET signals detected largely 

came from those of D1ER. These D1ER FRET signals reflect the ER luminal Ca2+ levels. 

Dashed lines indicate the ER luminal Ca2+ levels at which store overload induced Ca2+ 

release (SOICR) occurs (i.e. the SOICR threshold), which reflects the functional state of 

RyR2. (C) Single cell D1ER FRET imaging of stable, inducible, RyR2(wt)-expressing 

HEK293 cells transfected with D1ER at increasing levels of caffeine. Dashed lines 

indicate SOICR thresholds. (D) Comparison of caffeine-induced, concentration-

dependent changes in the S2367-CFP/Y2801-YFP FRET signal (structural changes) with 

those in the SOICR threshold (functional changes). The extents of changes in FRET and 

SOICR at each caffeine concentration were normalized to those at 10 mM caffeine 
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(100%). Data shown are mean ± SEM (n = 4-11). There are no significant differences 

between reductions in FRET and SOICR threshold under each condition.  
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Fig. 26 Fluorescence intensity of CFP or YFP in HEK293 cells expressing RyR2S2367-

CFP/Y2801-YFP with or without D1ER 

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were transfected with or without D1ER 

48 h before imaging and induced for expression of the RyR2 double insertion 24 h before 

imaging. The CFP (A) and YFP (B) fluorescence intensity in D1ER transfected or non-

transfected cells were recorded and compared. The level of CFP or YFP fluorescence 

intensity in cells without D1ER transfection were normalized to those in D1ER 

transfected cells (100%). Data shown are mean ± SEM (n = 3).  
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Fig. 27 Effect of caffeine on the FRET efficiency in HEK293 cells expressing 

RyR2S2367-CFP/Y2801-YFP or RyR2(1-4770)S2367-CFP/Y2801-YFP 

The FRET efficiencies in HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP or a truncated 

RyR2, RyR2(1-4770)S2367-CFP/Y2801-YFP, at various caffeine concentrations (0-10 mM) 

were determined using the photobleaching method as introduced in Fig. 24. Data shown 

are mean ± SEM (n = 30) (* P < 0.05; vs 0 mM caffeine). Measurements of the FRET 

efficiency were carried out in the laboratories of Dr. Zheng Liu and Dr. Terence 

Wagenknecht. 
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Fig. 28 Caffeine has no effect on fluorescence intensity of HEK293 cells co-

transfected with RyR2S2367-CFP and RyR2Y2801-YFP 

HEK293 cells were co-transfected with RyR2S2367-CFP and RyR2Y2801-YFP. The CFP signal 

and YFP signal in these cells were recorded during 5mM caffeine treatment and wash-off. 

Representative traces of the CFP (A) or YFP (B) signal are shown. 
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CFP/Y2801-YFP FRET probe is capable of sensing functionally correlated 

conformational changes in the clamp region of RyR2.  

5.2.3 Ligand-dependent conformational changes in the clamp region of RyR2  

A number of pharmacological and physiological ligands can activate RyR2, leading 

to Ca2+ release, but the molecular mechanisms of their activation are largely unknown. In 

the next series of experiments, we took advantage of our newly constructed conformation 

sensor to study the conformational changes in the clamp region of RyR2 activated by 

various ligands.  

5.2.3.1 Pharmalogical compound aminophylline, theophylline and 4-CmC affect the 

channel conformation differently 

In addition to caffeine, other pharmacological ligands, such as aminophylline, 

theophylline, and 4-CmC have been shown to activate RyR2 and induce SR Ca2+ release 

165,253,263. To determine whether different pharmacological ligands may have different 

effects on RyR2 conformation, we assessed the impact of aminophylline, theophylline 

and 4-CmC on FRET and the ER luminal Ca2+ level in HEK293 cells expressing 

RyR2S2367-CFP/Y2801-YFP. Fig. 29 shows that like caffeine, aminophylline and theophylline 

reduced both the FRET level and the SOICR threshold, indicating that these two RyR2 

agonists induce Ca2+ release and conformational changes in the clamp region. 

Interestingly, we found that 4-CmC did not cause any significant changes in the FRET 

signal, but it induced Ca2+ release (Fig. 30).  

5.2.3.2 Distinct effects of cytosolic ATP and Ca2+ on the conformational dynamics of 

RyR2 
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Fig. 29 Effect of aminophylline and theophylline on the structure and function of 

RyR2  

(A) HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were perfused with KRH buffer 

without or with caffeine (10 mM), aminophylline (10 mM), or theophylline (10 mM). A 

representative single cell recording of the S2367-CFP/Y2801-YFP FRET signal is shown. 

Dashed lines indicate steady-state FRET levels. (B) A representative single cell luminal 

Ca2+ recording of D1ER-transfected HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP in 

the KRH buffer without or with caffeine, aminophylline, or theophylline. Dashed lines 

indicate the SOICR threshold. (C) Comparison of changes in the S2367-CFP/Y2801-YFP 

FRET signal (structural changes) with those in the SOICR threshold (functional changes) 

induced by caffeine, aminophylline, theophylline. The extents of changes in FRET and 

SOICR were normalized to those at 10 mM caffeine (100%). Data shown are mean ± 

SEM (n = 5-9).  
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Fig. 30 Effect of 4-CmC on the structure and function of RyR2  

(A) HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were permeabilized and perfused 

with the ICM buffer without or with caffeine (10 mM) or 4-CmC (1 mM). A 

representative single cell recording of the S2367-CFP/Y2801-YFP FRET signal is shown. 

(B) A representative single cell luminal Ca2+ recording of D1ER-transfected, 

permeabilized HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP in ICM without or with 

caffeine or 4-CmC. Dashed lines indicate the SOICR threshold. (C) Comparison of 

changes in the S2367-CFP/Y2801-YFP FRET signal (structural changes) with those in 

the SOICR threshold (functional changes) induced by caffeine or 4-CmC. The extents of 

changes in FRET and SOICR were normalized to those at 10 mM caffeine (100%). Data 

shown are mean ± SEM (n = 7-11) (* P < 0.01; FRET vs. SOICR). 
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ATP and Ca2+ are two physiological agonists of RyR2 324. To assess the effect of 

cytosolic ATP and Ca2+ on the conformation and function of RyR2, we perfused 

permeabilized HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP with an intracellular-like 

medium (ICM) or with ICM plus 5 mM ATP or 1 M Ca　 2+. As shown in Fig. 31, ATP 

reversibly reduced both the FRET signal and the SOICR threshold, indicating that, like 

caffeine, ATP is able to induce conformational changes in the clamp region and 

concomitant intracellular Ca2+ release. Surprisingly, elevating cytosolic Ca2+ to 1 M 　

induced little or no FRET changes in the RyR2S2367-CFP/Y2801-YFP expressing cells, but it 

did reduce the SOICR threshold (Fig. 32). Thus, unlike caffeine and ATP, cytosolic Ca2+ 

activates the RyR2 channel without inducing major conformational changes in the clamp 

region. Further, we determined the impact of ATP, Ca2+ and 4-CmC on the FRET 

efficiency in HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP. Similarly, we found that 

ATP reduced the FRET efficiency, whereas Ca2+ and 4-CmC had no effect on the FRET 

efficiency (Fig. 33). Taken together, these observations indicate that the activation of 

RyR2 by caffeine, aminophylline, theophylline, and ATP is associated with substantial 

conformational changes in the clamp region of RyR2, whereas the activation of RyR2 by 

cytosolic Ca2+ and 4-CmC is not. Thus, different ligands activate RyR2 and induce Ca2+ 

release by different mechanisms associated with distinct conformational changes. 

5.2.3.3 Ryanodine keeps the channel open, but dose not lock RyR in a fixed 

conformation 

It is well known that ryanodine binds to the open state of RyR and keeps the channel 

in an open, subconductance state 230,335,336,344. It is unclear, however, whether ryanodine 

locks RyR in a fixed conformation. To address this question, we determined whether  
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Fig. 31 Effect of cytosolic ATP on the structure and function of RyR2  

(A) HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were permeabilized and perfused 

with ICM without or with caffeine (10 mM) or ATP (5 mM). A representative single cell 

recording of the S2367-CFP/Y2801-YFP FRET signal is shown. (B) A representative 

single cell luminal Ca2+ recording of D1ER-transfected, permeabilized HEK293 cells 

expressing RyR2S2367-CFP/Y2801-YFP in the ICM buffer with or without caffeine or ATP. The 

SOICR threshold is indicated by a dashed line. (C) Comparison of changes in the S2367-

CFP/Y2801-YFP FRET signal (structural changes) with those in the SOICR threshold 

(functional changes) induced by caffeine or ATP. The extents of changes in FRET and 

SOICR were normalized to those at 10 mM caffeine (100%). Data shown are mean ± 

SEM (n = 8-14).  
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Fig. 32 Effects of cytosolic Ca2+ on the structure and function of RyR2  

(A) HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were permeabilized and perfused 

with ICM without or with caffeine (10 mM) or Ca2+ (1 μM). A representative single cell 

recording of the S2367-CFP/Y2801-YFP FRET signal is shown. Note that unlike ATP, 

Ca2+ induced no changes in FRET. (B) A representative single cell luminal Ca2+ 

recording of D1ER-transfected, permeabilized HEK293 cells expressing RyR2S2367-

CFP/Y2801-YFP in the ICM buffer without or with caffeine or Ca2+. The dashed line indicates 

the SOICR threshold. (C) Comparison of changes in the S2367-CFP/Y2801-YFP FRET 

signal (structural changes) with those in the SOICR threshold (functional changes) 

induced by caffeine or Ca2+. The extents of changes in FRET and SOICR were 

normalized to those at 10 mM caffeine (100%). Data shown are mean ± SEM (n = 7-8) 

(*P < 0.01; FRET vs. SOICR). 
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Fig. 33 Effect of ATP, Ca2+ or 4-CmC on the FRET efficiency in permeabilized 

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP 

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were permeabilized with saponin and 

treated without or with ATP, Ca2+ or 4-CmC. The FRET efficiencies at each condition 

were determined using the photobleaching method as indicated in Fig. 24. Data shown 

are mean ± SEM (n = 20-30). (* P < 0.01; vs. ICM). Measurements of the FRET 

efficiency were carried out in the laboratories of Dr. Zheng Liu and Dr. Terence 

Wagenknecht. 
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caffeine could still induce conformational changes in a ryanodine-bound channel. To this 

end, we first perfused the permeabilized HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP 

with caffeine (10 mM) to open the channel, and then with caffeine (10 mM) plus 

ryanodine (100 μM) to allow ryanodine binding to the caffeine-opened channels. These 

caffeine and ryanodine-treated cells were then perfused with the ICM buffer to remove 

caffeine and unbound ryanodine in order to reveal the effect of bound ryanodine, which is 

known to remain bound to RyR2. As shown in Fig. 34A, caffeine reduced the FRET 

signal. Caffeine plus ryanodine caused a small further reduction in FRET. After removing 

caffeine and unbound ryanodine, the FRET signal recovered partially to a level that is 

significantly lower than the FRET level before caffeine treatment (Fig. 34C).  

To confirm that ryanodine remained bound to RyR2 after wash-off with the ICM 

buffer, we performed [3H]ryanodine binding (see Methods). We found that the amount of 

[3H]ryanodine binding to cells pre-treated with 100 μM non-labeled ryanodine plus 10 

mM caffeine is only ~1% of that to control cells without ryanodine pre-treatment (Fig. 

35). Thus, most of the RyR2 channels were bound with ryanodine after pre-treatment 

with 100 μM ryanodine plus 10 mM caffeine and remained bound with it after wash-off 

with the ICM buffer. Therefore, the FRET signal detected after wash-off with ICM (Fig. 

34C) likely reflects the ryanodine-induced conformational changes in the ryanodine-

bound channels.  

We also determined the FRET efficiencies in permeabilized RyR2S2367-CFP/Y2801-YFP 

expressing cells in the absence or presence of caffeine or ryanodine or after wash-off (Fig. 

34D). Similarly, we found that caffeine or caffeine plus ryanodine reduced the FRET 

efficiency to a similar extent, and that the FRET efficiency after removing caffeine and  
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Fig. 34. Impact of ryanodine on the structure and function of RyR2  

(A) HEK293 cells transfected with RyR2S2367-CFP/Y2801-YFP were permeabilized and 

perfused with ICM, caffeine (10 mM), and caffeine (10 mM) plus ryanodine (100 μM), 

followed by wash-off with ICM. The cells were then perfused with caffeine (10 mM) 

again followed by wash-off with ICM. The illumination was turned off during part of the 

long incubation with caffeine plus ryanodine to minimize photobleaching. A 

representative single cell recording of the S2367-CFP/Y2801-YFP FRET signal is shown. 

(B) A representative single cell luminal Ca2+ recording of D1ER-transfected, 

permeabilized HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP. The cells were perfused 

in the same way as that described in panel A. Note that the ER Ca2+ store remained 

depleted after the addition of ryanodine. (C) Comparison of the changes in the S2367-

CFP/Y2801-YFP FRET signal and those in the SOICR threshold under various 

conditions: (a) caffeine (10 mM) (control), (b) caffeine (10 mM) plus ryanodine (100 

M), (c) after wash　 -off, and (d) re-application of caffeine (10 mM). The extents of 

changes in FRET and SOICR threshold were normalized to those in the control (100%). 

Data shown are mean ± SEM (n = 4-8). (* P < 0.01; FRET vs. SOICR;  # P < 0.01; vs. 

before or after caffeine treatment). (D) HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP 

were permeabilized and perfused with ICM (a), caffeine (10 mM) (b), caffeine (10mM) 

plus ryanodine (100 M) (c), fo　 llowed by wash-off (d). The FRET efficiency under each 

of these conditions was determined by the photobleaching method. Data shown are mean 

± SEM (n = 30). (* P < 0.01; vs. ICM). 
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Fig. 35 [3H]ryanodine binding to RyR2S2367-CFP/Y2801-YFP  

HEK293 cells expressing RyR2S2367-CFP/Y2801-YFP were permeabilized with saponin. The 

permeabilized cells were washed and incubated with or without 100 μM ryanodine plus 

10 mM caffeine for 10 min to allow ryanodine to bind to RyR2. The ryanodine-treated or 

non-treated control cells were washed with the ICM buffer to remove caffeine and free 

ryanodine. The washed cells were solubilized with detergent to prepare cell lysates, 

which were then used for [3H]ryanodine binding. The amounts of the [3H]ryanodine 

binding in ryanodine pre-treated samples were normalized to that in ryanodine non-

treated cells. Data shown are mean ± SEM (n = 3). 
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unbound ryanodine is lower than that before caffeine treatment (Fig. 34D). These data 

indicate that the bound ryanodine reduced the FRET signal or caused conformational 

changes in the clamp region, but to a lesser extent than caffeine (10 mM). Importantly, a 

subsequent addition of caffeine to the ryanodine-treated cells could still reduce the FRET 

signal (Fig. 34A,C). Thus, caffeine is still able to induce conformational changes in the 

ryanodine-bound RyR2 channel.  

The impact of caffeine and ryanodine on RyR2 function is shown in Fig. 34B. 

Consistent with their known actions, caffeine caused store Ca2+ depletion. The addition of 

ryanodine in the presence of caffeine caused a small further reduction in store Ca2+ (Fig. 

34B). The store Ca2+ level remained depleted after removing caffeine and unbound 

ryanodine (Fig. 34B,C). These observations are in agreement with the view that 

ryanodine interacts with the caffeine-opened RyR2 and keeps the channel in the open 

state, leading to store Ca2+ depletion. Taken together, these results indicate that ryanodine 

induces conformational changes in the clamp region of RyR2, and that the ryanodine-

induced conformation can still be altered by caffeine. 

 

5.3 Summary 

Global conformational changes in the 3D structure of the Ca2+ release channel, RyR, 

occur upon ligand activation. A number of ligands are able to activate the RyR channel, 

but whether these structurally diverse ligands induce the same or different conformational 

changes in the channel is largely unknown. Here a FRET-based probe was constructed by 

inserting a CFP after residue Ser-2367 and a YFP after residue Tyr-2801 in RyR2 to yield 

a CFP- and YFP-dual labeled RyR2 (RyR2S2367-CFP/Y2801-YFP). Both of these insertion sites 
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have previously been mapped to the “clamp” region in the four corners of the square-

shaped cytoplasmic assembly of the 3D structure of RyR2.  

Using this novel FRET probe, we monitored the extent of conformational changes in 

the clamp region of RyR2S2367-CFP/Y2801-YFP induced by various ligands. Meanwhile, the 

extent of Ca2+ release induced by the same ligands was also recorded in HEK293 cells 

expressing RyR2S2367-CFP/Y2801-YFP. Conformational changes were detected in the clamp 

region upon triggering by ligands caffeine, aminophylline, theophylline, ATP, and 

ryanodine, but not Ca2+ or 4-CmC, although they all induced Ca2+ release. Interestingly, 

caffeine is able to induce further conformational changes in the clamp region of the 

ryanodine-modified channel, suggesting that ryanodine does not lock RyR in a fixed 

conformation.  

Our data demonstrate that conformational changes in the clamp region of RyR are 

ligand dependent, and suggest the existence of multiple ligand dependent RyR activation 

mechanisms associated with distinct conformational changes. Limited by the resolution 

of cryo-EM, previous studies failed to observe detailed conformational changes in the 

clamp region of RyR2 induced by various ligands. Using a novel FRET probe, we were 

able to investigate the conformation changes in the clamp region induced by various 

ligands. We also correlated these conformational changes to channel function, which is 

not possible to perform using conventional methods of structural studies. 
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CHAPTER VI:
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6.1 Introduction 

Not only can impaired regulation by modulators lead to defective function of RyR2, 

but also inherited RyR2 mutations. RyR2 mutation-induced abnormal SR Ca2+ release is 

a well-known cause of ventricular tachyarrhythmias and sudden death 345,346. To date, 

more than 150 disease-associated RyR2 mutations have been identified274,347. Most of 

these RyR2 mutations are associated with stress-induced ventricular tachyarrhythmias 

and sudden death in structurally normal hearts. Interestingly, some of the RyR2 mutations 

are associated with cardiomyopathies as well as cardiac arrhythmias274,347. For example, 

an in-frame deletion of 35 amino acid residues (Asn57-Gly91) in the N-terminal region, 

corresponding to exon-3 of the RYR2 gene, was identified in several unrelated families.  

This deletion was found to be associated with an expanding spectrum of phenotypes, 

including sinoatrial nodal dysfunction, atrial fibrillation, AV block, depressed left 

ventricular function, increased trabeculation, and DCM, in addition to CPVT269,270,347. 

Furthermore, a number of RyR2 N-terminal point mutations, including A77V, 

R176Q/T2504M, R420W, and L433P, have been associated with ARVD2 274,279-283,347. 

RyR2 mutations may also be associated with HCM 272. Although a definitive link 

between RyR2 mutations and a specific type of cardiomyopathy has not been firmly 

established due to the small number of RyR2-mutation carriers and their variable clinical 

phenotypes, an increasing body of evidence does suggest that defective RyR2 is 

associated not only with cardiac arrhythmias but also with cardiomyopathies.  

An important unresolved question is how mutations in RyR2 can lead to these 

different phenotypes. Since RyR2 mediates SR Ca2+ release, different RyR2 mutations 

may alter different aspects of SR Ca2+ release. One important aspect is the 
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initiation/activation of SR Ca2+ release. Mutations in RyR2 can cause cardiac arrhythmias 

by altering the activation of SR Ca2+ release. Our laboratory has recently demonstrated 

that a number of RyR2 mutations associated with CPVT reduce the threshold for 

spontaneous Ca2+ waves, also termed SOICR 151,251. A reduced SOICR threshold will 

increase the propensity for DADs and thus triggered arrhythmias. Therefore, abnormal 

activation of Ca2+ release due to inappropriate opening of RyR2 represents a common 

mechanism for RyR2-associated CPVT274. 

The mechanism for RyR2-associated cardiomyopathies remains unknown. In 

addition to activation, the termination of SR Ca2+ release is also thought to be critical in 

maintaining stable EC coupling and in controlling the cytosolic Ca2+ transients20,162,323,348. 

Interestingly, impaired cytosolic Ca2+ transients have been proposed to trigger cardiac 

remodeling 306,307, leading to cardiomyopathies 65,67,83. Thus, abnormal activation and 

termination of SR Ca2+ release could lead to impaired cytosolic Ca2+ transients and 

subsequently cardiomyopathies. It is, therefore, possible that RyR2 mutations associated 

with cardiomyopathies may alter the termination of Ca2+ release in addition to the change 

of activation threshold. To test this possibility, in the present study, we assessed the 

impact on Ca2+ release of a number of N-terminal RyR2 mutations mentioned above that 

are associated with cardiomyopathies. The DCM and ARVD2 linked mutations were 

found to slightly decrease the activation threshold but markedly reduce the termination 

threshold, and thus increase the fractional Ca2+ release. By contrast, the HCM associated 

mutation A1107M increased the termination threshold and reduced the fractional Ca2+ 

release. Our data demonstrate, for the first time, that the N-terminal region of RyR2 is an 
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important determinant of both activation and termination and that altered Ca2+ release 

termination is a common defect of RyR2 mutations associated with cardiomyopathies.  

 

6.2 Results 

6.2.1 The N-terminal region of RyR2 is an important determinant of Ca2+ release 

termination 

The N-terminal region of RyR2 contains more than 20 disease-causing mutations, 

some of which are associated with cardiomyopathies 274,347, but the functional attributes 

of this region are unclear. To gain insight into the role of the N-terminal region in Ca2+ 

release, we used a deletion approach in which we removed the first 305 N-terminal 

residues of RyR2 (Del-305) (Fig. 36A). Ca2+ release assays and immunoblotting analysis 

revealed that the Del-305 mutant was expressed in HEK293 cells and remained 

functional (Figs. 36B and C). Note that in Ca2+ release assays, the addition of ryanodine 

(100 μM) following the addition of caffeine (0.25 mM) caused a slow release of Ca2+. 

This is likely to be due to the binding of ryanodine to a small population of RyR2 

channels that have been activated by the low concentration of caffeine (0.25 mM) and 

consequently an increase in Po of these channels. The subsequent addition of 2.5 mM 

caffeine activated the remaining ryanodine-unmodified RyR2 channels and caused a large 

Ca2+ release. In the continuous presence of ryanodine, the caffeine-activated channels 

would be modified by ryanodine into a fully activated state, leading to a depletion of 

intracellular Ca2+ store. The released Ca2+ would be extruded from the cytosol into the 

extracellular space, resulting in a transient Ca2+ release. Subsequent additions of caffeine 

yielded little or no Ca2+ release. This is because the ryanodine-modified channels are 
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already in the fully activated state with little or no intracellular Ca2+ store. The sharp 

decreases in fluorescence intensity immediately after the addition of caffeine were due to 

fluorescence quenching by caffeine. Importantly, the pattern of caffeine- and ryanodine-

response of the Del-305 mutant is indistinguishable from that of the RyR2 WT (Fig. 36B). 

Thus, the deletion of the first 305 N-terminal residues of RyR2 does not abolish the 

expression or function of the channel.  

To determine whether the N-terminal deletion alters SOICR, HEK293 cell 

expressing WT and Del-305 were transfected with D1ER for detecting luminal Ca2+ 

dynamics. SOICR was observed in HEK293 cells expressing the RyR2 Del-305 mutant 

upon elevation of extracellular Ca2+ as in cells expressing the RyR2 WT (Fig. 37A,B). 

Importantly, the Del-305 mutant cells exhibited a marked reduction in the termination 

threshold (35% vs 57% in WT, P < 0.01) and a slightly lowered activation threshold 

(90% vs 94% in WT, P < 0.01) (Figs.37C and D). Thus, the N-terminal deletion exerted a 

greater impact on the termination than on the activation of Ca2+ release. As a result, the 

fractional Ca2+ release during SOICR (activation threshold – termination threshold) is 

significantly greater in the Del-305 cells (55%) than in the WT cells (36%) (P < 0.01) 

(Fig.37E). On the other hand, there were no significant differences in the store capacity 

between the WT and Del-305 mutant cells (Figs. 37F). Thus, these results suggest that 

the N-terminal region of RyR2 plays an important role in the termination of Ca2+ release.  

6.2.2 Deletion of Exon-3 in RyR2 reduces the threshold for Ca2+ release termination 

Give the important role of the N-terminal region of RyR2 in the termination of Ca2+ 

release, we assessed whether the deletion of exon-3 (Del-Exon-3) within the N-terminal 

region (Fig. 38A) that is associated not only with CPVT but also with conduction  
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Fig. 36 Construction and functional expression of an N-terminally truncated RyR2 

in HEK293 cells 

(A) Schematic liner structure of the N-terminal region of RyR2, depicting the three 

structural domains (A, B, and C) 129. The first 305 N-terminal residues covering the entire 

domain A and part of the domain B were removed to form the RyR2-Del-305 mutant. (B) 

HEK293 cells were transfected with RyR2 WT or the RyR2 deletion mutant, Del-305. 

Fluorescence intensity of the Fluo-3-loaded transfected cells was monitored continuously 

before and after the additions of caffeine or ryanodine. Traces shown are from 

representative experiments. Similar results were obtained from 3-4 separate experiments. 

(C) Immunoblotting of RyR2-WT and the Del-305 mutant from the same amount of cell 

lysates with the anti-RyR antibody (34c) (n=3). 
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Fig. 37 Effect of deleting the first 305 N-terminal residues of RyR2 on Ca2+ release 

activation and termination  

Stable, inducible HEK293 cell lines expressing RyR2 WT or RyR2-Del-305 were 

transfected with the FRET-based ER luminal Ca2+ sensing protein D1ER 48 h before 

single cell FRET imaging. The expression of RyR2 WT and Del-305 was induced 24 h 

before imaging. The cells were perfused with KRH buffer containing increasing levels of 

extracellular Ca2+ (0-2 mM) to induce SOICR, followed by the addition of 1.0 mM 

tetracaine to inhibit SOICR, and then 20 mM caffeine to deplete the ER Ca2+ stores. 

FRET recordings from representative RyR2 WT (A) and Del-305 (B) cells (113-139) are 

shown. The activation threshold (C), termination threshold (D), fractional Ca2+ release 

(E), store capacity (F) were determined as described in the legend to Fig. 6. Data shown 

are mean ± SEM (n = 7-9) (* P < 0.01; vs WT). 
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abnormalities and DCM 269,270,347 alters SOICR properties. Fig. 38 showed that the Del-

Exon-3 mutant formed a functional Ca2+ release channel in HEK293 cells (Fig. 38B) and 

was expressed at a level similar to that of WT (Fig. 38C). Note that the pattern of 

caffeine- and ryanodine-response of the Del-Exon-3 mutant is indistinguishable from that 

of the RyR2 WT (Figs. 36B and38B). The ER luminal Ca2+ dynamics in these Del-Exon-

3 mutant cells was then assessed. As seen in Fig. 39, the Del-Exon-3 mutant cells 

displayed a slightly lowered SOICR activation threshold (88% vs 94% in WT, P < 0.01) 

and a markedly reduced termination threshold (39% vs 57% in WT, P < 0.01) (Figs. 

39A-D). The fractional Ca2+ release in the Del-Exon-3 cells (49%) is significantly greater 

than that in the WT cells (36%) (P < 0.01) (Fig.39E). There were no significant 

differences in store capacity between WT and Del-Exon-3 cells (Figs. 39F). These results 

demonstrate that the DCM-associated exon-3 deletion in RyR2 reduces the threshold for 

Ca2+ release termination and increases the fractional Ca2+ release. 

6.2.3 Exon-3 deletion enhances the propensity for SOICR and the magnitude of Ca2+ 

transients  

A reduced threshold for Ca2+ release termination is expected to increase the 

magnitude of Ca2+ release into the cytosol. To directly test this, we monitored the 

cytosolic Ca2+ transients in HEK293 cells expressing RyR2 WT and the Del-Exon-3 

mutant using the cytosolic Ca2+ dye, Fura-2 AM. Fig. 40 shows that elevating 

extracellular Ca2+ induced SOICR in the form of cytosolic Ca2+ oscillations in both the 

WT (Fig. 40A) and Del-Exon-3 (Fig. 40B) cells. Importantly, the Del-Exon-3 mutant 

cells exhibited an enhanced propensity for SOICR (Fig. 40C). Furthermore, the Del-

Exon-3 cells displayed increased amplitude (127 ± 1.3% of WT, P < 0.05) (Fig. 40D) and  
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Fig. 38 Construction and functional expression of the RyR2 Exon-3 deletion mutant 

(A) Schematic linear structure of the N-terminal region of RyR2 WT and the RyR2 exon-

3 deletion mutant (Del-Exon-3). The amino acid sequence of exon-3 and its secondary 

structures are also shown. (B) HEK293 cells were transfected with Del-Exon-3. 

Fluorescence intensity of the Fluo-3-loaded transfected cells was monitored continuously 

before and after the additions of caffeine or ryanodine. The trace shown is from a 

representative experiment. Similar results were obtained from 3 separate experiments. (C) 

Immunoblotting of RyR2-WT and the Del-Exon-3 mutant from the same amount of cell 

lysates with the anti-RyR antibody (34c) (n=3). 
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Fig. 39 Disease-causing RyR2 mutation, Exon-3 deletion, reduces the threshold for 

Ca2+ release termination   

D1ER FRET signals were recorded in HEK293 cells expressing RyR2 WT (A) or the 

RyR2 exon-3 deletion mutant (Del-Exon-3) (B) using single cell FRET imaging. The 

activation threshold (C), termination threshold (D), fractional Ca2+ release (E), Fmax (F), 

Fmin (G), and store capacity (H) in RyR2 WT (139) and Del-Exon-3 (111) cells were 

determined as described in the legend to Fig. 6. Data shown are mean ± SEM (n = 6-9) (* 

P < 0.01; vs WT). 
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Fig. 40 Exon-3 deletion enhances the occurrence, amplitude and frequency of 

SOICR in HEK293 cells  

Stable, inducible HEK293 cells expressing RyR2 WT and the RyR2 exon-3 deletion 

mutant (Del-Exon-3) were loaded with 5 μM Fura-2 AM in KRH buffer. The cells were 

then perfused continuously with KRH buffer containing increasing levels of extracellular 

Ca2+ (0 - 2 mM) to induce SOICR. Fura-2 ratios of representative RyR2 WT (A) and Del-

Exon-3 (B) cells were recorded using single cell Ca2+ imaging. (C) The percentages of 

RyR2 WT (337) and Del-Exon-3 (443) cells that display Ca2+ oscillations at various 

extracellular Ca2+ concentrations. (D, E) The amplitude (D) and frequency (E) of SOICR 

in RyR2 WT and Del-Exon-3 cells was determined by measuring the averaged peak and 

frequency of Ca2+ oscillations at 2 mM extracellular Ca2+, and was normalized to that in 

the RyR2 WT cells (100%). Data shown are mean ± SEM (n = 8-9) (#P < 0.05; *P < 0.01; 

vs WT). 
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Fig. 41 Deletion of the first 305 N-terminal residues of RyR2 enhances the 

propensity for SOICR and the amplitude of Ca2+ release 

Stable, inducible HEK293 cells expressing RyR2 WT and the N-terminal deletion mutant 

(Del-305) were loaded with 5 μM Fura-2 AM in KRH buffer. The cells were then 

perfused continuously with KRH buffer containing increasing levels of extracellular Ca2+ 

(0 - 2 mM) to induce SOICR. Fura-2 ratios of representative RyR2-WT (A) and Del-305 

(B) cells were recorded using single cell Ca2+ imaging. (C) The percentages of RyR2 WT 

(318) and Del-305 (410) cells that display Ca2+ oscillations at various extracellular Ca2+ 

concentrations. (D, E) The amplitude (D) and frequency (E) of SOICR in RyR2 WT and 

Del-305 expressing HEK293 cells were determined by measuring the averaged peak 

amplitude and frequency of Ca2+ oscillations at 2 mM extracellular Ca2+, and normalized 

to that in the RyR2 WT cells (100%). Data shown are mean ± SEM (n = 7) (#P < 0.05; 

*P < 0.01 vs WT). 
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frequency (108 ± 2.2% of WT, P < 0.05) (Fig. 40E) of SOICR. Similarly, we found that 

the deletion of the first 305 N-terminal residues encompassing exon-3 also enhanced the 

occurrence and amplitude (164 ± 14% of WT, P < 0.01) of SOICR (Fig. 41). It should be 

noted that the store Ca2+ contents in RyR2 WT (100%), Del-Exon-3 (98 ± 1.0% of WT), 

and Del-305 (104 ± 3.9% of WT) cells are not significantly different.  

To investigate whether the Del-Exon-3 deletion exerts its effect on SOICR in the 

context of cardiac cells, we transfected the HL-1 cardiac cells, a mouse atrial cell line, 

with GFP-tagged RyR2 WT or GFP-tagged Del-Exon-3 mutant and monitored the 

cytosolic Ca2+ transients during SOICR (Figs. 42A,B). Similar to those observed in 

HEK293 cells, we found that the exon-3 deletion increased the occurrence (Fig. 42C), 

amplitude (193 ± 1.0% of WT, P < 0.01) (Fig. 42D), and frequency (133 ± 13% of WT, P 

= 0.06) (Fig. 42E) of SOICR. There was no significant difference in the store Ca2+ 

contents between the WT (100%) and Del-Exon-3 (104 ± 1.0% of WT) transfected HL-1 

cardiac cells. Taken together, these results demonstrate that the disease-causing exon-3 

deletion enhances the occurrence of SOICR by reducing the activation threshold, and 

increases the amplitude of Ca2+ transients by reducing the termination threshold. 

6.2.4 RyR2 N-terminal mutations associated with ARVD2 reduce the threshold for Ca2+ 

release termination 

A number of point mutations in the N-terminal region of RyR2 have been associated 

with ARVD2 cardiomyopathy274,279-283,347. To determine whether these N-terminal 

ARVD2-associated RyR2 mutations also affect Ca2+ release termination, we generated 

HEK293 cell lines that express the RyR2 mutations, A77V, R176Q/T2504M, R420W, 

and L433P, and determined their SOICR properties. As shown in Fig. 43, each of these  
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Fig. 42 Effect of RyR2 Exon-3 deletion on SOICR in mouse HL-1 cardiac cells 

Mouse HL-1 cardiac cells were transfected with a GFP-tagged RyR2 WT or a GFP-

tagged Del-Exon-3 mutant using the Nucleofection method (Amaxa). Transfected cells 

were loaded with 5 μM Fura-2 AM and were then perfused continuously with KRH 

buffer containing increasing levels of extracellular Ca2+ (0.3-5 mM). Fura-2 ratios of 

representative HL-1 cardiac cells expressing the GFP-tagged RyR2 WT (A) and the GFP-

tagged Del-Exon-3 mutant (B), identified based on their GFP fluorescence, were 

recorded using single cell Ca2+ imaging. (C) The percentages of GFP-tagged RyR2 WT 

(142) and GFP-tagged Del-Exon-3 (153) cells that display Ca2+ oscillations at various 

extracellular Ca2+ concentrations. (D, E) SOICR amplitude (D) and frequency (E) in 

RyR2 WT and Del-Exon-3 cells, normalized to that in the GFP-tagged RyR2 WT cells 

(100%). Data shown are mean ± SEM (n = 6-8) (#P < 0.05; *P < 0.01; vs WT). 
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RyR2 mutations reduced both the activation (Fig. 43A) and termination (Fig. 43B) 

thresholds for Ca2+ release. Each of these mutations also increased the fractional Ca2+ 

release due to a greater reduction in the termination threshold than in the activation 

threshold (Fig. 43C). Interestingly, CPVT mutations E189D and R4496C that are not 

associated with cardiomyopathy 250,349 reduced the activation and termination thresholds 

to a similar extent (Figs. 43A,B). As a result, the E189D mutation did not significantly 

alter the fractional Ca2+ release (Fig. 43C). There were no significant differences in store 

capacity between WT and mutant cells (Fig. 43D). Furthermore, these RyR2 N-terminal 

mutants were expressed in HEK293 cells at a level comparable to that of WT (Fig. 43E). 

Together, these observations show that increased fractional Ca2+ release due to reduced 

Ca2+ release termination is a common defect of ARVD2-associated RyR2 mutations.  

6.2.5 HCM-linked RyR2 mutation A1107M increases the threshold for Ca2+ release 

termination 

The human RyR2 mutation, T1107M, has been shown to be associated with HCM 

272. It is of interest to determine whether this mutation alters SOICR in a manner similar 

to those associated with DCM or ARVD2. To this end, we generated stable, inducible 

HEK293 cell line expressing the mouse RyR2 mutation A1107M, corresponding to the 

human HCM-associated RyR2 mutation, T1107M. Interestingly, the A1107M mutation 

significantly increased the termination threshold (61% vs 57% in WT, P < 0.05), but it 

did not significantly affect the activation threshold (Figs. 44A-C). This increase in the 

termination threshold but not in the activation threshold resulted in a significant reduction 

in the fractional Ca2+ release (32% vs 36% in WT, P < 0.01) (Fig.44D). There were no  
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Fig. 43 ARVD2-associted RyR2 N-terminal mutations decrease the termination 

threshold and increase the fractional Ca2+ release  

D1ER FRET imaging was performed in single HEK293 cells expressing the RyR2 WT, 

ARVD2-associated RyR2 mutations (A77V, R176Q/T2504M, R420W, and L433P), and 

the E189D and R4496C RyR2 mutation associated with CPVT-only. The activation 

threshold (A), termination threshold (B), fractional Ca2+ release (C) and the store capacity 

(D) in RyR2 WT (250) and mutant (87-110) cells were determined as described in the 

legend to Fig. 6. Data shown are mean ± SEM (n = 5-13) (*P < 0.01; vs WT). (E) 

Immunoblotting of RyR2 WT and RyR2 mutants from the same amount of cell lysate 

using the anti-RyR antibody (34c) (n = 3).  
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Fig. 44 HCM-associated RyR2 mutation A1107M increases the termination 

threshold and decreases the fractional Ca2+ release  

D1ER FRET signals were recorded in HEK293 cells expressing the RyR2 mutation 

A1107M (A) using single cell FRET imaging. The activation threshold (B), termination 

threshold (C), fractional Ca2+ release (D) and store capacity (E) in RyR2 WT (250) and 

the A1107M mutant (111) cells were determined as described in the legend to Fig. 6. 

Data shown are mean ± SEM (n = 7-13) (#P < 0.05; *P < 0.01; vs WT). (F) 

Immunoblotting of RyR2 WT and the A1107M mutant from the same amount of cell 

lysate using the anti-RyR antibody (34c) (n = 3).  
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significant differences in store capacity between the WT and A1107M mutant cells (Fig. 

44E). The expression level of the RyR2 WT and A1107M mutant was also similar 

(Fig.44F). Therefore, in contrast to the effect of RyR2 mutations associated with DCM 

and ARVD2, the A1107M mutation associated with HCM increases the threshold for 

Ca2+ release termination and decreases the fractional Ca2+ release.  

 

6.3 Summary 

Naturally occurring mutations in RyR2 have been associated with both cardiac 

arrhythmias and cardiomyopathies. While it has become clear that DAD resulting from 

abnormal activation of SR Ca2+ release is the primary cause of RyR2-associated cardiac 

arrhythmias, the mechanism underlying RyR2-associated cardiomyopathies is completely 

unknown. We aimed to investigate the role of the N-terminal region of RyR2 in and the 

impact of a number of cardiomyopathy-associated RyR2 mutations on the activation and 

termination of Ca2+ release.  

Single cell luminal Ca2+ imaging analysis revealed that the deletion of the first 305 

N-terminal resides encompassing exon-3 or the deletion of exon-3 in RyR2, which is 

associated with DCM, markedly reduced the luminal Ca2+ threshold at which Ca2+ release 

terminates and increased the fractional Ca2+ release. Single cell cytosolic Ca2+ imaging 

also showed that both RyR2 deletions enhanced the amplitude of store overload induced 

Ca2+ transients in HEK293 cells and HL-1 cardiac cells. Furthermore, the RyR2 N-

terminal mutations, A77V, R176Q/T2504M, R420W, and L433P, that are associated with 

ARVD2, also reduced the luminal Ca2+ threshold for Ca2+ release termination and 

increased the fractional Ca2+ release. Interestingly and in contrast, the RyR2 mutation 
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A1107M associated with HCM increased the luminal Ca2+ threshold for Ca2+ release 

termination and reduced the fractional Ca2+ release. In summary, cardiomyopathy-linked 

mutations in the N-terminal region of RyR2 all show altered termination threshold and 

fractional Ca2+ release. These results provide the first evidence that the N-terminal region 

of RyR2 is an important determinant of Ca2+ release termination, and that abnormal 

fractional Ca2+ release due to impaired Ca2+ release termination is a common defect for 

RyR2-associated cardiomyopathies. 
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7.1 Molecular determinants of Ca2+ release activation and termination in RyR2 

EC coupling is one of the most fascinating cellular processes in muscle physiology, 

whereby external electrical signals (excitation) are transmitted to chemical signals (Ca2+) 

and ultimately lead to muscle contraction 2,3,350. 

Investigations over the past half century have greatly advanced our understanding of 

the signal transduction pathway involved in EC coupling. The most important step in EC 

coupling is CICR via the RyR2 channel, which acts to amplify the Ca2+ signal. The ‘local 

control’ theory has been proposed to account for the initiation and gradation of CICR. In 

response to Ca2+ influx through L-type Ca2+ channel, graded CICR can be achieved by 

recruiting various numbers of Ca2+ release units (Ca2+ sparks) 28,31,33,34. For each release 

unit, one would expect that all of the stored Ca2+ would be released upon stimulation due 

to the regenerative nature of CICR. However, the SR Ca2+ store is only partially depleted 

during Ca2+ sparks or global Ca2+ transients. 39-42. Robust mechanisms that turn off the 

SR Ca2+ release are essential for stable EC coupling and muscle relaxation 20.  

7.1.1 Ca2+ release terminates at a fixed threshold of ER luminal Ca2+ in HEK293 cells 

Despite its pivotal role in muscle function, the molecular basis of Ca2+ release 

termination is largely unknown. Since growing evidence suggests that Ca2+ release 

termination is controlled by luminal Ca2+ dependent inactivation of RyR2 40-42,54-56, direct 

monitoring of luminal Ca2+ should provide us with useful information to help understand 

the mechanism of Ca2+ release termination. However, the luminal Ca2+ probes currently 

used, such as Fluo-5N, are ineffective for monitoring SR Ca2+ dynamics in mouse cardiac 

cells for some unknown reasons, although they can be used for studies in rat, rabbit and 

canine cardiac cells 42,53,322,323. In addition, difficulties in the introduction of the large 
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RyR2 cDNA (~15kb) to isolated cardiomyocytes have hampered the luminal Ca2+ studies. 

Here we established a system using D1ER, a FRET-based ER luminal Ca2+ sensing 

protein, to monitor the luminal Ca2+ dynamics in HEK293 cells. By directly monitoring 

the SR luminal Ca2+ level in rabbit cardiomyocytes, Zima et al. showed that spontaneous 

SR Ca2+ release terminates when the SR luminal Ca2+ level declines to a critical threshold 

(~60% of the SR Ca2+ content) 42. Interestingly, we found that spontaneous Ca2+ release 

due to Ca2+ overload (or SOICR) in HEK293 cells expressing RyR2 WT also terminates 

when the ER luminal Ca2+ level declines to ~57% of the ER store capacity (Fig. 6). These 

observations indicate that termination of Ca2+ release is not unique to cardiomyocytes, 

rather it reflects the intrinsic properties of RyR2. Thus, our HEK293 cell system is an 

effective and easy-to-use method to assess the molecular mechanism of Ca2+ release 

termination. Using this system, we have identified several molecular determinants of 

Ca2+ release activation and termination. 

7.1.2 Pore-forming region  

7.1.2.1 Luminal Ca2+ sensing residue E4872 is important for Ca2+ release termination 

Our laboratory has previously found that the helix bundle crossing of RyR2, which 

constitutes the ion gate of the channel, plays a primary role for luminal Ca2+ activation. 

Some negatively charged amino acids located at this helix bundle crossing were found to 

be involved in the formation of a luminal Ca2+ sensor. Among these residues, E4872 was 

proposed to be the major luminal Ca2+ sensing residue. A single mutation to alanine at 

E4872 abolished the luminal Ca2+ activation but not cytosolic Ca2+ activation. We also 

found that introducing metal-binding histidines at E4872 and its adjacent site converted 

RyR2 into a Ni2+-gated channel, indicating the pivotal role of the E4872 residue in 
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luminal Ca2+ sensing (unpublished data). Consistent with these observations, the present 

study shows that the E4872A mutation increases both the activation and termination 

thresholds for Ca2+ release (Fig.9). In other words, higher luminal Ca2+ concentrations are 

required to activate the E4872A mutant channel as compared to the WT channel. On the 

other hand, less luminal Ca2+ depletion is needed to inactivate the mutant channel and to 

terminate Ca2+ release. These new data suggest that the E4872A mutation reduces the 

binding affinity for luminal Ca2+, thus weakening the luminal Ca2+-dependent activation 

of Ca2+ release. It is possible that this reduced affinity for luminal Ca2+ binding may 

increase the rate of dissociation of luminal Ca2+ from the sensor during Ca2+ depletion, 

thus promoting luminal Ca2+-dependent inactivation of the channel and the termination of 

Ca2+ release. 

Previous studies also showed that introducing a negative charge next to residue 

E4872 (G4871E) was capable of restoring the missing luminal Ca2+ activation of the 

E4872A mutant channel. Consistent with this observation, this double mutation, 

G4871E/E4872A, not only rescued luminal Ca2+ activation, but also re-established the 

termination of Ca2+ release (Fig.10). Taken together, these results indicate that the E4872 

residue as a luminal Ca2+ binding site plays a crucial role in both luminal Ca2+ activation 

and termination.   

7.1.2.2 Mechanism of luminal Ca2+ dependent activation and termination of Ca2+ release 

A number of other mutations in the helix bundle crossing and TM10 have also been 

studied. Diverse patterns of changes in Ca2+ release induced by these mutations were 

observed. Some of these mutations including A4869G, Q4876A, F4870A, V4880A and 

K4881A lowered both the activation and termination thresholds for Ca2+ release (Fig. 11). 
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Other mutations including I4862A, G4864A, G4871R, E4882A and D4896A only 

affected the activation or the termination of Ca2+ release (Figs. 12&13). Interestingly, 

mutation of the negatively charged amino acid D4868 showed an increased threshold for 

Ca2+ release activation, but a decreased threshold for Ca2+ release termination (Fig. 14). 

These observations suggest that residues in the pore-forming region of RyR2 contribute 

diversely to Ca2+ release activation and termination. Residues E4872, D4868, A4869, 

Q4876, F4870, V4880 and K4881 control both the activation and termination of Ca2+ 

release. Residues I4862, G4864, G4871, E4882 and D4896 seem to be mainly involved 

in the regulation of one of these release phases. These studies provide novel information 

on critical residues in the pore-forming region that are critical for Ca2+ release activation 

and termination. 

Based on these observations, it could be proposed that the pathways for Ca2+ release 

termination and activation are distinct but overlap. In other words, the activation and 

termination of Ca2+ release take place in two different states of the channel: activation of 

Ca2+ release (channel opening) may result from the binding of Ca2+ to the luminal Ca2+ 

sensor in the closed state, whereas termination of Ca2+ release (channel closing) occurs 

when the bound Ca2+ dissociates from the luminal Ca2+ sensor in the open state. The 

luminal Ca2+ level required for the activation of Ca2+ release (Ca2+ binding to the closed 

state) is always higher than that required for the termination of Ca2+ release (Ca2+ 

unbinding from the open state), suggesting that the affinity of Ca2+ binding to the luminal 

Ca2+ sensor in the closed state is lower than that in the open state. 

A number of mutations in the pore-forming region affect either Ca2+ release 

activation or Ca2+ release termination or both. This indicates that residues in the pore 
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forming region involved in luminal Ca2+ activation and those involved in Ca2+ release 

termination are different. However, the exact mechanism by which they differentially 

contribute to the activation or termination of Ca2+ release is unknown. 3D structural 

modeling has revealed a close proximity of residues D4868, E4872 and R4874 in the 

channel pore. Furthermore, previous studies suggest that these residues are involved in 

the formation of salt bridges and play a role in stabilizing the closed state of the channel. 

Thus, one could imagine that mutations of residues D4868 and E4872 could affect the 

threshold for Ca2+ release activation. This is indeed the case. However, it is unclear why 

these salt-bridge forming residues, D4868 and E4872, contribute oppositely to the 

termination of Ca2+ release. Solving the crystal structures of the RyR2 pore in both the 

open and closed states would allow us to define the roles of each residue in the pore 

region in channel gating. 

7.1.3 Other regions in RyR2 critical for Ca2+ release activation and termination  

The activation and termination of Ca2+ release reflect the gating properties of the 

RyR2 channel. Specifically, the activation of Ca2+ release (channel opening) depends on 

the gating properties of the channel in the closed state, whereas the termination of Ca2+ 

release (channel closing) results from deactivation of the channel from the open state. 

Therefore, regions in RyR2 that could affect the channel gating properties are potentially 

involved in determining Ca2+ release activation and termination. It is clear that the pore-

forming region interacts with luminal Ca2+ to initiate the activation or termination of Ca2+ 

release. We also found that several other regions that undergo conformational changes 

during gating are crucial for Ca2+ release activation and termination. 
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7.1.3.1 N-terminal region of RyR2 

The 3D structure of the N-terminal region of RyR has recently been solved 128-130,352. 

This 3D structure reveals that the N-terminal region of RyR contains 3 domains that 

interact with each other to form the cytoplasmic vestibule at the center of the channel. 

Interestingly, most of the disease-causing RyR mutations are located in interfaces 

between the 3 N-terminal domains or between the N-terminal domains and other parts of 

the channel 129. Importantly, the cytoplasmic vestibule corresponding to the N-terminal 

region has been shown to undergo conformational changes during channel gating 136. 

Based on these observations, it has been proposed that the N-terminal region of RyR is 

allosterically coupled to the transmembrane pore region 352. Thus, mutations in the N-

terminal region may affect the gating of the channel and the properties of Ca2+ release by 

disrupting the allosteric coupling between the N-terminal domains and the channel pore 

region. Consistent with this prediction, we found that the N-terminal Del-305 deletion 

interrupted both the Ca2+ release activation and termination (Fig 37). Other disease-linked 

N-terminal mutations also affected the Ca2+ release properties to various levels (Fig. 39, 

43 and 44). 

7.1.3.2 CaMBD of RyR2 

Cross-linking studies revealed that disulfide bonds could be formed between 

subunits by treating RyR1 with oxidizing agents, and that the formation of these disulfide 

bonds was prevented by Ca2+-CaM or apoCaM 353,354, indicating that CaM may bind to a 

site of inter-subunit contact. 3D structural studies have shown that the CaMBD (amino 

acids 3614-3643 in RyR1; amino acids 3583-3603 in RyR2) is located midway between 

the clamp region and the transmembrane region107,207-209, suggesting its potential role in 
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cross-talk between the cytoplasmic domain and the channel gate. Therefore, CaMBD 

may also be involved in determining the channel gating properties. Consistently, we 

found that deletion or triple/single mutations in the CaMBD all reduced Ca2+ release 

termination, while one of these mutations also interrupted Ca2+ release activation (Fig 17, 

18 and19). 

In summary, the pore-forming region of RyR2, the primary region involved in 

luminal Ca2+-dependent activation and channel gating, also determines Ca2+ release 

termination. In addition, the N-terminal region and CaMBD are also important 

determinants of Ca2+ release activation and termination. 

 

7.2 RyR2 modulators in Ca2+ release activation and termination 

RyR2 has been found to interact with a number of modulators, such as CaM, 

FKBP12.6, and Ca2+. Impaired interactions of RyR2 with these modulators have been 

shown to cause or affect the development of cardiac disease as a result of altered SR Ca2+ 

release. However, it is unclear whether these RyR2-interacting proteins affect Ca2+ 

release primarily by modulating the activation or the termination aspect of Ca2+ release. 

7.2.1 CaM and CaMBD 

7.2.1.1 Ca2+-CaM facilitates Ca2+ release termination 

CaM has been found to reduce the Po of RyR2 activated either by cytosolic Ca2+ or 

luminal Ca2+. When the cytosolic Ca2+ decreased to less than 10 μM, more potent 

inhibition by CaM was observed at the single channel level. Based on these observations, 

it has been suggested that CaM may play a role in the termination of SR Ca2+ release by 

reducing the probability of channel reopening when the local cytosolic Ca2+ decreases to 
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less than 10 μM 49.  

The role of CaM in the termination of Ca2+ release has not been well established at 

the cellular level. To directly address this issue, the effect of CaM on luminal Ca2+ 

dynamics in HEK293 cells was characterized. Consistent with the proposed role of CaM 

in Ca2+ release termination, overexpression of CaM was found to enhance Ca2+ release 

termination (Fig. 16). It was also found that the inhibitory effect of CaM depends largely 

on its Ca2+ binding capability since the Ca2+-binding deficient mutant of CaM, CaM (1-4), 

was ineffective in hastening the termination of Ca2+ release (Fig. 16). This is consistent 

with the previous finding from other groups that RyR2 was unaffected by apoCaM 

49,199,200 but different from the observation from one group that apoCaM was also capable 

of inhibiting RyR2 201. On the other hand, substitution of the endogenous CaM with CaM 

(1-4) delayed Ca2+ release termination, indicating the role of endogenous Ca2+-CaM as an 

inhibitor of Ca2+ release. In future studies, it will be of interest to dissect which lobes (N- 

or C-lobes) of CaM are responsible for the CaM effect on Ca2+ release termination using 

CaM (1,2), in which the two Ca2+ binding sites in the N-lobe are mutated, and CaM (3,4), 

in which the two Ca2+ binding sites in the C-lobe of CaM are mutated. 

As CaM is known to be involved in a wide range of cellular processes 193, it is 

necessary to confirm that the effect of CaM on the termination of Ca2+ release is 

mediated by RyR2, but not by other processes triggered by overexpression of CaM or 

CaM (1-4). A CaMBD of RyR2 has been located at residues 3583-3603. Deletion of this 

CaMBD resulted in background [35S] CaM binding and impaired CaM inhibition of 

RyR2 in single channel measurements 200. Similarly, we found that CaM and CaM (1-4) 

failed to change the threshold for Ca2+ release termination in cells expressing the Del-
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3583-3603 mutant, which is incapable of binding CaM (Fig. 17). This result indicates that 

the inhibition of Ca2+ release by CaM is mediated by RyR2 but not by other secondary 

effects. Meanwhile, we found that Del-3583-3603 delayed the termination of Ca2+ release 

and generated a large fractional Ca2+ release as seen in RyR2 WT cells co-expressed with 

CaM (1-4), indicating that defective CaM binding leads to impaired Ca2+ release. These 

results consistently support the view that Ca2+-CaM is able to inhibit the activity of RyR2 

and thus strengthen Ca2+ release termination. 

It is also interesting to note that, in Meissner’s model of CaM-dependent inhibition 

of RyR2, substantial inhibition of RyR2 by CaM only occurs at low cytosolic Ca2+ 

concentrations. During diastole, CaM binds to RyR2 and stabilizes the channel in a 

closed state at 100nM cytosolic Ca2+. During the initial phase of Ca2+ release, RyR2 is 

not significantly affected by CaM in the presence of a high local cytosolic Ca2+ 

concentration. This is because that CaM can only take effect when the local cytosolic 

Ca2+ concentration has been reduced to a low level in the later phase of Ca2+ release. 

Accordingly, CaM mainly contributes to the termination of Ca2+ release as a late-stage 

inhibitor 49. By simultaneous recording of luminal Ca2+ and cytosolic Ca2+ during 

spontaneous Ca2+ release, Maxwell et al. show that the cytosolic Ca2+ is approaching its 

highest level when luminal Ca2+ reaches its minimal level 355. If Meissner’s theory were 

true, the termination threshold would not have been altered by CaM, because CaM would 

not inhibit the channel when the cytosolic Ca2+ is high. However, this is not the case. Our 

data clearly show that CaM affects the termination threshold. Overexpression of CaM 

WT was found to increase the termination threshold. Impaired CaM binding due to a 

CaM mutation or a RyR2 deletion resulted in markedly lowered termination threshold. 
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Thus, our data indicate that Ca2+-CaM facilitates Ca2+ release termination at an early 

stage of Ca2+ release when cytosolic Ca2+ concentrations are high.  

7.2.1.2 The CaMBD of RyR2 is important for channel function 

Homozygous knock-in mice harboring three key RyR2 mutations 

(W3587A/L3591D/F3603A) in the CaMBD showed hypertrophy and died at 9-16 days of 

age 50. Yamaguchi et al. attributed this severe phenotype solely to the impaired CaM 

inhibition of RyR2. However, the role of CaMBD itself in channel function has been 

overlooked. 

Previous studies of RyR1 have provided some clues that CaMBD itself may be 

important for channel function. A fragment of RyR1 (amino acids 4064-4210), the so 

called calmodulin-like domain (CaMLD) has been reported to interact with and activate 

the CaMBD 205,206,356. CaM binding to the CaMBD was suggested to interfere with the 

interaction between CaMBD and CaMLD, promoting channel closure. Moreover, the 

inter-domain contact between these two domains has been shown to be a ubiquitous 

regulatory target in RyR1, since multiple ligands such as 4-CmC, Ca2+ and Mg2+ were 

able to manipulate the interaction independent of CaM 206. These findings indicate that 

the interaction between CaMBD and CaMLD serves as a mechanism of ligand-dependent 

activation of the RyR1 channel. 

On the other hand, increased interaction between CaMBD and some other domains 

may stabilize the channel in the closed state and prevent hyperactivity of the channel. 

Ikemoto et al. have suggested that removal of the inter-domain interaction between N-

terminal and the central domain destabilizes the channel, thereby resulting in hyper-

sensitization of the channel 357,358. Similarly, if the interaction between the CaMBD and 
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some other domain is disrupted, the channel may increase its propensity to open. Indeed, 

addition of synthetic exogenous peptides corresponding to the CaMBD (3614-3643) 

increased the occurrence of spontaneous Ca2+ sparks in skeletal muscle. This could be 

due to interfered inter-subunit interactions or impaired CaM binding. However, a single 

mutation (L3624D) within this CaMBD peptide allowed CaM binding but did not 

increase the Ca2+ spark frequency. Apparently, the increased Ca2+ spark frequency is not 

due to the lack of endogenous CaM binding, because the L3624D peptide is still capable 

of binding CaM. Therefore, it is proposed that the CaMBD of RyR1 is a site of inter-

subunit contact within RyR1 that stabilizes the closed state of the channel 326.  

Similar to the interactions suggested for RyR1, we found that the CaMBD of RyR2 

may also be critical for channel function itself rather than only responsible for CaM 

binding. In HEK293 cells co-expressing RyR2-WT and CaM (1-4) and those co-

expressing RyR2-Del-3583-3603 and CaM (1-4), one would expect that the 

overexpression of CaM(1-4) mutant in these cells would suppress the effect of 

endogeneous CaM on RyR2-WT and RyR2-Del-3583-3603, and thus the termination of 

Ca2+ release to a similar extent, if the RyR2 mutation Del-3583-3603 only affects CaM 

binding. However, we found that cells co-expressing RyR2-Del-3583-3603 and CaM (1-4) 

mutant displayed a much lower termination threshold (33%) than cells co-expressing 

RyR2-WT and CaM (1-4) (49%), suggesting that this region plays an additional role in 

accelerating Ca2+ release termination (Figs. 16,17). Furthermore, Del-3583-3603 

completely eliminated [35S]CaM binding and abolished CaM inhibition of RyR2 in single 

channel studies, whereas the single mutation W3587A only partially removed CaM 

binding and inhibition of RyR2. At higher Ca2+ concentrations, W3587A even bound 
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CaM in a mode equivalent to WT 200. Surprisingly, W3587A was as effective as Del-

3583-3603 in weakening Ca2+ release termination (Figs. 17&18). This discrepancy could 

be explained by the direct allosteric impact of W3587A on the channel rather than on 

CaM binding. These observations strongly indicate that the CaMBD itself is key to the 

termination process. Finally, a single mutation F3603A in CaMBD was found to increase 

the activation threshold and reduce the termination threshold for Ca2+ release (Figs. 19). 

The increased activation threshold was not observed in Del-3583-3603 or other two 

single mutants. Besides, F3603 is not required for CaM binding and CaM inhibition of 

the RyR2 200. Therefore the altered Ca2+ release in this F3603A mutant is unlikely caused 

by defective binding of CaM. Instead, the mutation F3603A in the CaMBD may generate 

some unique structural changes that affect channel activation, indicating that the CaMBD 

is also crucial for Ca2+ release activation. Taken together, the CaMBD of RyR2 plays an 

important role in both Ca2+ release activation and termination.  

The exact mechanism by which the RyR2 channel is regulated by the CaMBD is 

unknown. Similar to those observed in RyR1, it is possible that the CaMBD of RyR2 and 

its adjacent domains form a complex that regulates the channel function. Mutations in the 

CaMBD may alter the interaction between the CaMBD and its binding partners, causing 

distinct functional consequences. Future studies are required to identify the binding 

partners of CaMBD in RyR2 that cooperatively modulate the function of the 

channel.  Since the CaMLD of RyR1 has been identified as the interacting-domain of the 

CaMBD, the corresponding region (amino acids 4020–4166) of RyR2 may be a potential 

candidate for interacting with CaMBD of RyR2. 
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7.2.2 FKBP12.6 accelerates Ca2+ release termination 

FKBP12.6 is tightly associated with the RyR2 channel and considered to be a major 

regulator of RyR2, but the precise role of FKBP12.6 in modulating RyR2 function is 

complex and controversial. On one hand, Andrew Marks’s group has shown that 

dissociation of FKBP12.6 from RyR2 increases the sensitivity of the channel to cytosolic 

Ca2+ activation and induces subconductance states, and that FKBP12.6 knock-out mice 

display enhanced propensity for stress-induced ventricular arrhythmias 174,359,360. On the 

other hand, others, including us, have shown that the removal of FKBP12.6 does not alter 

the conductance and activation of the RyR2 channel or the susceptibility to stress-induced 

ventricular arrhythmias 176-178,217,218. Nevertheless, considering that FKBP12.6 is a 

physiological protein tightly bound to RyR2, it is reasonable to propose that FKBP12.6 

would play some important role in the channel function. 

In order to study the role of FKBP12.6 in Ca2+ release, HEK293 cells were 

transfected with or without FKBP12.6 and luminal Ca2+ dynamics were compared in 

these cells. Consistent with our previous finding that FKBP12.6 did not alter the 

propensity for spontaneous Ca2+ release (or SOICR), FKBP12.6 did not modify the 

SOICR activation threshold (Fig. 20). On the other hand, it inhibited the channel by 

increasing the termination threshold and therefore shortened the fractional Ca2+ release 

(Fig. 20). This finding explains why no excise induced arrhythmia was detected 

in FKBP12.6 null mice, because FKBP12.6 does not target the activation threshold for 

SOICR, decrease of which will lead to the symptom of CPVT. Meanwhile, it also 

predicts that mice lacking of FKBP12.6 will display impaired Ca2+ release because of 

altered Ca2+ release termination. Indeed, impaired Ca2+ release has been observed in 
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FKBP12.6 null mice 329,361. Considering the controversy surrounding the functional role 

of FKBP12.6, our findings are novel and exciting, as they point out, for the first time, that 

FKBP12.6 regulates RyR2 activity and Ca2+ release by modulating the termination of 

Ca2+ release, rather than the cytosolic Ca2+ activation or conduction of the RyR2 channel 

as previously believed. 

While the CaM binding site has been located to residues K3583-F3603 in RyR2, the 

binding sites for FKBP12.6 are still controversial 123,174,221-223. Multiple regions in the 

primary sequence of RyR2 have been suggested to contribute to the binding of FKBP12.6. 

Current conformational studies also suggest an adjacent binding location between CaM 

and FKBP12.6 207,209,224,225. CaM and FKBP12.6 appear to come in direct contact with 

domain 3 (handle domain) of RyR2 209,226. In line with these structural studies, both CaM 

and FKBP12.6 were found to increase the termination threshold without affecting the 

activation threshold (Fig.16,20), suggesting that the region of RyR2 that interacts with 

CaM and FKBP12.6 is important for Ca2+ release termination.  

7.2.3 Cytosolic Ca2+ sensitizes Ca2+ release activation and delays Ca2+ release 

termination 

Cytosolic Ca2+ is known to be the primary activator of CICR. Ca2+ influx through 

the L-type Ca2+ channels is capable of activating the RyR2 channels to generate a large 

Ca2+ release from the SR. While low levels of cytosolic Ca2+ (100 nM-10 µM) sensitize 

the channel, high concentrations (>1 mM) of cytosolic Ca2+ inhibit the channel. Based on 

this inhibitory effect of cytosolic Ca2+, an early study has suggested that it is the highly 

elevated cytosolic Ca2+ during systole that inactivates the RyR2 channel and thus 

terminates SR Ca2+ release 48. To date, no direct experimental evidence has been 
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provided to support this hypothesis, and whether cytosolic Ca2+ can reach such high 

concentrations (>1 mM) to block the channel under physiological condition is unclear. 

On the other hand, low concentrations of Ca2+ are known to activate the RyR2 channel, 

but, its effect on Ca2+ release termination has not been investigated. 

To address these issues, HEK293 cells were permeabilized and spontaneous Ca2+ 

release upon elevated cytosolic Ca2+ (50 to 200 nM) was monitored. In these 

permeabilized cells, the released Ca2+ was rapidly removed by perfusion and buffered by 

EGTA. Thus, the cytosolic Ca2+ should remain relatively constant (50 or 200 nM). If high 

concentrations of cytosolic Ca2+ play a primary role in Ca2+ release termination, RyR2 

channels would lose the ability to terminate and the Ca2+ stores would be depleted under 

the current conditions. However, at a given cytosolic Ca2+ concentration, Ca2+ release still 

terminated at a fixed luminal Ca2+ level similar to that observed in intact HEK293 cells, 

indicating that termination of Ca2+ release is unlikely due to elevated cytosolic Ca2+. On 

the other hand, physiological levels of cytosolic Ca2+ were found to activate the channel, 

as expected, and, more interestingly, weaken the termination of Ca2+ release (Fig 20). 

These data suggest that cytosolic Ca2+ itself inhibits rather than accelerates Ca2+ release 

termination. 

7.2.4 CaMKII lowers the SOICR activation threshold 

CaMKII is a central signaling molecule responsible for the pathogenesis of various 

heart diseases 362. The expression and activities of CaMKII are increased in both failing 

human heart 363,364 and animal models of hypertrophy and heart failure 186,365,366. Down 

regulation of CaMKII improves cardiac function and protects the heart from hypertrophy 

or heart failure 330-333. CaMKIIδc is the major cytosolic isoform that phosphorylates 
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multiple ion channels including RyR2 in cardiomyocytes308. Despite years of studies, the 

functional consequences of RyR2 phosphorylation by CaMKII remain controversial. 

Single channel, [3H]ryanodine binding and cellular studies suggest that CaMKII 

phosphorylation either increases 173,186-188 or decreases 189,190 the sensitivity of the RyR2 

channel to Ca2+ activation. 

To clarify the apparent discrepancy, we investigated the effect of CaMKII on Ca2+ 

release activation and termination. It was found that HEK293 cells transfected with 

CaMKII displayed a dramatically enhanced SOICR propensity by reducing the Ca2+ 

release activation threshold. Meanwhile, the termination threshold was unaltered in these 

cells (Fig 21). However, the reduced SOICR threshold may not be entirely due to 

enhanced RyR2 phosphorylation by CaMKII. Hyperphosphorylation by CaMKII could 

activate multiple pathways and induce transcriptions of various genes 367. These changes 

in cells may lead to secondary effects such as oxidative stress that modify RyR2 and alter 

spontaneous Ca2+ release. Interestingly, regardless of what directly modified the RyR2 

channel, changes induced by CaMKII did not alter the termination of Ca2+ release. 

Further studies are required to identify the direct role of CaMKII phosphorylation in 

regulating RyR2. S2815 in human RyR2 (corresponding to S2814 in mouse RyR2) has 

been suggested as the CaMKII phosphorylation site 187. It will be of interest to study the 

luminal Ca2+ dynamics in HEK293 cells expressing S2814D which mimics CaMKII 

phosphorylation, or S2814A which abolishes CaMKII phosphorylation of RyR2. If 

CaMKII indeed activates the channel and does not influence the termination of Ca2+ 

release, one would expect to observe a decreased SOICR activation threshold in HEK293 
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cells expressing S2814D and an increased SOICR threshold in cells expressing S2814A. 

Termination thresholds in both cell lines would not be affected. 

 

7.3 Ligand dependent conformational changes in the clamp region of RyR2 

RyR2 is a gigantic ion channel functionally regulated by a number of ligands. It has 

long been appreciated that global conformational changes observed in the clamp region 

(close to the CaMBD), N-terminal region and the transmembrane domain are involved in 

the gating and regulation of the RyR channel 131-136. Abnormal conformational changes in 

RyR are also believed to underlie a common cause of RyR-associated diseases 

125,129,135,368. However, the molecular basis of conformational changes in RyR remains 

incompletely understood.  

In the present study, we built a FRET-based probe to assess the conformational 

changes in the corner region of the large square-shaped cytoplasmic assembly (clamp 

region) of the 3D architecture of RyR2. Using this novel conformation sensor, we 

demonstrate, for the first time, that ligand-induced Ca2+ release via activation of RyR2 is 

not always correlated with conformational changes in the clamp region, suggesting the 

existence of multiple mechanisms of RyR2 activation associated with unique 

conformational changes.  

7.3.1 Multiple ligand-dependent RyR2 open states 

Substantial structural rearrangements in the clamp region of the 3D architecture of 

RyR occur upon channel activation by an ATP analogue, AMP-PCP, or ryanodine in the 

presence of high concentrations of Ca2+ (100 µM) 133,134,341. Interestingly, Ca2+ alone did 

not appear to cause significant conformational changes in the clamp region 134. Consistent 
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with these cryo-EM findings, we also detected conformational changes in the clamp 

region induced by ATP and ryanodine but not by Ca2+ alone using our novel FRET-based 

conformation probe, confirming the utility and sensitivity of our FRET approach. 

However, the reason for the different effect of Ca2+ is unclear. It was suggested that the 

3D reconstruction of RyR in the presence of Ca2+ alone represents the average of a 

channel population with both the open and closed states as Ca2+ alone only transiently 

activates the channel. On the other hand, the reconstruction of RyR in the presence of 

AMP-PCP/Ca2+ or ryanodine/Ca2+ represents mainly the open state as these ligands fully 

activated the channel. Although Ca2+ alone produced little conformational change in the 

clamp region, it induced structural rearrangements in the transmembrane domain of RyR 

to an extent similar to that observed with AMP-PCP/Ca2+ 134. Thus, these observations 

raise the possibility that conformational changes in the clamp region may be ligand 

dependent.  

Recently, a higher resolution (~10 Å) 3D reconstruction of RyR has been obtained 

in the presence of a potent RyR agonist, PCB 95 together with Ca2+ (50 µM) and 

FKBP12.6 136. Substantial differences in the clamp and central regions in the cytoplasmic 

assembly and in the transmembrane domain of RyR were noticed when comparing the 

3D reconstruction in the presence of PCB 95/Ca2+ with intermediate resolution (~30 Å) 

3D reconstruction in the presence of AMP-PCP/Ca2+ or ryanodine/Ca2+ 133,134. These 

differences were thought to be due to the low resolution of the early 3D reconstructions. 

Alternatively, it is possible that PCB 95/Ca2+/FKBP12.6 may induce different 

conformational changes in RyR compared to AMP-PCP/Ca2+ or ryanodine/Ca2+. 
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To further assess the ligand dependence of conformational changes in the clamp 

region, we used our FRET probe to monitor the conformational changes in the clamp 

region of RyR upon binding to various ligands. These ligand-induced conformational 

changes were then correlated with the functional state of the channel in the presence of 

the same ligand. We found that caffeine, aminophylline, theophylline, ATP, and 

ryanodine induced conformational changes in the clamp region and concomitant Ca2+ 

release, whereas Ca2+ and 4-CmC induced Ca2+ release in a manner compatible to that 

induced by caffeine and ATP, but caused no detectable conformational changes in the 

clamp region (Fig 29-34). Thus, in a manner different from caffeine, ATP, and ryanodine, 

Ca2+ and 4-CmC activate RyR and Ca2+ release without inducing significant 

conformational changes in the clamp region.  

Using a different FRET probe designed to monitor the conformational changes 

between the N-terminal domain and the central disease mutation hotspot of RyR2, we 

have previously shown that caffeine increased the FRET signal, while ATP and 4-CmC 

reduced it 342. On the other hand, in the present study, we found that both caffeine and 

ATP decreased the FRET signal of the clamp FRET probe, while 4-CmC showed no 

effect. These studies using two different FRET probes indicate that the conformational 

changes induced by caffeine, ATP or 4-CmC are different. Taken together, our current 

FRET analysis and previous cryo-EM reconstructions demonstrate that conformational 

changes in RyR are ligand-dependent, and suggest that different ligands may activate the 

RyR channel via different mechanisms with distinct conformational changes.  
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7.3.2 Functional and structural impact of ryanodine on RyR 

It is widely believed that ryanodine locks the RyR channel into an open, 

subconductance state, and that the ryanodine-modified channel is insensitive to further 

modulation by other channel ligands 230,335,336,344. In contrast, it has been shown that 

ryanodine increases the sensitivity of single RyR2 channels to cytosolic Ca2+ activation 

by ~1,000-fold, and that single ryanodine-modified RyR2 channels remain sensitive to 

modulation by channel modulators such as Mg2+ and caffeine 369,370. Thus, functionally, 

ryanodine does not lock the RyR channel into an open state. Instead, ryanodine 

dramatically sensitizes the channel to cytosolic Ca2+ activation. However, it is unclear 

whether, structurally, ryanodine locks the channel in a fixed conformational state. To 

address this question, we monitored the impact of caffeine on conformational changes in 

the clamp region of RyR2 before and after ryanodine modification. We found that 

ryanodine, upon binding, kept the channel open and induced conformational changes in 

the clamp region, which is consistent with the structural rearrangements in the 3D 

architecture of ryanodine-modified RyR observed by cryo-EM 133. Importantly, we found 

that caffeine still induced further conformational changes in the clamp region of 

ryanodine-modified RyR2 channels. These data indicate that although ryanodine may 

keep the channel fully open by markedly sensitizing it to Ca2+ activation, it does not lock 

the receptor’s conformation into a fixed state.  

 

7.4 Impaired Ca2+ release in the genesis of cardiomyopathies 

Mutations in RyR2 have been associated with stress-induced ventricular 

tachycardias and cardiomyopathies. Extensive investigations over the past decade have 
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demonstrated that spontaneous Ca2+ wave (or SOICR)-evoked DADs are the major cause 

of RyR2-associated CPVT 265,274,371. We and others have shown that CPVT RyR2 

mutations reduce the activation threshold for SOICR 151,250,251,275-278. This reduced SOICR 

activation threshold will increase the likelihood of diastolic activation of SR Ca2+ release 

under conditions of SR Ca2+ overload, and thus the propensity for SOICR-evoked DADs 

and triggered arrhythmias 346,372-377. However, how RyR2 mutations lead to 

cardiomyopathies in addition to CPVT remains unclear.  

7.4.1 Sarcomeric proteins and cardiomyopathies 

Cardiomyopathies are generally associated with mutations in sarcomeric proteins. 

Most disease-associated sarcomeric mutations have been shown to alter the sensitivity of 

myofilaments to Ca2+ 65,67,68,378. Since myofilaments represent a major pool of Ca2+ 

binding sites, changes in the Ca2+ sensitivity of myofilaments will alter their responses to 

Ca2+ release, which will, in turn, change the systolic Ca2+ transients. Sarcomeric 

mutations associated with HCM tend to increase the myofilament Ca2+ sensitivity and 

reduce systolic Ca2+ transients, whereas those associated with DCM tend to decrease the 

myofilament Ca2+ sensitivity and increase systolic Ca2+ transients 65-69. Impaired systolic 

Ca2+ transients as a result of altered myofilament Ca2+ sensitivity has been proposed to 

trigger cardiac remodeling via Ca2+/CaM dependent signaling pathways, such as the 

calcineurin/NFAT pathway 306,307 or to stimulate apoptotic signaling 309, leading to HCM 

or DCM 306-309.  

7.4.2 RyR2 and cardiomyopathies 

Zima et al. have shown that both spontaneous (diastolic) and stimulated (systolic) 

SR Ca2+ release in cardiomyocytes terminate at the same SR Ca2+ threshold 42, suggesting 
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that the same mechanism governs the termination of systolic and diastolic Ca2+ release. In 

the present study, we have shown that cardiomyopathy-associated RyR2 mutations alter 

the termination of SOICR or diastolic Ca2+ release. Based on the findings of Zima et al., 

it is likely that these RyR2 mutations will also alter the termination of systolic Ca2+ 

release. Altering the termination threshold for Ca2+ release will affect the fractional Ca2+ 

release and thus the cytosolic Ca2+ transients. For example, a reduced termination 

threshold would delay the termination of Ca2+ release and increase the cytosolic Ca2+ 

transients, whereas an increased termination threshold would cause premature 

termination of Ca2+ release and decrease the cytosolic Ca2+ transients. In line with this 

view, we found that a DCM-associated RyR2 mutation exon-3 deletion reduces the 

termination threshold and increase the fractional Ca2+ release (Fig. 39, 40 and 42). On the 

other hand, an HCM-associated RyR2 mutation A1107M increases the termination 

threshold and decreases the fractional Ca2+ release (Fig. 44). These changes in fractional 

Ca2+ release would lead to altered cytosolic Ca2+ transients, an effect similar to that of the 

DCM- or HCM-associated sarcomeric mutations.  

It is important to note that the fractional Ca2+ release (activation threshold- 

termination threshold) depends not only on the termination threshold but also on the 

activation threshold for Ca2+ release. Unlike the cardiomyopathy-associated RyR2 

mutations, CPVT-only RyR2 mutations, E189D and R4496C, reduce the activation and 

termination thresholds to a similar extent, resulting in no significant changes in the 

fractional Ca2+ release (Fig. 43). Therefore, our data suggest that abnormal fractional 

Ca2+ release as a result of impaired Ca2+ release termination may underlie RyR2-

associated cardiomyopathies. 



 

 

216

Interestingly, a number of identified cardiomyopathy-associated RyR2 mutations are 

clustered in the N-terminal region of RyR2. The pore forming region, N-terminal region 

and the CaMBD of RyR2 are all recognized as the major determinants of Ca2+ release 

activation and termination in the present study. It is likely that additional 

cardiomyopathy-linked mutations will be identified in the other two key regions of RyR2 

in the near future. 

7.4.3 Mechanisms underlying cardiomyopathies 

Apparently, cardiomyopathies induced by both sarcomere mutations and RyR 

mutations are all associated with changes in Ca2+ homeostasis. Increased myofilament 

Ca2+ sensitivity slows the decay of Ca2+ transients, whereas decreased myofilament Ca2+ 

sensitivity hastens the decay of Ca2+ transients 65-69. Similarly, some RyR2 mutations are 

able to delay Ca2+ release termination and prolong the decay of Ca2+ transients, whereas 

some other mutations result in premature termination and enhanced decay of Ca2+ 

transients.  

Other factors that impair cytosolic Ca2+ homeostasis are also involved in the genesis 

of cardiomyopathies. In the present study, we found that impaired regulation of RyR2 by 

FKBP12.6 and CaM altered Ca2+ release termination and thus the fractional Ca2+ release. 

Consistently, both FKBP12.6 null mice and CaM binding deficient mice with prolonged 

SR Ca2+ release displayed moderate to severe cardiomyopathies 50,329. On the other hand, 

enhanced SERCA inhibition caused by a PLB mutation has been shown to delay the SR 

Ca2+ uptake and thus slow the decay of Ca2+ transients. Transgenic mice carrying this 

PLB mutation showed DCM 304.  

Taken together, cardiomyopathies induced by various factors may share a similar 
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underlying mechanism. That is, these factors all generate abnormal Ca2+ homeostasis, 

which can lead to cardiomyopathy-linked gene reprogramming, causing changes in cell 

size, sarcomeric reorganization and gene expression 379. 

7.4.4 Impaired Ca2+ release termination is a common target of cardiac disease 

Impaired Ca2+ release activation has been recognized as the cause of cardiac 

arrhythmias, such as CPVT. Similarly, Ca2+ release termination may also play an equally 

important role in the genesis of disease. Here we found that the DCM-associated RyR2 

exon-3 deletion and the ARVD2-associated RyR2 N-terminal mutations, A77V, 

R176Q/T2504M, R420W, and L433P, reduce the threshold for Ca2+ release termination, 

whereas an HCM-associated RyR2 mutation, A1107M, increases the termination 

threshold (Fig. 39, 43 and 44). These data demonstrate, for the first time, that RyR2 

mutations associated with cardiomyopathies impair the termination of Ca2+ release.  

The importance of Ca2+ release termination in cardiac physiology and 

pathophysiology has increasingly been recognized 20,162,348. Reduced threshold for Ca2+ 

release termination has been shown in heart failure 323,380. Moreover, aberrant Ca2+ 

release termination also contributes to CPVT. It is well known that both the magnitude 

and the rate of spontaneous Ca2+ release events are important for triggering 

arrhythmogenic DADs 381. It has been estimated that a total release of 50-70% SR Ca2+ 

content is required to produce DADs with amplitudes that are sufficient to induce 

triggered activities. A reduction in the termination threshold for SOICR would lead to an 

increase in the fractional Ca2+ release and thus the amplitude of Ca2+ waves during SR 

Ca2+ overload. The increased amplitude of Ca2+ waves would, in turn, produce more 

robust DADs, and enhance the propensity for triggered activities. Thus, the reduced 
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termination threshold for SOICR of the DCM- and ARVD2-associated RyR2 mutations 

combined with their lowered activation threshold may explain their enhanced 

susceptibility to CPVT. 

In summary, these observations suggest that impaired Ca2+ release termination may 

be a common defect associated with cardiomyopathies and other cardiac abnormalities. 

 

7.5 Perspectives and future studies 

7.5.1 Investigating the role of other RyR2 modulators in Ca2+ release activation and 

termination 

In the present study, we defined three novel determinants of Ca2+ release activation 

and termination in RyR2 and investigated the role of FKBP12.6, CaM, CaMKII and 

cytosolic Ca2+ in Ca2+ release activation and termination. As an important Ca2+ release 

governor, RyR2 interacts with a large array of other channel modulators. These 

physiological modulators, such as triadin, junction, PKA, ATP and Mg2+ are also 

critically involved in RyR2 channel regulation 137,138. Dysregulation by these modulators 

can lead to various cardiac diseases 181,382-384. It will be interesting to know how these 

modulators alter Ca2+ release activation and termination as well as fractional Ca2+ release. 

7.5.2 Generation of domain-specific FRET probes for studying conformational 

changes in RyR 

Cryo-EM and 3D reconstructions have provided important information on the 

structural domains or regions that undergo conformational changes in RyR upon ligand 

binding. However, due to the relatively low resolutions of current 3D reconstructions, the 

amino acid sequences that are involved in ligand-induced conformational changes in RyR 
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have yet to be determined. Furthermore, little is known about the dynamics, ligand 

dependence, or functional correlations of these conformational changes. An alternative 

approach to studying conformational changes is the use of domain specific FRET-based 

probes. Using GFP as a structural marker, we have previously mapped a number of 

specific sites or sequences onto the 3D structure of RyR 123,124,126,182,315,316. The docking 

of crystal structures of RyR fragments into the cryo-EM density map of RyR has also led 

to the sequence assignment of some specific domains 125,128,129,158,368. These sequence-

structure correlations allow us to design and build FRET-based probes in specific 

domains or regions of the RyR structure. Using this approach, we have previously 

constructed a FRET probe for monitoring the conformational dynamics involving the N-

terminal and central regions of RyR2 342. In the present study, we built a FRET probe for 

studying the ligand dependence and functional correlation of the conformational 

dynamics in the clamp region. Hence, domain specific FRET probes are an effective 

approach to monitoring conformational changes in RyR. The generation of a network of 

domain-specific FRET probes should allow us to systematically and comprehensively 

study the conformational dynamics and ligand gating mechanisms of RyR. 

7.5.3 Generation of knock-in mouse models for cardiomyopathies and development of 

a novel luminal Ca2+ sensing probe targeting mouse SR 

The results of our studies in HEK293 cells demonstrate that cardiomyopathy-

associated RyR2 mutations alter the activation and termination of Ca2+ release. Since 

HEK293 cells lack many cardiac-specific proteins, whether the impact on Ca2+ release of 

cardiomyopathy-associated RyR2 mutations observed in HEK293 cells will manifest in 

cardiac cells has yet to be confirmed. Knock-in mice harboring the cardiomyopathy-
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associated RyR2 mutations are good models for studying the impact of mutations on Ca2+ 

release termination in native cardiomyocytes. RyR2 mutations have been associated with 

three distinct types of cardiomyopathies: DCM, HCM, and ARVD2. We have shown that 

DCM and ARVD2-associated RyR2 mutations delay Ca2+ release termination and 

increase the fractional Ca2+ release, whereas an HCM-associated mutation enhances the 

termination of Ca2+ release and decrease the fractional Ca2+ release. To further 

understand the molecular and cellular basis of each of these three types of RyR2-

associated cardiomyopathies, it will be useful to have three different knock-in mouse 

models harboring the A1107M, the Exon-3 deletion or the R420W mutation, associated 

with HCM, DCM or ARVD2, respectively. 

To directly assess the luminal Ca2+ thresholds at which Ca2+ release occurs and at 

which Ca2+ release terminates, it is important and necessary to monitor the SR luminal 

Ca2+ level in cardiomyocytes of these knock-in mice. However, there are currently no 

reliable luminal Ca2+ sensing probes that can be loaded into mouse cardiomyocytes. We 

have successfully used the luminal Ca2+ sensing protein D1ER to monitor the luminal 

Ca2+ dynamics in HEK293 cells. A novel probe targeting the SR could be generated by 

replacing the calreticulin signal peptide sequence and the KDEL ER retention signal 

sequence in the original D1ER construct with the SR-targeted CASQ2 sequence. Then 

the SR-targeted luminal Ca2+ sensing protein (D1SR) could be expressed in mouse 

cardiomyocytes via adenovirus-mediated in vivo gene delivery technique and used for 

monitoring luminal Ca2+ dynamics. Studying the luminal Ca2+ dynamics in these mouse 

models will likely provide novel insights into the mechanism of Ca2+ release termination 

and its role in the pathogenesis of cardiomyopathies. 
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7.5.4 Ca2+ release termination as a therapeutic drug target 

Given the crucial role of Ca2+ release termination in the pathogenesis of cardiac 

diseases and its modulation by a number of factors and mutations, the termination of Ca2+ 

release represents a novel and promising therapeutic target for the treatment of 

cardiomyopathies and other diseases. For patients with increased termination threshold 

and reduced fractional SR Ca2+ release, drugs that lower the termination threshold and 

promote Ca2+ release would be beneficial. For patients with decreased termination 

threshold and increased fractional SR Ca2+ release, drugs that increase the termination 

threshold and suppress Ca2+ release would be effective. Our HEK293 cells provide a 

simple and effective system for testing the effect of potential therapeutic compounds on 

Ca2+ release termination. 

On the other hand, under- or over-correction of Ca2+ release termination could be 

problematic. A number of anti-arrhythmic drugs have been shown to suppress the 

activation of Ca2+ release and thus lower the chance for abnormal spontaneous Ca2+ 

release and DADs. These drugs would benefit patients with reduced activation threshold 

385. However, the effect of these compounds on Ca2+ release termination has yet to be 

studied. These compounds may also alter Ca2+ release termination and the fractional Ca2+ 

release. Long-term changes in fractional Ca2+ release may alter cytosolic Ca2+ 

homoeostasis, which may, in turn, cause cardiomyopathies. Thus, the effect of anti-

arrhythmic drugs on Ca2+ release termination and fractional Ca2+ release, in addition to 

Ca2+ release activation, should be carefully studied to ensure their proper use. 
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7.6 Summary 

In conclusion, we demonstrate for the first time that termination of Ca2+ release is 

controlled by RyR2 itself and regulated by RyR2 modulators, and that altered Ca2+ 

release termination is associated with cardiomyopathies.  

We have identified three novel molecular determinants of Ca2+ release activation 

and termination in RyR2, including the pore-forming region, the N-terminal region and 

the CaMBD. RyR2 mutations in these key regions and some modulators were found to 

modify the activation threshold or the termination threshold or both, indicating that Ca2+ 

release termination, in addition to activation, is an important regulatory target. We also 

demonstrate that multiple conformational changes in the clamp region of RyR2 occur 

upon activation by different ligands. Therefore, multiple open states of the channel may 

exist and provide the structural basis for multiple activation and termination pathways. 

Enhanced Ca2+ release activation has been recognized as a common defect of RyR2 

mutations associated with CPVT, but why patients harboring some of these CPVT 

mutations also display cardiomyopathies is unknown. Here we found that these mutations 

altered fractional Ca2+ release as a result of reduced or enhanced Ca2+ release termination, 

whereas CPVT-only mutations rarely changed the fractional Ca2+ release, indicating that 

abnormal fractional Ca2+ release due to impaired Ca2+ release termination is a common 

defect for RyR2-associated cardiomyopathies.  

Since Ca2+ release termination is regulated by various RyR2 modulators and 

affected by RyR2 mutations, its role in cardiac disease should not be overlooked. 

Normalizing the threshold for Ca2+ release termination by controlling the activity of 
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RyR2 offers a promising and novel therapeutic strategy for the treatment of 

cardiomyopathies and other cardiac abnormalities.  
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