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Summary 

Activation of the cardiac ryanodine receptor (RyR2) by C a 2 + is an essential step in 

excitation-contraction coupling in heart muscle. However, little is known .about the 

molecular basis of C a 2 + sensing by RyR2. In this study, the role in C a 2 + sensing of the 

conserved glutamate 3987, located in the predicted transmembrane segment M2 of the 

mouse RyR2, was investigated. Single point mutation of this conserved glutamate to 

alanine (E3987A) reduced markedly (-1,000 fold) the sensitivity of the channel to 

activation by Ca 2 + . However, the mutant channel, like the wild type (wt) channel, was 

modulated by ATP, caffeine, M g 2 + , and ryanodine. Co-expression of the wt and E3987A 

mutant proteins in HEK293 cells produced individual single channels with intermediate 

sensitivities to activating Ca 2 + . These results indicate that glutamate 3987 is a major 

determinant of C a 2 + sensitivity, and that C a 2 + sensing by RyR2 involves the cooperative 

action between RyR monomers. To understand further the mechanism of Ca~+ sensing, 

attempts were made to investigate the transmembrane topology of the M2 sequence. Our 

results suggest that the M2 sequence is likely to be located in the cytoplasmic domain, 

rather than to span the membrane. A hypothetical model for RyR Ca" + sensing and future 

studies designed to test this working model were proposed. 
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CHAPTER 1: INTRODUCTION 

A. Importance of Calcium and Its Regulation 

Calcium (Ca"+) is an important intracellular messenger, and it is recognized that a 

detailed understanding of Ca 2 + signaling will be needed in order to comprehend many 

physiological processes, including highly specialized functions such as muscle 

contraction, regulated secretion and fertilization, and more basic cellular processes such 

as cell growth and repair. Ca 2 + i s involved in almost all of our activities: how we make an 

action, how our hearts beat, and how our brains process thought and memorize 

information. In recent years, the release of C a 2 + from its intracellular storage 

compartments has attracted a great deal of interest, especially because the mechanisms 

are closely related to some pathophysiological processes and are prime candidates for 

pharmacological intervention. 

A l . Generation of Calcium Signals 

Cells use two sources of C a 2 + to generate signals: C a 2 + released from intracellular 

stores such as the sarcoplasmic reticulum (SR) or endoplasmic reticulum (ER), and C a 2 + 

that enters across the plasma membrane through ion channels. Both the C a 2 + release and 

entry mechanisms can give rise to small bursts of C a 2 + (elemental events) in the cytosol 

for signal transduction. Cellular C a 2 + signals result from the summation in space and time 

of many of these events. It is believed that the ER in non-muscle cells and the SR in 

muscle cells store the majority of the mobile intracellular C a 2 + pool (Ghosh et al., 1989; 

Renard-Rooney et al., 1993; Short et al., 1993). Most of the elementary events reported 

so far are associated with the release of C a 2 + from these intracellular stores, which is 
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controlled by two types of channels, known as the inositol 1,4,5-trisphosphate receptor 

(InsP3R) and the ryanodine receptor (RyR). Multiple isoforms of these receptors have 

been identified, which are expressed in a tissue-specific manner (Ross et al., 1989). 

Electrically excitable cells have voltage-gated C a 2 + channels that enable these cells 

to increase cytosolic C a 2 + levels (Clapham, 1995). In contrast, C a 2 + may enter 

nonexcitable cells by crossing the plasma membrane through voltage-independent C a 2 + -

selective channels triggered either by second-messenger molecules, or indirectly by the 

depletion of intracellular C a 2 + stores by InsP3 (Clapham, 1995). This latter mechanism 

was originally proposed by Putney and termed capacitative C a 2 + influx (Putney, 1986). It 

is the primary mechanism by which cell surface receptors activate C a 2 + influx across the 

plasma membrane in nonexcitable cells. Numerous groups have identified multiple types 

of ion channels underlying capacitative C a 2 + influx (Parekh and Penner, 1997) using 

single channel recording and patch clamp techniques. These channels are referred to as 

store-operated C a 2 + channels on the basis of their C a 2 + permeability and activation by 

agents that empty C a 2 + stores. Of the store-operated C a 2 + currents, the best characterized 

is C a 2 + release-activated C a 2 + current (ICRACX which was first found in mast and T cells 

(Hoth and Penner, 1992). ICRAC appears to be so far the most effective and widespread 

Ca" + influx pathway in nonexcitable cells. Multiple types of C R A C channels have been 

identified in various of cells on the basis of differing C a 2 + permeability and activation by 

pharmacological reagents that empty C a 2 + stores (Fasolato, Innocenti and Pozzan, 1994). 

C R A C channels are distinguished from other types of depletion-activated C a 2 + channels 

by their remarkable selectivity for Ca" + over monovalent and other divalent cations 

(Lewis and Cahalan, 1989; Hoth and Penner, 1992; McDonald et al., 1993; Hoth and 

Penner, 1992). 
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A2. Regulation of Calcium Signaling 

C a 2 + signals are flexible and precisely regulated, and control many diverse cellular 

processes. Cells respond uniquely and differentially to combinations of C a 2 + signals that 

differ in their precise parameters, such as space, time and amplitude. This is the so-called 

phenomenon of amplitude and frequency modulation (AM and FM) (Berridge, 1997). An 

example of A M regulation is the observation that low concentrations of C a 2 + activate the 

nuclear factor of activated T cells and the extracellular receptor kinase pathway, while a 

much larger elevation stimulates a different set of transcriptional regulators (Genot, et al., 

1996) . A M signaling is generally considered to be less reliable than F M signaling owing 

to the difficulties of detecting small C a 2 + changes above the background level (Berridge, 

1997) . For the F M mode, the C a 2 + signal appears as regular oscillations whose frequency 

changes with the concentration of the incoming signal. F M signaling is used to control 

the rate of specific cellular processes such as fluid secretion by glycogen metabolism by 

liver cells (Woods, 1986), as well as neuronal differentiation (Gu and Spitzer, 1995). 

Recent publications even suggested that C a 2 + oscillations could increase the efficiency 

and specificity of gene expression (Dolmetsch, et al, 1998; L i , et al, 1998). 

To use F M signaling, cells have developed decoders that respond to the frequency 

and longevity of the C a 2 + signals. In 1998, De Koninck and Schulman used rapid 

superfusion of Ca 2 + over C a 2 + - and calmodulin-dependent protein kinase II (CaM kinase 

II) to show that CaM kinase II could decode the frequency of C a 2 + spikes into distinct 

amounts of kinase activity. The frequency response of CaM kinase II was modulated by 

the amplitude and duration of individual C a 2 + spikes as well as the subunit composition 



and previous state of activation of the kinase. Therefore, the ability of cells to transmit 

information is greatly enhanced by using both frequency and amplitude modulation. 

C a 2 + is essential for cell survival, but prolonged high intracellular C a ' + 

concentration levels ([Ca2+]i) result in cell death (Clapham, 1995). The average [Ca"+]i 

can rise up to several micromolar during stimulation, depending on the cell type, but the 

resting [Ca 2 +]i has to be maintained at approximately 10-100 nM, which is at least 

20,000-fold lower than the 2 mM C a 2 + concentration found extracellularly. Since C a 2 + 

cannot be metabolized like other second-messenger molecules, cells possess complex 

mechanisms to keep cytosolic C a 2 + at a low level and to maintain C a 2 + within intracellular 

pools. A number of Ca2+-binding proteins have been reported so far, some of which 

modulate the activities of enzymes and ion channels, or trigger second-messenger 

pathways, whereas others regulate the Ca 2 +levels (Weinman, 1991). 

C a 2 + pumps such as the plasma membrane Ca 2 +-ATPase, the sarcoplasmic or 

endoplasmic reticulum Ca 2 +-ATPase (SERCA) in the ER membrane, and exchangers 

such as the Na + -Ca 2 + exchanger located in the plasma membrane, transport C a 2 + ions out 

of the cytosol into the ER stores or extracellular space. Plasma membrane Ca 2 +-ATPase 

was first detected in red blood cells (Schatzmann, 1982), and was later found to be 

present in all eucaryotic cells. It can pump C a 2 + to the extracellular space against a 104-

fold concentration gradient, using energy from ATP hydrolysis (Pedersen and Carafoli, 

1987). The Na + - Ca2+exchanger catalyzes the countertransport of three Na + for one Ca 2 + . 

It is a C a 2 + extrusion mechanism and requires the energy of the Na + gradient produced by 

the N a + pump. In some tissues such as kidney, smooth muscle, brain, and especially 

heart, the exchanger activity is extremely high and plays a key role in controlling C a 2 + 
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efflux (Reeves, 1998). These proteins help to maintain a low cytoplasmic C a 2 + 

concentration and are also important for keeping C a 2 + within the ER. 

A3. Excitation-Contraction Coupling 

Muscle contraction is one of the elementary actions of the human body. A 

complete muscle is composed of many muscle fibers each containing about 2000 

myofibrils that are the basic contractile units in the muscle (Endo, 1977). A myofibril 

contains 100-400 thick filaments, each composed of a bundle of myosin molecules. These 

filaments interact with actin thin filaments, to which the troponins are bound. Thin 

filaments are anchored by titin and other proteins at Z-lines. 

Each myofibril within a muscle is wrapped in a double membrane layer of SR, and 

each muscle fiber is wrapped in a single membrane layer of sarcolemma (SL). The SL is 

close to the SR. This is achieved by the means of the transverse tubules (T-tubules), 

which penetrate the fiber perpendicular to the long axis of the myofibrils at A/I band 

junctions (Ross et al., 1989). Thus this gives two T-tubules per sarcomere. In longitudinal 

sections, this gives rise to characteristic triads, which are the major sites for E-C coupling 

(Endo, 1977). 

C a 2 + is the principal messenger involved in the regulation of muscle contraction 

(Endo, 1977; Ebashi, 1991). In skeletal and cardiac muscles, excitation-contraction 

coupling is defined as the process by which an action potential propagated along the 

surface membrane and its foldings, the T-tubules, triggers the rapid release of C a 2 + from 

an intracellular membrane-bounded compartment, the sarcoplasmic reticulum (SR). The 

released C a 2 + binds to troponin in the thin filaments, resulting in activation of the 
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contractile apparatus. During muscle relaxation, the released C a 2 + is transferred back to 

theSR by SERCA (Fig.l). 

A4. Family of Calcium Release Channels 

One of the central events during E-C coupling is the rapid release of C a 2 + from the 

intracellular stores. Two intracellular ion channels, sensitive to inositol 1,4,5,-

trisphosphate (I11SP3) and ryanodine, respectively, are now known to be responsible for 

this release of C a 2 + (Ross et al, 1989). These two subfamilies of C a 2 + release channels 

share some structural and functional properties, such as the formation of homotetramer 

and the bell-shaped Ca2+-dependent activity, which is enhanced at low concentration 

(nM-flM) of C a 2 + and inhibited at millimolar range of C a 2 + (Perez et al, 1997). However, 

the majority of their properties and distribution are distinct. Striated muscle tissue 

provides the richest source of ryanodine receptor (RyR) proteins, whereas InsP3 receptors 

(InsPsRs) have are more evenly distributed in smooth muscle, neuron and other non-

muscle tissues (Marks 1997). Their abundance and functions can vary markedly in 

different tissues. For example, both of these channels are expressed in cardiomyocytes. 

However, the expression level of InsP3Rs is 50-fold less than that of RyR (Perez et al, 

1997). Furthermore, unlike RyRs, which play am important role in regulating global 

[Ca 2 +]i, InsP3Rs serve specialized functions in cardiomyocytes including (1) regulating 

organellar membrane permeability; (2) amplifying or propagating electrical signals in the 

heart (Gorza et al, 1993); and (3) controlling local C a 2 + signaling that may play a role is 

regulating cell growth pathways (Marks 1997). 
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Fig. 1. Major Components of Excitation-Contraction Coupling in Cardiac Muscle 

L-type C a 2 + channels (dihydropyridine receptors, DHPRs) sense the voltage 

change across the T tubule membrane. Activation of the L-type C a 2 + channels by 

membrane depolarization leads to C a 2 + influx, which in turn activates the adjacent 

ryanodine receptor located in the junctional terminal cisternae of the sarcoplasmic 

reticulum. Opening of the ryanodine receptor results in C a 2 + release from the 

sarcoplasmic reticulum. C a 2 + released from the sarcoplasmic reticulum binds to 

contractile filaments of the sarcomere, resulting in muscle contraction. Uptake of the 

cytoplasmic C a 2 + into the lumen of the sarcoplasmic reticulum is accomplished by the 

action of C a 2 + pumps. C a 2 + is sequestered in the sarcoplasmic reticulum by a high 

capacity, low-affinity C a 2 + binding protein, calsequestrin. Calsequestrin interacts 

probably with the ryanodine receptor through its binding to triadin, a transmembrane 

protein containing interaction sites for both calsequestrin and the ryanodine receptor 

(Ebashi, 1991). 



Sarcoplasmic Reticulum 
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B. Ryanodine Receptor, Its Structure and Channel Properties 

Bl . Distribution of Ryanodine Receptor isoforms 

Three isoforms of RyR with specific tissue distribution are now recognized. R y R l , 

also called skeletal type, was the isoform first detected and sequenced (Kim et al. 1990). 

RyR2 (cardiac type) and RyR3 (brain type) were discovered subsequently (Nakai et al., 

1990; Zorzato et al, 1990). These three isoforms in human have been shown to be 

encoded by three distinct genes that are located on different chromosomes (RYR\ on 

chromosome 19, RYR2 on chromosome 1 and RYR3 on chromosome 15). 

The RyRl isoform is primarily expressed in all skeletal muscles and in some parts 

of the brain, most prominently in Purkinje cells of the cerebellum. It is also detected in 

some smooth muscle cells (Takeshima et al., 1989; Kuwajima et al., 1992). The RyR2 

isoform is the major form in cardiac muscle and is also the most widely distributed 

isoform in the brain (Kuwajima et al., 1992; Lai et al., 1988). Some expression of RyR2 

in smooth muscle has also been found (Kuwajima et al., 1992). The RyR3 has a wide 

distribution in skeletal, cardiac muscle and other non-muscle tissues such as brain and 

epithelial cells (Marks 1997). In cardiacmyocytes, the dominant form of RyR is RyR2, 

and the expression level of RyRl and RyR3 is so low that they can only be detected by 

reverse transcription polymerase chain reaction amplification (Ledbetter et al. 1994). In 

addition to the three isoforms, a few variations resulted from alternative splicing have 

been found in brain. The difference among these variations is very small (Futatsugi et al, 

1995). The distribution of these three isoforms is summarized in Table 1. 

B2. Structure and Transmembrane Topology of Ryanodine Receptors 

A l l three RyR isoforms have been cloned and sequenced. RyR is a homotetramer 
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Table 1. The Distribution of the Three Isoforms of Ryanodine Receptors 

Classification of ryanodine receptor genes and the major expression sites of their 

products are displayed in this table according to the studies by Lai et al. (1988), 

Takeshima et al. (1989), Kuwajima et al. (1992), Ledbetter et al. (1994), Futatsugi et al. 

(1995), and Marks (1997). 
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Gene Locus on human chromosome 

RYR1 19ql3.1 

RYR2 Iq42.1-q43 

RYR3 15ql4-ql5 

Expression sites 

Skeletal muscle 
Purkinjie cells in heart and cerebellum 
Heart 
Ventricular muscle 
Brain (extensive, but rich in cerebellum) 
Endothelial cells 
Brain (corpus striatum, thalamus, and 
hippocampus) 
Skeletal muscle 
Smooth muscle 
Non-smooth cells, such as epithelial 
cells 
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Each RyR monomer is composed of -5000 amino acids with a molecular mass of ~ 

560,000 Da per monomer (Lai et al., 1988). Sequence comparison of the three isoforms 

in a single species shows an identity of 67, 67, and 70% between RyRl/RyR2, 

RyRl/RyR3 and RyR2/RyR3, respectively. Hydropathy analysis indicates a large 

hydrophilic NH2- terminal region, thought to constitute the cytoplasmic domain of the 

molecule (Takeshima et al., 1989). The more hydrophobic COOH- terminus of the 

sequence that contains ~ 1,000 amino acids is clustered in a region, predicted to form 

transmembrane segments of the channel. The pattern and sequence of this hydrophobic 

region is well conserved among all three isoforms. The COOH-terminal tail of the RyR, 

beyond the region believed to form channel pore, is predicted to be cytoplasmic (Nakai et 

al., 1990). The cytoplasmic localization of the NH2- terminus is also supported by a 

study using site-direct antibodies (Marty et al., 1994). Thus, there is general agreement 

that the number of transmembrane segments of the RyR is even. 

However, there are some discrepancies on the number of membrane crossings. The 

model proposed by Takeshima et al. (1989) predicts a molecule with 4 transmembrane 

segments of ~ 20 amino acids each located in the COOH-terminal "tenth". Model 2 

proposes 10 transmembrane segments in the COOH-terminal "fifth" and 2 additional 

ones in the middle of the molecule (Fig.2A) (Zorzato et al., 1990). Model 3 suggests the 

existence of 6 membrane-spanning regions (Brandt et al. 1992). None of these three 

models have been tested extensively. Results from site-specific antibodies appear to be in 

favor of the first model (Marty et ah, 1994; Grunwald and Meissner, 1995), while 

cryoelectron microscopy data favor 10 transmembrane segments model (Wagenknecht 

and Radermacher 1995). Morphological studies of the RyR using single-image 

reconstruction techniques show a clover leaf-like structure in which the hydrophobic 
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Fig. 2. Transmembrane Topology and the Amino Acid Sequence of 

Transmembrane Segment 2 of Ryanodine Receptors 

(A) Linear representations of RyR demonstrating the two major transmembrane topology 

models of RyR predicted by Zorzato et al. (1989) and Takeshima et al. (1990). In the 

model of Zorzato et al., ten transmembrane segments were proposed, while only four 

transmembrane segments were predicted in the model of Takeshima et al. (B) 

Comparison of the TM2 sequences from rabbit skeletal R y R l , mouse cardiac RyR2, 

rabbit brain RyR3, frog skeletal RyRla, frog skeletal RyRlb, and drosophila RyR 

according to the model proposed by Zorzato et al. The conserved glutamates 

are underlined and highlighted in bold letters. (C) A Carton of the 

transmembrane topology of the ryanodine receptor according to the model of 

Zorzato et al. (1990). The highlighted letter, E, denotes the conserved glutamate in the 

putative transmembrane sequence M2. 
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segments of four apparently identical subunits form a putative membrane-spanning 

structure with a height of 7 nm. The hydrophilic segments form a large mushroom-like 

cytoplasmic domain. This domain has a size of 22-27 nm on each side and has 

architecture of scaffolding, providing a mechanical linkage between SR and surface 

membrane, while allowing flow of solutes such as Ca 2 + . The height of this cytoplasmic 

domain, ~ 12 nm, is sufficient to span the distance between SR and surface membrane, 

therefore establishing direct connection between the SR proteins and proteins in surface 

membrane. The center of the mushroom includes a pore, with a diameter of 1 to 2 nm, 

which is mostly likely the C a 2 + channel. 3-dimensional reconstruction studies also show 

four cavities in the side of the transmembrane assembly, near its junction with the 

cytoplasmic part that extends to central channel. It has been postulated that these cavities 

2+ 

form a pathway for Ca release during RyR activation (Wagenknecht and Radermacher, 

1995; Liu et al, 2001). 

B3. Channel Properties of Ryanodine Receptors 

The C a 2 + release action by RyR and its modulation by Ca 2 + , ATP et al were studied 

in the 1970's. But the details about ionic selectivity and gating properties could not be 

obtained until direct recordings of this C a 2 + release channel by Smith et al (1986) using 

planar bilayers techniques. Purified receptors (Coronado et al, 1992), as well as 

microsomes (Williams, 1992) obtained from SR homogenization usually incorporate in 

planar lipid bilayers. It is generally agreed that the properties of native and purified 

channels are qualitatively similar (Coronado et al., 1992). 

According to single channel studies, the RyR is a cation-selective channel with low 

cationic selectivity and large unitary conductance. With C a 2 + as current carrier, the 
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maximum conductance is ~ 80 pS for RyR2, and 172 pS for RyRl (Lindsay and 

Williams, 1991). There is little discrimination between C a 2 + and Ba 2 + , but divalent 

cations are more permeable than monovalent cations in mixed solution. However the 

maximum conductance is higher with monovalent cations as current carriers alone. This 

finding suggests that multiply ion-binding sites exist and C a 2 + -binding is favored over 

monovalent cations (Tinker et al., 1992). The stronger binding of C a 2 + in the pore 

explains the lower Ca conductance and higher permeability in mixed solutions. It also 

9-4-

explains some data showing that Ca decreases rather than increase channel current 

measured in the presence of monovalent cations. A four-barrier, three-binding site model 

has been proposed by Tinker et al. (1992). 

Some neutral molecules may permeate into SR through the large pore of RyR 

channel. Glucose entry into SR can be stimulated by micromolar extravesicular Ca , 

millimolar caffeine, or millimolar ATP, and can be inhibited by millimolar 

Mg2 +(Meissner, 1986). These results suggest that glucose is capable of permeating the 

RyR. Other neutral molecules such as glycine and glycerol can also permeate the RyR 

(Kawasaki and Kasai, 1994). 

Multiple conductance states, especially after reconstitution of detergent-solubilized 

RyRs, were often observed by many laboratories. Liu et al. (1989) found that the purified 

skeletal RyR displayed three subconductance states, corresponding to one-fourth, one-
2+ 

half, and three-fourths of the main conductance level. Similarly, in native SR Ca 

release channels with C a 2 + as permeant ion, up to three distinct subconductance states 

could be detected. These subconductances could be stabilized by the addition of a 

polyclonal antibody (Lamb and Stephenson, 1996). Other studies (Javaraman et al., 
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1992) suggested that the distribution of multiple conductance states depends on the level 

of Ca 2 + , ATP, pH and temperature of the bathing solution. 

It has been proposed that the appearance of multiple conductance states is due to 

either the presence of individual pores in each of the four subunits (Ding and Kasai, 

1996), or to a single conducting pore with several discrete conductance states (Liu et al., 

1989). It is also possible that these states represent rapid, incompletely resolved 

transitions between well-defined open and closed states (Dani and Fox, 1991). 

C. Molecular Mechanisms of Ryanodine Receptor Activation 

In considering how the RyR system may operate, it is important to have an 

appreciation of the possible molecular mechanisms that are responsible for initiating SR 

Ca2+release. Two well recognized mechanisms have been proposed. 

CI. Directly Coupled Calcium Release (DCCR) 

This mechanism is accepted as the major mechanism of SR C a 2 + release in skeletal 

muscle. It is also termed voltage-dependent calcium release. This mechanism was 

originally suggested by Schneider and Chandler (1973). In this mechanism, a voltage-

dependent C a 2 + channel or DHPR serves as a sensor of changes of voltage across the 

surface/T-tubule membrane. Depolarization of the membrane causes the DHPR to 

undergo a conformational change, which signals the RyR to open. This change in DHPR 

conformation has been related to charge movement within the DHPR channel. In the first 

of two important experiments to test this hypothesis, Rios and Brum (1987) showed that 

charge movement, not C a 2 + entry, was essential for EC coupling in skeletal muscle. 
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Tanabe et al. (1990) demonstrated that expressing the a subunit of L-type C a 2 + channel in 

SL membrane restored both charge movement and EC coupling in dysgenic mice. 

How the change in DHPR conformation is transmitted to the RyR is unknown. One 

possibility is that the DHPR directly interacts with the RyR. An observation suggesting 

an interaction between the DHPR and the RyR is that a complex containing both 

receptors could be precipitated by either anti-DHPR or anti-RyR antibodies (Marty et al, 

1994A). Another important observation showed that the intracellular loop between 

transmembrane repeats II and in (II-LTI loop) of the skeletal muscle DHPR a l subunit 

was required for activation of SR C a 2 + release in cultured mouse skeletal muscle cells by 

DCCR (Tanabe et al, 1990). Neither the intact cardiac DHPR isoforms nor a chimeric 

skeletal muscle containing the cardiac 11-111 loop was able to support DCCR. 

There are also data indicating that the DHPR and the RyR may not interact directly. 

Efforts to chemically cross-link these two proteins have been unsuccessful. These results 

led Caswell and Brandt (1991) to look for an intermediary protein that interact the DHPR 

and the RyR. Subsequently, a protein named triadin was discovered. Triadin interacts 

with both the DHPR and the RyR in Western overlays and coimmunoprecipitates with 

the RyR and the DHPR. 

Ferrier et al. (2000) showed that depolarization of a cardiac muscle cell could 

produce SR C a 2 + release even under the conditions when C a 2 + entry was apparently 

inhibited. They therefore suggest the possible existence of a voltage-dependent Ca" 

release mechanism, which is perhaps similar to that known to produce SR Ca"* release in 

skeletal muscle. Further study on this issue has suggested that the voltage-dependent 

release mechanism requires cAMP. Thus, the physiological importance of DCCR in 

cardiac myocyte is still not clear. 
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C2. Calcium Induced Calcium Release (CICR) 

In cardiac muscle, none of the RyR proteins appear to be mechanically coupled to 

SL and T-tubular DHPRs. EC coupling relies solely on Ca2+-dependent activation of 

RyRs by the C a 2 + that enters during the prolonged "plateau" phase of the cardiac action 

potential. Evidence for this originally came from work showing that elevating C a 2 + in 

skinned muscle preparations produced contractions due to SR C a 2 + release (Fabiato, 

1983). Subsequent work showed that open probability (Po) of cardiac RyRs fused into 

planar lipid bilayers was increased by raising [Ca 2 +]; on the cytoplasmic face. 

Such studies, however, suffer from the fact that the solutions used in work on either 

skinned cells or isolated SR channels are not identical to cytoplasm of the intact cells. It 

was therefore important to demonstrate CICR in intact cells. The following evidence has 

been established that (1) removal of external C a 2 + rapidly abolished contraction despite 

the fact that the SR still contained C a 2 + that could be released by application of caffeine 

(Ebashi, 1991). (2) at least under some conditions, the voltage-dependence of the systolic 

C a 2 + transient was similar to that of the DHPR C a 2 + current (Parekh and Penner, 1997). 

Thus, as the magnitude of depolarization is initially increased, there is an increase in the 

magnitude of the current (as more channels open). However as depolarization is further 

increased, the C a 2 + current decreases (as driving force for C a 2 + entry into cell declines). 

This is accompanied by first an increase and then a decrease of the cystolic C a 2 + transient. 

On repolarization the driving force for C a 2 + entry is restored whereas the voltage-

dependent closing of C a 2 + channels takes a few ms to occur, and there is therefore an 

entry of C a 2 + ions that is associated with a C a 2 + transient. This correspondence between 

Ca 2 +entry into the cell and SR Ca2+release is perhaps the strongest evidence for CICR. 
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CICR has also been discovered in skeletal muscle preparations, although its 

physiological importance is controversial. Endo (1977) concluded that CICR was 

unlikely to make a significant contribution in this tissue, because it was not possible to 

achieve sufficiently high C a 2 + levels in the region of triad under normal conditions. 

However, more recent data from several laboratories have been interpreted to indicate a 

role for CICR in skeletal tissue. Studies on the spatial relationship between the DHPR 

and the RyR also support the theory that CICR may play a physiological role in skeletal 

muscle (Motoike et al, 1994). The DHPRs and the RyRs in triad have closely spatial 

relationship in skeletal muscle cells. In skeletal muscle, the DHPRs are clustered in 

groups of four or tetrads. The tetrads are positioned in exact correspondence of the feet so 

that each DHPR is located immediately above one of the RyR subunits and thus available 

for a direct interaction. However, unexpectedly, tetrads are associated with alternative 

feet. This disposition is found in several different fibers, and it is not dependent in the 

presence of two different RyR isoforms. This raises a question of what is the role of those 

RyRs that are not closely associated with tetrads, or what is the mechanism by which 

these RyRs are activated during EC coupling. Accordingly, a two-component model for 

Ca + release from SR in skeletal muscle has been proposed (Block et al, 1996): Alternate 

disposition of tetrads over feet implies that the RyRs are differently activated. One 

possibility is that one RyR is activated by a tetrad of DHPRs, whereas the other is 

activated indirectly by CICR. 

Overall, DCCR is the major mechanism for SR C a 2 + release in skeletal muscle, 

while CICR is the primary activation mechanism for SR Ca" + release in cardiac muscle. 

However, the molecular details about C a 2 + activation of RyR has yet to be understood. 



21 

The knowledge about RyR C a 2 + activation will be important for understanding the roles 

of RyR under numerous physiological and pathological conditions. 

D. Modulation of Ryanodine Receptors 

Activities of the RyR are modulated by many endogenous effectors, including Ca 2 + , 

M g 2 + , ATP, and calmodulin. In addition, many exogenous substances, such as caffeine, 

local anesthetics and polyamines, also modify channel activity. 

Dl. Calcium 

C a 2 + has major importance in the regulation of the RyR, and it is thought to be the 

physiological channel activator because other ligands cannot activate the channel in the 

absence of Ca" , or require C a 2 + for maximum effect. C a 2 + has both activating and 

inactivating effects on C a 2 + release from isolated SR vesicles, ryanodine binding and 

single channel activity (Marks, 1997; Fabiato, 1983; Zhao et al., 1999). Ca2 +release was 

initiated at pCa = 8, reached a maximum around pCa = 5, and decreased at millimolar 

Ca" + concentration. The C a 2 + sensitivity to extravesicular C a 2 + concentration has showed a 

bell-shaped relationship. The fact that Ca 2 + , depending on its concentration, could act as 

both an activator and an inhibitor of the same process suggested that there are high-

affinity C a 2 + binding sites and low-affinity C a 2 + binding sites. The occupation of the low-

affinity binding sites results in inhibition of C a 2 + release while binding of Ca" + to the 

high-affinity binding sites activates the RyR. However, owing to the considerable 

experimental difficulties of measuring C a 2 + binding to the RyR, we still have no 

information concerning the binding constants and the binding stoichiometry. 
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Single channel recordings have confirmed the results of calcium release 

experiments (Chen et al, 1994; Chen et al, 1997A). Channel open probability was 

regulated by the concentration of Ca" + in the cis chamber. The values of EC50 and ICgo are 

similar to those measured in release experiments. Detailed analysis of single channel data 

suggested the existence of at least two open states and two or three closed states of the 

channel. The major effect of C a 2 + was a decrease in the lifetime of the close states and/or 

a shift from short-lived closures to long-lived closures, although increased lifetime of the 

open channel was observed as well. 

Based on the hypothesis of the existence of high-affinity and low-affinity C a 2 + 

binding sites, several groups have attempted to identify the molecular sites involved in 

C a 2 + binding. The primary amino acid sequence of the RyR promoter, deduced from the 

cDNA sequence, contains three regions between residues 4253 and 4499 (4253 to 4264, 

4407 to 4416, and 4489 to 4499) with features of EF hands (Takeshima et al, 1989; 

Hadad et al, 1994), whereas Zorzato et al. (1990) predicted that a glutamate rich region 

between residues 1873 and 1923 included a low-affinity C a 2 + binding site. By using 

fusion protein and sequence-specific antibodies, Chen et al (1992) identified the binding 

site involved in channel activation, located between the residue 4489 and 4499 in R y R l . 

In RyR2, high-affinity binding has been attributed to regions 1336 to 1347 and 2010 and 

2021 (Tunwell et al, 1996), whereas in RyR3, Ca 2 +binding might involve residues 3934 

to 3945 (Kuwajima et al, 1992). It has been postulated that one or more C a 2 + inactivation 

sites may lie within the ion-conductance pathway (Gyorke and Gyorke, 1998). 

D2. Magnesium 
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The effect of M g 2 + is quite opposite to that of Ca 2 + . Millimolar M g 2 + inhibited C a 2 + 

induced C a 2 + release and decreased channel Po by increasing the lifetime of the closed 

channel (Chen et al, 1994, Chen et al, 1997A, 1997B). In ryanodine binding assays (Du 

et al, 1998), M g 2 + decreased both the total number of ryanodine binding sites (Bmax) 

and the apparent affinity of the RyR for ryanodine. There is evidence that M g 2 + inhibited 

the RyR in nonphosphorylated states, and this inhibition could be removed by 

phosphorylation by either P K A or CaMKIL Thus, the phosphorylation state of the RyR 

affects its sensitivity to Mg 2 +(Hain et al, 1995). This can explain why adenine 

nucleotides made the RyR less sensitive to M g 2 + inhibition. Since the estimated cellular 

free M g 2 + is in the millimolar range, the inhibitory effect of M g 2 + may be a significant 

mechanism for closing the RyR. The inhibitory effect of M g 2 + may result from 

competitive displacement of C a 2 + from its activating high affinity site or by binding to the 

low-affinity site (Pessah et al, 1987). However, M g 2 + might also bind to a site near the 

conduction pathway. 

D3. Other Ions 

C a 2 + induced C a 2 + release and ryanodine binding are pH-sensitive (Celio et al, 

1996). The optimal pH was usually 7.2 to 8.0. In single channel recordings, the 

relationship of pH and Po was more complex, with two peaks at pH =7.2 to 7.6 and at pH 

= 8.5, respectively. The effect of H + was due to a shift in the occurrence of short-lived 

versus long-lived open states. On the other hand, increase of pH on trans side led to 

reduction of channel conductance. As to other cations, Ba 2 + , and C d ' + inhibited ryanodine 

binding (Celio et al, 1996). A biphasic response was obtained with La'* and Tb 3 + , which 

was attributed to interaction with the C a 2 + activating and C a 2 + inactivating sites. 
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D4. Adenine Nucleotides 

In C a 2 + release studies, full activation of C a 2 + release required both C a 2 + and adenine 

nucleotides (Liu et al, 1989). The Ca activation curve shifted to the left in the presence 

of adenine nucleotides. The order of potency is AMP-PCP > cAMP > ATP > ADP > 

A M P (Meissner, 1984). The EC50 for adenine nucleotides was in the millimolar range 

and the Hil l coefficient was close to 2. The stimulating effects of the nonhydrolyzable 

adenine nucleotides have suggested that activation involves binding to an effector site 

rather than modifying the protein by phosphorylation. Millimolar adenine nucleotides 

favored the ryanodine binding by increasing the Bmax and decreasing Kd. The C a 2 + 

sensitivity of ryanodine binding was either unchanged or slightly increased. 

In single channel recordings, millimolar concentrations of adenine nucleotides 

increased the lifetime of the open state and decreased the lifetime of the closed channels, 

without affecting the conductance of the open channel. Persistent channel opening with a 

Po close to 1 required the presence of micromolar C a 2 + and millimolar adenine 

nucleotides (Chen et al, 1997B). Lai et al. (1988) used the photoreactive derivative of 

ATP, azido-ATP, to demonstrate the RyR ATP binding site. Sequence analysis identified 

two putative nucleotide binding sites in RyRl and two to four similar sites in RyR2 and 

RyR3. 

The physiological role for adenine nucleotides in regulation of the RyR is not clear. 

Muscle [ATP]j is in the low mM range, and it is thought to remain constant during EC 

coupling. A possible effect of change in [ATP]j is a rise in intracellular free [Mg 2 +]j 

(Meissner, 1994) A remarkable amount of M g 2 + in the cytosol forms ATP- M g 2 + 

complex. Because the millimolar range of free [Mg 2 + ] i could affect the RyR activity and 
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the dissociation constant for Mg-ATP is higher than that for M g 2 + - A D P or M g 2 + - P i , 

intracellular [Mg 2 + ]j must alter in response to fluctuating intracellular [ATP];. Another 

possibility of ATP modulation is related to alteration of the phosphorylation state of the 

channel (Fasolato et al., 1994). 

D5. Ryanodine 

The term " ryanodine receptor" indicates that ryanodine specifically binds to 

ryanodine, a neutral, insecticidal plant alkaloid isolated from the roots and stems of the 

South African shrub Ryania Speciosa. Investigations have showed that ryanodine has 

complex effects on RyR. 

In release experiments, ryanodine favored C a 2 + release (Meissner, 1994). Cardiac 

RyR was more sensitive than skeletal isoform to ryanodine activation. While the 

immediate effect of ryanodine was always channel activation, prolonged incubation with 

micromolar ryanodine eventually inhibited Ca release. [ H] ryanodine binding studies 

have identified a high-affinity binding site with a Kd between 2 and 200 nM (depending 

on the incubation conditions) and low-affinity binding sites with Kd values between 

30nM and 4 uM. Single channel recordings have provided a more detailed insight into 

the action of ryanodine. The activity of the RyR channel was modulated by ryanodine in 

a biphasic manner. At micromolar concentration of ryanodine, ryanodine locked the 

channel into an open state in which the channel conductance is about 60% of its normal 

value (Chen et al., 1997A, 1997B). This state was characterized by a remarkable increase 

in open lifetime, associated with a decreased close time. This modified channel was 

insensitive to activation by C a 2 + and ATP and was less sensitive to M g 2 + , H and 

ruthenium inhibition. At higher concentrations of ryanodine, such an action was followed 
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by persistent channel blockage (Lai et al, 1988). The change in the behavior of the 

RyR suggested that ryanodine induces substantial reorganization of the protein complex 

and/or a conformational change in each subunit in an irreversible manner. 

So far, the exact location of the ryanodine binding sites in the RyR is not known 

yet. Based on sequence analysis and antibody interaction, it has been suggested that both 

the high-affinity and low-affinity binding sites are likely to be located between Arg4475 

and the C terminus, close to or within the transmembrane domains of the RyR (Lindsay 

and Williams, 1991). Given the functional effects of ryanodine, these binding sites may 

be involved in controlling both the gating and the conductance of the channel pore. 

Recently, Zhao et al. (1999) observed that mutations within a highly conserved motif 

(4820-4829) abolished ryanodine binding, while the mutant channels could still respond 

to C a 2 + and caffeine. Thus, this segment, thought to be part of the channel pore region, is 

predicted to be important for ryanodine binding. 

D6. Caffeine 

The plant alkaloid 1,3,7-trimethylxanthine (caffeine) has been extensively used in 

C a 2 + release studies. The caffeine-induced C a 2 + release was first demonstrated in skinned 

muscle fibers and isolated SR vesicles (Endo, 1977). Millimolar concentrations of 

caffeine were adequate for maximal C a 2 + release, and this effect was increased by ATP 

and inhibited by M g 2 + and ruthenium red. Caffeine has also been shown to stimulate 

ryanodine binding by increasing the affinity of the high-affinity Ca 2 + binding site (Pessah 

et al 1987). In single-channel experiments, caffeine increased the mean open time of the 

channels without changing the unit conductance (Chen et al, 1997A). The mechanism of 

this effect was thought to involve a Ca2+-dependent increase in the frequency and 
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duration of openings. Caffeine may also act as a phosphodiesterase inhibitor in muscle 

cells. 

Although the structure of caffeine is related to that of adenine, it is now accepted 

that the caffeine binding site is distinct from the nucleotide binding site. However, the 

caffeine binding site has not been identified in any C a 2 + release channel proteins. 

Clinically, caffeine is used for screening malignant hyperthermia (MH), in which muscles 

from affected individuals are characterized by higher sensitivity to caffeine and 

halothane. 

E. Ryanodine Receptor in Diseases 

E l . Malignant Hyperthermia 

The R y R l has been implicated in both animal and human pathologies. In human, 

several mutations are known to cause M H (Gillian et al. 1991). M H is an autosomal 

dominant neuromuscular disorder that is characterized by accelerated muscle metabolism, 

muscle contracture, hyperkalemia, arrhythmias, respiratory and metabolic acidosis and a 

rapidly rising body temperature. It is triggered in affected individuals by halothane, 

succinnycholine, and chlorocresol (Mickelson and Louis, 1996, Tegazzin et al., 1996). 

This disease can be life-threatening unless the affected patients are immediately treated 

with dantrolene (Mickelson and Louis, 1996). M H also occurs in pigs as porcine stress 

syndrome (PSS), as it is usually precipitated by stress. M H results from a sustained 

increase in intracellular C a 2 + concentration in skeletal muscle that activates both 

metabolic and contractile activity (Ohnishi et al, 1983,1987). 
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The PSS pigs provide an invaluable animal model for studying the molecular basis of 

M H . In PSS muscle fibers, halothane induced a rise in resting [Ca2 +];. The extent of C a 2 + -

induced C a 2 + release from the SR was also higher in PSS pigs than in normal animals 

(Ohnishin et al; Fil l et al., 1990). Analysis of single channel currents has shown that the 

RyRl channels obtained from PSS pigs had longer open times and shorter closed times 

than normal channels. This produced an increase in the channel Po, which accounted for 

the enhanced C a 2 + induced C a 2 + release observed in flux studies (Shomer et al, 1994). 

Conclusive evidence came with the identification that PSS results from a single mismatch 

mutation in the RyRl gene, an Arg-to-Cys substitution at position 615 (Fujii et al, 1991). 

The corresponding mutation (Arg614Cys) was subsequently found in 2% of human 

M H families (Hogan et al, 1992; MacLennan and Phillips, 1992). So far, a number of 

other mutations, including Argl63Cys, Gly248Arg, Gly341Arg, Tyr522Ser, and 

Gly2433Arg, have been identified in about 48% of human M H families (Gillard et al, 

1991; Keatinget et al, 1994; Phillips et al, 1994; Quane et al, 1993,1994a). A l l the 

mutations are clustered in two regions (MH domains) of the cytoplasmic foot domain of 

R y R l . An increased rate of SR Ca2+release was observed in skinned fibers obtained from 

suspected M H patients (Kawana et al, 1992). Abnormal cytoplasmic [Ca 2 +]; and 

enhanced caffeine and halothane response have been observed in the cell lines transfected 

with these M H mutant channels. In single channel recordings, Nelson (1992) observed 

increased caffeine and halothane sensitivity and elevated basal Po in M H patients, 

although Fill et al. (1991) did not detect significant differences in conductance, Po, and 

C a 2 + activation between normal and M H muscle. In binding experiments, purified RyRs 

obtained from M H muscle demonstrated an increased affinity for ryanodine and 
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increased sensitivity to caffeine. This C a 2 + dependence of ryanodine binding was 

abnormal, with an increased EC50 and a reduced IC50 (Valdivia et al., 1991). 

The human studies confirmed the presence of abnormal RyRl activity and C a 2 + 

release from SR in M H muscle. Zorzato et al. (1993) suggested that at least one M H 

domain be associated with a C a 2 + regulatory site in the RyR and abnormal C a 2 + sensitivity 

be also involved. Thus, it suggests a strong correlation between the abnormal RyR 

function and the M H phenotype. However, more than 50% of M H families examined 

have not been demonstrated to possess RyR mutations. Instead, they may be caused by 

mutations in other proteins involved in C a 2 + homeostasis. The potential candidates 

include a subunit of the Na + channel, oc2, (3 and y subunits of the DHPR (MacLennan 

1995). 

E2. Cardiac Hypertrophy and Heart Failure 

In heart failure, abnormal C a 2 + handling appears to be a primary feature, leading to a 

prolonged C a 2 + transient during EC coupling, reduced C a 2 + availability for contractile 

process, and increased sensitivity to stimuli inducing C a 2 + overload. These observations 

are usually attributed to abnormal SERCA activity. However, malfunctions of RyR 

might be also important. In pressure overload-induced cardiac hypertrophy of guinea pig 

and rabbit, RyR density per unit of SR surface was reduced by about 50%, whereas the 

density of the DHPR was unchanged (Kim et al., 1990). In agreement with this, the 

expression of RyR2 mRNA decreased in rabbit pressure overload-induced hypertrophy. 

Functional abnormalities including increased ryanodine binding and increased C a 2 + 

release by caffeine have been reported (Sorrentino, 1993). It has been speculated that the 

RyR2 down-regulation and functional changes may be involved in this disease. However, 
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the function of the RyR2 in the failing hearts is likely to be strongly influenced by 

local metabolic factors including pH, changes in the ATP/Mg 2 + level, and changes in 

inorganic phosphate. 

The study of RyR changes in heart failure is at early stage and there is little direct 

evidence to suggest that RyR abnormalities are general a primary cause. However the 

changes in the RyR expression and function might be a compensatory or causal 

mechanism. 

E3. Catecholaminergic Polymorphic Ventricular Tachycardia 

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a genetic 

arrhythmogenic disorder occurring in the structurally intact heart. Leenhardt et al. (1995) 

described several patients with a uniform pattern of polymorphic ventricular tachycardia. 

One third of these cases had a family history of juvenile sudden death and stress-related 

syncope. The symptoms of these patients were induced easily by exercise stress testing 

and were not developed with a pattern of torsade des pointes. The ECG pattern of these 

patients presented a distinguishing pattern of bi-directional ventricular tachycardia with a 

normal QT interval. This observation pointed to a likely arrhythmogenic mechanism in 

these patients. Delayed afterdepolarizations were caused by intracellular Ca overload 

and abnormal C a 2 + release from the SR; they were enhanced by adrenergic stimulation 

and were blocked by ryanodine in vitro (Priori et al., 1990). Thus, the RyR seemed to be 

a good candidate for CPVT. Later a linkage of this disease to chromosome lq42-43, 

which is the location of ryr2 gene, was shown in the study by Laitinen et al. (2001). 

Recently, a group from Italy screened twelve patients with typical CPVT from four 

families and identified a number of missense mutations in the cardiac RyR gene in four 
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of these patients: Ser2246Leu, Arg2474Ser, Asn4104Lys, and Arg4497Cys (Priori et 

al, 2000). A l l four mutations locate in regions highly conserved among the RyR isoforms 

and RyRs from other species. More interestingly, the corresponding amino acids of 

Ser2246 and Arg2474 in the RyRl locate in M H region 2, which is proposed to a 

regulatory region of the RyR. Thus, it indicated that these mutations are associated with 

functional changes of the RyR2. Another group in Finland has identified three more 

missense mutations (Pro2328Ser, Gln4201Arg and Val4653Phe) in the RyRs from CPVT 

patients (Laitinen et al., 2000). 

Type 2 of arrhythmogenic right ventricular dysplaspia (ARVD2), a class of 

autosomal dominant diseases characterized by progressive degeneration of the right 

ventricular myocardium, electrical instability and sudden deaths of juveniles and athletes, 

has also been related to the RyR2 gene. Four missense mutations (Argl76Gln and 

Leu433Pro) have been detected in the RyR2 in ARVD2 patients (Laitinen et al., 2000). 

A l l four mutations occurred in the cytoplasmic domain of the RyR and two of them 

(Asn2386Iieu and Thr2504Met) were in proposed FKBP12.6 binding domains. Since one 

of the functions of FKBP12.6 seems to stabilize the RyR2 channel, the mutations within 

the FKBP12.6 binding region might disrupt the interaction between this protein and the 

RyR and make the channel more active and more sensitive to agonists, resulting in 

stimulated C a 2 + release from the SR. 

Overall, some cases of CPVT and ARVD2 have been shown to be associated with 

mutations of the RyR2 gene. Although the effects of these mutations on the RyR2 

functions have yet to be determined, it appears that these mutated channels have higher 

sensitivity to Ca 2 + . Therefore, intense adrenergic stimulation due to emotional stress 

and/or increased physical activity may lead to Ca overload and severe tachycardia. 
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F. Overall Objective and Specific Aims for the Present study 

The activity of RyR is primarily governed by Ca 2 + . Alterations in the sensitivity of 

RyR to activation by C a 2 + have been implicated in a number of cardiac abnormalities. 

However, the molecular basis of C a 2 + sensing by the RyR remains largely undefined. The 

overall objective of this study is to define the structural and functional basis of C a 2 + 

sensing by the mouse cardiac RyR. Two specific aims are proposed. 

1. To Locate and Characterize the Mouse Cardiac RyR Calcium Sensor 

It has recently been reported by our laboratory that glutamate 3885, located in the 

putative transmembrane segment TM2 of the type 3 ryanodine receptor (RyR3), 

constitutes a major part of the C a 2 + sensor (Chen et al. 1998). This glutamate is conserved 

in all known RyR isoforms and its flanking sequence within the predicted transmembrane 

segment TM2 is also highly conserved. We hypothesize that the corresponding glutamate 

in the cardiac ryanodine receptor (RyR2), E3897, is also essential for C a 2 + sensing. To 

test this possibility, the corresponding glutamate in RyR2 was mutated, and the effects of 

mutations on C a 2 + sensitivity were characterized. The role of amino acid residues 

flanking this glutamate 3987 in C a 2 + sensing also was investigated. 

2. To Investigate The Transmembrane Topology of The Putative Transmembrane 

Segment TM2 

Different models for the transmembrane topology of the RyR have been proposed. 

One major discrepancy lies in the TM2 segment. In an attempt to define the 

transmembrane topology of the TM2 sequence, a series of full length and truncated 

constructs with c-myc tags inserted into different regions of the RyR sequence were 
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made. The topological locations of these c-myc insertions were determined by employing 

immunocytofluorescence staining. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 

A. Site-directed Mutagenesis 

A l l site-directed mutagenesis, including missense mutations, insertions and 

deletions, was carried out by the overlap extension method described by Ho et al. (1989). 

A multi-step strategy was designed to allow replacement of only a small fragment of wild 

type D N A by using polymerase chain reaction (PCR) to create the desired mutations. 

PCRs were carried out in a 100 p.1 solution containing 20 mM Tris-HCl, pH 8.8, 10 mM 

KC1, 10 mM (NH4) 2 S0 4 , 2.0 mM MgS0 4 , 0.1% Triton X-100, 0.1 mg/ml bovine serum 

albumin, 50 ng of each D N A primer (Table), 200 u M concentration of each dATP, 

dCTP, dGTP, and dTTP, lunits of Pfu D N A polymerase, and 1.0-2.0 pi (100-200 ng) of 

template cDNA. The D N A was denatured for 4 min at 94 °C followed by 25-30 cycles of 

amplification. Each cycle consists of 45 seconds at 94 °C, 1 min at 46-53 °C, and 1-3 min 

at 72 °C. An additional extension 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 were 

determined empirically. 

To generate mutation, glutamate 3987 to alanine (E3987A), and other mutations in 

the TM2 region in mouse RyR2, two fragments of the targeted gene sequence 

encompassing the point mutation were amplified by PCR as shown in Fig.3. Each PCR 

reaction used one flanking primer (outer primer) that hybridizes at one end of the target 

sequence and one internal primer that hybridizes at the site of the mutation. By using two 

internal primers that overlap, two fragments containing the site of mutation in the first 

PCR were generated. These two fragments were denatured and annealed in the presence 

of the two flanking primers (outer primers) in a subsequent primer extension reaction 

(Fig.3A). The product obtained from the second PCR was then lighted into the ECoRV 
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Table 2. Primers for Calcium Sensor Mutagenesis Studies 

DNA primers, forward and reverse, used for the generation of mutations in mRyR2: 

E3987A, M3985L, N3989A, double mutation M3985L / E3987A, S3984E / E3987A, 

E3987A / V3990E, and for c-myc insertions, A M 2 (c-myc), and BM2 (c-myc) are shown. 

Letters underlined indicate where the mutation was made, and italicized letters show the 

changes made. The numbers indicate the positions of the primers in the mRyR2 cDNA. 
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mRyR2 E3987A: 
A 

Forward: 5'-TG CTG TCT A T G TTA G C A GGT A A T GTG GTG (11976) 
T 

Reverse: 5 ' -CAC C A C ATT A C C TGC T A A C A T A G A C A G C A 

mR\R2 M3985L 
A 

Forward: 5 ' -ATG CTG CTG TCT CTG C T A G A A GGT A A T (11970) 
T 

Reverse: 5'-ATT A C C TTC T A G C A G A G A C A G C A G CAT 

mRyR2 M3985L&E3987A 
A A 

Forward: 5 ' -ATG CTG CTG TCT CTG CTA G C A GGT A A T GTG GTG (11976) 
T T 

Reverse: 5 ' -CAC C A C ATT A C C TGC T A G C A G A G A C A G C A G C A T 

mRyR2 N3989A 
AA 

Forward: 5 ' -ATG C T A G A A GGT GCT GTG GTG A A C (11979) 
TT 

Reverse: 5'-C GTT C A C C A C A G C A C C TTC T A G C A T 

mRyR2 S3984A&E3987A: 
TCT A 

Forward: 5'-GTC A T G CTG CTG G A G A T G TTA G C A GGT (11967) 
T AGA 

Reverse: 5 ' -ACC TGC T A A CAT CTC C A G C A G C A T G A C 

mRyR2 E3987A&V3990E 
A T 

Forward: 5'-TTA G C A GGT A A T G A G GTG A A C G G A A C A (11985) 
A T 

Reverse: 5'-TGT TCC GTT C A C CTC ATT A C C TGC T A A 

mRyR2 AM2 (c-myc) 

Forward: 5 ' - A A A CTT ATT TCT G A A G A A GAT CTG A T G TAT CGC ATT GTA 
TTT G A C A T C A C C (12033) 

Reverse: 5'-TTC TTC A G A A A T A A G TT TTG TTC TTC A T A A G G ATC A C C 
A G C A G G A T C C (4239) 
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mRyR2 BM2 (c-myc) 

Forward: 5 ' - A A A CTT ATT TCT G A A G A A GAT CTG CCT G A C A T G A A G TGT 
GAC G A C A T G (11949) 

Reverse: 5'-TTC TTC A G A A A T A A G TTT TTG CTC GTC A T C A T C CTC A C T 
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site in the pBluescript vector (Fig.3B). The fragment between the unique Sail site and 

Mlul site, which contained the desired mutation, was subcloned back into mRyR2 wt 

DNA (full length) in pBluescript. Then the full-length sequence between the Nhel and 

NotI site was further transferred into the full-length mRyR2 wt in pCDNA3 vector. The 

sequences of the PCR products including the desired mutations were confirmed twice by 

DNA sequencing: first, after the PCR product was subcloned into the pBluescript, and 

second, after the mutation was introduced into the full-length mRyR2 in pCDNA3. 

B. Cell Culture and Transfection 

To express the wild type and mutant RyRs, two mammalian cell lines were used: 

human embryonic kidney (HEK)-293 cell line and COS-1 cell line. HEK293 cell line and 

COS-1 cell line have been used extensively as expression systems for functional and 

biochemical studies of ion channel proteins. They have also been used for the expression 

of RyRs. It is important to note that there is no detectable expression of RyR in HEK293 

and COS-1 cells at the level of protein and function. HEK293 cells were maintained in 

standard D M E M medium, with 0.1 mM minimum Eagle's medium nonessential amino 

acids, 4 mM L-glutamine, 100 units of penicillin/ml, 100 mg of streptomycin/ml, and 

10% fetal calf serum. Cells were grown to 95% confluency in a 75 cm flask, split with 

PBS, and plated in 100 mm tissue culture dishes at 10% confluence 20 hours before 

2+ 

transfection. A Ca phosphate precipitation protocol was employed for transfection. 

Briefly, 12 pg of D N A was diluted into a final volume of 500 pi of solution, containing 

248 mM CaCl 2 . This solution was then added drop-wise to 500 pi of 2X HEPES buffer 

containing 274 mM NaCl, 1.8 mM Na 2 HP0 4 , and 50 mM HEPES, pH 7.04. The mixture 
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Fig 3. Strategies for Site-directed Mutagenesis and Subcloning 

(A) The D N A template and primers are indicated by lines with arrows showing 5'-3' 

orientation. The position of the mutation to be made is marked by solid boxes on each 

D N A strand. Each primer is labeled by a low-case letter and the PCR products generated 

are denoted by lower-case letters corresponding to the pair of primers used. Three PCRs 

[(1), (2), and (3)] were carried out for each mutation. The products of the (1) and (2) 

PCRs were purified and used as template for the (3) PCR, where denatured fragments 

annealed at the overlap region and were extended by PCR (dotted lines) to yield D N A 

fragment containing the mutation. This D N A fragment was further amplified by PCR 

using the outer primers 'a' and'd' . (B) The mutated D N A fragment was purified and 

subcloned into the pBluescript vector and subsequently to the full length RyR2 in 

pCDNA3 expression plasmid. A l l mutations were confirmed by DNA sequencing. 
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was incubated for 5 minutes at room temperature and added into the cells. 

COS-1 cells were grown to 95% confluence in a 35 cm 2 flask before subculture, 

then trypsinized and subcultured to 6-well culture plates that contain coverslips pretreated 

with 10 mg/ml polylysine for 30 minutes. Transfection of COS-1 cells was carried out 

using LipofectAmine according to the manufacture's instructions. Briefly, COS-1 cells 

were grown in 1 ml standard D M E M for 2 hours under 5% COt before transfection, and 

the standard D M E M was changed to D M E M without any supplement. Cells were then 

returned to 37 °C incubator for 15 minutes. For each well of cells to be transfected, 2 pg 

of D N A and 8 pi of 1 mg/ml LipofectAmine 2000 (LF 2000) reagent were diluted in 0.2 

ml D M E M without supplement, respectively, and incubated at room temperature for 5 

minutes. The diluted DNA and the diluted LF 2000 reagent were combined and incubated 

at room temperature for 20 minutes. The DNA-LF 2000 reagent complexes (400 pi) were 

added directly to the cells and mixed gently by rocking back and forth. The cells were 

returned to the 37 °C C 0 2 incubator for 3 hours, and then medium with the DNA-LF 

2000 complexes was replaced by standard D M E M . The cells were grown at 37 °C for 

another 20 hours before use. 

C. Calcium Release Measurement 

Free cytosolic C a 2 + concentration in transfected HEK293 cells was measured using 

the fluorescence C a 2 + indicator dye fluo-3-AM as described previously (Chen et al., 

1997B) with some modifications. Cells grown for 18-20 hr after transfection were 

washed four times with PBS and incubated in K R H buffer without M g C l 2 and CaCl 2 

(KRH buffer: 125 mM NaCl, 5 mM KC1, 1.2 mM K H 2 P 0 4 , 6 mM glucose, 1.2 mM 

M g C l 2 , 2 mM CaCl 2 , and 25 mM Hepes, pH 7.4) at room temperature for 40 min. and at 
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37 °C for 40 min. After being detached from culture dishes by pipetting, cells were 

collected by centrifugation at 2,500 rpm for 2 min. in a Beckman TH-4 rotor. Cell pellets 

were washed twice with K R H buffer and loaded with 10 uM fluo-3 in K R H buffer plus 

0.1 mg/ml BSA and 250 u M sulfinpyrazone at room temperature for 60 min., followed 

by washing with K R H buffer three time and resuspended in 150 pi K R H buffer plus 0.1 

mg/ml BSA and 250 p M sulfinpyrazone. The fluo-3 loaded cells were added to 2 ml 

(final volume) K R H buffer in a cuvette. Fluorescence intensity of fluo-3 at 530 nm was 

measured in an SLM-Aminco series 2 luminescence spectrometer with 480 nm excitation 

at 25 °C (SLM Instruments, Urbana, TL). 

D. Preparation of Cell Lysate from Transfected HEK293 cells and Heavy 

Sarcoplasmic Reticulum from Canine Heart Muscle 

HEK293 cells grown for 24-26 hours after transfection using C a 2 + phosphate 

precipitation were washed three times with PBS (137 mM NaCl, 8 m M NaiHPCu, 1.5 

mM K H 2 P 0 4 , 2.7 mM KC1) plus 2.5 mM EDTA and were harvested in the same solution 

by centrifugation. Cells from 15 tissue-culture dishes (100 mm in diameter) were 

solubilized in 2.5 ml lysis buffer containing 25 mM Tris, 50 mM HEPES (pH 7.4), 137 

mM NaCl, 1% CHAPS, 0.6 % egg phosphatidylcholine, 2.5 mM DTT, and a protease 

inhibitor mix (1 mM benzamidine, 2 ug/ml leupeptin, 2 ug /ml pepstatin A, 2 ug /ml 

aprotinin, and 0.5 mM PMSF) on ice for 1 hour. Cell lysate was obtained after removing 

the unsolubilized materials by centrifugation in microcentrifuge at 4 °C for 30 min. 

Heavy sarcoplasmic reticulum (SR) was isolated from canine cardiac muscle according to 

the method mentioned by Chamberlain et al. (1983). Canine SR (2 mg) was solubilized in 
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2.5 ml lysis buffer plus a protease inhibitor mix and unsolubilized materials were 

removed by centrifugation in microcentrifuge. 

E. [3H] Ryanodine Binding 

Equilibrium [3H] ryanodine binding to cell lysate was carried out as described 

previously (Du et al., 1998) with some modifications. [3H] ryanodine binding was carried 

out in a total volume of 300 pi binding solution containing 30 pi of cell lysate, 500 mM 

KC1, 25 mM Tris, 50 mM Hepes, pH 7.4, 0.5 mM EGTA, 0.7 mM CaCl 2 , 0.1-100 nM 

[3H]ryanodine, and the protease inhibitor mix at 37 °C for 2 hours. The binding mix was 

diluted with 5 ml ice-cold washing buffer containing 25 mM Tris, pH 8.0, and 250 mM 

KC1 and was immediately filtered through Whatman GF/B filters presoaked with 1% 

polyethylenimine. The filters were washed 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 20 p M unlabelled 

ryanodine. A l l binding assays were done in duplicate. 

F. Sucrose Density Gradient Purification of Recombinant RyR2 and Canine RyR2 

Proteins 

Cell lysate (2.5 ml) or solubilized canine cardiac SR membranes (2 mg in 2.5 ml) 

was layered on top of a 10.5 ml (7.5-25%, wt/wt) linear sucrose gradient containing 25 

mM Tris, 50 mM Hepes, pH 7.4, 0.3 M NaCl, 0.1 mM CaCl 2 , 0.3 mM EGTA, 0.25 mM 

PMSF, 4 pg/ml leupeptin, 5 mM DTT, 0.3% CHAPS and 0.16% synthetic 

phosphatidylcholine (POPC). The gradient was centrifuged at 29,000 rpm in Beckman 

SW-41 rotor at 4 °C for 17 hours. Fractions of 0.7-0.75 ml each were collected. Peak 
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fractions containing RyR proteins, as determined by immunoblotting, were pooled, 

aliquoted, and stored at -80 °C. 

G. Single Channel Recordings 

Recombinant wt and E3987A mutant RyR2 and canine RyR2 proteins solubilized 

and purified by sucrose density gradient centrifugation were used for single channel 

recordings as described previously (Chen et al, 1997B; Zhao et al, 1999) with some 

modifications. Brain phosphatidylserine and synthetic l,2-Dioleoyl-5n-glycerol-3-

phosphoethanolamine (DOPE), dissolved in chloroform, were combined, in a 1:5 ratio 

(w/w), dried under nitrogen gas and suspended in 30 pi of n-decane at a concentration of 

15 mg of lipid /ml. Bilayers were formed across a 250-pm hole in a Delrin partition 

separating two chambers. The trans chamber (600 pi) was connected to the head stage 

input of an Axopatch 200A amplifier (Axon Instruments Inc.). The cis chamber (1.2 ml) 

was held at virtual ground. A symmetrical solution containing 250 mM KC1 and 25 mM 

Hepes, pH 7.4, was used for recordings. A 2-4 pi aliquot of the sucrose density gradient-

purified recombinant wild type or mutant mouse RyR2 proteins or native canine cardiac 

ryanodine receptor was added to the cis chamber. Unless indicated otherwise, 

spontaneous channel activity was always tested for sensitivity to EGTA and/or Ca"+, 

thereby providing information about the Ca"+ sensitivity, orientation in the bilayer and 

stability of the incorporated channel. A l l subsequent additions were made to that chamber 

in which the addition of EGTA inhibited the activity of the incorporated channel. This 

chamber presumably corresponds to the cytoplasmic side of the Ca" release channel. 



45 

H. Polyacrylamide Gel Electrophoresis and Immunoblotting 

Cell lysates were denatured in Laemmli sample buffer at 100 °C for 2 min and 

separated in 6% SDS-polyacrylamide gels. The resolved proteins were transferred to 

nitrocellulose membranes at 30 V for 15-16 hours at 4 °C in the presence of 0.01% SDS. 

The nitrocellulose membranes were blocked for 1 hour with PBS plus 0.5% Tween 20 

and 5% skim milk powder, incubated 2-4 hours with anti-RyR mAb 34C in the same 

solution, and then washed three times for 15 min each with the same buffer. The bound 

antibodies were visualized by using alkaline phosphatase-conjugated anti-mouse IgG. 

I. Immunofluorescence Staining 

Coverslips were placed in a 100-mm tissue culture dish. HEK293 cell culture and 

D N A transfection were then carried out as described above. Twenty-four hours after 

transfection, the coverslips were washed three times with PBS, fixed with 4% 

formaldehyde in PBS for 15 min, and washed once with PBS and three times with PBS 

containing 0.1% saponin 5 min each time. The coverslips were blocked with buffer A 

(2% skim milk powder, 0.1% saponin in PBS) for 30 minutes before washing and 

incubating with anti-c-myc antibody in buffer A for 1 hour. The coverslips were washed 

with buffer A 3 times with 5 minutes each time and incubated with rhodamine-

conjugated anti-mouse IgG in buffer A for 30 minutes. The coverslips were then washed, 

mounted in vector shield, and analyzed with the Leica D M R B photomicroscope using a 

40x objective. To permeablize the plasma membrane, coverslips containing transfected 

COS-1 cells were washed 3 times with PBS and fixed with 2% paraformaldehyde-PBS 

for 15 minute after grown for 24 hours. The coverslips were washed with PBS and 

incubated for 20 minutes at 4 °C with 200 units/ml Streptolysin-0 (SLO) that has been 
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preactivated by a 5-minute, 0 °C incubation with in PBS. Unbound SLO was removed 

by washing, and the coverslips were incubated at 37 °C for 20 minutes in PBS containing 

10 mM dithiothreitol. The coverslips were washed in PBS, blocked in 2% milk-PBS 

solution, then incubated with antibodies as described above. 

J. Data Analysis 

A l l single channel recordings were analyzed by using the pClamp 6.0.3 software 

(Axon Instruments Inc.). A 50% threshold was used to detect single channel opening 

events. In other words, when an event exhibits current amplitude greater than 50 % of the 

maximum, it is considered to be an open event. Open probability (Po), arithmetic mean 

open time (To), and arithmetic mean closed time (Tc) were obtained by using the 

F E T C H A N program in pClamp6.0.3. 

A l l single channel recordings were filtered at 2,500 Hz using a low-pass Bessel 

filter (Frequency Devices, Haverhill, M A ) and digitized at 20 kHz. Under this filtering 

condition, a dead time of 71.6 ps would be expected. Thus, the open events with 

durations that are equal to or less than 71.6 ps (0.179/2,500) would have been missed 

under our recording conditions. Accordingly, the open probabilities of these fast 

channels, especially the E3987A mutant channels when activated by calcium alone, 

would have been underestimated. However, this potential underestimation of open 

probability would not affect our estimation of the Ca sensitivity of the E3987A mutant 

channel. This is because that our estimation of the Ca sensitivity of the mutant channel 

was carried out in the presence of ATP and caffeine. Under these conditions, the mutant 

channels exhibited a mean open time of ~1 ms, which is greater than the dead time of 

71.6 ps. 
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Curve fitting of the Po-pCa relationships and the C a 2 + dependence of [3H] 

ryanodine binding was carried out using the Hill equation: Y = aX b/(c b + X b ) , where Y is 

the Po or the amount of [ H] ryanodine bound; X is the Ca concentration; a is the 

maximum Po or maximum [3H] ryanodine binding; b is the Hil l coefficient; and c is the 

EC50 for Ca activation. 

94-

Free Ca concentrations were calculated using the computer program of Fabiato 

and Fabiato (1979) at 22 °C and pH 7.4 using the following constants: 1.561 x 107 (Ca 2 +-

EGTA), 6.5 5 5 x 103 (Ca 2 +-ATP), 1.454 x 104 (Mg 2 + -ATP), 89.51 (Mg 2 + -EGTA), and 

5.608 (K + -ATP). 
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CHAPTER 3: RESULTS 

A. Functional Expression of the Wild Type and Mutant Mouse Cardiac Ryanodine 

Receptor cDNA 

To investigate the single channel properties of the mouse Cardiac Ryanodine 

Receptor (RyR2) and the role in C a 2 + sensing of the conserved glutamate 3987, full-

length cDNAs encoding the wild type (wt) and glutamate 3987 to alanine mutant 

(E3987A) were constructed and expressed in HEK293 cells. Transfected HEK293 cells 

were harvested and loaded with fluo-3-AM. The fluorescence intensity of suspended 

HEK293 cells was monitored by using a luminescence spectrometer before and after 

addition of caffeine, an activator of the RyR. As shown in Fig. 4A, caffeine-induced 

increase in fluorescence was readily detected in HEK293 cells transfected with the full 

length wt RyR2 cDNA, but not in cells transfected with the E3987A mutant RyR2 cDNA 

or vector (pCDNA3) D N A (n=5) (Fig. 4A). These observations indicate that expression 

of RyR2 cDNA produces a caffeine-sensitive C a 2 + release channel in HEK293 cells, and 

that mutation E3987A impairs caffeine-induced C a 2 + release. The E3987A mutant RyR2 

protein was, however, expressed in HEK293 cells and exhibited sedimentation profile in 

sucrose density gradient similar to that of the wt (Fig. 4B), suggesting that the lack of 

caffeine response of the E3987A mutant channel is unlikely to be due to defects in 

expression or oligomerization. 

B. Mutation E3987A Altered the Calcium Response of Single RyR2 Channels 

To further understand the defect in mutant E3987A, the wt and E3987A mutant 

proteins were incorporated into planar lipid bilayers and the open probability (Po) of 
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Fig.4. Functional Expression of the Mouse RyR2 cDNA 

(A) Caffeine-induced Ca" + release in H E K 293 cells transfected with 6 jig wt RyR2 

cDNA (a), 6 ug E3987A cDNA (b), or 6 ug control (pcDNA3) D N A (c). Fluorescence 

intensity of the fluo-3 loaded HEK293 cells was monitored before and after addition of 2 

mM caffeine (arrows). (B) Immunoblotting of sucrose density gradient fractions of wt or 

E3987A mutant proteins. Aliquot of 10 pi each sucrose gradient fraction was used for 

immunoblotting. The wt and mutant RyR2 proteins were detected by using the anti-RyR 

monoclonal antibody 34C. The gradient was collected starting from the bottom (fraction 

1). Fraction 14 was taken from the top of the gradient. 
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single channels at a wide range of C a 2 + concentrations was determined. As shown in Fig. 

5A, a single wt channel was activated by C a 2 + at -100 nM and was inactivated at -10 

mM. At C a 2 + concentrations between -1-2000 uM, the channel was maximally activated, 

resulting in a bell-shaped C a 2 + response curve (Fig. 5C). Curve fitting of the wt C a 2 + 

response using the Hil l equation yielded an EC50 of 0.26 \iM for activation by C a 2 + 

(n=22) and an IC 5 0 of 2.1 mM for inactivation by C a 2 + (n=19). The extent of inactivation 

of single wt channels by high concentrations of C a 2 + was found to vary from channel to 

channel. Some channels were inactivated, while the others remained highly active at high 

C a 2 + concentrations (Fig. 5C). In contrast, the E3987A mutant channels required several 

hundreds of micromolar C a 2 + for activation and hardly responded to increasing C a 2 + 

concentrations (Fig. 5B). The maximum Po of most E3987A mutant channels activated 

by a wide range of C a 2 + concentrations was less than 0.05 (Fig. 5C). In addition, opening 

events of the E3987A mutant channels were extremely brief. The mean open time of 

single E3987A mutant channels is -10 fold shorter than that of the wt channels (Figs. 5A 

and 5B). It appears that some opening events were too brief to be resolved completely 

under our recording conditions (Fig. 5B). Thus, the Po of the E3987A mutant channels 

activated by C a 2 + alone may have been under estimated. Nevertheless, these data indicate 

that mutation E3987A severely impairs the threshold, maximum extent, and kinetics of 

Ca2 +activation of the RyR2 channel. 

C. Ligand Gating Properties of Single Wild Type and E3987A Mutant RyR2 

Channels 

Next, the responses of single wt and E3987A mutant RyR2 channels to various 

modulators were examined. As shown in Fig. 6, single wt channels were activated by 
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Fig. 5. Calcium Response of Single Wild Type and E3987A Mutant RyR2 Channels 

Single channel activities of the mRyR2 wild type (A) and the E3987A mutant (B) were 

recorded in a symmetrical recording solution containing 250 mM KC1, 25 mM HEPES 

(pH 7.4), and varying concentrations of cytoplasmic free Ca 2 + . The orientation of each 

single channel detected in the bilayers was determined at the beginning of each 

experiment by addition of an aliquot of EGTA solution to either the cis or the trans 

chamber. A l l subsequent additions were than made to the cytoplasmic side of the 

channel. The trans chamber was connected to the input of the headstage amplifier and the 

cis chamber was held at virtual ground. The relationships between Po and C a 2 + 

concentrations of single wt (solid circles) and E3987A mutant (open circles) channels are 

shown in panel C. Data points from a total of 22 single wt channels and 16 single 

E3987A mutant channels are shown. The curve shown represents fit of data from single 

wt channels using the Hill equation. Data points at C a 2 + concentrations greater than 1 mM 

from three single wt channels that did not show significant C a 2 + dependent inactivation 

were not included in the fitting for C a 2 + inactivation. The parameters of the fitting are 

indicated in the text. Note that the sensitivities of single wt channels to activation by C a 2 + 

are similar, with a threshold for activation ~ 100 nM, while the sensitivities to 

inactivation by C a 2 + vary significantly among single wt channels. The maximum Po of 

the C a 2 + activated E3987A mutant channels ranges from 0.001% to 13 %. The Po, 

arithmetic mean open time (To) and the arithmetic mean closed time (Tc) at each C a 2 + 

level are indicated on the top of each panel. The short line to the right of each current 

trace indicates the base line. The holding potential for both the wt and E3987A mutant 

channels was +20 mV. 
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ATP and caffeine, and were inhibited by M g 2 + (n=5) (Fig. 6A). Similarly, single 

E3987A mutant channels were also activated by ATP and caffeine, and were inhibited by 

M g 2 + (n=5) (Fig. 6B). It should be noted that the C a 2 + concentrations in the control 

conditions for wt (-200 nM) and mutant (~2 mM) channels differ considerably because 

of their differences in C a 2 + activation (Fig. 5). Hence, the extents of activation or 

inhibition by a ligand of the wt and mutant channels may not be compared quantitatively. 

It should be noted also that M g 2 + could inhibit C a 2 + activated wt or mutant E3987A 

channels in the absence of ATP and caffeine (not shown). Both the wt and E3987A 

mutant channels were modified in a similar fashion by ryanodine, which shifted the 

channel into a state with high Po and reduced conductance (Figs. 6A-e and 6B-f). The 

single channel conductance of the E3987A mutant channel is 793 + 2.8 pS (n=4), similar 

to that of the wt channels (-800 pS). 

The effects of various ligands on the channel activities of wt and mutant E3987A 

were further investigated by a [3H] ryanodine binding assay. Ryanodine, a plant alkaloid, 

is such a specific modulator of the RyR that it binds to the open state of the channel. 

Because of this open state dependent interaction, [ H] ryanodine binding has been widely 

used as a functional assay for RyR channel activities. As shown in Fig. 7, [3H] ryanodine 

94-

binding to both the wt and E3987A mutant channels were activated by Ca , caffeine and 

ATP, and were inhibited by M g 2 + , ruthenium red and EGTA. Similarly, the extent of 

activation or inhibition by a ligand of [3H] ryanodine binding to the wt and mutant 

channels may not be compared quantitatively. Nevertheless, both single channel and [3H] 

ryanodine binding studies demonstrate that the E3987A mutation does not cause gross 

alterations in channel conduction and in responses to various modulators. 
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Fig. 6. Ligand Gating Properties of Single Wild Type and E3987A RyR2 Channels 

Single channel recordings were carried out as described in the legend to Fig. 5. Control 

(a) shown in (A) was carried out in the presence of 171 nM cytoplasmic free Ca 2 + . 

Subsequent additions of ATP, caffeine, M g 2 + and ryanodine were made to the 

cytoplasmic side of the same channel. The concentration of free C a 2 + in control (a) shown 

in (B) is 1.7 mM, and the recording solution in control d shown in (B) contains 1.7 mM 

Ca 2 + , 0.5 mM EGTA, 2 mM ATP and 4 mM caffeine. Current recordings in a-c shown in 

(B) are from the same channel, while those in d-f shown in (B) are from a different 

channel. Base lines are indicated. The holding potential was +20 mV for all recordings 

shown. 
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D. Mutant E3987A Retained High Affinity [3H] Ryanodine Binding 

Recently, the effects of the corresponding mutation in R y R l , E4032A, on RyR 

function and regulation have been reported (Du and MacLennan, 1998). Different from 

mutant E3987A in RyR2, the corresponding mutant E4032A in RyRl showed no 

response to either caffeine or ryanodine and lacked high affinity [3H] ryanodine binding. 

It has been suggested that the E4032A mutation may affect ryanodine binding directly. 

The characteristic functional response to ryanodine of single E3987A mutant RyR2 

channel shown in Fig. 6 and the [3H] ryanodine binding data shown in Fig. 7 indicate that 

the functional high affinity ryanodine binding site is retained in the E3987A mutant 

channel. However, it is possible that the E3987A mutation could affect the affinity of 

ryanodine binding in addition to C a 2 + activation. To test this possibility, we determined 

the equilibrium dissociation constant (Kd) of [3H] ryanodine binding to mutant E3987A in 

the presence of 1 mM C a 2 + (Fig. 8). Scatchard analysis showed that the E3987A mutant 

RyR2 exhibited high affinity [3H] ryanodine binding with a Kd of 2.1 + 0.39 nM and a 

B m a x of 0.76 ± 0.15 pmol/mg (n=5), similar to the Kd of 2.3 ± 0.63 nM and B m a x of 1.24 + 

0.26 pmol/mg (n=4) of the wt RyR2. Therefore, mutation of this conserved glutamate 

does not alter the affinity of [3H] ryanodine binding to RyR2. 

E. Mutation E3987A Markedly Reduced the Sensitivity of RyR2 Channels to 

Activating Calcium 

As shown in Fig. 6B, single E3987A mutant channels could be fully activated by 

C a 2 + in the presence of ATP and caffeine. This property allows us to quantify the relative 

C a 2 + sensitivity of the E3987A mutant channels at the single channel level. As shown in 
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Fig.7. Effects of Channel Modulators on [3H] Ryanodine Binding to Wild Type and 

E3987A Mutant RyR2 

[3H] ryanodine binding to wt (A) and E3987A mutant (B) RyR2 was carried out in the 

presence of 149 nM free C a 2 + concentration (pCa 6.83) for the wt and 21.4 p M (pCa 

4.67) for the E3987A mutant and one of the channel modulators as indicated. Note that 

ATP, caffeine, and high concentration of C a 2 + increased [3H] ryanodine binding, while 

Mg, E G T A and ruthenium red inhibited [ H] ryanodine binding, to both wt and E3987A 

mutant RyR2. Data shown are means + S.E. from four separate experiments. 
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Fig. 8. Mutation E3987A Does not Alter the Affinity of [3H] Ryanodine Binding to 

RyR2. 

[3H] ryanodine binding to cell lysate prepared from HEK293 cells transfected with wt or 

mutant E3987A cDNA was carried out in the presence of 25 mM Tris, 50 mM HEPES, 

pH7.4, 500 mM KC1, CaCl 2 (0.2 m M for wt and 1.0 mM for mutant E3987A), 0.1-30 

nM [3H]ryanodine, and various protease inhibitors at 37 °C for 2 hours. Data shown are 

from a representative experiment, which has been repeated 3-4 times. Inset shows a 

Scatchard plot. 



[3H] Ryanodine Concentration (nM) 
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Fig. 9A, in the presence of 2 mM ATP and 4 mM caffeine, a single wt channel was 

activated by -50 nM C a 2 + and reached maximum activation at -300 nM Ca 2 + . The C a 2 + 

response of single wt channels under these conditions could be described by an EC50 of 

93 + 4.27 nM (n=5) (Fig. 9D). On the other hand, under the same conditions, single 

mutant E3987A channels were activated by 10 to 100 pM C a 2 + and reached "maximum 

activation at - 500 pM (Figs. 9B and 9C). Difference in the extent of maximum 

activation was observed among single E3987A mutant channels. Some mutant channels 

could be fully activated, while others showed maximum activation of -50% (Figs. 9B,C, 

and D). This discrepancy is most likely attributable to different extents of C a 2 + 

inactivation, as seen among single wt channels (Fig. 5C). The C a 2 + responses of the high 

and low Po E3987A mutant channels were analyzed by using the Hill equation. These 

analyses yielded an E C 5 0 of 109 + 6.0 lpM for C a 2 + activation of the high Po E3987A 

mutant channels (n=5), and an EC50 of 246 + 8.7lpM for C a 2 + activation of the low Po 

mutant channels (n=5). Hence, single E3987A mutant channels exhibited -1,000-3,000 

fold reduction in C a : + sensitivity to activation as compared to single wt RyR2 channels. 

A marked reduction in the sensitivity of the E3987A mutant channel to C a 2 + 

activation could also be demonstrated in the absence of ATP and caffeine by using [3H] 

ryanodine binding assay. Although mutant E3987A exhibited binding affinity and 

maximum binding capacity similar to those of the wt (Fig. 8), they differ considerably in 

the C a 2 + dependence of [JH] ryanodine binding. [3H] ryanodine binding to wt proteins 

was activated by C a 2 + with an E C 5 0 of 0.22 + 0.03 p M (n=6), while activation by C a 2 + of 

[3H]ryanodine binding to mutant E3987A proteins could be described by an EC50 of 59 ± 

14 p M (n=6) (Fig. 10). Thus, the E3987A mutation resulted in -270 fold reduction in 

C a 2 + sensitivity to activation of [3H] ryanodine binding. This estimated reduction in C a 2 + 
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Fig. 9. Mutation E3987A Reduced Dramatically the Sensitivity of Single Mouse 

RyR2 Channel to Ca 2 + Activation. 

The C a 2 + responses of single wt (A) and E3987A mutant (B and C) channels were 

determined in the presence of 2 mM ATP and 4 mM caffeine. Other conditions for 

recordings were the same as those described in Fig.2. According to their maximum Po, 

single E3987A mutant channels could be divided into two groups with high (B) and low 

Po (C). The Po-pCa relationships of the wt and E3987A mutant channels are shown in 

panel D. Data points shown are individual Po measurements from five single wt 

channels (solid circles), five E3987A mutant channels with high Po (open triangles), and 

five E3987A mutant channels with low Po (solid triangles). Lines represent curve fits of 

all data points in the same group using the Hil l equation. The yielded parameters of 

fitting are indicated in the text. The holding potential for all recordings shown was +20 

mV. Base lines are indicated. 
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Fig. 10. Ca 2 + Dependence of [3H] Ryanodine Binding to WT and E3987A Mutant 

Proteins 

[ H] ryanodine binding to cell lysate prepared from HEK293 cells transfected with wt or 

mutant E3987A cDNA was carried out at various concentrations of Ca 2 + , as described in 

the text. The concentration of [ H] ryanodine used was 5 nM. Data shown are individual 

measurements from six separate binding experiments. Data are expressed as mean + S.E. 

The amount of [3H] ryanodine bound is expressed as a percentage of the maximum [3H] 

ryanodine binding (100%). 





67 

sensitivity differs by -4-10 fold from that estimated by single channel measurements. 

The C a 2 + sensitivity of the wt channels estimated by single channel measurements (EC50 

= 0.26 uM) is similar to that (EC50 = 0.22 uM) estimated by [3H] ryanodine binding 

analysis (Fig.5 and 10). On the other hand, the relative Ca~+ sensitivity to activation of 

single E3987A mutant channels measured in lipid bilayers may have been underestimated 

due to the influence of C a 2 + dependent inhibition (Fig. 9D). As a result, the differences in 

C a 2 + sensitivity between single wt and E3987A mutant channels measured in lipid 

bilayers may have been overestimated. It is of interest to note that significant C a 2 + 

dependent inhibition of [3H] ryanodine binding was not detected at C a 2 + concentrations as 

high as 1 M (Fig. 10). The lack of Ca2+dependent inhibition of [3H] ryanodine binding to 

rabbit RyR2 proteins also has been reported previously (Du and MacLennan, 1999). With 

little influence by C a 2 + dependent inhibition, [3H] ryanodine binding assay may provide 

more accurate estimates of the sensitivity of the E3987A mutant RyR2 channels to 

activation by Ca 2 + . 

F. Co-expression of Wild Type and E3987A Mutant RyR2 Proteins Produced Single 

Channels with Intermediate Calcium Sensitivities 

To investigate the role of subunit-interaction in C a 2 + activation of the tetrameric 

RyR channel, the wt and E3987A mutant proteins were co-expressed in HEK293 cells 

and the C a 2 + response of each single channel detected in lipid bilayers was determined 

(Fig. 11). A total of 19 single channels were observed and characterized. Based on their 

responses to Ca 2 + , these single channels could be divided into five groups. Group I (6 

channels out of 19) exhibited a C a 2 + response similar to that of the wt, with an EC50 of 

0.40 pM for activation by C a 2 + (Fig. 1 ID) (solid circles). This group of single channels 
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most probably corresponds to the wt homotetramer. On the other hand, single channels in 

group II (2 out of 19) were hardly activated by Ca 2 + , resembling the E3987A mutant 

homotetramer (Fig. 1 ID) (solid triangles). Group m (medium Po) (4/19) displayed a C a 2 + 

response clearly different from that of the wt homotetramer and E3987A mutant 

homotetramer, exhibiting an E C 5 0 of 85 pM for activation by C a 2 + (Figs. 1 IB and 1 ID) 

(solid squares). Since the E3987A mutant protein forms a functional channel, 

presumably a homotetramer, it is most likely that the E3987A mutant protein is capable 

of forming a heteratetrameric channel with the wt protein. If so, group IH single channels 

most probably represents hybrid channels formed by the wt and E3987A mutant subunits. 

The Ca2+response of group TV (high Po) single channels (5/19) (open circles) was found 

to be in between or similar to those of group I (wt homotetramer) and group HI 

(presumably wt/mutant hybrid) (Figs. 11A and 11D). Group V (low Po) (2/19) showed 

Ca" + response in between or similar to those of the group i n (presumably wt/mutant 

hybrid) and group II (E3987A mutant homotetramer) (Figs. 11C and 11D) (open 

squares). Because of the overlap in Ca" + response with the wt homotetramer or with the 

mutant homotetramer, we are not certain that single channels in groups rV and V are all 

wt/mutant hybrid channels. Nevertheless, it is clear from Fig. 11D that co-expression of 

the wt and E3987A mutant proteins produced single channels displaying sensitivities to 

activating C a 2 + in between those of the wt and E3987A mutant RyR2 channels. These 

results also indicate that the sensitivity to activation of the RyR2 C a 2 + sensor may depend 

on the cooperative interaction among RyR monomers. 

G. Single Mouse RyR2 Channels Exhibited Calcium Response Similar to that of 

Single Canine RyR2 Channels 
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Fig.ll. C a 2 + Responses of Single Channels Produced by Co-expression of the WT 

and E3987A Mutant RyR2 Proteins in HEK293 Cells 

HEK293 cells were transfected with an equal amount (6 pg) of wt and E3987A mutant 

RyR2 cDNA. The C a 2 + responses of single hybrid channels with high Po (A); medium Po 

(B) and low Po (C) were determined as described in the legend to Fig. 5. Single channel 

activities shown in A and B were inhibited by addition of 0.1 mM EGTA to the cis 

chamber, indicating that the cytoplasmic side of the incorporated channel was facing the cis 

chamber. On the other hand, single channel activities shown in C were inhibited by 

addition of 0.1 mM EGTA to the trans chamber, indicating that the cytoplasmic side of the 

incorporated channel was facing the trans chamber. In order to measure currents in the 

same physiological direction, from the luminal to the cytoplasmic side of the channel, a 

+20 mV holding potential was applied in A and B and -20 mV in C. The Po-pCa 

relationships of single hybrid channels are shown in D. Data points represent individual 

measurements. According to their C a 2 + sensitivities to activation, single hybrid channels 

could be divided into at least five groups (TV). Group I (solid circles) and group U (solid 

triangles) displayed Ca2+sensitivity to activation similar to that of the wt and E3987A 

mutant channel, respectively. Ill (solid squares) (medium Po), group IV (open circles) 

(high Po) and group V (open squares) (low Po) showed sensitivities to Ca~+ activation in 

between those of the wt and E3987A mutant channels. These different C a 2 + sensitivities 

most probably resulted from hybrid channels with different compositions of wt and 

E3987A mutant subunits. Note that two single channels are present in recordings shown in 

C and Po indicates the average open probability. 
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The mouse heart is quite different from that of other mammalian species. The most 

distinctive feature of the mouse heart is its fast heart rate (500-600 beats per minute) 

(Hamilton and Ianuzzo, 1991). It has been suggested that the contractile and C a 2 + 

regulating systems in the mouse heart must possess unique properties to accommodate 

such a high frequency operation (Hamilton and Ianuzzo, 1991). For example, mouse 

heart muscle contains a large amount of SR, which may help to speed up muscle 

relaxation (Forbes et al, 1985). In this context, it would be of interest to examine 

whether the C a 2 + response of the mouse RyR2 channel differs from that of RyR2 from 

other mammalian species, such as dog that has much slower heart rate (Hamilton and 

Ianuzzo, 1991). Fig. 12 shows the C a 2 + response of single canine RyR2 channels and 

comparison with that of single mouse RyR2 channels. Under the same conditions as for 

mouse RyR2, single canine RyR2 channels were activated by C a 2 + with an EC50 of 0.24 

pM, and were inactivated by C a 2 + with an I C 5 0 of 4.8 mM. These parameters are very 

similar to those observed with single mouse RyR2 channels, which are 0.26 p M and 2.1 

mM, respectively (Figs. 5 and 12). Thus, the intrinsic C a 2 + dependence of single mouse 

and canine RyR2 channels in lipid bilayers appears to be similar. 

H. Comparison of the Calcium Responses Between Wild Type and Mutant RyR2 

and RyR3 

Although the C a 2 + sensitivity to activation of the RyR2 isoform from different 

species may be similar, it varies between different RyR isoforms. It has been shown that 

2+ 

native RyR2 channels are more sensitive to activation by micromolar Ca than native 

RyRl and RyR3 channels. To investigate whether this is also true for recombinant RyRs, 
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Fig.12. Single Mouse and Canine RyR2 Channels Share Similar Ca + Response 

Single channel activities of the canine RyR2 were recorded as described in the Materials 

and Methods and in the legend to Fig. 5. Single channel activities shown in A were 

inhibited by addition of 0.1 mM EGTA to the cis chamber, indicating that the 

cytoplasmic side of the incorporated channels was facing the cis chamber. A l l 

subsequent additions were then made to the cytoplasmic side of the channel (cis 

chamber). Current traces (21 nM-0.27 pM) shown on the left and those (2-18 mM) 

shown on the right were from separate channels. The relationships between Po and C a 2 + 

concentrations of single canine (open circles, solid line) and mouse (dash line, from Fig. 

2) RyR2 channels are shown in panel B. Data points shown are individual Po 

measurements from 9 single canine RyR2 channels. The holding potential was +20 mV 

for C a 2 + concentrations at 21 nM, 64 nM, 126 nM, 190 nM, 0.27 p M and 2 mM, and +40 

mV for Ca2+concentrations at 5.5 mM and 18 mM. The open probability (Po), arithmetic 

mean open time (To) and the arithmetic mean closed time (Tc) at each C a 2 + level are 

indicated on the top of each panel. A short line to the right of each current trace indicates 

the base line. 
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the sensitivities to Ca2 +activation of [3H] ryanodine binding to wt and E3885A mutant 

RyR3 channels were determined and compared with those of the wt and E3987A mutant 

RyR2 channels. As seen in Fig. 13A, [3H] ryanodine binding to wt RyR2 was activated 

at lower C a 2 + concentrations compared to that to RyR3. The EC50 value for C a 2 + 

activation of [3H] ryanodine binding to wt RyR3 was 437 nM, compared to 220 nM for 

RyR2. Hence, consistent with the previous observation, recombinant RyR2 is more 

sensitive to C a 2 + activation than recombinant RyR3. Interestingly, the C a 2 + sensitivities of 

the corresponding mutants E3987A of RyR2 and E3885A of RyR3 also differ. The E C 5 0 

values for C a 2 + activation of [3H] ryanodine binding to E3885A mutant RyR3 and 

E3987A mutant RyR2 were 776 p M and 59 pM, respectively. These data reveal that the 

corresponding mutation E3885A in the RyR3 isoform is 3-10 times more severe in 

reducing the Ca sensitivity than does the corresponding E3987A mutation in the RyR2 

isoform. 

The molecular basis for this difference is unclear. The TM2 transmembrane 

sequence of RyR2, which encompasses the C a 2 + sensing glutamate 3987, is identical to 

that of RyR3 except for one amino acid residue. Methionine 3985 (M3985) in RyR2 is 

replaced with leucine in RyR3. It is possible that this difference may underlie the 

observed difference in C a 2 + sensitivity to activation between RyR2 and RyR3. To test this 

possibility, methionine 3985 in both the wt and E3987A mutant RyR2 was mutated to 

leucine. This mutation would make the TM2 sequence of RyR2 identical to that of RyR3. 

[3H] ryanodine binding was then carried out to determine the C a 2 + sensitivity to activation 

of these mutants. These analyses showed that mutation M3985L did not alter greatly the 

C a 2 + sensitivity of the wt RyR2 channel. The E C 5 0 value for M3985L was 234 nM, 
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Fig. 13. Comparison of the Ca 2 + Responses Between WT and Mutant RyR2 and 

RyR3 and the Effect of Mutation M3985L on the Sensitivity of RyR2 to Calcium 

Activation 

Panel A shows [3H] ryanodine binding to cell lysate prepared from HEK293 cells 

transfected with wt RyR2 (solid triangles), wt RyR3 (solid circles), E3987A mutant 

RyR2 (open triangles), or E3885A mutant RyR3 (open circles) cDNA in the presence of 

various concentrations of C a 2 + as described in the Materials and Methods. Panel B shows 

[3H] ryanodine binding to cell lysate prepared from HEK293 cells transfected with wt 

RyR2 (solid circles), E3987A mutant RyR2 (open circles), M3985L mutant RyR2 (solid 

triangles), and E3987A/M3985L mutant RyR2 (open triangles) cDNA. The 

concentration of [3H] ryanodine used was 10 nM. Data shown are means + S.E. from 4-6 

separate binding experiments. The construction of the wt and E3885A mutant RyR3 has 

been described previously. 
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compared to 220 nM of the wt. On the other hand, the C a 2 + sensitivity of the double-

mutant, E3987A/M3985L, was found to be slightly higher than that of the single mutant 

E3987A. The E C 5 0 value for mutant E3987A/M3985L was 22 uM, compared to 59 uM 

for mutant E3987A. Thus, the single amino acid difference (methionine in RyR2 vs. 

leucine in RyR3) in the TM2 sequence between RyR2 and RyR3 is unlikely to'contribute 

to the difference in C a 2 + sensitivity between RyR2 and RyR3. The observed variance in 

Ca + sensitivity might reflect differences in the exact composition of the C a 2 + sensor or 

differences in the C a 2 + activation pathway between the RyR2 and RyR3 isoform. 

I. The Significance of Charge and Size of Residue at Position 3885 in RyR3 Calcium 

Sensing 

It is clear from the previous studies that substitution of alanine for the negatively 

charged glutamate 3885 in RyR3 or glutamate 3987 in RyR2 could result in dramatic 

change in the sensitivity of the channel to activation by Ca 2 + . It is unclear, however, 

whether this alteration resulted from change in the charge or size of the amino acid 

residue. To determine the significance of charge and size of this residue in C a 2 + sensing, 

glutamate 3885 in RyR3 was mutated to aspartate, glutamine, lysine, or tryptophan, 

respectively (Fig. 14). Cell lysate was prepared from HEK293 cells transfected with each 

mutant cDNA and was used for [3H] ryanodine binding assay. As shown in Fig. 14, 

substitution of aspartate for glutamate (E3885D) did not alter significantly the C a 2 + 

dependence of [3H] ryanodine binding. Analysis of the C a 2 + response curve of [3H] 

ryanodine binding to mutant E3885D using the Hill equation yielded an EC50 for C a 2 + 

activation of 676 nM, similar to the ECsoof 437 nM for the wt RyR3 channel. Mutation 
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Fig.14. The Significance of Charge and Size of Residue at Position 3885 in RyR3 

Ca 2 + Sensing 

[3H] ryanodine binding to cell lysate prepared from HEK293 cells transfected with wt 

RyR3 (solid circles), E3885A mutant RyR3 (open circles), E3885D mutant RyR3 (solid 

triangles), E3885Q mutant RyR3 (open triangles), E3885K (solid squares), or E3885W 

mutant RyR3 (open squares) cDNA was carried out in the presence of various 

concentrations of C a 2 + as described in the Materials and Methods. Data shown are means 

+ S.E. from 3-5 separate binding experiments. A l l RyR3 mutants were made previously 

in the lab and were provided to me for functional characterization. 
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of glutamate 3885 to glutamine, an uncharged polar residue, led to a dramatic decrease 

in C a 2 + sensitivity. The E C 5 0 value for C a 2 + activation of [3H] ryanodine binding to 

E3885Q mutant was 398 pM, similar to the E C 5 0 o f E3885A (776 pM). Substitution of 

lysine (E3885K) or tryptophan (E3885W) for E3885 further reduced the C a 2 + sensitivity 

to activation of [3H] ryanodine binding. The EC50 values for mutants E3885K and 

E3885W were 2.45 mM and 2.57 mM, respectively. These data indicate that the negative 

charge of residue 3885 is essential for normal C a 2 + sensing, and that the size of this 

residue can also influence the sensitivity of the channel to C a 2 + activation. 

J. Accessibility of the Loop Sequence between Predicted Transmembrane Segments 

TM1 and TM2 (loop I-II) in the Full Length RyR2 

To further understand the mechanism underlying RyR C a 2 + sensing, it is important 

to know whether the TM2 sequence that encompasses the absolutely conserved glutamate 

spans the membrane. Two major transmembrane topological models have been proposed 

for RyRs. One model predicted the existence of 10 transmembrane segments including 

TM2, whereas, the other model proposed only 4 transmembrane segments excluding 

TM2, which is predicted to be in the cytoplasmic domain in this model (Fig 2). 

Antibody epitope tags, such as the human c-myc epitope tag, EQKLISEEDL, have 

been used widely for studying the topology of membrane proteins. In an attempt to gain 

insights into the transmembrane topology of the TM2 sequence, the c-myc tag was 

inserted before and after the TM2 sequence of RyR3, respectively. The rationale was that 

if the TM2 sequence would span the membrane, the c-myc epitope tag inserted before 

M2 would be located in the luminal side of the endoplasmic reticulum (ER), according to 
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the transmembrane model of Zorzato et al. (1990), and would be detected by anti-c-myc 

antibody only when both the plasma membrane and ER membrane were permeabilized. 

On the other hand, according to the model of Takeshima et al. (1989), the c-myc tag 

inserted before TM2 would be located in the cytoplasmic side of the ER, and would be 

detected by anti-c-myc antibody if the plasma membrane were permeabilized. As shown 

in Fig. 15, both c-myc-tagged RyR3 proteins, AM2 (c-myc) (c-myc insertion after M2) 

and BM2 (c-myc) (c-myc insertion before M2), could form a functional C a 2 + release 

channel when expressed in HEK293 cells (Fig. 15A), indicating that insertion of the c-

myc tag did not grossly alter the structure of the channel. Both A M 2 (c-myc) and BM2 

(c-myc) proteins were recognized by the anti-RyR antibody (mAb 34C) in 

immunoprecipitation and by the anti-c-myc antibody in immunoblotting (Fig. 15B). 

However, immunocyto-fluorescence staining showed that while A M 2 (c-myc) was 

recognized by both the anti-RyR (mAb 34C) and anti-c-myc antibodies, BM2 (c-myc) 

was detected only by the anti-RyR antibody (mAb 34C), but not by the anti-c-myc 

antibody in transfected HEK293 cells treated with 0.1% saponin. Under these conditions, 

both the plasma membrane and ER membrane would have been permeabilized (Fig. 

15C). These observations suggest that the loop T i l sequence in an intact and non-

denatured RyR may not be accessible to antibody binding and/or that this sequence may 

possess some secondary structure that interferes with anti-c-myc antibody recognition. 

K. Accessibility of the Predicted Loop I-II in a Truncated RyR2 

One possibility is that the predicted loop I-II sequence may be located in the 

cyoplasmic side of the channel and may be buried within the large cytoplasmic "foot" 
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Fig. 15. Characterization of AM2 (c-myc) and BM2 (c-myc) Expressed in HEK 293 

Cells 

(A) Caffeine-induced C a 2 + release in HEK293 cells transfected with 6 ug A M 2 (c-myc) 

(a) and 6 ug BM2 (c-myc) cDNA (b). Fluorescence was measured before and after 

addition of 2 mM caffeine (arrows). (B) The wild type, AM2 (c-myc) and BM2 (c-myc) 

proteins expressed in HEK293 cells were immunoprecipitated from cell lysate using the 

anti-RyR antibody (34C) and separated in 6% SDS-PAGE. The separated proteins were 

either stained with Coomassie Brilliant Blue or were transferred to nitrocellulose 

membrane for Western blotting analysis using the anti-c-myc antibody as described in the 

text. Multiple bands seen in each lane represent most likely the intact RyR protein and 

degraded products. The wild type RyR protein does not contain the c-myc epitope and 

thus shows no cross-reactivity with the anti-c-myc antibody. (C) 

Immunocytofluorescence staining of HEK293 cells transfected with AM2 (c-myc) (a, b) 

and BM2 (c-myc) (c,d) cDNA. Transfected HEK293 cells were fixed with 4% 

formaldehyde and permeabilized with 0.1% saponin. Permeabilized cells were stained 

with the anti-RyR antibody (34C) (a,c) or the anti-c-myc antibody (b, d), followed by 

secondary staining with rhodamine-conjugated anti-mouse IgG antibody. The image 

shown in panel C (d) was over-exposed in order to visualize individual background cells. 



B 

C.B.B. 
staining 

Blotting 
(anti-c-myc) 

W T A M 2 BM2 

— 
mmmmJ 

AM2(c-myc) BM2(c-myc) 

anti-
RyR 

anti-
c-myc 



84 

domain of the RyR. To test this possibility, a truncated RyR2 protein without the "foot" 

domain was constructed. In this truncated construct (D31-3961 (c-myc)), amino acid 

residues 31-3961, which is believed to form the foot structure of RyR, were removed and 

replaced by the c-myc tag (Fig. 16A). The location of the c-myc tag in this truncated 

RyR2 protein is corresponding to that of the c-myc tag in BM2. Immunoblotting analysis 

using anti-c-myc antibody revealed that the D31-3961 (c-myc) deletion mutant was 

expressed in HEK293 cells (Fig. 16B). A -130 kDa band was recognized by the anti-c-

myc antibody in cell lysate from D31-3961 (c-myc) transfected HEK293 cells (Fig. 16B). 

The predicted molecular mass of D31-3961 (c-myc) is 121 kDa. In addition, the 

expressed D31-3961 (c-myc) protein could be immunoprecipitated by the anti-c-myc 

antibody (Fig. 16C, D). Therefore, the sequence located between the TM1 and TM2 

segments is accessible to antibody binding in the truncated RyR2 without the NH2 

terminal cytoplasmic domain. 

L. The Loop I-II Sequence in the D31-3961 (c-myc) Truncated RyR2 is Most Likely 

to be Located in the Cytoplasmic Domain 

The positive antibody staining of the D31-3961 (c-myc) would allow us to study 

the transmembrane topology of the loop I-II sequence by using immunofluorescence 

staining of D31-3961 (c-myc) expressing HEK293 cells under different permeabilization 

conditions. It has been shown previously that SERCA2a and SERCA2b have their 

carboxyl termini on the opposite sides of the ER membrane. SERCA2a and SERCA2b 

could thus serve as excellent controls for membrane topology studies of ER proteins. To 

this end, the c-myc tag was inserted into the COOH termini of SERCA2a and SERCA2b, 
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Fig.16. Construction, Expression and Characterization of a Truncated RyR2 

Protein 

(A) The COOH terminus of RyR2 including ten predicted transmembrane sequences ( M l 

to M10), according to the model of Zorzato et al. (1990), is shown. The pore-forming 

segment (P) is most likely located within or near the M9 transmembrane sequence (Zhao 

et al. 1999). A deletion mutant, D31-3961 (c-myc), was constructed by removing 

residues between 31 and 3961 which was replaced with the c-myc antibody epitope tage, 

EQKLISEEDL. The D31-3961 (c-myc) mutant contains the first 30 residues of the NH2 

terminus and the last 1006 residues of the COOH terrninus of the mouse RyR2. (B) 

Immunoblotting of whole cell lysates (30 ug each) prepared from HEK293 cells 

transfected with pCDNA3 (lane 1) or D31-3961 (c-myc) (lane 2) with the anti-c-myc 

antibody. Immunostained bands corresponding to the wild type and deletion mutant are 

indicated by asterisks. A nonspecific band (-70 kDa) was detected in both lysates. A 

number of high molecular weight bands and some low molecular weight bands were also 

detected in the D31-3961 (c-myc) lysate. These are most likely products of aggregation 

or degradation of the mutant protein. Lysates were separated in a SDS-PAGE with two-

step separating gel containing 6.5% (top) and 11% (bottom) polyacrylamide. The 

boundary between the 6.5% and 11% separating gel is indicated by a dashed line. (C) 

Expressed D31-3961 (c-myc) proteins were immunoprecipitated with anti-c-myc 

antibody pre-bound to protein G-Sepharose. Immunoprecipitates were separated in a two-

step (6.5% and 11%) SDS-PAGE. The gel was stained with Coomassie Brilliant Blue 

R250. The positions of the RyR2 (c-myc) (lane 1) and D31-3961 (c-myc) (lane 2) are 

indicated by asterisks. The two heavily stained bands seen in each lane are the heavy and 
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light chains of the anti-c-myc antibody. The dashed line indicates the boundary 

between the 6.5% and 11% separating gel. Panel D shows an immunoblot of a similar gel 

as in panel D with the anti-c-myc antibody. Immunostained bands corresponding to 

RyR2 (c-myc) and D31-3961 (c-myc) are indicated by asterisks. Note that the heavy and 

light chains of the anti-c-myc antibody are also recognized by the anti-mouse IgG 

secondary antibody. (E) HEK293 cells were transfected with 12 ug of D31-3961 (c-myc). 

Fluorescence intensity was monitored continuously before and after addition of ryanodine 

(50 aM) indicated by the letter R, and caffeine (2 mM) indicated by the letter C. Note that 

the decreases in fluorescence immediately after addition of caffeine is due to fluorescence 

quenching by caffeine. 
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respectively. By selectively permeabilzing only the plasma membrane or both the plasma 

and endoplasmic reticulum (ER) membrane, one may be able to localize the antibody 

epitope to the cytoplasmic or the luminal side of the ER membrane. A bacterial cytolytic 

protein: Streptolysin-0 (SLO) was used for selective permeabilization of the plasma 

membrane. SLO is a 69 kDa protein which binds to cholesterol in a concentration-

dependent manner, resulting in lesions in the plasma membrane through which antibodies 

can pass. The cholesterol concentration of the ER membrane is 3-6 times lower than that 

of the plasma membrane. Under certain concentrations and conditions, SLO could 

permeabilize the plasma membrane, but keep the ER membrane relatively impermeable 

to antibodies. On the other hand, a high concentration of saponin was used for 

permeabilizing both the plasma membrane and the ER membrane. In the following 

studies, streptolysin-0 (SLO) (10 units/ml) was used to permeabilize selectively the 

plasma membrane, while saponin (0.1 %) was used to permeabilize both the plasma 

membrane and ER membrane. As shown in Fig. 17, anti-c-myc antibody staining could 

be detected in SERCA2a (c-myc), but not in SERCA2b (c-myc) expressing cells treated 

with SLO. Whereas, anti-c-myc antibody staining was detected in both SERCA2a (c-

myc) and SERCA2b (c-myc) expressing cells treated with 0.1 % saponin. These 

observations are consistent with those of previous studies (Campell et al, 1992) that the 

COOH terminus of SERCA2a is located in the cytoplasm, while the COOH terminus of 

SERCA2b lies in the lumen of the ER. This established method was then applied to the 

D31-3961 (c-myc) expressing cells. As shown in Fig. 17C, anti-c-myc antibody staining 

could be detected in D31-3961 (c-myc) expressing cells treated with either SLO or 
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Fig. 17. Immunocytofluorescence staining of transfected HEK293 cells Transfected 

with D31-3961 (c-myc) cDNA 

HEK293 cells transfected with D31-3961 (c-myc) (A), SERCA2a (c-myc) (B), or 

SERCA2b (c-myc) (C) were washed 3 times with PBS and fixed with 2% 

paraformaldehyde in PBS for 15 minute. The fixed HEK293 cells were washed with PBS 

and incubated for 20 minutes at 4 °C with 0.1% saponin or 200 units/ml Streptolysin-0 

(SLO) that has been pre-activated by a 5-minute, 0 °C incubation with 10 mM 

dithiothreitol in PBS. Free saponin or SLO was removed by washing, and the coverslips 

were incubated at 37 °C for 20 minutes in PBS containing 10 mM dithiothreitol. The 

coverslips were blocked with buffer A (2% skim milk powder in PBS) for 30 minutes 

before washing and incubating with anti-c-myc antibody in buffer A for 1 hour. The 

coverslips were washed with buffer A 3 times, for 5 minutes each time, and incubated 

with rhodamine-conjugated anti-mouse IgG in buffer A for 30 minutes. The coverslips 

were then washed, mounted in vector shield, and analyzed with the Leica DMRB 

photomicroscope using a 63 x objective. 
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saponin, suggesting that the c-myc epitope, thus the sequence before the TM2 segment in 

D31-3961 (c-myc), is most likely located in the cytoplasmic domain. 

M. Co-expression of D31-3961 (c-myc) Truncated RyR2 with the Full-length Wild 

Type RyR2 Produced Functional Hybrid Channels. 

The validity of the above topological studies would depend on the proper folding of 

the D31-3961 (c-myc) truncated RyR2. An important question to be addressed is 

whether D31-3961 (c-myc) can form a functional channel. A similar truncated RyRl 

protein has been reported and shown to be able to form a functional C a 2 + release channel 

in planar lipid bilayers (Bhat et al, 1997). It was expected that the D31-3961 (c-myc) 

RyR2 would be functional. However, it was found that the D31-3961 (c-myc) truncated 

RyR2 exhibited no detectable activities using different functional assays including single 

channel recordings, [3H] ryanodine binding, and C a 2 + release assay (Fig 16E). It is of 

interest to note that the corresponding truncated RyRl exhibited neither high affinity [3H] 

ryanodine binding nor response to caffeine ( Bhat et al, 1997). Thus, unlike the truncated 

R y R l , the D31-3961 (c-myc) truncated RyR2 expressed by itself appears to be non

functional. 

It is not clear, however, whether D31-3961 (c-myc) truncated RyR2 could form a 

functional heteromeric channel with the full-length wt RyR2. To address this question, 

D31-3961 (c-myc) was co-expressed with wt RyR2 in HEK293 cells and the resulting co-

expressed channels were incorporated into lipid bilayers. Interestingly, co-expression of 

the truncated and full length RyR2 resulted in the synthesis of single channels with C a 2 + 

response different from that of the wt RyR2. As seen in Fig. 18, the detected single 
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Fig.18. Co-expression of D31-3961 (c-myc) Truncated RyR2 with the Full-length 

WT RyR2 Produced Functional Hybrid Channels 

HEK293 cells were transfected with an equal amount (6 pg) of wt and D31-3961 (c-myc) 

mutant RyR2 cDNA. Cell lysate was prepared and the expressed RyR2 proteins were 

partially purified by sucrose density gradient centrifugation as described in the text. 

Single channel activities shown were inhibited by addition of 0.1 mM EGTA to the trans 

chamber, indicating that the cytoplasmic side of the incorporated channel was facing the 

trans chamber. A l l subsequent additions were then made to the cytoplasmic side of the 

channel {trans chamber). The open probability (Po), arithmetic mean open time (To) and 

the arithmetic mean closed time (Tc) under each condition are indicated on the top of 

each panel. A short line to the right of each current trace indicates the base line. The 

holding potential was -20 mV. 
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channels hardly responded to increasing concentrations of Ca 2 + . The open probability 

(Po) remained low at as high as 100 uM C a 2 + at which the wt RyR2 single channels 

would have been fully activated. Thus, the observed single channels are likely to be 

hybrid channels formed by the truncated and the full length RyR2 protein subunits. 

Despite the defect in its modulation by Ca , the hybrid channel exhibited a single 

channel conductance identical to that of the wt RyR2 channels. These observations 

suggest that the D31-3 961 (c-myc) truncated RyR2 is able to form a functional 

heteromeric channel with the wt full length RyR2, and that removal of the NH2-terminal 

cytoplasmic domain including the TM1 segment is unlikely to alter grossly the 

transmembrane domain, in particular, the channel pore region of RyR2. 

N. Probing the Secondary Structure of the TM2 Sequence 

The TM2 sequence which encompasses the Ca sensing glutamate 3987 is thought 

to be an alpha helix. In alpha helices, the polypeptide backbone twists into a right-handed 

helix, which rises one full turn every 3.6 residues. Thus, the side chains of residues that 

are 3-4 amino acids apart would be located on the same side of the helix. For example, if 

glutamate 3987 were situated in an alpha helix, one would expect that glutamate 

introduced into position 3990, 3991 or 3983, 3984 would be located on the same side of 

the helix as that of glutamate 3987. If this were the case, one would expect that relocation 

of glutamate 3987 to these positions might still be able to support channel function. To 

test this possibility, two-double mutations, S3984E / E3987A, and E3987A / V3990E, 

were constructed. Immunocytofluorescence staining and immunoblotting indicate that 

both double mutants were expressed in HEK293 cells (Fig. 19). Furthermore, C a 2 + 
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Fig.19. Construction and Expression of Double Mutants, S3984E/E3987A and 

E3987A/V3990E 

(A) cc-helical projections of the putative transmembrane segment TM2. The left panel 

shows amino acid residues that are COOH terminal to the C a 2 + sensing glutamate 3987, 

while the right panel shows residues that are NH2 terminal to E3987. Glutamate 3987 is 

marked as Eo. Serine 3984 and valine 3990 are shown as S.3 and V3 respectively. (B) 

Immunoblotting of these mutants by site-directed anti-34C antibody. Transfected 

HEK293 cells were dissolved by 1% CHAPS, separated in 5% SDS-PAGE, and 

transferred to nitrocellulose membrane as described under "Experimental Procedures". 

Lane 1: S3984E&E3987A, Lane 2: E3987A&V3990E, Lane 3: RyR2 WT, Lane 4: 

pcDNA3 vector. (C) Immunofluorescence staining of S3984E/E3987A and 

E3987A/V3990E by using anti- RyR 34C antibody. (D) Intracellular calcium release in 

HEK293 cells transfected with wt RyR2, S3984E/E3987A, E3987A/V3990E, or 

pcDNA3 vector cDNA was monitored as described in the text. Arrows show the addition 

of 2 m M caffeine. 
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release assay reveals that the double-mutant, E3987A / V3990E, is able to form a caffeine 

sensitive C a 2 + release channel, although the amplitude of caffeine-induced C a 2 + release is 

much less than that seen in the wt RyR2 expressing cells. On the other hand, no caffeine-

induced C a 2 + release was detected in the double mutant S3984E / E3987A expressing 

cells. Thus, these results suggest that the TM2 sequence may be in the form of an alpha 

helical structure. 
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CHAPTER 4: DISCUSSION 

A. The Role of the Conserved Glutamate in Calcium Activation of Different RyR 

Isoforms 

In earlier studies, the work from our lab has demonstrated that glutamate 3885 is a 

major determinant of the sensitivity of RyR3 to activation by Ca (Chen et ah, 1998). 

Considering the highly conserved nature of the glutamate and its flanking residues in the 

M2 sequence, one would expect that the corresponding glutamate in other RyR isoforms 

would play a similar role in Ca sensing. In a recent study the corresponding glutamate 

4032 in RyRl was mutated into alanine (E4032A). Unlike the E3885A mutant RyR3, the 

E4032A mutant RyRl expressed in HEK293 cells showed neither caffeine response nor 

[3H] ryanodine binding, even under the conditions that would fully activate the E3885A 

mutant RyR3 channel (Du and MacLennan, 1998). While these observations support the 

view that glutamate 4032 is essential for RyRl channel function and regulation, the role 

of this glutamate in Ca activation of RyRl is unclear. These observations also raise an 

important question of whether this conserved glutamate is involved in Ca activation of 

RyR isoforms other than RyR3. 

In view of the essential role of C a 2 + activation of RyR2 in CICR and in E-C 

coupling, experiments were planned to investigate the molecular basis of activation of 

RyR2 by C a 2 + and to determine whether the C a 2 + sensing role of this conserved glutamate 

is maintained in the RyR2 isoform. To this end, the cDNA encoding the mouse RyR2 

was cloned and the corresponding mutation E3987A was generated. Single channel 

properties of the wt and E3987A mutant RyR2 were assessed and compared. These 

studies demonstrate that the E3987A mutant RyR2 channels exhibit a marked reduction 

in the sensitivity to activating Ca 2 + , while retains single channel conductance, high 
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affinity [3H] ryanodine binding, responses to ATP, caffeine, M g 2 + and ryanodine were 

similar to those of the wt channels. Furthermore, these properties of the E3987A mutant 

RyR2 are very similar to those of the E3885A mutant RyR3 (Chen et al, 1998), in which 

single channel conductance, high affinity [3H] ryanodine binding and modulation by 

ATP, caffeine and ryanodine of the channels are intact. It indicates that the specific role 

of glutamate 3987 in C a 2 + sensing is conserved in the RyR2 isoform. 

The reasons for the lack of activity of the E4032A mutant RyRl are not known. 

One possible explanation for the observed discrepancy between the E4032A mutant 

RyRl and E3987A mutant RyR2 or E3885A mutant RyR3 may lie, in part, in differences 

in the composition of the C a 2 + sensor between different RyR isoforms. Despite the 

marked reduction in C a 2 + sensitivity, the E3987A mutant RyR2 or E3885A mutant RyR3 

could be still activated by high concentrations of Ca 2 + , indicating that additional amino 

acid residues are most likely to be involved in the formation of the C a 2 + sensor. The 

nature of these additional Ca2+-sensing residues and their contributions to C a 2 + activation 

are unknown and may differ between RyR isoforms. These potential differences may 

influence the overall impact on C a 2 + sensing as a result of mutation of the key glutamate 

in different RyR isoforms. In line with this view, it was found that the E3987A mutation 

reduced the C a 2 + sensitivity of activation of the RyR2 isoform by 1,000-3,000 fold, while 

the E3885A mutation decreased the C a 2 + sensitivity of the RyR3 isoform by more than 

10,000 fold based on single channel analyses. Therefore, it is possible that the E4032A 

mutation may exert even more deleterious impact on RyRl sensing than the E3987A 

mutation on RyR2 or the E3885A mutation on RyR3, so that the E4032A mutant RyRl 

would be hardly activated by Ca 2 + . 
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Another possibility may lie in different sensitivities of RyR isoforms to inactivation 

by high C a 2 + concentrations, which are necessary for activating the mutant channels. 

RyRl is known to be 10-20 times more sensitive to inactivation by C a 2 + than RyR2 and 

RyR3. Robust C a 2 + inactivation in RyRl may prevent the E4032A mutant channel from 

being significantly activated at high C a 2 + concentrations even in the presence of channel 

activators such as ATP and caffeine. As shown in Fig.5, the E3987A mutant RyR2 

channel was activated at ~ 0.2 mM Ca 2 + , and the IC50 for C a 2 + inactivation of RyR2 is ~ 2 

mM. Assume that the threshold for C a 2 + activation of the E4032A mutant RyRl channel 

is similar to that of the E3987A mutant RyR2 (-0.2 mM) and that the I C 5 0 for C a 2 + 

inactivation of RyRl is ~ 0.2 mM, 10 fold lower than that of RyR2 isoform. With these 

assumptions, the E4032A mutant channel would have already been inhibited by C a 2 + 

inactivation at the threshold activating C a : + concentration of - 0.2 mM. Hence extensive 

overlap between Ca 2 " activation and C a 2 + inactivation may underlie the extremely low 

level of channel activity of the E4032A mutant channel. 

As to the E3987A mutant RyR2, on the other hand, C a 2 + activation only partially 

overlaps with C a 2 + inactivation due to the much lower sensitivity of RyR2 to inactivation 

of Ca 2 + . Residual activity of the E3987A mutant channel could be detected at 

submillimolar Ca 2 + , although its C a 2 + response was significantly suppressed at higher 

Ca" + concentrations. This suppression could be alleviated by the addition of ATP and 

caffeine. ATP and caffeine are known to be able to increase the sensitivity to C a 2 + 

activation and decrease the sensitivity to C a 2 + inactivation of the channel. These effects of 

ATP and caffeine would effectively reduce the overlap between C a 2 + activation and C a 2 + 

inactivation of the E3987A mutant channel so that the mutant channel could be activated 

at lower Ca2"1" concentrations than would cause by C a 2 + inactivation. Conversely, because 
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of the robust C a 2 + inactivation in R y R l , significant overlap between C a 2 + activation and 

C a 2 + inactivation may still exist in the E4032A mutant RyRl channel in the presence of 

ATP and caffeine. If the E4032A mutation would reduce the C a 2 + sensitivity of RyRl 

even further, as discussed above, such an overlap would become even more extensive and 

less channel activity would be detected. Thus, it is likely that both the presence of robust 

C a 2 + inactivation and the strong impact of the mutation on C a 2 + sensing contribute to the 

lack of channel activity of the E4032A mutant R y R l . 

The sensitivity to C a 2 + inactivation differs also among single recombinant mouse 

RyR2 channels. Some single recombinant mouse RyR2 channels displayed no significant 

level of C a 2 + inactivation. The molecular basis for the heterogeneity is not known. 

Calmodulin has recently been shown to mediate Ca" + dependent inactivation of the L-

type Ca 2 +channel, the inositol 1,4,5-trisphosphate receptor, and the RyRl isoform (Qin et 

2+ 

al, 1999). Calmodulin may also be involved in the Ca dependant inactivation of RyR2. 

However, the significance of calmodulin in C a 2 + dependent inactivation of RyR2 remains 

to be determined. 

B. Transmembrane Topology of the TM2 Sequence 

Results of the present and previous studies clearly demonstrated that the glutamate 

that is conserved among all three RyR isoforms and located in the putative 

transmembrane sequence TM2 is a key residue in determining the sensitivity of RyR to 

activation by Ca~+. However, the molecular basis of how this glutamate's role in Ca" + 

sensing remains to be determined. An important issue concerning the molecular 

mechanisms of C a 2 + sensing is the membrane orientation of the TM2 sequence. The TM2 
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sequence has been predicted to span the membrane or to be in the cytoplasmic 

domain in different models. However, neither of these transmembrane models has been 

tested vigorously. I have attempted to address this issue by using the c-myc epitope tag 

inserted before and after the TM2 sequence, followed by antibody staining. The epitope-

insertion technique has been successfully utilized to probe the transmembrane topology 

of a variety of membrane proteins, including SERCA (Campell et al, 1992) and InsP3 

receptors (Galvan et al, 1999). It is possible that the insertion of the antibody epitope 

may affect the overall conformation of the inserted protein or may influence the use of 

upstream or downstream transmembrane segments. One way to test these possibilities is 

to determine whether the c-myc tagged channel is still functional. Both A M 2 (c-myc) and 

BM2 (c-myc) are functional, indicating that insertion of c-myc tag into these locations 

did not appear to alter the channel structure grossly. Unfortunately, these studies could 

not provide a definitive view on the membrane orientation of the TM2 sequence, because 

of the lack of staining by the anti-c-myc antibody in BM2 (c-myc) (c-myc insertion 

before the TM2 sequence) expressing cells under both SLO and saponin permeabilzation 

conditions. However, these studies suggest that the sequence between TM1 and TM2 

(loop I-II) in a non-denatured RyR is not surface-exposed or may be buried. 

The possibility that the putative loop I-II may be buried in the large cytoplasmic 

domain (also known as the 'foot' structure) of the RyR was tested by constructing a 

truncated RyR2 in which the 'foot' domain was removed. Immunofluorescence staining 

revealed that, without the 'foot' domain, the c-myc tag inserted into the putative loop I-II 

of the truncated RyR2 became accessible to antibody staining. Further immunostaining 

studies suggest that the c-myc tag in the truncated RyR2 is most likely to lie in the 

cytoplasmic side of the ER membrane (Fig. 20D). The observation that the putative loop 
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I-II in the truncated RyR2 is located in the cytosol is consistent with the 

transmembrane model proposed by Takeshima et al (1989), but is inconsistent with the 

model proposed by Zorzato et al. (1990). Thus, our observation raises a question of 

whether the TM2 is a transmembrane sequence. Assuming TM2 is a transmembrane 

sequence, our results that the loop I-II, located NH2 terminal to the TM2 sequence, is mot 

likely to be in the cytosol, would put the TM2 sequence and the rest of the 

transmembrane segments of the truncated RyR2 in an opposite orientation as compared to 

that predicted for the full length RyR (Fig. 20C). In other words, the truncated RyR2 

would adapt an inside-out orientation, i f TM2 spans the membrane. One would expect a 

non-functional channel i f this occurs. However, co-expression studies suggested that the 

truncated RyR2 protein is able to form functional heterotetrameric channels with the wt 

full length RyR2. In addition, a similar truncated RyRl has been shown to be able to 

form a functional C a 2 + release channel regulated by C a 2 + and ryanodine (Bhat et al, 

1997). Thus, these observations seem to be inconsistent with the prediction that TM2 

spans the membrane. 

C. Possible Mechanisms of Calcium Sensing by RyR 

How the RyR senses C a 2 + has yet to be further defined. One possibility is that each 

RyR subunit has one C a 2 + sensor and the conserved glutamate contributes to the 

formation of the C a 2 + sensor in each subunit (Fig. 21 A). Mutation of this conserved 

glutamate would decrease the sensitivity of each subunit to Ca activation and probably 

alter the cooperativity between these sensors, thus reducing the overall sensitivity and 

cooperativity of the tetrameric RyR channel to C a 2 + activation. This multi-sensor model is 

analogous to that proposed for C a 2 + activation of Ca2+-activated potassium channels in 
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Fig. 20. Topological Models of the D31-3961 (c-myc) Truncated RyR 

(A) The transmembrane model proposed by Zorzato et al. (1990). The one-fifth of the 

residues near the C-terminus contains 10 transmembrane segments. (B) The topological 

model suggested by Takeshima et al. (1989) in which four transmembrane segments were 

proposed. (C) The transmembrane topology of D31-3961 (c-myc) truncated RyR 

according to the 10 transmembrane model and based on our finding that the loop between 

TM1 and TM2 sequences is likely to be located in the cytoplasmic domain. Note that the 

orientation of this truncation is opposite to that of the full-length RyR. (D) The topology 

of D31-3961 (c-myc) truncated RyR in 4 transmembrane model. The solid bar represents 

the c-myc epitope inserted in the D31-3961 (c-myc) truncation. The letter of " E " denotes 

glutamate at the position of 3987 in RyR. 
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Fig.21. Models for Calcium Sensing by the Ryanodine Receptor 

(A) Each RyR2 subunit may contain its own C a 2 + sensor contributed in part by glutamate 

3987 (multi-sensor model). Alternatively, glutamates 3987 of each RyR2 subunit may be 

located in close proximity and contribute to the formation of the C a 2 + sensor in the 

tetrameric RyR channel (single-sensor model). In the latter model, the C a 2 + sensor is 

proposed to be located in the cytoplasmic domain at the center of the molecule (B) Large 

open circles indicate the RyR2 monomers and small open circles depict the C a 2 + sensors. 

Letters E denote glutamates 3987 in mouse RyR2. 
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which activation of all four C a 2 + sensors is necessary for channel opening and the steeply 

cooperative channel gating would arise from the cooperative interaction between sensors. 

Alternatively, each subunit may contribute partially to the formation of a single C a 2 + 

sensor in the tetrameric RyR channel and the conserved glutamates of each subunit may 

be located in close proximity and act cooperatively to form a major part of the C a 2 + 

sensor (Fig. 21 A). The sensor could be composed of two of more cooperative C a 2 + 

binding sites. Mutation of this glutamate would affect both the sensitivity and 

cooperativity of the sensor to activating Ca 2 + . This single-sensor model is reminiscent of 

the C a 2 + binding sites in the SERCA in which residues from four transmembrane 

segments contribute to the formation of two C a 2 + binding sites. Both the multi- and 

single-sensor models are, apparently, compatible with the observed results. Further 

studies are required to distinguish between these models. 

D. Channel Properties of the Mouse Cardiac Ryanodine Receptor 

A recent RyR2 knock-out study has revealed a fundamental role of the RyR2 in 

C a 2 + homeostasis in the development of cardiomyocytes. However, the specific roles of 

the RyR2 in excitation-contraction function could not be assessed due to embryonic 

lethality of the knock-out (Takeshima et a/., 1998). Perhaps a more informative approach 

is the use of gene replacement technique in which a portion of the RyR2 gene could be 

replaced by mutated versions. This approach would allow us to address physiological 

significance in cardiac function of specific amino acid residues or specific properties of 

the RyR2 such as C a 2 + sensing and ion conduction. In order to carry out these kinds of 

studies, it is necessary to have a detailed understanding of the structural and functional 
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properties of RyR2 from the mouse heart. 

Most information on RyR2 channel properties has come from studies using sheep, 

canine or rabbit hearts. Little is known about the channel properties of RyR2 from the 

mouse heart. This is, in part, due to the limited amount of mouse RyR2 protein that could 

be isolated and used for either biochemical or electrophysiological analyses. In the 

present study, we were able to express the mouse RyR2 cDNA in HEK293 cells and 

functionally characterize the recombinant mouse RyR2 protein at the single channel 

level. We show for the first time, that recombinant single mouse RyR2 channels can be 

2+ i 2+ 

activated by ATP and caffeine, inhibited by Mg , and modified by ryanodine. The Ca 

response of the mouse RyR2 channels is biphasic, being activated by Ca at low 

concentrations and inhibited by C a 2 + at high concentrations. These properties are very 

similar to that of the canine RyR2 channels. Further mutational studies should lead to a 

better understanding of the structure and function relationships of the mouse RyR2 

channel. This kind of knowledge should be useful to allow us manipulate specific 
2~F 

properties of the mouse RyR2 channel such as Ca sensing and ion conduction and to 

assess the physiological significance of these properties in cardiac function via genetic 

engineering of the mouse RyR2 gene. 

E. Future Studies 

The identification of the RyR C a 2 + sensor opens the door to many aspects of 

research aimed at understanding the molecular basis of RyR C a 2 + sensing. To guide our 

further investigations we propose a working model for RyR C a 2 + sensing, largely based 
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on the results of the present studies. We hypothesize that the RyR possesses a single 

C a 2 + sensor located in the cytoplasmic domain at the center of the molecule (Fig. 2IB). 

The conserved glutamates (E3987) in the TM2 sequence from each RyR monomer may 

be located in close proximity and act coordinately to sense Ca 2 + . Another feature of this 

working model is that the C a 2 + sensor is guarded by the large cytoplasmic 'foot' domain, 

in such a way that the C a 2 + entered from the DHPR would have preferential access to the 

C a 2 + sensor, while the C a 2 + released from the SR would be defected away. In this context, 

we call it a guarded C a 2 + sensor model. 

One approach to test this model would be to localize the conserved glutamate onto 

the three dimensional (3D) structure of the RyR. Recently, our lab in collaboration with 

Dr. Terry Wagenknecht at the Wadsworth Center for Laboratories and Research in 

Albany has succeeded in localizing the NH2-terminus onto the 3D architecture of the 

RyR by cryo-electron microscopy of a fusion protein in which the glutathion S 

transferase is attached to the NH2 terminus of RyR3 (Liu et al., 2001). This technique 

would make possible the geometric location of the sequence that encompasses the 

conserved glutamate. To this end, I have began the construction of several RyR2 

constructs in which the green fluorescence protein (GFP) together with flanking flexible 

spacers at both ends of GFP have been inserted into different positions in the linear 

sequence of RyR2. One insertion was made after the TM2 sequence. C a 2 + release assays 

will be carried out to assess the functional state of these GFP-RyR2 proteins expressed in 

HEK293 cells. If they are functional, a large-scale expression and purification of the 

expressed GFP-tagged RyR2, followed by cryo-electron microscopy will be carried out. 

The -27 kDa GFP (239 amino acid residues) would produce an extra mass sufficient to 

be detected by cryo-EM. The location of this extra mass would indicate the location of 
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the GFP and thus the location of the sequence where the GFP was inserted. I am also 

applying this technique to study the transmembrane topology of the RyR by inserting the 

GFP into different predicted loops, in particular, those that are thought to be located in 

the luminal side. An insertion of GFP into a cytoplasmic loop may not be readily detected 

in the 3D structure because of the large and complex cytoplasmic foot domain. On the 

other hand, an insertion of GFP into a luminal loop would be detected readily in the 3D 

structure because of a relative small and smooth structure of the transmembrane 

assembly. 

Although the 3D reconstruction analysis of GFP-RyR2 would provide new insights 

into the location and organization of domains of RyR, it would not be able to provide 

information on the secondary structure, such as alpha helixes, beta sheets and loops, 

because of its low resolution (-35 A). One might be able to gain some information 

concerning the secondary structure of a sequence through site-directed mutagenesis, prior 

to obtaining a high-resolution structure. The observation that relocation of the C a 2 + 

sensing glutamate from position 3987 to 3990, is still able to support channel function 

suggests that the TM2 sequence, which contains the conserved glutamate, may be in the 

form of an alpha-helix. This is a very interesting and exciting observation, which requires 

further detailed and systematic characterization. It would be important to test further 

whether relocation of the C a 2 + sensing glutamate 3987 (position 0) to -1 , -2, -4, -5, -7, 

+ 1, +2, +4, +5, and +7 position could support channel function (Fig. 19). If the TM2 

sequence were indeed an alpha helix, one would expect that relocation of E3987 to -4, -7, 

+4, or +7 position might be able to sustain channel function as relocation to +3 position 

does. However, if the TM2 sequence were in the form of beta sheet, one would expect 
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that relocation of E3987A to -2, -4, +2, or +4 position might be able to support channel 

function. 

The helical wheel analysis of the TM2 sequence also reveals that the C a 2 + sensing 

glutamate may be situated in a hydrophobic environment. As seen in Fig. 19, several 

hydrophobic residues, L-4, V-7, V+3, and V4, would be located close to E3987 (position 

0) and on the same side of the helix. It is important to investigate the role of 

hydrophobicity of this region in determining the sensitivity of the channel to activation 

by Ca 2 + . For example, one could increase the hydrophobicity of this region by mutating 

both V+3 and V+4 to isoleucine (I), or both S-3 and L-4 to I, or all to I. One also could 

decrease the hydrophobicity by mutating V+3, V+4, S-3, or L-4, singly or in 

combination, to alanine, glycine, serine, or cysteine. In particular, it would be of interest 

to determine the effect of introducing a charged amino acid, such as lysine or glutamate, 

into this region on C a 2 + sensitivity of the channel. One would predict that introduction of 

a positively charged amino acid into this region would decrease the C a 2 + sensitivity, 

while introduction of a negatively charged amino acid may increase the C a 2 + sensitivity. 

Another important issue concerning the single C a 2 + sensor model of RyR is whether 

glutamate 3987 is involved in binding of activating C a 2 + directly. It is known that the 

environments surrounding metal ions in proteins share a remarkable feature regardless of 

the metal ion and its precise pattern of ligation to the protein. The metal ion is 

coordinated by an inner sphere of hydrophilic groups, embedded in an outer sphere of 

hydrophobic groups, giving rise to a large contrast of hydrophobicity (Yamashita et al, 

1990). The predicted transmembrane segment TM2 is one of the most conserved and 

hydrophobic regions in the RyR. A close arrangement of four TM2 segments from each 
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RyR monomer would provide an ideal environment for C a 2 + binding. This notion, 

however, has yet to be tested. 

45 2 + 

Ca equilibrium binding assays have been used widely for the identification and 

characterization of C a 2 + binding proteins. Although this method provides direct 

measurement of C a 2 + binding to the native form of the protein, it requires a large amount 

of purified protein. Using a GST fusion protein containing the-FK506 binding protein 

12.6 (GST-FKBP12.6), a subunit of RyR, as the affinity ligand, we are able to purify -20 

pg of recombinant RyR2 proteins from forty 10-cm tissue culture dishes. By scaling up 

the expression experiments to several hundreds of culture dishes, we might be able to 

obtain enough purified RyR2 protein to address the question of whether the wt and 

E3987A mutant RyR2 proteins capable of binding 4 5 C a 2 + . However, this method would 

not be practical for detailed characterization of the C a 2 + binding properties of the wt or 

E3987A mutant RyR2 proteins. 

The difficulty of measuring C a 2 + binding is, in part, due to its fast rate of 

dissociation. Recently, we found from single channel studies of RyR2 that C a 2 + might be 

trapped in the activating site in the channel after modification by ryanodine. The 

ryanodine-modified wt RyR2 channel was found to be insensitive to E G T A inhibition, 

but was sensitive to M g 2 + inhibition. On the other hand, the ryanodine-modified E3987A 

mutant channel was sensitive to both EGTA and M g 2 + inhibition. Thus, pretreatment with 

ryanodine may slow down the dissociation of bound C a 2 + and may allow us to measure 

4 5 Ca 2 + binding to the wt or the E3987A mutant RyR2 proteins. 

It is likely that multiple steps are involved between the initial step of C a 2 + binding 

and the final step of channel opening. It is possible that mutation E3987A affects the 
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conformational changes resulting from the initial step of C a 2 + binding, consequently 

leading to reduction in open probability. Thus, these proposed 4 5 C a 2 + binding studies 

would be essential to understand the exact role of E3987 in Ca" + activation of RyR. 

Recently, more than 10 mutations in the human cardiac ryanodine receptor gene 

have been identified and linked to cardiac abnormalities including familial polymorphic 

ventricular tachycardia, right ventricular hypertrophy secondary to pulmonary 

hypertension, and arrhythmogenic right ventricular cardiomyopathy type 2 (Laitinen et 

al, 2001, Priori et al, 1999). Interestingly, these mutations occur in regions of the RyR2 

gene corresponding to regions of RyRl where mutations were found to be associated 

with another muscle disease, malignant hyperthermia (MH). It is believed that M H 

mutations alter the sensitivity of RyRl to activation by Ca 2 + . It is likely that the mutations 

found in the human RyR2 gene would produce a similar impact on C a 2 + activation. It 

would be of great interest to introduce these mutations into the RyR2 cDNA and 

characterize their effect on Ca" + sensitivity to activation. These studies will provide new 

and important insights not only into the molecular basis of polymorphic ventricular 

tachycardia, but also into the molecular mechanism of RyR C a 2 + sensing. 
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