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ABSTRACT OF DISSERTATION

STRUCTURE-FUNCTION RELATIONSHIPS OF THE RYANODINE

RECEPTOR

Ryanodine receptors form a family of Ca2+ activated Ca2+ release channels 

localized to the membrane of the endo/sarcoplasmic reticulum. During excitation- 

contraction coupling in muscle, depolarization of the plasma membrane activates 

dihydropvridine receptors (DHPRs), which in turn trigger ryanodine receptors to 

release the Ca2+ necessary to elicit a contraction. In cardiac muscle, Ca2+ influx 

via the cardiac DHPR is thought to activate the cardiac ryanodine receptor, RyR2, 

while in contrast, Ca2+ influx in skeletal muscle is not required to activate the skele­

tal isoform, RyRl. However, it is possible that the skeletal DHPR allosterically 

causes an increased Ca2+ sensitivity of RyRl such that resting levels of cytoplasmic 

Ca2+ are sufficient to activate RyRl. In the first part of my dissertation. I used 

whole-cell patch clamp and photometric measurement of cytoplasmic Ca2+ in dys- 

pedic myotubes expressing E4032A-RyRl to examine the role of Ca2+ activation in 

skeletal-type excitation-contraction coupling, because the point mutation, E4032A, 

was shown in lipid bilayers to drastically reduce the Ca2+ activation of RyRl. I found 

that Ca2+ activation is not required for the initiation of excitation-contraction cou­

pling. Because amino acids 720-765 of the DHPR II-III loop and 1837-2168 (sR16) 

of RyRl were shown to physically interact in yeast two-hybrid assays, I studied, 

in the second part of my dissertation, both a chimera in which sR16 was substi­

tuted into RyR2 and that chimera’s inverse to test the functional importance of this
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interaction. My results suggest that sR16 participates in, but is not necessary for, 

skeletal-type excitation-contraction coupling. In the third part of my dissertation, 

I studied four cysteines in the RyRl carboxy-terminal domain that are conserved 

among all isoforms of ryanodine receptors and inositol 1,4,5-triphosphate receptors, 

a second family of Ca2+ release channels. When I tested mutation to serine of these 

four cysteines (C4876S, C4882S, C4958S, C4961S) in RyRl, I found that Ca2+ release 

function was eliminated. However, DHPR Ca2+ current enhancement was partially 

maintained suggesting that tetramerization of RyRl was unaffected since the receptor 

could functionally interact with the DHPR.

Jennifer J. O'Brien

Department of Anatomy and Neurobiology 

Colorado State University 

Fort Collins, CO 80523 

Spring 2002
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Introduction

0.1 Importance o f studying ryanodine receptors

One of three isoforms of the ryanodine receptor calcium (Ca2+) release channel 

is located in the sarcoplasmic reticular membrane of skeletal muscle. Mutations in 

this receptor directly cause the diseases malignant hyperthermia (MH) and central 

core disease (CCD). People with MH are susceptible to muscle rigidity, fever, and 

hypermetabolism when exposed to anesthetics and muscle relaxants (MacLennan and 

Phillips, 1992). If these symptoms are not immediately treated, the person could die 

from ventricular fibrillation, pulmonary edema, or neurological damage (MacLennan 

and Phillips, 1992). CCD is a more severe disease which begins in infancy. The 

patients suffer from hypotonia and muscle weakness and are prone to MH (Loke and 

MacLennan, 1998). The symptoms of both diseases are thought to derive from the 

excessive release of Ca2+ from the sarcoplasmic reticulum (SR) due to point mutations 

in the skeletal isoform of the ryanodine receptor. Studying the role of the ryanodine 

receptor in muscle contraction and understanding the structure-function relationships 

of the ryanodine receptor will allow for more accurate targeting for treatments of both 

diseases.

1
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0.2 Basic muscle physiology

The skeletal isoform of the ryanodine receptor (RyRl) is a  critical element in 

the contraction of striated muscle. It lies within the membrane of the SR which acts as 

a Ca2+ store for the cell. W ithin a muscle fiber, there is a bundle of fibrils enveloped 

by the SR and plasma membrane (left panel of Fig. 1). Each myofibril consists of the 

contractile apparatus which primarily contains actin and myosin strands (Rayment 

et ad., 1993; Cooke, 1986). Invaginations of the plasma membrane called transverse 

tubules, or t-tubules, extend the contact of the extracellular membrane to each fibril 

in the bundle allowing a connection or junction to be formed between the SR and 

plasma membrane. This creates a functional bridge from extracellular signals to the 

contractile elements in the fibrils. Muscle contraction is driven by the movement 

of actin filaments by myosin. In brief summary, the troponin complex blocks the 

interaction between actin and myosin. Binding of Ca2+ to this complex triggers a 

release of this inhibition, thereby allowing the myosin head to bind the actin filament 

and complete the power stroke (Phillips Jr et al., 1986). Thus, Ca2+ plays a crucial 

role in the contraction of each muscle fiber.

0.3 Introduction to excitation-contraction (EC) 
coupling

The increase in the concentration of cytoplasmic Ca2+ necessary for the initi­

ation of muscle contraction is triggered by depolarization of the muscle fiber. Acetyl­

choline receptors are concentrated in the plasma membrane of the muscle fiber at 

the synaptic junction with a motor neuron. Release of acetylcholine from the neuron

2
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activates the acetylcholine receptors on the muscle fiber which then allows an influx 

of cations to depolarize the muscle plasma membrane. The depolarization propagates 

along the plasma membrane into the t-tubules via voltage-gated sodium channels. In 

the triad junction, where the t-tubule closely associates with the SR membrane (see 

Fig. 1), the signal from the nerve is converted into the mechanical muscle contraction. 

This conversion is known as excitation-contraction (EC) coupling (Garcia and Beam, 

1994b).

t-tubule

DHPR

t-tubulej

t,_________ >

0.5 um

Figure 1: The diagram illustrates the location of the DHPRs and RyRls in the triad 
junction of the muscle fiber. On the left is a depiction of a muscle fiber the length of 
one sarcomere (from Hille, 2001). On the right is a simplified model of the skeletal 
muscle triad junction, where the membranes of the t-tubule and SR are in close 
association. Each gray cylinder represents a single skeletal DHPR and each black 
square pillow represents a single RyRl homotetramer.

The two main proteins involved in EC coupling in striated muscle are the 

skeletal isoform of the L-type voltage-gated Ca2+ channel or dihydropyridine receptor 

(ais or DHPR) and RyRl (arrangement shown in Fig. 1). Activation of the DHPR

3
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in the plasma membrane triggers the opening of RyRl which in turn releases Ca2+ 

into the cytoplasm. It is this increase in cytoplasmic Ca2+ that relieves the inhibition 

between the actin and myosin filaments thus initiating muscle contraction. In order 

to better convey how these two proteins communicate between the plasma and SR 

membranes, I will begin by describing each receptor, then explain what is known 

about how these two receptors communicate, and finally summarize the studies I 

have carried out to better understand the functioning of the ryanodine receptor and 

its role in EC coupling.

0.4 Ryanodine receptors 

0.4.1 Identification

Ryanodine receptors were first identified in electron microscopy images of mus­

cle fibers. They appeared as large dense masses that bridged the gap between the 

t-tubule and the SR (Franzini-Armstrong, 1970). Clara Franzini-Armstrong called 

these large masses “feet” (Franzini-Armstrong, 1970) and proposed that they served 

as the EC coupling signal across the triad junction (Franzini-Armstrong and Nunzi, 

1983). Later, the ryanodine receptor was purified from both cardiac and skeletal mus­

cle and demonstrated to be the protein comprising the foot structures (Inui et al., 

1987a,b). Yet the function of the ryanodine receptors was not resolved.

Although it was known that Ca2+ was released from the SR presumably via 

channel proteins and that ryanodine receptors were the “feet” of the triad junction, 

it was not initially clear that the channel proteins in the SR and the ryanodine 

receptors were one and the same. Direct recordings of the SR membrane in lipid

4
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bilayers identified a Ca2+ release channel sensitive to ATP (Smith et al., 1985). This 

Ca2+ release channel protein was purified (Lai et al., 1988) and confirmed to be 

the ryanodine receptor by comparative ryanodine binding and expression and single 

channel measurements in lipid membranes (Imagawa et al., 1987; Smith et al., 1988). 

Subsequently, the sequence and primary structure were determined and functional 

expression of the cDNA demonstrated that the expression of this sequence was suffi­

cient to create the full channel (Takeshima et al., 1989; Zorzato et al., 1990; Penner 

et al., 1989). For RyRl, the 5037 amino acid sequence encodes about a 560 kDa 

polypeptide that makes up only one of the four subunits required to form a complete 

receptor. Comparison of the electron microscopy images and ryanodine binding of the 

purified receptor to that of the “feet” structures confirmed that the purified receptor 

was indeed the “foot” protein (Inui et al., 1987a,b).

Since the first characterization of the ryanodine receptor in skeletal muscle, 

three isoforms have been discovered. R yR l is the predominant form found in mam­

malian skeletal muscle and it has also been shown to be expressed in Purkinje cells 

in the brain (Sharp et al., 1993; Kuwajima et al., 1992). RyR2, the cardiac isoform, 

is expressed in the muscle of the heart (Inui et al., 1987a; Anderson et al., 1989; 

Nakai et al., 1990) and in parts of the brain (Kuwajima et al., 1992). Most recently, 

RyR3, the ubiquitously expressed isoform has been identified. It was originally cloned 

from brain (Hakamata et al., 1992) but found to be localized to many other tissues 

(Giannini et al., 1992, 1995) including mammalian skeletal muscle (Flucher et al.,

1999). The relevant differences of the isoforms will be discussed when cardiac and 

skeletal-type EC coupling are compared.

5
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0.4.2 Correlation o f structural and functional properties

All three isoforms of the ryanodine receptor are thought to share similar struc­

tural features, although many of the most basic tertiary structural properties of the 

protein have not yet been fully elucidated. There are no known interactions be­

tween the subunits of different isoforms; ryanodine receptors exist in the membrane 

as homotetramers. Information from hydrophobicity plots suggests that the number 

of transmembrane domains could range somewhere between four (Takeshima et al., 

1989) and twelve (Zorzato et al., 1990). Tryptic digestion of the exposed regions of 

the receptor has been shown to leave the regions of the protein roughly corresponding 

to the hypothesized four transmembrane domains intact (Chen et al., 1993). More 

recently, the comparison of RyR2 and RyRl hydrophobic domains and conserved se­

quences suggested that many of the putative transmembrane domains in the Zorzato 

model are not present in RyR2. This observation led to an intermediary hypothesis 

stating that there are 6 domains (Tunwell et al., 1996). Regardless of the theory 

being considered, all potential transmembrane domains are located in 20% of the 

protein from the carboxy (C-) terminus. The remaining amino (N-) terminal portion 

creates the large cytoplasmic foot region (Takeshima et al., 1989; Zorzato et al., 1990) 

and the region including the C-terminal tail following the transmembrane domains 

is also cytoplasmic (Grunwald and Meissner, 1995). The C-terminal domain alone, 

after the N-terminal domain had been removed, was able to function as a channel 

suggesting that the transmembrane domains are sufficient to control channel function 

(Bhat et al., 1997). Furthermore, primary subunit-subunit interactions are localized

6
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to the C-terminal region supporting the idea (see also the cryo-electron microscopy 

work described below) that all four subunits are needed for channel function and 

potentially forming a single opening (Wu et al.. 1997).

Recently, structure-function analysis of the ryanodine receptor has provided 

information leading to the theory that the pore is formed by the cytoplasmic loop 

between the third and fourth transmembrane domains (in the Takeshima model) or 

by the second to last transmembrane domain of the Zorzato model (Balshaw et al., 

1999; Zhao et al., 1999; Gao et al., 2000). Specifically, it has been proposed that 

the selectivity filter is composed of the conserved amino acids GGIG, 4895-4898 in 

RyRl, due to their similarity to the selectively filter of the KcsA channel and their 

impairment of Ca2+ release when mutated (Lynch et al., 1999; Balshaw et al., 1999; 

Zhao et al., 1999; Gao et al., 2000). M utation and deletion experiments continue to 

reveal structural properties of the ryanodine receptor, but due to its large size and 

inaccessible location within the cell, it has been challenging to fully and confidently 

map the sequence to the structure. Other parallels between the amino acid sequence 

and the functional properties of the receptor will be further discussed below in terms 

of EC coupling and my own studies.

Cryo-electron microscopy of RyRl, RyR2, and RyR3 has provided three di­

mensional models of each isoform of the complete receptor (Radermacher et al., 1994; 

Sharma et al., 1998, 2000). Addition of proteins and antibodies to RyRl during 

imaging has helped to map on the three dimensional model where binding sites and 

important regions may be located. For example, calmodulin was found to bind on 

the side of the “foot” region (Wagenknecht et al., 1994) and the C-terminal tail was

7
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confirmed to be located in the cytoplasm near the transmembrane domains (Benac- 

quista et al., 2000). Imaging of RyRl in its active state, in the presence of Ca2+ and 

AMP-PCP a nonhydrolyzable analog of ATP, revealed a single pore in the transmem­

brane domain of the channel and openings at the four corners of the “foot” region, 

referred to as the clamps (Serysheva et al., 1999). A combination of the modeling 

studies and the sequence analysis has begun to provide a picture of RyRl along 

with information about how the structure of the Ca2+ release channel relates to its 

function.

As stated above, all isoforms of the ryanodine receptor act as Ca2+ activated 

Ca2+ release channels. Functional characterization of the channels in lipid bilay­

ers and HEK293 cells has shown that they have poor cation selectivity and no anion 

permeability (Smith et al., 1988; Meissner, 1994; Chen et al., 1997). Their cation per­

meability is greater for the divalent ions, specifically Ba2+ > Sr2+ > Ca2+ > Mg2+ 

(Yoshida and Imai, 1997), and their conductance for these ions is very high (Smith 

et al., 1988). Ryanodine receptors are activated by moderate increases in the cytoplas­

mic Ca2+ concentration and inactivated by high concentrations (hence biphasic/bell- 

shaped dependence), suggesting the presence of both high and low affinity binding 

sites for Ca2+, respectively (Ashley and Williams, 1990; Bull and Marengo, 1993; 

Gyorke and Fill, 1993). Interestingly, RyRl has about a 10-fold higher affinity for 

Ca2+ at its inactivation site than RyR2. Exploiting the differences in Ca2+ affinity 

between the two isoforms, two labs constructed chimeric receptors, in which an amino 

acid region of one isoform was substituted into the corresponding region of the other 

isoform, and found from these chimeras that the inactivation site was localized to the

8
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C-terminal region (Du and MacLennan, 1999; Nakai et al., 1999). Detailed informa­

tion on the kinetics of ryanodine receptors is difficult to acquire because, at present, 

the only way to measure single channel currents through the receptor is by using 

lipid bilayers (extracts of SR membrane formed across a hole into a planar bilayer 

in which ryanodine receptors were reconstituted). Results from these experiments 

cannot predict how the channel behaves in physiological conditions.

0.4.3 Regulation by endogenous and exogenous factors

Behavior of the ryanodine receptor is regulated by many agents. I will focus on 

a few important to my work. RyR2 can be fully activated by Ca2+ alone, but RyRl 

can only be partially activated unless adenine nucleotides such as ATP or potentia­

tors such as caffeine are present (Smith et al., 1986). Since the myoplasmic levels of 

ATP (3-9 mM) (Godt and Maughan, 1988), are similar to those able to affect the 

ryanodine receptor in experimental conditions (Meissner, 1994), it could potentially 

act as a potentiator of RyRl activation in vivo. Caffeine is thought to activate RyRl 

while in the presence of Ca2+ by decreasing the threshold for activation by Ca2+ as 

demonstrated by its ability to shift the Ca2+ activation curve for RyRl (Meissner 

et al., 1997). Mg2+, an inhibitor of the ryanodine receptor, may play a role in regu­

lation of the receptor. Acting as a  competitive antagonist to the high affinity Ca2+ 

binding site (Meissner et al., 1997; Laver et al., 1997) Mg2+ is able to decrease Ca2+ 

induced Ca2+ release via RyRl (Meissner et al., 1986; Smith et al., 1986) at concentra­

tions close to the estimated resting myoplasmic concentration of 1 mM (Westerblad 

and Allen, 1992; Konishi et al., 1993). The plant alkaloid ryanodine, for which the

9
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receptor was named, binds to the receptor with high affinity and specificity. At high 

concentrations it acts to inhibit the receptor. Yet at low concentrations, it specifi­

cally binds to the open state of the ryanodine receptor; therefore, many use it as a 

tool for studying activation (Buck et al., 1992). It remains unclear how exactly these 

endogenous and exogenous molecules act on ryanodine receptor function particularly 

during EC coupling.

0.5 Dihydropyridine receptors

The dihydropyridine receptor (DHPR) is the channel that communicates with 

the ryanodine receptor during EC coupling. Although its role is equally important 

to that of the ryanodine receptor, only its role in EC coupling, specifically, its ability 

to trigger the ryanodine receptor will be discussed (detailed below). The DHPR is 

an L-type voltage-gated Ca2+ channel found in the t-tubule membrane within the 

triad junction (Fosset et al., 1983). Originally it was identified by its high affinity for 

dihydropyridines including the antagonist nifedipine and the agonist Bay K 8644. In 

the cell, the DHPR exists as a complex in which the subunit forms the channel, 

the a 2 and 7 subunits adjacent to the channel within the membrane, the /? subunit is 

attached to the cytoplasmic side of a i  and the 5 subunit is covalently bonded to the 

extracellular portion of a 2 (Takahashi et al., 1987). The channel forming subunit, o v, 

has four sections, I-IV, that each have six transmembrane domains, S1-S6 , as defined 

by its amino acid sequence (Fig. 2; Tanabe et al., 1987). Two isoforms of c*i important 

for EC coupling are from skeletal muscle (ois) and cardiac muscle (axe). A major 

difference between the two channels, aside from tissue specific localization, is that d ie

10
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activates faster than a  is- Thus, in response to an action potential in physiological 

conditions, the Ca2+ influx via the DHPR is much greater in the presence of <*ic than 

a is  (Tanabe et al., 1991; Dirksen and Beam, 1996). This observation plays a key role 

in the differences between EC coupling in cardiac versus skeletal muscle.

extracellular space

plasma
membrane

COOHcytoplasm

Figure 2: This diagram of a is  shows the relative location of the transmembrane 
domains. Each group of six transmembrane domains is numbered I-IV  from left to 
right. The center, cytoplasmic loop is known as the II-III loop.

0.6 Underlying mechanisms of EC coupling

The preceding detail concerning the properties of the receptors that together 

are the core of EC coupling provided the background for the following explanation 

of how these two receptors act to transmit the signal linking the depolarization of 

the muscle plasma membrane to the contraction of the muscle fiber. The DHPR was 

the first receptor/channel to be characterized as having a key role in EC coupling. 

When all the currents on a skeletal muscle fiber were blocked, a measurable charge 

movement still remained. This charge movement was hypothesized to be a moving 

protein linking the t-tubule membrane to the “feet” (Schneider and Chandler, 1973). 

Identification of the protein that acted as the voltage sensor resulted from studies

11
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of both dihydropyridine binding (Rios and Brum, 1987) and mice with muscular 

dysgenesis (mdg; Beam et al., 1986). Dihydropyridines blocked the voltage sensor 

and Ca2+ release suggesting that the DHPR is involved (Rios and Brum, 1987). 

These stillborn mdg mice had no slow Ca2+ currents in their muscle cells (Beam 

et al., 1986). EC coupling was restored after microinjection of DHPR cDNA into 

cultured muscle cells from mdg mice (dysgenic cells) demonstrating that the DHPR 

was responsible for the slow Ca2+ current (Tanabe et al., 1988). Specifically, it was 

shown that dysgenic cells lack the <*is subunit of the DHPR (Knudson et al., 1989). 

Thus, expression of a  is in dysgenic myotubes also restored the charge movement of the 

t-tubule membrane (Adams et al., 1990). Together, the results led to the conclusion 

that the subunit of the DHPR acts as both a voltage-gated Ca2+ channel and the 

voltage sensor in skeletal-type EC coupling.

The ryanodine receptor, as explained above, is the Ca2+ release channel that 

helps to regulate the initiation of muscle contraction. In addition, it is thought to 

provide the bridge across the triad junction that transfers a signal from the voltage 

sensor, the DHPR, to trigger Ca2+ release. Do the DHPR and ryanodine receptor 

mechanically interact or does the influx of Ca2+ via the DHPR activate the ryanodine 

receptor? In the absence of extracellular Ca2+, hence no Ca2+ influx, skeletal muscle 

was able to contract but cardiac muscle was not (Armstrong et al., 1972). Further­

more, skeletal-type EC coupling was not affected by a mutation in the pore region 

of the DHPR a  is subunit that eliminated Ca2+ influx through the channel (Dirksen 

and Beam, 1999) reinforcing the findings of previous studies that had used channel 

blockers or Ca2+-free solutions which may have had confounding effects on the cells.
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Thus, it appears that a mechanical interaction between the DHPR and ryanodine 

receptor is present in skeletal muscle, but cardiac muscle depends on Ca2+ to transfer 

the EC coupling signal. This interaction is isoform specific; skeletal-type EC coupling 

is dependent upon the presence of c*is (Knudson et al., 1989) and RyRl (Takeshima 

et al., 1994), but cardiac cells predominantly express c*ic and RyR2.

Physical evidence of an interaction between the skeletal DHPR and RyRl 

was originally shown with freeze fracture techniques. The “feet” in the SR mem­

brane align in an alternate pattern with tetrads which are particles found in groups 

of four in the facing t-tubule membrane as shown the right panel of Fig. 1 (Block 

et al., 1988). Tetrads are absent in dysgenic muscle cells (Franzini-Armstrong et al., 

1991) but can be restored by expressing a  is demonstrating that the a  is and the rest 

of the DHPR complex are the proteins that constitute each particle in the tetrad 

(Takekura et al., 1994). In dyspedic muscle cells which lack functional endogenous 

RyRls neither “feet” nor tetrads were present (rather there was a random arrange­

ment of particles in the plasma membrane in place of the tetrads), but the junctional 

membranes remained closely associated (Takekura et al., 1995). Injection of RyRl 

into the dyspedic cells restored the unordered array of particles into tetrads (Protasi 

et al., 1998). Accordingly, the DHPRs require the presence of the RyRls to form 

tetrads suggesting that there is a physical link between the two proteins but each 

protein is not required for the proper membrane association of the other. In cardiac 

muscle, tetrads are seen highlighting the skeletal specific nature of the interaction 

(Sun et al., 1995). Cosedimentation and cross-linking experiments have further given 

support to the idea that the DHPR and RyRl are physically associated (Marty et al.,
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1994; Murray and Ohlendieck, 1997) although whether or not the interactions occur 

under physiological conditions has not been determined.

0.7 Cardiac- versus skeletal-type EC coupling

Underlying the physiological differences between skeletal- and cardiac-type 

EC coupling are the differences in the properties of the q x and ryanodine receptor 

isoforms found in their respective tissues. EC coupling in cardiac muscle is believed 

to occur through Ca2+ induced Ca2+ release (CICR); it is the influx of Ca2+ through 

a xc that activates RyR2 (Fabiato, 1983). Activation of RyR2 is much lower when 

the cell is held at voltages near the reversal potential for the a xc Ca2+ currents than 

at voltages able to trigger the peak Ca2+ current amplitudes. This results in a bell­

shaped voltage dependence of Ca2+ release via RyR2. When RyR2 was expressed 

in dyspedic myotubes (in the presence of endogenous skeletal DHPR complexes), no 

contractions were observed in the absence of extracellular Ca2+ unlike when RyRl is 

expressed in these cells (Nakai et al., 1997). Likewise, in the converse situation, q xc 

does not trigger the activation of RyRl when expressed in dysgenic myotubes (Tanabe 

et al., 1990b; Garcia et al., 1994). Specifically, myotubes expressing a xc release SR 

Ca2+ and contracted under electrical stimulation, but this Ca2+ release was abolished 

in the presence of Ca2+ channel blockers (Tanabe et al., 1990b). Depolarization evoked 

Ca2+ release, measured while in whole-cell patch clamp mode, showed a bell-shaped 

voltage dependence which reflects the U-shaped dependence of the Ca2+ entry via 

a xc supporting the idea that the activation of RyRl is triggered by CICR (Garcia 

et al., 1994). Normal myotubes, in contrast, showed a sigmoidal-shaped voltage
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dependence independent of Ca2+ influx which instead parallels that of the degree of 

intramembrane charge movement associated with a  is (Garcia and Beam, 1994a). In 

normal conditions during an action potential (versus an unnatural 200 ms pulse), it 

is likely that RyR2 is exposed to a greater concentration of Ca2+ influx via a Lc than 

is RyRl upon activation of a  is- This is due to the fact that the a ic Ca2+ currents 

are faster and activate at more negative potentials than a  is causing a greater influx 

of Ca2+ through a ic  (Tanabe et al., 1990b). In addition, RyR2 is more sensitive to 

activation by Ca2+ than RyRl (Zimanyi and Pessah, 1991) further promoting the 

efficiency of CICR in cardiac cells versus a direct interaction like that in skeletal cells.

0.8 A region in ais integral for skeletal-type EC 
coupling

The creation of chimeric channels, proteins in which corresponding amino acid 

regions of two isoforms are exchanged, takes advantage of the unique properties of 

each receptor isoform to determine what structural regions are important for the 

functioning of the receptors, in this case, in EC coupling. A series of chimeras with 

background sequence of a ic  and different cytoplasmic regions replaced by a  is revealed 

that the loop between repeats II and III of a  is is sufficient to transfer skeletal-type 

EC coupling function onto an otherwise cardiac channel (Tanabe et al., 1990a). Ad­

ditional chimera studies between c*is and a ic  narrowed down the important region 

within the II-III loop to amino acids 725-742 of a  is (Nakai et al., 1998b). Other 

labs formulated a different hypothesis concerning which amino acids within the II-III 

loop were important for EC coupling by testing the ability of different peptides of
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the loop to activate RyRl in lipid bilayers (El Hayek et al., 1995). Both types of 

experiments had flaws preventing a single hypothesis from being accepted, specifi­

cally, the sequence between the II-III loop of both a  is and Qtc is highly conserved so 

different regions of each isoform could have overlapping or unpredictable effects and 

the peptides of the loop could access regions of RyRl that the loop, when attached 

to the rest of Qis, might not otherwise have access to. Two experiments provided 

convincing evidence that amino acids 725-742 are important. A chimera made with 

house fly (Musca domestica) DHPR, which has very few conserved amino acids in the 

II-III loop compared to a  is, as background and the region 720-764 of a  is exchanged 

into the loop was able to support skeletal-type EC coupling when expressed in dys- 

genic myotubes (Wilkens et al., 2001). In addition, scrambling the loop sequence, 

which was shown to activate RyRl in peptide experiments (681-690), had no effect 

on function of the whole a  is protein during skeletal-type EC coupling (Proenza et al.,

2000). Thus, the amino acids 725-742 are likely to either directly or indirectly (via a 

possible intermediary protein) interact with RyRl.

0.9 Regions of R yR l involved in skeletal-type EC 
coupling

Similar chimeric studies were performed on the ryanodine receptor to deter­

mine the region with which the II-III loop interacted. As with ais  and Qic, chimeras 

were made between RyRl and RyR2 to exploit the differences in function between 

the two isoforms. Three regions of highly divergent sequence between RyRl and 

RyR2 are named as follows: D l, 4254-4631 of RyRl and 4210-4562 of RyR2; D2,
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1342-1403 of RyR l and 1353-1397 of RyR2; D3, 1872-1923 of RyRl and 1852-1890 

of RyR2 (see Fig. 3; Sorrentino and Volpe, 1993). Deletion of the D2 region in RyRl
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Figure 3: This diagram shows the important regions of RyRl that will be discussed. 
The top bar represents the amino acid sequence encoding the full RyRl protein and 
the bottom bar represents an enlarged portion of the C-terminal domain. The dashed 
line on the bottom bar denotes the end of the last putative transmembrane domain. 
Both bars are drawn to scale.

eliminated skeletal-type EC coupling, but replacement of the deleted region with 

the corresponding RyR2 region recovered R yR l’s function (Yamazawa et al., 1997). 

These results could be interpreted to mean that the deletion caused enough structural 

change to damage the function of RyRl or that D2 works in concert with another 

region to transfer the signal. Reverse chimera studies, with RyR2 background se­

quence, have confirmed that D2 is unlikely to be solely important in communication 

with the DHPR. Of possibly greater importance is the D3 region since the chimera 

RIO (1635-2636 of RyRl) containing D3 was sufficient to restore skeletal-type EC 

coupling (Nakai et al., 1998a). Interestingly, both this region and R9 (2659-3720) of
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RyRl were able to support retrograde signaling, or signaling back to the DHPR (dis­

cussed below), in the presence of an RyR2 background (Fig. 3; Nakai et al., 1998a). 

As one might have expected, it appears that the potential regions of interaction with 

the DHPR on RyRl are located in the cytoplasmic “foot” region.

0.10 Retrograde signaling

Not only does the DHPR signal to RyRl, but RyRl also feeds back onto the 

DHPR. When RyRl is absent, as in the case of dyspedic myotubes, the DHPR Ca2+ 

currents are small. Expression of RyRl restores or enhances the amplitude of the 

Ca2+ currents but expression of RyR2 does not (Nakai et al., 1996, 1997). Activation, 

conductance, and expression of the DHPR are all influenced by the presence of RyRl 

(Avila and Dirksen, 2000). The chimeras R9 and R10, previously mentioned, were 

capable of enhancing Ca2+ currents suggesting that multiple or overlapping sites 

within these areas are important for interaction with the DHPR (Nakai et al., 1998a). 

As in skeletal-type EC coupling, the amino acids, 720-764 of the II-III loop of the 

DHPR are essential for retrograde signaling (Grabner et al., 1999). Ca2+ may play a 

role in regulating the expression of the DHPR. Prolonged decrease in Ca2+ release, 

due to a mutation in RyRl, prevented increased DHPR expression seen with wild 

type RyRl (Avila et al., 2001). Thus, the functional and physical presence of RyRl 

is required for full DHPR activity.
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0.11 Hypotheses

0.11.1 Ca2+ activation of R y R l is not necessary for the initi­
ation of skeletal-type excitation-contraction coupling

During skeletal-type EC coupling, RyRl can be activated in the absence of 

Ca2+ entry through an interaction with the a is  II-III loop of the DHPR. Resting 

concentrations of mvoplasmic Ca2+ may be sufficiently high to contribute to the 

activation of RyRl during this process. The DHPR may allostericallv cause a decrease 

in the Ca2+ sensitivity of RyRl thus allowing activation of RyRl by resting Ca2+ 

concentrations. A point mutation of a highly conserved glutamate in RyR3 (E3885A) 

caused a 10,000 fold increase in the threshold for activation by Ca2+ (Chen et al., 

1998). The corresponding mutation in RyRl (E4032A) was studied to determine the 

effect of the decreased Ca2+ sensitivity of RyRl on skeletal-tvpe EC coupling.

0.11.2 A region in R y R l that interacts w ith the ais II-III 
loop in yeast two-hybrid plays a functional role in 
skeletal-type EC coupling

The specific region on RyRl that interacts with the Qts II-III loop has not 

been elucidated. Previous work with chimeras between RyRl and RyR2 showed that 

the skeletal region R9 (2659-3720) was able to support retrograde signaling and the 

region R10 (1635-2636) was able to support both retrograde and orthograde signaling 

with the DHPR (Nakai et al., 1998a). Interaction with yeast two-hybrid was shown 

between amino acids 720-765 of the Qis II-III loop and amino acids 1837-2168 (sR 16, 

within R10) of RyRl (Proenza, 1999). Using a biochemical approach (specifically use 

of affinity columns) to determine what regions of RyRl bound to the a is II-III loop,
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the MacLennan lab identified amino acids 922-1112 as a potential interactor, while 

the corresponding region of RyR2 (933-1126) was unable to interact (Leong and 

MacLennan, 1998). To determine the importance of each region in retrograde and 

orthograde signaling, I tested two chimeras when expressed in dyspedic myotubes. 

one with the s R 16 region exchanged into RyR2 and one with 933-1126 of RyR2 

exchanged into RyRl.

0.11.3 T he m utation C4958S in R yR l disables Ca2+ release 
but not enhancement of ais Ca2+ currents

Due to their ability to form covalent bonds with one another, cysteines usu­

ally play an important role in maintaining the structural integrity, or subunit-subunit 

interactions, of a protein. In the C-terminal domain of all isoforms of the ryanodine 

receptor and inositol triphosphate receptors (IP3Rs), another family of Ca2+ release 

channels, two pairs of conserved cysteines have been identified. Because IP3Rs share 

common properties with ryanodine receptors including homotetramerization and rel­

ative cation permeability, it is probable that either pair of cysteines is involved in 

subunit interactions or channel formation and function. To test this hypothesis, I ex­

pressed four RyRl constructs, each containing a mutation of one of the four cysteines 

mentioned above, in dyspedic myotubes to show what effects the mutation has on 

RyRl function. Detailed analysis was continued on the mutation C4958S in RyRl.

My contributions to collaborative projects are included in the appendix.
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Chapter 1 

Ca2+ Activation of R yR l Is Not 
Necessary For The Initiation Of 
Skeletal-Type EC Coupling

The chapter will be published in the Biophysical Journal with the following list 

of authors: Jennifer J. 0 ’Brient , Wei Feng*, Paul D. Allen5, S. R. Wayne Chen*, Isaac 

N. Pessah*, and Kurt G. Beam*. Wei Feng in Isaac N. Pessah’s lab contributed the 

methods, data, and figure (Fig. 1.1) for the single channel recordings. Paul D. Allen 

originally supplied us with the dyspedic myotubes and S. R. Wayne Chen constructed 

the mutant, E4032A-RyRl. I performed the rest of the experiments.

*Dept. of Anatomy and Neurobiology, Colorado State University, Fort Collins, CO 80523
*Dept. of Molecular Biosciences, Univ. of California Davis, Davis, CA 95616
5Dept, of Anesthesia, Brigham & Women’s Hospital, Boston, MA 02115
*Dept. of Physiology and Biophysics, University of Calgary, Calgary, Alberta T2N 4N1, Canada
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1.1 Introduction

Ryanodine receptors are intracellular Ca2+ release channels, currently known 

to be encoded in mammals by three distinct genes. RyRl and RyR2 are the pre­

dominant forms in skeletal muscle and cardiac muscle, respectively (Takeshima et al., 

1989; Zorzato et al., 1990; Nakai et al., 1990), and RyR3 is ubiquitously expressed 

(Hakamata et al., 1992; Giannini et al., 1992). All three isoforms can be activated 

by an elevation in cytoplasmic Ca2+. In cardiac muscle, activation of RyR2 by cyto­

plasmic Ca2+ plays a major role in excitation-contraction (EC) coupling. Specifically, 

depolarization of cardiac muscle cells activates a  voltage-gated L-type Ca2+ channel, 

which contains a tc as its principle subunit; the resulting influx of Ca2+ provides 

an increase in cytoplasmic Ca2+ sufficient for activating RyR2 to release Ca2+ from 

the sarcoplasmic reticulum (Fabiato, 1985; Nabauer et al., 1989). An elevation of 

intracellular Ca2+ can also serve to activate R yR l, but the role of this pathway is 

uncertain. Thus, even though skeletal muscle expresses large numbers of L-type Ca2+ 

channels (containing a ^  as the principle subunit), EC coupling in skeletal muscle 

persists after Ca2+ influx through ctis is blocked by removal of extracellular Ca2+ 

(Armstrong et al., 1972) or by channel blockers (Gonzalez-Serratos et al., 1982). 

Therefore, a  mechanical interaction with a is  may be responsible for activating RyRl 

during ”skeletal-type” EC coupling (Rios and Brum, 1987; Tanabe et al.. 1990a) and 

the role of Ca2+-activation during this initial triggering of RyRl remains unclear (e.g. 

Lamb et al., 2001).
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Recently, it has been reported that a glutamate conserved in all three RyR 

isoforms has an important role in Ca2+ activation. Specifically, mutation of this gluta­

mate to alanine in RyR2 (E3987A) and in RyR3 (E3885A) caused a 1,000-10,000-fold 

increase in the EC50 for activation by Ca2+, as measured by recordings of channels 

reconstituted into bilayers (Chen et al., 1998; Li and Chen, 2001). The correspond­

ing mutation (E4032A) in RyRl also inhibits activation by Ca2+ (Fessenden et al., 

2001). Here, we have used expression in dyspedic mouse myotubes, which lack en­

dogenous RyRl (Takeshima et al., 1994; Buck et al., 1997), to compare the effects of 

the E4032A mutation on the activation by Ca2+ of single ryanodine receptor chan­

nels reconstituted into planar lipid bilayers and the activation of intracellular Ca2+ 

release by depolarization of myotubes via the whole-cell technique. We found that 

the E4032A mutation causes > 100-fold suppression in RyRl activity in bilayers in 

response to Ca2+, but only a ~5-fold reduction in depolarization induced Ca2+ release 

in myotubes. This residual Ca2+ release occurred via skeletal-type coupling because 

it showed a sigmoidal dependence on test potential and persisted after the block of 

Ca2+ influx via L-type Ca2+ current. Thus, Ca2+ activation of RyRl does not appear 

to be essential for the initiation of skeletal-type EC coupling although it might be 

important for the overall functioning of EC coupling. In agreement with Avila et al. 

(2001), retrograde signaling, whereby RyRl increases the L-type Ca2+ current carried 

by (Nakai et al., 1996) was little affected by the E4032A mutation. Therefore, 

Ca2+ release from RyRl does not appear to play a major role in the retrograde signal 

from RyRl to ais-
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1.2 Experimental procedures

1.2.1 M utagenesis

The mammalian expression plasmid (E4032A-RyRl-pCDNA3), in which the 

point mutation E4032A was introduced into RyRl, was constructed by the over­

lap extension method (Ho et al., 1989) using polymerase chain reaction (PCR). 

The “outer” two oligonucleotides used are: forward, 5' GTGTTCAACAGCCTCAC- 

CGA 3' and reverse, 5' GAACTGCTTCTGGCTGTCCA 3'. The oligonucleotides 

for the E4032A mutation are: forward, 5' GTCCCTACTGGCAGGGAACGTGGT 3' 

and reverse, o' CCACGTTCCCTGCCAGTAGGGACA 3'. The sequence of the PCR 

product was confirmed by DNA sequencing. The Xhol (12018)-S£uI (12224) frag­

ment was removed from the PCR product and was used to replace the corresponding 

wild-type region in the Xhol (12018)-A6aI (3' end) fragment of the RyRl cDNA 

in pBluescript. The Xhol (12018)-A6aI (3' end) fragment containing the E4032A 

mutation was subcloned into the RyRl cDNA in pHSVprPUC vector lacking the 

Xhol (6466)-A7ioI (12018) fragment, which was added back subsequently to form 

the full length E4032A-RyRl cDNA. The full length E4032A-RyRl cDNA {Hindlll- 

Xbal) was transferred from pHSVprPUC to pCDNA3 to form the expression plasmid 

E4032A-RyRl-pCDNA3.

1.2.2 Single channel analysis

For the measurements of single ryanodine receptor channels, ryanodine recep­

tor cDNAs were expressed in 1B5 myotubes. The 1B5 cells were cultured in DMEM 

(Dulbecco’s Modified Eagle Medium, GIBCO/BRL, Germantown, MD) containing
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20% fetal bovine serum in collagen-coated 100 mm polystyrene plates (Protasi et al., 

1998; Moore et al., 1998). When the cells attained 30-50% confluence, they were 

differentiated within a 20% CO2 incubator at 37°C for 5 days in 5% heat-inactivated 

horse serum in DMEM before infection with RyR-cDNA containing viruses (Wang 

et al., 2000). Briefly, cDNA encoding either wild-type RyRl or E4032A-RyRl was 

added to differentiated 1B5 myotubes at a concentration of 3-5 x 105 infectious units 

(IU)/ml. Cells were harvested and sarcoplasmic reticulum (SR) prepared 48 hrs after 

infection.

Crude membrane homogenates from 1B5 myotubes expressing E4032A-RyRl 

were prepared as described previously (Moore et al., 1998) and subsequently loaded 

onto a sucrose gradient consisting of layers of 10%, 27% and 45% w/w sucrose, 10 mM 

HEPES pH 7.4. After sedimentation of the crude membranes on this gradient at

40.000 x g for 1 hr at 4°C, the 27-45% interface containing heavy SR membranes 

was isolated and diluted in 10 mM HEPES, pH 7.4 and subsequently pelleted at

110.000 x g for 1 hr. The pellet was resuspended in 10% sucrose, 10 mM HEPES, 

pH 7.4, divided into small aliquots and either used immediately or stored at —80°C 

for no more than two weeks.

Heavy SR membrane vesicles were fused with an artificial bilayer lipid mem­

brane (BLM) composed of a 5:2 mixture of natural phosphatidylethanolamine and 

phosphatidylcholine (PE:PC 5:2 mixture) at 50 m g/m l in decane. The BLM was 

formed across a 200 to 250 fim  hole in a polystyrene cup separating two chambers 

(cis and trans) each 0.7 ml. Vesicles (0.1-5 fig protein) were added to the cis chamber 

in the presence of 200 //M Ca2+. The cis and trans chambers contained 500 mM CsCl,
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20 mM HEPES (pH 7.4), and 100 mM CsCl, 20 mM HEPES (pH 7.4), respectively. 

After fusion, 300 pM EGTA was added to the cis chamber to prevent additional fusion 

events. The cis chamber was then perfused with a solution composed of 500 mM CsCl, 

20 mM HEPES, pH 7.4 (asymmetrical CsCl 5:1 cisrtrans). A patch-clamp amplifier 

(Dagan, model 3900) was used to measure currents through a single channel. The 

data were filtered at 1 kHz (low-pass, 8-pole Bessel filter, Warner Instrument Corp, 

CT) before acquisition at 10 kHz by a DigiData 1200A (Axon Instruments, Foster 

City, CA). Experimental reagents were added to the cis chamber and stirred for 30 sec. 

Subsequent channel gating behavior was recorded for 1-20 min using Axoscope 8.0 

(Axon Instruments). Single-channel data from BLM experiments were analyzed using 

pCLAMP6 (Axon Instruments), and Fig. 1.1 was prepared using Origin 4.0 (Microcal, 

Northampton, MA).

1.2.3 Expression o f cD N A  in primary m yotubes

Primary cultures of dyspedic mouse myotubes were obtained as previously 

described (Nakai et al., 1996; Rando and Blau, 1994). At 6-7 days after initial plating, 

a single nucleus of each cell was microinjected with 0.3 //g//d of either E4032A-RyRl- 

pCDNA3 or RyRl-pCIneo (Nakai et al., 1998a) and 0.2 /zg//zl of an expression plasmid 

(Jurman et al., 1994) for the surface antigen CD8. All constructs were derived from 

the rabbit cDNA for that protein. Approximately 48 hours later, the medium was 

removed from injected myotubes and replaced with external recording solution (see 

below) containing beads coated with CD8 antibody (Dynabeads M-450, Dynal AS, 

Oslo, Norway), which allowed identification of cells that were expressing CD8 and
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thus also candidates to be expressing the ryanodine receptor construct of interest. 

Alternatively, the ryanodine receptor cDNA was injected together with 0.04 pg/pl 

cDNA for green fluorescent protein (Grabner et al., 1998). After 48 hours, the GFP- 

positive myotubes, while bathed in DMEM (Dulbecco’s Modified Eagle Medium, 

GIBCO/BRL, Germantown, MD), were tested for the ability to contract in response 

to stimulation (100 V, 10 ms) via an extracellular pipette which was filled 150 mM 

NaCl and positioned with its tip near (~30 pm) the cell.

1.2.4 M easurem ent o f Ca2+ currents and Ca2+ transients

Ca2+ currents and Ca2+ transients were recorded simultaneously (Garcia et al., 

1994) using a combination of the whole-cell patch technique and fluorometric moni­

toring of myoplasmic Ca2+ by means of Fluo-3 which was included in the “internal 

solution” (composition given below). Patch pipettes were pulled from borosilicate 

glass and had resistances of 1.6 to 2.0 Mfl when filled with internal solution. After a 

seal was obtained between the patch pipette and a myotube, the cell was washed to 

remove any Fluo-3 that might have leaked into the bath from the pipette. A period 

of >5 min was allowed after breaking into whole-cell mode in order that Fluo-3 could 

diffuse throughout the myotube. Cells were held a t —80 mV and control currents were 

measured by steps to —110 mV. Cell capacitance was determined by integration of 

the control current and used to normalize Ca2+ currents (pA/pF). Additionally, the 

average of ten control currents was digitally scaled and subtracted from test currents 

to correct for linear components of leakage and capacitative current. The voltage
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protocol for test currents consisted of a 1 sec prepulse to —30 or —20 mV to inac­

tivate T-type current, followed by a 50 ms repolarization to —50 mV, followed by a 

200 ms step to the test potential, a  125 ms step to —50 mV and finally a  return to 

the holding potential.

For the measurement of fluorescence, a rectangular slit and iris diaphragm 

were adjusted so that the illumination from a 75W xenon bulb and was restricted to 

a segment of the myotube that avoided both surrounding cells and the patch pipette. 

To prevent prolonged exposure of cells to this illumination, a digitally controlled 

shutter was opened 1 sec prior to the test step and closed immediately after the 

return to the holding potential. Fluorescence emission was recorded with standard 

filters for fluoroscein (excitation centered at 470 nm with half-height width of 20 nm, 

dichroic 510 nm long pass, emission 520 nm long pass) and a photometer system 

(Biomedical Instrumentation Group, U. of Pennsylvania). Data were acquired and 

analyzed with a PDP-11/73 computer system (INDEC, Sunnyvale, CA).

For the measurement of changes of myoplasmic calcium in response to ap­

plication of caffeine or cyclopiazonic acid (CPA), intact myotubes were rinsed with 

serum-free DMEM and then incubated for 1 hr at 37°C in serum-free DMEM contain­

ing 5.5 Fluo-3AM (Molecular Probes, Eugene, OR). After loading, the cells were 

returned to normal culture medium (DMEM with serum) and placed in the incuba­

tor for a minimum of 30 minutes prior to experimentation. Fluorescence responses 

were recorded with pClamp 8.0 (Axon Instruments). To normalize for differences in 

loading with Fluo-3 AM, changes in fluorescence (AF) in response to CPA were nor­

malized by the baseline fluorescence, which was determined as the resting fluorescence
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of the loaded myotube after subtraction of the signal from a corresponding area of 

the culture dish that lacked myotubes.

1.2.5 Solutions

The internal solution contained (in mM): 145 Cs-glutamate, 8 MgATP (1 mM 

free Mg2+), 2 CsCl, 10 HEPES, 10 EGTA, and 0.5 K5 Fluo-3 (Molecular Probes, 

Eugene, OR). The external solution used for measuring Ca2+ currents and Ca2+ 

transients contained (in mM): 145 TEAC1, 10 HEPES, 10 CaC^, and 0.003 TTX. 

To test the effects of Cd2+ plus La3+ (0.5 and 0.1 mM, respectively) or of caffeine 

(1 or 10 mM), individual, patch-clamped myotubes were analyzed before and after 

the external solution was replaced with external solution containing the indicated 

substances. The effect of CPA (30 /xM) was studied on individual, intact cells bathed 

in Rodent Ringers solution which contained (in mM) 145 NaCl, 10 HEPES, 5 KC1, 

2 CaCl2, 1 MgCl2- In myotubes expressing RyRl, TTX (3 jxM) was added to block 

Ca2+ release triggered by spontaneous action potential activity. The effects of caffeine 

and CPA were tested on only a single myotube per culture dish because the actions 

of these agents were not found to be easily reversible.

1.2.6 Analysis

Because intracellular Ca2+ release was reduced several-fold for E4032A-RyRl,

I characterized release in terms of AF, the change in fluorescence from baseline (F), 

rather than as A F /F , because AF was quite stable during the course of an experiment, 

whereas the baseline fluorescence gradually increased, apparently due to incomplete
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removal of myoplasmic Ca2+. Additionally, AF was measured 40 ms after the onset

due to Ca2+ current. Values of AF were plotted versus test potential (V) and fitted 

according to the equation:

where AFmax is the maximum fluorescence change, Vi is the potential eliciting a half- 

maximal AF, and kp is a parameter related to the steepness of voltage dependence. 

In addition to measuring amplitude, we visually fitted a straight line to the onset of 

the transient to determine the initial slope (in AF/ms).

Data are reported as mean ±  s.e.m. and exclude cells which had peak Ca2+ 

currents less than 1 pA /pF and transients indistinguishable from baseline noise, on 

the assumption that these cells were likely expressing CD8 but not the ryanodine 

receptor construct. Statistical comparisons were made with the Student’s t-test.

To analyze the effects of the E4032A mutation at the single channel level, 

wild-type and mutant RyRl were produced by transduction of myotubes obtained by 

differentiation of 1B5 cells, an immortal myogenic cell line lacking a functional copy of 

the native RyRl gene. As observed after reconstitution of native RyRl from rabbit 

skeletal muscle junctional SR, wild-type RyRl channels isolated from transduced 

1B5 myotubes have been shown to exhibit large conductance events (>400 pS for

of depolarization to help reduce the contribution of the entry of extracellular Ca2+

A F  =  AFmax/  (1 +  exp ( 1 . 1)

1.3 Results
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100 mM Cs+) with rapid, full conductance gating transitions that are sensitive to 

modulation by Ca2+, Mg2+, caffeine, adenine nucleotides, ryanodine and ruthenium 

red (Moore et al., 1998; Wang et al., 2000). Consistent with this previous work, we 

found that reconstituted wild-type RyRl was strongly activated by exposure on the 

cis side to 100 fiM  Ca2+ (PQ ranging from 0.64 to 0.95, averaging 0.88 ±  0.08, n =  9), 

whereas the reconstituted E4032A-RyRl was not (PQ too low to be measured, data 

not shown). In fact, several attempts to activate E4032A-RyRl by cis exposure to a 

combination of activators (100 fiM free Ca2+, 2 mM ATP and 2 mM caffeine) yielded 

very negligible gating activity (Fig. 1.1, top panel, PQ < 0.0001). Thus, the E4032A 

mutation severely impairs activation by Ca2+ compared to wild-type RyRl isolated 

from 1B5 myotubes and measured under similar conditions (Wang et al., 2000). We 

also examined the behavior of E4032A-RyRl in the presence of mM Ca2+ in the cis 

solution since mM Ca2+ was found to cause measurable activation (P0 of 0.016) of 

RyR3 bearing the mutation (E3885A) homologous to that of E4032A-RyRl (Chen 

et al., 1998). When Ca2+ was raised to 1-5 mM, channel activity of E4032A-RyRl 

exhibited only a modest enhancement (not shown), but reached a discernible level 

when a combination of strong activators was included in the cis chamber (Fig. 1.1, 

middle and bottom panels). However, unlike wild-type RyRl and E3885A-RyR3, the 

gating activity of E4032A-RyRl remained extremely low (typically P0 < 0.005) under 

all the conditions tested. The inability to cause an appreciable P0 for E4032A-RyRl 

makes it difficult to quantify the effects of the mutation on Ca2+ activation. However, 

comparison of PQ for wild-type RyRl in 100 /xM Ca2+ (0.88) with the maximal PQ that 

we observed for E4032A-RyRl under any condition (< 0.005 in 2 mM Ca2+, 2 mM
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ATP and 2 mM caffeine) suggests a >  100-fold decrement in the maximal ability of 

Ca2+ to cause activation, alone or together with other strongly activating ligands.

To determine if the E4032A mutation affects the ability of R yR l to mediate 

EC coupling, the m utant protein was expressed in dyspedic myotubes which lack 

endogenous RyRl (Takeshima et al., 1994), but do express other key proteins of the 

triad junction, including a  is (Buck et al., 1997). When cells expressing E4032A- 

R yR l were focally stimulated (100 V, 10 ms), no evoked contractions were observed 

in the 28 cells tested, whereas all 13 cells expressing wild-type RyRl contracted when 

stimulated. Thus, the E4032A mutation impairs the ability of R yR l to mediate 

EC coupling. To obtain a more quantitative estimate of this impairment, I used 

the whole-cell variant of the patch clamp technique together with Fluo-3 to measure 

Ca2+ transients (transient increases in cytoplasmic Ca2+ as indicated by changes in 

dye fluorescence). As shown in Figure 1.2a, depolarization caused Ca2+ release via 

E4032A-RyRl, but this was about 5-fold smaller than for RyRl. Specifically, at 

+40 mV, AF for E4032A-RyRl expressing cells was 35.31 ±  4.47 (n =  28) compared 

to 181.67 ±  20.36 (n =  27) for RyRl (significantly different, p <C 0.001). The rate of 

fluorescence increase (AF/ms) at +40 mV showed a similar reduction from 7.84 ±  1.18 

(n = 27) for RyRl to 1.54 ±  0.20 for E4032A-RyRl (n = 28). No transients were 

observed in dyspedic myotubes (n =  10). The amplitude of Ca2+ transients for 

E4032A-RyRl showed a sigmoidal dependence on voltage similar to that of RyRl 

(Fig. 1.2b).

In principle, the reduced Ca2+ transients for E4032A-RyRl could have resulted 

from the mutant channel having caused an increased leak of Ca2+ from the SR and
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Cis: 100 |iM Ca2*, 2 mM ATP, 2 mM Caffeine

20 pA
Po < 0.0001 
n = 25

Cis: 1 mM Ca2*, 2 mM ATP, 2 mM Caffeine

Cis: 2 mM Ca2*, 2 mM ATP, 2 mM Caffeine

90n

MUOpA
Po = 0.005 ±0.0006 
n = 10

20 pA 

ms

Figure 1.1: E4032A-RyRl reconstituted into bilayer lipid membranes after expression 
in 1B5 myotubes is negligibly activated by physiological and pharmacological agonists 
of RyRl. Top panel: Of approximately 100 fusion events for E4032A-RyRl, 25 
contained rare and very brief transitions to the open state that prevented calculation 
of P0 in the presence of cis 100 /iM Ca2+, 2 mM ATP, and 2 mM caffeine (PQ < 0.0001, 
n  =  25). Middle panel: Increasing cis Ca2+ to 1 mM resulted in a measurable elevation 
in P0 (PQ =  0.002 ±  0.001, n  =  6). Bottom panel: In the presence of 2 mM Ca2+, 
the average PQ determined for E4032A-RyRl was 0.005 ±  0.0006 (n =  10).
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Figure 1.2: The mutation. E4032A in RyRl reduces depolarization induced Ca2+ 
release, (a) Representative Ca2+ transients (AF) from control dyspedic myotubes and 
dyspedic myotubes expressing E4032A-RyRl or RyRl. The transients were elicited by 
a 200 ms depolarization to +40 mV (black bar), (b) Voltage dependence of the Ca2+ 
induced increase of fluorescence measured 40 ms after the onset of depolarization 
for E4032A-RyRl (n =  28) and R yR l (n =  27). Ca2+ transients were absent in 
dyspedic myotubes (n =  10; not shown). The smooth curves represent best-fits of 
the Boltzmann expression (Eq. 1.1) with values of kp =  10.66 and 8.13 mV, and 
Vi =  18.34 and 10.36 mV, for E4032A-RyRl and wild-type RyR l, respectively.

thus a decreased quantity of Ca2+ available to be released. Thus, I assessed the SR 

Ca2+ content by means of the increase in myoplasmic Ca2+ that occurred after the 

addition of cyclopiazonic acid (CPA) to block the SR Ca2+ pump. These experiments 

were carried out on intact, Fluo-3 AM loaded myotubes in order to maintain the cells 

in a state close to physiological. Fig. 1.3a illustrates a myotube expressing wild-type 

RyR l which responded to the addition of CPA to the bath by a slow increase of 

myoplasmic Ca2+ that was associated with three rapid spikes of Ca2+ release. These 

spikes likely represent Ca2+ induced Ca2+ release and were typically observed in 

myotubes expressing wild-type RyRl (5 of 6 cells examined). Since the spikes were 

larger than the peak of the slow Ca2+ increase, it is apparent that not all the Ca2+
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in the SR store is being released through leak in the presence of CPA. Such spikes 

were not observed when myotubes expressing E4032A-RyRl were exposed to CPA, 

although these cells did display a slow increase of myoplasmic Ca2+ (Fig. 1.3a, lower 

trace). The data should be interpreted under the assumption that the initial decrease 

in fluorescence seen in the presence of CPA is probably due to photobleaching, since 

the cells were washed in Rodent Ringers prior to the wash-in of CPA and were exposed 

to fluorescent illumination for an extended period of time. The average amplitude of 

the slow Ca2+ leak in cells expressing wild-type RyRl was similar (p >  0.1) to that 

of cells expressing E4032A-RyRl (Fig. 1.3b), averaging 0.59 ±  0.11 A F /F  (n =  8) 

and 0.78 ±  0.16 A F /F  (n = 6), respectively. Therefore, it appears that the Ca2+ 

content of the SR in cells expressing E4032A-RyRl does not differ from that of cells 

expressing wild-type RyRl.

The results above show that although E4032A-RyRl does not release enough 

Ca2+ to mediate electrically evoked contractions, it does support depolarization evoked 

Ca2+ transients of small amplitude. To determine whether Ca2+ release via E4032A- 

RyRl reflects skeletal-type EC coupling, Ca2+ transients were measured in individual 

cells for a test pulse to -1-40 mV immediately before and after addition of 0.5 mM 

Cd2+ and 0.1 mM La3+ (nonspecific Ca2+ channel blockers) to the bathing medium. 

This addition effectively blocked Ca2+ current (Fig. 1.4a, lower sets of traces), with­

out altering the amplitude of the Ca2+ transients for either RyRl or E4032A-RyRl 

(Fig. 1.4a, upper set of traces; Fig. 1.4b). These results, together with the sigmoidal 

voltage dependence of the transients (Fig. 1.2b) imply that E4032A-RyRl is able to 

mediate skeletal-type EC coupling.
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Figure 1.3: The SR Ca2+ content is similar in myotubes expressing E4032A-RyRl 
or wild-type RyRl. (a) Response of Fluo-3AM loaded myotubes expressing either 
RyRl (upper trace) or E4032A-RyRl (lower trace) to block of the SR Ca2+ pump 
by cyclopiazonic acid (CPA). For both cells, there was a slow increase of myoplasmic 
Ca2+ in response to CPA. Three transient Ca2+ spikes occurred during the rising 
phase of this slow increase in the cell expressing wild-type RyRl. The horizontal 
bar beneath each trace indicates the period of exposure to CPA. (b) The average 
amplitude of the slow increase of myoplasmic Ca2+ for E4032A-RyRl (n =  8) was 
not significantly different (p > 0 .1) from that of RyRl (n =  6 ). The amplitude for 
RyRl expressing myotubes was estimated as the maximum deviation from baseline 
after the cessation of any Ca2+ spikes.

In addition to receiving the EC coupling signal from a is, RyRl transmits 

a retrograde signal which acts to increase the magnitude of the L-type Ca2+ cur­

rent produced by a  is (Nakai et al., 1996). Figure 1.5 illustrates representative L- 

type Ca2+ currents (a) and average peak current versus voltage relationships (b) 

for dyspedic myotubes and myotubes expressing RyRl or E4032A-RyRl. Although 

having similar voltage dependence, the peak currents differed considerably in mag­

nitude for the three groups. At +30 mV, peak current density for E4032A-RyRl 

(—6.53 ±  0.54 pA /pF, n =  28) was much larger (p <§: 0.001) than for dyspedic my­

otubes (—1.35 ±  0.30 pA/pF, n =  10), but not quite as large (p < 0.005) as for 

wild-type RyRl (—10.11 ±  0.79 pA/pF, n =  35).
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Figure 1.4: E4032A-RyRl supports skeletal-type EC coupling, (a) Representative 
Ca2+ transients and Ca2+ currents recorded at +40 mV before (black) and after 
(gray) application of Cd2+ and La3+ to block Ca2+ entry. The transients before and 
after the block of Ca2+ current almost completely overlapped, indicating that, like 
RyRl, E4032A-RyRl supports skeletal-type EC coupling, (b) Average Ca2+ transient 
amplitude at +40 mV was not significantly different before (black) and after (gray) 
application of Cd2+ and La3+ for either RyRl (n =  7, p > 0.5) or E4032A-RyRl 
(n =  7, p > 0.5).
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Figure 1.5: The E4032A mutation of RyRl slightly impairs retrograde signaling, 
(a) Representative peak Ca2+ currents (at +20 mV) from control, E4032A-RyRl- 
expressing and RyR 1-expressing dyspedic myotubes. (b) Average peak current ver­
sus voltage relationships for dyspedic myotubes (n =  10) and dyspedic myotubes 
expressing E4032A-RyRl (n =  28) or RyRl (n =  35).

Because caffeine is a potentiator of Ca2+ induced Ca2+ release (Meissner et al., 

1997), it was of interest to determine whether caffeine affected depolarization evoked 

Ca2+ release via E4032A-RyRl. The application of 10 mM caffeine to myotubes at 

the holding potential caused a large release of Ca2+ in RyRl expressing myotubes 

(113.36 ±  28.76 AF, n = 4) but caused no release in E4032A-RyRl expressing my­

otubes (n =  7; Fig. 1.6a). This difference provides additional support for the idea 

that the E4032A mutation impairs Ca2+ activation. Despite having little effect on 

E4032A-RyRl at the holding potential, 10 mM caffeine did cause a large increase 

in the amplitude of the depolarization induced Ca2+ transient (Fig. 1.6b), which on 

average was about 4-fold (AF increased from 20.6 ±  3.0 to 78.2 ±  12.4, n = 10, 

p < 0.001). In the presence of 10 mM caffeine, the AF versus voltage relationship 

for E4032A-RyRl remained sigmoidal, although steeper and somewhat left shifted 

compared to control (Fig. 1.6c). Additionally, caffeine increased the initial rate of
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rise of the Ca2+ transient in E4032A-RyRl expressing cells from 0.81 ±  0.13 to 

3.25 ±  0.58 A F/m s (n =  10, p <  0.001).

b C 10q

in
E

1 o
Control ~  
Caffeine (0IL .<E4032A 20 s

50 AF|

5 pA/pF I 50 ms -20 0 20 40 60 80

Voltage (mV)

Figure 1.6: Caffeine enhances depolarization induced Ca2+ release for E4032A-RyRl. 
(a) Caffeine (10 mM) causes Ca2+ release from RyRl expressing myotubes at the 
holding potential (—80 mV), but not from myotubes expressing E4032A-RyRl. Sim­
ilar responses were obtained from a total of 8 cells expressing E4032A-RyRl (AF =  0) 
and 4 cells expressing RyRl (AF =  113.36 ±  28.76). Bath perfusion (horizontal bar) 
was used to introduce 10 mM caffeine which then remained for the duration of the 
experiment, (b) Representative Ca2+ transients (top) and Ca2+ currents (bottom) at 
+40 mV before (black) and after (gray) the application of 10 mM caffeine, (c) Voltage 
dependence of the Ca2+ transients measured in E4032A-RyRl expressing myotubes 
before and after application of 10 mM caffeine (n =  10). The data has been fitted 
with Eq. 1.1 as shown by the smooth curve. The values for kF are 9.87 and 5.89 mV 
and for Vi are 27.13 and 21.69 mV before and after caffeine was applied.

In addition to increasing the amplitude of the Ca2+ transient in myotubes 

expressing E4032A-RyRl, the application of 10 mM caffeine also caused the half-rise 

time for activation of Ca2+ current to decrease from 23.4 ±  2.2 ms to 11.6 ±  0.6 ms 

(n =  10, p <  0 .001). The effect of caffeine on the rate of activation of Ca2+ current 

appeared to be unrelated to its effect on Ca2+ release. First, the half-rise time for 

activation of Ca2+ current in the absence of caffeine was similar (p > 0.15) in cells 

expressing wild-type RyRl (18.1 +  1.3 ms, n = 35) to that in cells expressing E4032A- 

RyRl (21.2 ±  1.7 ms, n =  28), despite the fact that Ca2+ release flux was several-fold
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lower for E4032A-RyRl (see above). Second, 10 mM caffeine caused half-rise times for 

Ca2+ current in four cells expressing wild-type RyRl to decrease from 18.0 ±  2.0 ms 

to 10.3 ±  0.3 ms, despite causing a reduction in the amount of calcium released 

(maximum AF fell from 355.3 ±  60.5 to 139.3 ±  52.9, presumably because the caffeine 

caused a  loss of Ca2+ from the SR).

1.4 Discussion

In this paper, we have characterized the consequences of the mutation E4032A 

on the function of RyRl. Expression in 1B5 dyspedic myotubes followed by reconsti­

tution into planar lipid bilayers demonstrated that E4032A-RyRl is not appreciably 

activated by Ca2+, even when the additional strong activators caffeine and ATP are 

also present. Expression in primary dyspedic myotubes followed by whole-cell mea­

surements showed that the E4032A mutation reduced depolarization induced Ca2+ 

release about 5-fold, as compared to wild-type RyRl, and as a result impaired the 

ability of RyR l to mediate EC coupling. This reduction did not appear to be sec­

ondary to a  reduction in the SR Ca2+ content which appeared to be similar for 

cells expressing E4032A- and wild-type RyRl based on the increase in myoplasmic 

Ca2+ that occurred after the addition of CPA. The Ca2+ release that did occur for 

E4032A-RyRl appeared to reflect skeletal-type EC coupling both because its am­

plitude showed a sigmoidal voltage dependence and because it persisted after the 

addition of extracellular Cd2+ and La3+ to block Ca2+ influx. In addition to being
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able to mediate EC coupling (at a reduced level), E4032A-RyRl was also able to 

cause retrograde enhancement of L-type Ca2+ current via a  is- Compared to control 

dyspedic cells, the L-current density was ~5-fold larger for E4032A-RyRl expressing 

myotubes, a retrograde enhancement somewhat smaller than that found for wild-type 

RyRl (7.5-fold).

The results reported here raise the question of whether there is a direct rela­

tionship between activation of RyRl by Qis (in response to depolarization) and the 

activation of R yR l by Ca2+. Figure 1.7 illustrates two extreme possibilities for the 

relationship between the two modes of activation. In scheme (1), the two modes of 

activation are completely independent, whereas in scheme (2) the only function of the 

c*is is to lower the threshold for activation by Ca2+ such that resting Ca2+ is sufficient 

to cause activation. Scheme (2) can be viewed as the converse of the proposal that 

Ois functions to raise the threshold for the inhibition of RyRl by Mg2+ (Lamb and 

Stephenson, 1991, 1994). If scheme (1) were correct, it might be possible to abol­

ish activation by Ca2+ without any effect on depolarization induced Ca2+ release. 

If scheme (2) were correct, then eliminating activation by Ca2+ would also abolish 

activation by ais- An argument against scheme (2) is that the E4032A mutation 

does not abolish depolarization induced Ca2+ release, although one could argue that 

E4032A-RyRl has sufficient residual Ca2+ sensitivity to support a reduced level of 

depolarization induced release. However, the effect of the mutation on depolarization 

induced release is trivial compared to its effect on Ca2+ activation. Specifically, the 

bilayer experiments indicate that the E4032A mutation depressed activation by Ca2+ 

by more than 100-fold, whereas the reduction in depolarization induced release was
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only 5-fold. Thus, it seems unlikely that Ca2+ activation plays an obligatory role in 

depolarization induced release.

D + R *—► DR C + R — CR D + R -—► DR + C ■*—► CDR

(1) I I (2) t
DR* CR* CDR*

Figure 1.7: Two schemes indicating pathways for activation of RyRl (R), with hori­
zontal arrows indicating reversible binding steps, and vertical arrows indicating con­
formation changes that convert RyRl to the active state, indicated by the asterisk 
(*). According to scheme (1), depolarization causes a domain of the Qxs (D, possibly 
the II-III loop) to bind to and activate RyRl independently of the activation occur­
ring in response to Ca2+ (C). In scheme (2), the binding of D cannot by itself induce 
activation, which requires Ca2+. Specifically, the binding of D increases the affinity 
of RyRl for Ca2+ so that the threshold for activation is below that of the resting 
myoplasmic concentration.

Because the E4032A mutation affects activation of RyRl both by depolariza­

tion (as shown in myotubes) and by Ca2+ (as shown in bilayers), it is possible that the 

two activation pathways interact with one another in intact cells. Such an interaction 

could take place either in the same ryanodine receptor molecule or between differ­

ent ryanodine receptor molecules. In the latter case, for example, the Ca2+ initially 

released from some ryanodine receptors in response to depolarization could induce re­

lease from adjacent ryanodine receptors via Ca2+ activation (Rios and Pizarro, 1991; 

Schneider, 1994). Put another way, £C a2+ =  VGCR +  CICR, where ECa2+ is the 

total amount of Ca2+ released by depolarization, part of which is from ryanodine 

receptors activated directly by DHPRs (VGCR) and part from ryanodine receptors 

secondarily activated by Ca2+ (Rios and Pizarro, 1991; Schneider, 1994). Accordingly, 

the interpretation of the 5-fold reduction in depolarization induced Ca2+ release in 

myotubes expressing E4032A-RyRl depends on knowing whether the mutation affects
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only CICR. If this were the case, one would conclude that CICR is responsible for the 

bulk of total Ca2+ release and that VGCR contributes only a relatively small frac­

tion (~20%). Alternatively, it is common that synergistic interactions occur between 

ligands that activate an allosteric protein; that is, activation of a single ryanodine 

receptor by depolarization would be potentiated by Ca2+, and activation of an ryan­

odine receptor by Ca2+ would be potentiated by depolarization. Thus, a mutation 

which depressed CICR might well be expected to depress VGCR as well. However, 

even if the two activation pathways were completely independent, there is no reason 

why the E4032A m utation could not affect both.

Caffeine is widely thought to act on ryanodine receptors by reducing the 

threshold for activation by Ca2+ (e.g. Meissner et al., 1997). Thus, it is of interest 

tha t the application of 10 mM caffeine caused a ~4-fold augmentation in the depo­

larization evoked release of Ca2+ by E4032A-RyRl without having any discernible 

effect at the holding potential. This augmentation seems difficult to explain if the 

only effect of caffeine is on the Ca2+-activation threshold. In bilayers, Ca2+ caused 

minimal activation of E4032A-RyRl, even when 2 mM caffeine was present (Fig. 1.1). 

Thus, rather than simply shifting the apparent Ca2+-activation threshold by enhanc­

ing the binding affinity of the activator site for Ca2+, caffeine may have the more 

general effect on ryanodine receptors of reducing the energy of channel activation and 

shifting the equilibrium toward the open state.

A limitation in our comparison of the properties of wild-type RyRl and E4032A- 

RyRl is that we have no independent measure of the expression level or junctional tar­

geting of the mutant protein. However, it seems unlikely that expression or targeting
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is significantly altered since E4032A-RyRl caused a substantial increase in the am­

plitude of L-type Ca2+ current compared to that in uninjected dyspedic cells. This 

result suggests that E4032A-RyRl is expressed at a level similar to that of RyRl 

and is like RyRl in being able to increase the magnitude of current normalized by 

the number of Qis subunits in the plasma membrane (Nakai et al., 1996; Avila et al., 

2001). Avila et al. (2001) also found that retrograde signaling by E4032A-RyRl was 

similar to that of RyRl, although E4032A-RyRl lacked the ability to cause an up- 

regulation of the number of a is  subunits in the plasma membrane that occurs on the 

time scale of several days. Because E4032A-RyRl was able to mediate retrograde 

enhancement of Ca2+ current despite a greatly reduced orthograde signaling (EC 

coupling), it suggests that the two processes are not tightly linked. Further support 

for this idea is that caffeine caused a large increase in depolarization induced Ca2+ 

release by E4032A-RyRl without much effect on the amplitude of L-type current 

(Fig. 1.6). Thus, it does not seem likely that Ca2+ release is the signal for retrograde 

enhancement of L-type current.

The depression of Ca2+ activation by the E4032A mutation could mean that 

the mutation directly affects the Ca2+ binding site for activation (Chen et al., 1998; 

Li and Chen, 2001). An alternative possibility is that the E4032A mutation induces a 

folding error which impairs channel opening conformation changes (Fessenden et al., 

2001). According to this latter interpretation, calcium would be less effective at 

overcoming the impairment of channel opening than would orthograde activation via 

the DHPR and this orthograde activation would be directly potentiated by caffeine. 

However, no m atter which interpretation is correct, the essential conclusion from our
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work is that Ca2+ activation of R yR l is not essential for the initiation of skeletal-type 

EC coupling.
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Chapter 2

A Region In R yR l That Interacts 
W ith the II-III Loop In Yeast 
Two-Hybrid Plays a Functional 
Role In Skeletal-type EC Coupling

This work has been published (Journal of Biological Chemistry 2002. 277:6530- 

5) with the following authors: Catherine Proenza*, Jennifer J. O’Brien*, Junichi 

Nakai*, Santwana Mukherjee5, Paul D. Allen5, and Kurt G. Beam*. I have rewrit­

ten the paper to focus only on the experiments I have performed and to include the 

preliminary data from studies with the Mac-Chimera. When discussing the yeast two- 

hybrid experiments that were included in the original paper, I referenced Catherine 

Proenza’s dissertation. Junichi Nakai from Kurt G. Beam’s lab made R l6-Chimera, 

Santwana Mukherjee from Paul D. Allen’s lab made R16-RevChimera, and David H. 

MacLennan’s^ lab made Mac-Chimera.

*Dept. of Physiology, Colorado State University, Fort Collins, CO 80523
*Dept. of Anatomy and Neurobiology Colorado State University, Fort Collins, CO 80523 
§ Department of Anesthesia, Brigham & Women’s Hospital, Boston, MA 02115 
 ̂Banting and Best Dept, of Medical Research, University of Toronto, Toronto, Ontario M5G 1L6, 

Canada
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2.1 Introduction

Excitation-contraction coupling in muscle cells is the conversion of the depo­

larization of the plasma membrane to contraction of the muscle fiber. This conversion 

is mediated by the communication between the DHPR, an L-type voltage-gated Ca2+ 

channel in the t-tubule membrane, and the ryanodine receptor, a Ca2+ activated Ca2+ 

release channel in the SR membrane. EC coupling in cardiac muscle cells involves 

activation of the cardiac isoform of the ryanodine receptor, RyR2, by Ca2+ entry 

through the Qic subunit of the DHPR. Alternatively, EC coupling in skeletal muscle 

cells is not dependent on the influx of Ca2+ via the q 1s subunit of the DHPR to 

activate the skeletal isoform of the ryanodine receptor, RyRl. In this case, DHPRs 

align with the RyRls in the opposing membrane and communicate via protein-protein 

interaction either directly with R yR l or via an intermediary protein. In addition, the 

presence of RyRl serves to enhance the size of the c*is Ca2+ currents thus implicating 

a bi-directional signal between the receptors.

Potential regions of interaction between these two receptors have been eluci­

dated. Expression of chimeras, made with regions of replacing the corresponding 

region of « ic , in dysgenic myotubes that lack endogenous a  is, has shown that the 

cytoplasmic loop between repeats II and III of Qis, specifically amino acids 720-765, 

is essential for the occurrence of skeletal-type EC coupling (Nakai et al., 1998b; Grab- 

ner et al., 1999; Tanabe et al., 1990a). Similarly, the complementary, putative region 

of functional interaction on RyRl was determined using chimeras between RyRl and 

RyR2. The region RIO, skeletal sequence 1635-2636, was able to confer skeletal-type

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



function onto RyR2 whereas the region R9, skeletal sequence 2659-3720. was only 

able to restore retrograde signaling (Nakai et al., 1998a). Though functionally im­

portant, if these regions of Qxs and RyRl interact directly to mediate bi-directional 

communication has not been confirmed.

Use of peptide binding and biochemical assays has led to varying results in the 

identification of the putative regions of interaction between c*is and RyRl. In contrast 

to the chimera work, the peptide of amino acids 671-690 in the c*is II-III loop (peptide 

A) has been shown to activate RyRl (El Hayek et al., 1995; Dulhunty et al., 1999). In 

RyRl, the sequence 922-1112 was found to bind to the o ls II-III loop in an affinity 

column whereas the corresponding region 933-1126 of RyR2 was not (Leong and 

MacLennan, 1998). An interaction between the qis II-III loop segment 719-767 and 

the RyRl segment sR16, 1837-2168, was detected in yeast two-hybrid experiments 

(Proenza, 1999). Interestingly, much less reaction took place between a  is 719-767 

and cR16, the corresponding cardiac region to sR l6 , and no interaction was detected 

between the segment encompassing the peptide A region and sR16 or other segments 

of R9 and RIO (Proenza, 1999). Of note, one of three highly divergent regions between 

RyRl and RyR2 sequence (D3) lies within sR16 (Sorrentino and Volpe, 1993). The 

relative positions of the potentially important regions in R yR l described above are 

mapped to the RyRl amino acid sequence in Figure 3 on page 17. These results from 

the different binding assays suggest that either pair of strong interactors described 

above may play key roles in mediating skeletal-type EC coupling.

Since few tests have been done in actual muscle fibers to confirm the phys­

iological importance of the varied putative regions of interaction, it has not been
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determined which regions are necessary for skeletal-type EC coupling or other func­

tional interactions between Qxs and RyRl. In this study, I have expressed chimeras of 

RyRl and RyR2 in dyspedic myotubes to determine whether or not the biochemically 

active regions sR16 and 922-1112 are necessary and sufficient to support skeletal-type 

EC coupling. Analysis of electrically evoked contractions and whole cell patch clamp­

ing paired with simultaneous cytoplasmic Ca2+ measurements suggests that sR16 

plays a role in skeletal-type EC coupling while the region 922-1112 does not. From 

these data it remains unclear if there are other roles for these regions or if multiple 

regions act in concert to fully control skeletal-type coupling.

2.2 Experimental procedures

2.2.1 Preparation o f chimeras

R16-Chimera, with the amino acid sequence 1-1817 of RyR2, 1837-2154 of 

RyRl, 2118-4968 of RyR2, was constructed in the pCDNA3 vector by Junichi Nakai. 

Hence, the region 1837-2154 of RyRl (sR16) replaced the corresponding region in 

RyR2, 1817-2154 (roughly cR16 which was 1816-2142) within a background sequence 

of RyR2. The inversion of this chimera, R l6-RevChimera which contained amino 

acids 1-1645 of RyRl, 1636-2121 of RyR2 , and 2158-5037 of RyRl, was created in 

Paul Allen’s lab by Santwana Mukherjee. Members of the MacLennan lab constructed 

the chimera, Mac-Chimera, which is made up of amino acids 1-922 of RyRl, 933- 

1126 of RyR2, 1112-5037 of RyRl. The control receptor sequences, RyR2 and RyRl, 

were incorporated into the pCIneo vector (Nakai et al., 1997, 1998a).
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2.2.2 Primary culture and microinjection of cD N A

The dyspedic myotube cultures were prepared as described in Section 1.2.3 

on page 26. Seven to eight days following plating of the myotubes, 0.3 ^g//iL  of 

the cDNA construct of interest was coinjected with either 0.04 f ig/fiL GFP (for 

contraction data) or 0.2 /ig//iL CD8 antigen cDNA (for physiology experiments) into 

a single nuclei of each dyspedic myotube. As before, the cells incubated 48 hr to allow 

for expression of the injected proteins before performing experiments.

2.2.3 Electrically evoked contractions, whole cell patch clamp  
and Ca2+ m easurem ents

Contractions were measured as described in Section 1.2.3 on page 26, except 

the bath solutions used were Ca2+-free Rodent Ringers (in mM: 145 NaCl, 10 HEPES, 

5 KC1, 3 MgCl2, pH 7.4) and Cd2+ plus La3+ Rodent Ringers (145 NaCl, 10 HEPES, 

5 KC1, 2 CaCl2, 1 MgCl2, 0.5 CdCl2, 0.1 LaCl3). The latter solution was only used 

with cells expressing R l6-RevChimera.

Simultaneous measurement of the whole cell Ca2+ currents and intracellular 

Ca2+ levels were performed as described in Section 1.2.4 on page 27. Due to the 

contamination of Ca2+ currents from T-type channels, despite the use of the 1 sec 

prepulse, the maximum amplitude of each Ca2+ current trace was measured after 

150 ms into the 200 ms test pulse. This did not affect the RyRl data since the 

maximum amplitudes of each current trace occurred near the end of the test pulse. 

In addition, the maximum amplitude of each Ca2+ transient was measured at its 

true maximum for the entire 200 ms test pulse, not at time 40 ms into the pulse as
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was described in Section 1.2.4. Cells with measured capacitance above 800 pF were 

eliminated from analysis because they were too large to maintain a reliable voltage 

clamp. All measurements not mentioned, solutions, and analyses were not changed 

from those described previously.

2.2.4 Analysis o f M ac-Chimera

All data collected after the acquisition of the data from RyRl, RyR2, R16- 

Chimera and R l6-RevChimera expressing myotubes (Mac-Chimera) and comparisons 

to that data  (RyRl) were measured as A F /F  where the baseline was recorded from 

that preceding the first voltage step and used for all the voltage steps within a run 

(—20 to +80 mV). This method compensates for the increases in the baseline fluo­

rescence described in Section 1.2.6 on page 29.

2.3 Results

2.3.1 R16-Chimera

The region sR l6 of RyRl has been shown to interact with a region of the Qis 

II-III loop, but neither the complete protein in its natural tertiary structural form 

nor physiological conditions in which these regions would normally associate were 

used in these experiments (Proenza, 1999). For the following experiments, a chimeric 

receptor was used in which the region 1837-2154 was inserted into RyR2 and the 

corresponding region of RyR2, 1817-2118, was removed. Due to cloning limitations, 

the swapped regions do not exactly correspond to sR16, 1837-2168, nor cR16, 1819— 

2142, yet high sequence conservation in that region leaves only a difference of three
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amino acids (RyRl to RyR2: E2157A, C2158S, and I2167S). The chimeric receptor 

R l6-Chimera was expressed in dyspedic myotubes which are null for RyRl. To test 

if myotubes expressing R l6-Chimera could support skeletal-type EC coupling, the 

myotubes were electrically stimulated in the absence of extracellular Ca2+ (Ca2+- 

free Rodent Ringers). R l6-Chimera expressing cells exhibited frequent spontaneous 

contractions as previously described for RyR2 (Nakai et al., 1997) and other chimeras 

with RyR2 background sequence (Nakai et al., 1998a) making it difficult to determine 

whether or not electrical stimulation was eliciting observable contractions. Three out 

of a total of 30 R l6-Chimera expressing myotubes tested contracted with stimulation 

whereas none of the wild-type RyR2 expressing cells (out of 33) contracted (Fig. 2.1). 

Almost all wild-type RyRl expressing myotubes (10 out of 13) were able to contract 

with stimulation, suggesting that the R l6-Chimera is only able to mediate weak 

skeletal-type EC coupling.

Since only a few cells were able to support observable skeletal-type EC cou­

pling, it is possible that the level of Ca2+ being released in response to depolarization 

is larger than that of RyR2 but lower than the threshold required to trigger a full 

contraction. Indeed, depolarization evoked Ca2+ transients displayed an intermediary 

response between that of wild-type RyRl and wild-type RyR2. Amplitudes of the 

Ca2+ transients measured from myotubes expressing R l6-Chimera before and after 

the addition of Cd2+ and La3+ to the bath solution were not equal as seen with 

wild-type RyRl, rather, the responses varied enough to justify classifying them into 

two categories (Fig. 2.2a). The skeletal-like category encompasses the 80% (n =  10) 

of the R16-Chimera expressing myotubes that had measurable Ca2+ transients in
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0 1 .  ^ -------- — 1--
RyR1 R16-Chimera RyR2

Figure 2.1: R16-Chimera supports weak skeletal-type excitation-contraction coupling. 
Wild-type RyRl (n =  33), R l6-Chimera (n = 30), and wild-type RyR2 (n = 13) 
expressing dyspedic myotubes were bathed in Ca2+ free Rodent Ringers and tested 
for their ability to support electrically evoked contractions. The number of myotubes 
that contracted in these conditions were recorded as a percentage of the total number 
of expressing cells tested.

the presence of Cd2+ and La3+, three of which had equal Ca2+ transient amplitudes 

relative to that of their control conditions. The other 20% were grouped into the 

cardiac-like category in which the Ca2+ transients were eliminated by the block of 

Ca2+ influx via a ^ .  Overall, the amplitudes of the R l6-Chimera Ca2+ transients in 

the presence of Cd2+ and La3+ were 67.2 ±  8.0% of Ca2+ transients of the same cell 

in control conditions. Further evidence that R l6-Chimera is able to support a  weak 

level of skeletal-type EC coupling was found in the sigmoidal voltage dependence of 

the Ca2+ transient amplitudes like that of wild-type RyRl (Fig. 2.2b). Despite the 

similarity in voltage dependence, the Ca2+ transients measured at +30 mV with the
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R l6-Chimera (45.0 ±  10.4 AF, n =  22) were significantly smaller (p <  10-8) than 

those with wild-type RyRl (312.0 ±  31.7 AF, n =  29), but they were significantly 

larger (p <  0.05) than those with wild-type RyR2 (6.6 ±  6.6 AF, n =  10). Thus, 

R l6-Chimera is able to support a greater degree of skeletal-type EC coupling function 

than wild-type RyR2.

Both the orthograde EC coupling signal and the retrograde Ca2+ current 

enhancement signal have been shown to be mediated by the same amino acid do­

main in a is  (Nakai et al., 1998b; Grabner et al., 1999). To determine if this is also 

true with RyRl, I analyzed the Ca2+ currents in myotubes expressing R16-Chimera. 

On average, the maximal Ca2+ current density measured at the peak voltage was 

—4.04 ±  0.44 pA /pF (n =  33) for cells expressing R l6-Chimera (Fig. 2.2c). T his 

result was significantly smaller (p < 10“ l0) than that of wild-type RyRl expressing 

cells (—10.02 ±  0.79 pA/pF, n =  35) but was similar to that of wild-type RyR2 

(—3.11 ±  0.56 pA/pF, n =  10, p >  0.1). From these data, it appears that R16- 

Chimera is unable to support retrograde signaling to a  is-

2.3.2 R16-RevChimera

If the sR16 region of RyRl is necessary and not only sufficient (as shown) for 

maintaining skeletal-type EC coupling, then removal of this region should eliminate 

all skeletal-type function from RyRl. Amino acids 1645-2154 were removed from 

RyRl by substituting them with the corresponding region of RyR2 (1637-2118). The 

resulting chimera (R16-RevChimera) was not the exact reverse of R16-Chimera; 179 

adjacent residues, 1637-1816, in addition to cR16 were replaced into the larger and
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Figure 2.2: There is a gain of function with R16-Chimera over that of wild-type RyR2 
but not to the level of wild-type RyRl. (a) The lines above the traces represent the 
RyRl portion (thick lines) and the RyR2 portion (thin lines) of the amino acid se­
quence of each construct. Representative Ca2+ currents taken at +40 mV (bottom 
traces, black) were blocked by bath application of 0.5 mM Cd2+ and 0.1 mM La3+ 
(bottom traces, gray) in wild-type RyRl, R l6-Chimera and wild-type RyR2 express­
ing myotubes (left to right). The corresponding Ca2+ transients elicited during the 
test pulse are shown in the top traces (control is black, in Cd2+ and La3+ is gray). 
Due to the range of responses seen with R l6-Chimera, the traces were grouped into 
skeletal-like and cardiac-like as described in Section 2.3.1. (b) Average depolarization 
induced Ca2+ transient amplitudes for wild-type RyRl (white circles, n =  29), R16- 
Chimera (black circles, n =  22), and wild-type RyR2 (gray circles, n =  10) expressing 
myotubes in the control external solution are shown in the graph. The inset shows an 
enlargement of the R16-Chimera and RyR2 data to emphasize the sigmoidal shape of 
the voltage dependence of R l6-Chimera in comparison to the bell-shaped dependence 
of RyR2. (c) The average Ca2+ current density-voltage relationships are shown for 
wild-type RyRl (white circles, n =  35), R l6-Chimera (black circles, n =  33), and 
wild-type RyR2 (gray circles, n =  10).
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still corresponding region of RyRl. Expression of R l6-RevChimera fully restored 

skeletal-type EC coupling in dyspedic myotubes. Depolarization induced Ca2+ tran­

sients seen with R l6-RevChimera were not affected by the block of Ca2+ currents 

via Qis by Cd2+ and La3+ (Fig. 2.3a). In addition, both the amplitudes of the Ca2+ 

transients seen with R l6-RevChimera (336.7 ±  63.8 AF, n =  6) and the voltage de­

pendence of these transients (sigmoidal) were equivalent to that of wild-type RyRl 

(see above and Fig. 2.3b top graph). Similarly, R l6-RevChimera enhanced the Ca2+ 

currents (—11.24 ±  2.47 pA/pF, n = 6) to the level of wild-type RyRl (Fig. 2.3b bot­

tom graph). These data support the idea that sR l6 is not necessary for skeletal-type 

function.

2.3.3 Mac-Chimera

To test the functional significance of the biochemically interactive region 922- 

1112 of RyRl, I used a chimera in which the corresponding region 933-1126 of 

RyR2 replaced 922-1112 in RyRl (Mac-Chimera). Of the myotubes expressing 

Mac-Chimera (n =  26), 69.2% contracted with electrical stimulation while in media 

(~2 mM Ca2+) compared to 100% of myotubes expressing RyRl (n =  13). Skeletal- 

type EC coupling was not eliminated in Mac-Chimera as demonstrated by the 47.1% 

of the Mac-Chimera expressing cells (n =  17) that supported electrically evoked con­

tractions while bathed in Cd2+ and La3+ containing Rodent Ringers solution. The 

percentage is smaller than that seen with R yR l in Ca2+-free solution (76.9%, see 

above). Interpretations should be made under consideration that the data for the 

chimera in Cd2+ and La3+ was collected from a single culture that may have had cells
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Figure 2.3: R l6-RevChimera has no effect on skeletal-type EC coupling in myotubes. 
(a) The lines above the traces show the RyRl (thick lines) and RyR2 (thin lines) 
amino acid sequences used to create the constructs. Representative Ca2+ currents

type RyRl and R16-RevChimera expressing myotubes. The black traces are data 
recorded from the cell in control conditions and the gray traces are data recorded 
in the presence of 0.5 mM Cd2+ and 0.1 mM La3+. (b) The average depolarization 
induced Ca2+ transient amplitudes for both wild-type RyRl (white circles, n =  29) 
and R l6-RevChimera (black circles, n =  6 ) are similar at all voltage potentials, (c) 
Likewise, the Ca2+ current densities, displayed by the current-voltage relationships, 
for wild-type RyRl (white circles, n = 35) and R16-RevChimera (black circles, n =  6 ) 
were equivalent on average.

that were less robust, more covered in fibroblasts, or more tightly bound to the dish 

than the previous cultures used. Due to this fact, it is likely that this limited sample 

may not have been truly representative.

Results from the electrophysiological experiments support the data from the 

contraction experiments. In myotubes expressing Mac-Chimera, the Ca2+ transients 

recorded at +40 mV were smaller (0.81 ±  0.26 A F/F , n =  3) than those of wild- 

type RyRl (4.35 ±  0.79 A F /F , n =  24), but they maintained a sigmoidal voltage

(bottom traces) and Ca2+ transients (top traces) at +50 mV are shown from wild-
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dependence characteristic of RyRl and were significantly larger than those of wild- 

type RyR2 (0.06 ±  0.06 A F/F , n = 10; Fig. 2.4a). No statistics were performed due 

to the extremely small sample size of the Mac-Chimera data (error bars were included 

for illustrative purposes). To demonstrate that there is no contribution of Ca2+ influx 

via Qis or CICR to the amplitude of the Ca2+ transients, the Ca2+ transients in the 

presence of Cd2+ and La3+ were measured. Blocking Ca2+ influx did not affect the 

amplitude of the Ca2+ transients (Fig. 2.4b), further supporting the ideas that (despite 

the small amplitude of the Ca2+ transients) the Ca2+ transients are caused by Ca2+ 

efflux and skeletal-type EC coupling is not eliminated by the chimera. The retrograde 

signal is not being transmitted via the 922-1112 region as shown by the similarity 

(p > 0.5) of the voltage dependence and the average amplitude at +30 mV of the 

Ca2+ currents in both Mac-Chimera (—14.56 ±  3.20 pA/pF, n = 10) and wild-type 

RyRl (—14.12 ±  1.51 pA/pF, n =  41) expressing cells and the difference (p -C 0.001) 

from wild-type RyR2 (-2.60 ±  0.59 pA /pF, n =  10; Fig. 2.4c).

2.4 Discussion

In this study, I described the role in skeletal-type EC coupling of regions of 

RyRl that were thought to be important in the potential interaction between the 

DHPR Qis subunit II-III loop and RyRl. It is apparent from the data that the two 

regions studied, sR16 and 922-1112, are not the amino acid sequences unique to RyRl 

necessary for mediating skeletal-type EC coupling. Yet, these two regions appear to 

play a role in the function of RyRl; that is, sR16 is able to transfer weak skeletal-type
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Figure 2.4: The chimera, Mac-Chimera, supports skeletal-type excitation contraction 
coupling despite a potential impairment of its Ca2+ release function, (a) Average 
maximal amplitudes of the depolarization induced Ca2+ transients are shown for Mac- 
Chimera expressing myotubes (black circles, n =  3), wild-type RyR l expressing cells 
(white circles, n =  24), and wild-type RyR2 expressing cells (gray circles, n = 10). 
Note: The fluorescence data  were measured in A F/F  units versus AF units as in the 
previous figures, (b) Representative Ca2+ transients (top traces) and Ca2+ currents 
(bottom traces) from a Mac-Chimera expressing cell recorded at +40 mV before 
(black lines) and after exposure to Cd2+ and La3+ (gray lines). The line diagram 
represents the RyRl (thick lines) and RyR2 (thin lines) sequences in the chimeric 
construct, (c) The average amplitudes of the Ca2+ current densities for Mac-Chimera 
(black circles, n = 10), wild-type RyRl (white circles, n = 41), and wild-type RyR2 
expressing cells are shown (gray circles, n = 10).

function onto an otherwise cardiac receptor and removal of 922-1112 from RyRl by 

replacement with the corresponding cardiac region may affect the activation of RyRl 

during EC coupling (although the data is preliminary).

2.4.1 R16-Chim era and R16-RevChimera

A functional interaction was seen between R l6-Chimera, but not wild-type 

RyR2, and the skeletal DHPR. Although the Ca2+ transients measured in the presence 

of R l6-Chimera were small, they were larger than those seen with RyR2 and had a 

more sigmoidal shape to  their voltage dependence. Blocking of Ca2+ influx via a  is
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by Cd2+ and La3+ only partially inhibited the Ca2+ transients in most of the R16- 

Chimera expressing cells. The ability of R16-Chimera expressing cells to mediate 

spontaneous contractions suggests that the expression level of the chimera and the 

SR Ca2+ load are sufficient to release enough Ca2+ to reach the threshold necessary to 

mediate a contraction, but it does not eliminate the possibility that these mechanisms 

may be impaired. Focusing on the R l6-Chimera studies alone, it appears that the 

sR16 region is sufficient to support a weak level of skeletal-type EC coupling.

In contrast to the above data supporting the role of sR16 in skeletal-type EC 

coupling, R16-RevChimera, which is roughly the inverse of R l6-Chimera, had no 

effect on the Ca2+ transients. Thus, the sR16 region plays a role in skeletal-type EC 

coupling as shown by R16-Chimera, but it is not necessary as shown by the lack of 

an effect upon “removal” of sR l6 . The sR16 region cannot be dismissed, because 

it is able to transfer a small degree of skeletal-type EC coupling to RyR2. Yet it is 

unlikely to be the sole region of interaction between the DHPR and RyRl. Since 

the larger section surrounding sR16, RIO, can mediate skeletal-type coupling (Nakai 

et al., 1998a), the amino acid sequence of sR16 may be smaller than that necessary 

for a full functional interaction. Alternatively, sR16 could work in concert with other 

non-adjacent regions of RyRl to communicate with the DHPR.

Considering that the cR 16 region did interact with the Sk53 region of the 

oiis II-III loop, although to a lesser extent than sR16 (Proenza, 1999), this region 

of RyR2 may carry functional importance. Instead, the structures of the RyRl and 

RyR2 segments used in yeast two-hybrid experiments may differ from those found in 

the intact protein (see Proenza (1999) for a discussion of yeast two-hybrid techniques).
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Despite the fact that the sequence homology between sR16 and cR16 is about 75% and 

that these regions encompass one of the highest stretches of divergence (D3, Sorrentino 

and Volpe, 1993), the three dimensional configuration may be similar enough to bind 

weakly to Sk53 in yeast two-hybrid studies and maintain the structure and function 

of the rest of the protein when in the presence of RyRl as in R l6-RevChimera. 

Another possibility is that the presence of the sR16 region in an otherwise cardiac 

receptor may be sufficient to allow the skeletal DHPR and R l6-Chimera to align 

atop one another as would wild-type RyRl but not RyR2. Thus, other portions 

of RyR2 which would not normally be exposed to the DHPR could then support a 

weak functional interaction. Similarly, the sR l6 region may be exposed to the DHPR 

when in RyRl, but not as conveniently as when substituted into RyR2 consequently 

preventing it from interacting efficiently with the DHPR.

Retrograde signaling does not appear to be controlled by communication from 

the sR16 region of RyRl to the skeletal DHPR. On average, the a  is Ca2+ current 

amplitude seen in R16-Chimera expressing myotubes was equivalent to that of wild- 

type RyR2 expressing myotubes. Likewise, the presence of the R l6-RevChimera did 

not affect enhancement of the Ca2+ currents. These combined results are surpris­

ing considering a single region of Qis is thought to mediate bi-directional signaling 

(Grabner et al., 1999). Complicated results were found with R9 and RIO in which 

both regions of RyRl were able to transfer retrograde function onto RyR2 but only 

RIO supported skeletal-type EC coupling (Nakai et al., 1998a). It is possible that the 

region required for retrograde signaling overlaps R9 and RIO excluding sR16 or that 

the sR16 segment is too small to maintain retrograde signaling on its own. In either
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circumstance, sR16 is insufficient and unnecessary for full enhancement of the Ca2+ 

currents via a  is-

2.4.2 M ac-Chimera

Because the data concerning Mac-Chimera is preliminary, I hesitate to state 

my conclusions as final. The region 922-1112 of RyRl may not be necessary for 

skeletal-type EC coupling since the Ca2+ transients seen with Mac-Chimera have a 

sigmoidal shape to their voltage dependence and are sustained when the Ca2+ influx 

via a  is is blocked. Additionally, retrograde signaling was fully intact in the presence 

of Mac-Chimera. In support of these conclusions, a chimera (R2) in which amino 

acids 1-1631 (encompassing 922-1112) of RyRl were substituted into RyR2, did not 

express properties of bi-directional signaling (Nakai et al., 1998a). Taken together, 

the region 922-1112 has been found to be neither necessary nor sufficient to transfer 

skeletal-type function onto RyR2. It appears that Ca2+ release may be impaired as 

shown by the roughly 4-fold decrease in the amplitude of the Ca2+ currents in Mac- 

Chimera expressing cells. This degree of decrease is comparable to degree seen with 

E4032A-RyRl (see Chapter 1). It is unlikely that these three data points with Mac- 

Chimera are representative given that the E4032A-RyRl expressing myotubes were 

unable to contract with stimulation while the Mac-Chimera expressing myotubes were 

able to contract despite the similarity in the amount of Ca2+ release. Thus, the larger 

sample of contraction data collected from Mac-Chimera expressing cells is likely to 

be more representative than the small sample of Ca2+ transient data.
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2.4.3 Summary

The biochemical and yeast two-hybrid interaction studies provided a useful 

basis for studying potential functional regions of interaction between RyRl and the 

skeletal DHPR, but functional significance cannot be presupposed from the results. 

In the case of the ryanodine receptor this statement is especially true since very 

little is known about its three dimensional structure and thus whether or not the 

sequences in question, sR16 and 922-1112, are fully exposed to the ais II-III loop in 

physiological conditions. It can be concluded, though, sR16 is likely to play some role 

in skeletal-type EC coupling and that 922-1112 is not likely to play a strong role.
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Chapter 3 

The M utation C4958S In R yR l 
Disables Ca2+ Release But Not 
Enhancement o f ogg Ca2+ Currents

This work will be published as a collaboration with the following order of 

authors: Jennifer J. O ’Brien^ Doug Wingrove5, Paul D. Allen5, and Kurt G. Beam*. 

Doug Wingrove was a member of the Allen lab when he made all four of the individual 

cysteine mutant constructs (C4876S, C4882S, C4958S, C4961S) in RyRl. I performed 

all of the other experiments. Some of the data are still in preliminary form.

*Dept. of Anatomy and Neurobiology, Colorado State University, Fort Collins, CO 80523
5Dept, of Anesthesia, Brigham and Women’s Hospital, Boston, MA 02115
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3.1 Introduction

Ryanodine receptors serve to release Ca2+ from the endo/sarcoplasmic retic­

ulum Ca2+ store. The three isoforms, R yR l and RyR2, which are important for 

the mediation of EC coupling in skeletal and cardiac muscle respectively, and the 

ubiquitously expressed isoform RyR3, share about 65-70% homology in amino acid 

sequence. Inositol 1,4,5-triphosphate receptors (IP3Rs) comprise a second family 

of Ca2+ release channels expressed in the endoplasmic reticulum in a myriad of cell 

types. These two families of Ca2+ release channels have both high conserved sequence 

conservation in their C-terminal portions and common channel function.

In both the ryanodine and IP3 receptor families, the channel forming region of 

the protein is located in the C-terminal portion of the sequence while the other roughly 

80% of the protein is cytoplasmic. It has been estimated that the ryanodine receptor 

contains anywhere from four to twelve transmembrane domains (Takeshima et al., 

1989; Zorzato et al., 1990; Tunwell et al., 1996) and IP 3RS contain six transmembrane 

domains (Furuichi et al., 1989; Mignery et al., 1989; Michikawaet al., 1994). As would 

be predicted, these C-terminal membrane spanning regions constitute the channel 

portion of each receptor (Bhat et al., 1997; Mignery et al., 1989). In addition, the 

cytoplasmic C-terminal tail region following the putative transmembrane domains 

plays an important, yet unidentified, role in channel function in each of the receptors 

(Gao et al., 1997; Miyazaki et al., 1992).

Ryanodine receptors are only expressed as homotetramers (Lai et al., 1988; 

Takeshima et al., 1989) whereas IP3RS are capable of forming both homotetramers
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(Furuichi et al., 1989; Mignery et al., 1989; Maeda et al., 1991) and heterotetramers 

(Monkawa et al., 1995). The important domain in the maintenance of the subunit- 

subunit interactions for each receptor family is the C-terminal domain (Meissner et al., 

1989; Sayers et al., 1997; Miyawaki et al., 1991). Part of the cytoplasmic region in 

addition to the transmembrane domains of the ryanodine receptor may be involved 

in subunit interactions (Chen et al., 1993), yet the transmembrane domains alone 

are sufficient to form homotetramers of the IP3RS (Mignery and Sudhof, 1990). The 

apparent overlap between the regions implicated in subunit-subunit interactions of 

the ryanodine and IP 3 receptors suggests that the amino acids required for subunit 

binding may be conserved between the two Ca2+ release channel families.

Similarities in the structure of the Ca2+ release channel families are reflected 

in the similarities in their function. For example, while the ryanodine receptors are 

activated by increases in cytoplasmic Ca2+ or, as in skeletal muscle, by the direct 

interaction with the DHPR, the IP3Rs are activated by IP3 via G-protein coupled 

receptor activation. Interestingly, Ca2+ can also activate the IP 3R but as a coagonist 

in the presence of IP 3 (Finch et al., 1991). Activation of each receptor type shows 

a bell-shaped dependence on increasing Ca2+ concentrations (Ashley and Williams, 

1990; Bull and Marengo, 1993; Gyorke and Fill, 1993; lino, 1990). The importance 

of Ca2+ activation of both ryanodine and IP 3 receptors is paralleled by the recent 

data showing that the putative Ca2+ sensor has been identified at corresponding 

C-terminal glutamates, that is E4032 in RyRl, (Chen et al., 1998, and Chapter 1) 

and E2100 in IP 3 R, (Miyakawa et al., 2001).
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As the classification states, the Ca2+ release function is analogous between the 

ryanodine and IP3 receptors. These Ca2+ release channel families display the same 

relative permeability to cations (Ba2+ > Sr2+ > Ca2+ >  Mg2"*") and favor conduction 

of divalent cations over monovalent cations (Bezprozvanny and Ehrlich, 1994; Yoshida 

and Imai, 1997). Although the permeability is similar, the unitary conductance of 

these cations is smaller through the IP3R channel than through the ryanodine receptor 

channel (Bezprozvanny and Ehrlich, 1994). Parallels between the overall structure 

and function of the C-terminal region, as suggested above by the conservation of the 

Ca2+ sensor, imply that the amino acids important for maintaining the structural and 

functional properties of the channel are likely to be conserved between the receptor 

families.

A potential amino acid that could play a role in the subunit-subunit interac­

tions and channel functioning of ryanodine and IP3 receptors is the cysteine residue. 

Cysteine pairs are able to form covalent, disulfide, bonds between their thiol side 

chains. This bonding can determine the three dimensional structure and rigidity of 

the protein as well as the redox sensitivity. Disulfide bonds can be easily broken with 

mild oxidizing reagents and thus reformed with reducing agents. Oxidizing reagents, 

acting through sulfides, have been shown to trigger Ca2+ release from the SR pre­

sumably via ryanodine receptors (Abramson and Salama, 1989). Experiments using 

physiological redox conditions on the cytoplasmic and lumenal sides of the ryan­

odine receptor have shown that redox activation may be important in normal cellular 

functioning and that the cysteines involved in this reaction may be located in the 

transmembrane domains (Feng et al., 2000). In addition, oxidation of IP3Rs has been
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shown to increase Ca2+ release, presumably by increasing the affinity of the receptor 

for IP3 binding (Bootman et al., 1992; Hilly et al., 1993). One particular cysteine 

residue in RyRl, 3635, may be important for oxidation induced and calmodulin pro­

tected intersubunit interactions of the receptor (Porter et al., 1999), but the other 

cysteines involved in the normal subunit-subunit interactions and the activation of 

the channel have remained elusive.

There are two specific C-terminal cysteine pairs that are conserved among 

the ryanodine and IP3 receptor families (Berridge, 1993). The first pair, in which 

only the cysteine residues themselves are conserved, is located at the cytoplasmic end 

of the fifth transmembrane domain of the IP3RS (Fig. 3.1). The relative structural 

location of the first pair in R yR l is debatable due to the discrepancies in the different 

potential number of transmembrane domains. In addition, the entire motif TXCFICG 

containing the second pair of cysteines is conserved among the receptors in each group 

(Fig. 3.1). To determine if any of these four cysteines are important for either channel 

function or subunit-subunit interactions, I studied the effects on Ca2+ release and 

retrograde signaling of four R yR l constructs each containing one of the cysteines 

mutated to a serine (C4876S-, C4882S-, C4958S-, and C4961S-RyRl) expressed in 

dyspedic myotubes. After obtaining preliminary results from all four mutants, I 

concentrated on evaluating the whole-cell Ca2+ currents and depolarization evoked 

Ca2+ transients in myotubes expressing C4958S-RyRl. This cysteine mutant appears 

to sustain a reduced level of retrograde signaling and to have drastically impaired Ca2+ 

release function.
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Figure 3.1: Alignment of C-terminal transmembrane domains (TMDs) of IP3R and 
RyR isoforms. The C-terminal ends of IP3R type 1 and RyRl are represented by 
the white bars. Under RyRl, the top row of short lines (z) represents the location of 
the TMDs proposed by Zorzato et al. (1990) and the bottom row (t) represents the 
locations proposed by Takeshima et al. (1989). Under IP3RI, the thick lines represent 
the TMDs as suggested by Furuichi et al. (1989) and the thin line shows the location 
of the putative pore region (Michikawa et al., 1994). The amino acid alignment of 
representative isoforms from each receptor family is based on that of Furuichi et al. 
(1989). Again, as indicated by the bars above the alignment, the TMDs are labeled 
z for the Zorzato model and t for the Takeshima model. Sequences: mouse IP3RI, 
(Furuichi et al., 1989); mouse IP3R2 and IP3R3 , (Ross et al., 1992); rabbit RyRl, 
(Takeshima et al., 1989); rabbit RyR2, (Nakai et al., 1990); rabbit RyR3, (Hakamata 
et al., 1992)
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3.2 Experim ental procedures

3.2.1 Preparation o f m yotubes

Myotube cultures were prepared as described in Section 1.2.3 on page 26. 

The control wild-type R yR l was the same as used in the previous two Chapters. 

Doug Wingrove in the Allen lab created all four cysteine m utants (C4876S-, C4882S-, 

C4958S-, and C495lS-RyRl) in the pCIneo expression plasmid. Injection of these 

plasmid constructs into the nuclei of cultured dyspedic myotubes was performed as 

described in Section 1.2.3. CD8 was used as an indicator of expression for all of the 

studies using simultaneous recording of whole cell Ca2+ currents and Ca2+ transients, 

while GFP was coexpressed in cells ultimately used for contraction experiments and 

initial recordings of the Ca2+ currents alone.

3.2.2 Electrically evoked contractions

Electrically evoked contractions were triggered as described in Sections 1.2.3, 

2.2.3. During the tests, the cells were bathed in either 2% media or Rodent Ringers 

(with Ca2+) solutions. The 2% media included along with other compounds 25 mM 

HEPES in DMEM with glucose (Gibco/Invitrogen, Carlsbad, CA) which, among 

other compounds, has (in mM) 1.8 CaCl2, 5.4 KC1, 0.8 M gS04, 154 Na+ (total of 

NaCl, NaHC0 3 , NaH2P 0 4). Since the ionic concentrations of 2% media and Rodent 

Ringers (2 mM Ca2+) are quite similar, I pooled the data taken in the presence of 

each solution.
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3.2.3 M easurem ent o f Ca2+ currents and Ca2+ transients

The technique used to simultaneously record both the whole cell Ca2+ currents 

and increases in cytoplasmic Ca2+ concentrations (Ca2+ transients) was the same 

as described in Sections 1.2.4, 2.2.3 on pages 27, 50. Exceptions to the previous 

procedures are only applicable to those studies done with C4958S-RyRl.

The changes in methodology were brought about by the use of Clampex 8.0 and 

Clampfit 8.0 (Axon Instruments, Union City, CA) for data acquisition and analysis, 

respectively. An 8 ms pulse to the holding potential of —80 mV was added prior to 

the 50 ms prepulse to —50 mV and subsequent to the 1 sec conditioning pulse to —20 

or —30 mV. The step to —50 mV for 125 ms following the test pulse was lengthened 

to 200 ms. Capacitance measurements were calculated from the integration of a series 

of depolarizing steps from the holding potential to —60 mV instead of hyperpolarizing 

steps to —110 mV. Leak current measurements were recorded and subtracted in an 

analogous manner to that described previously, but the subtraction was done offline 

using Leak Subtraction program (written by T. Roth). Even though a different 

program (Clampfit 8.0) was used, the analysis of the Ca2+ currents was similar to 

that of previous Chapters.

Recording of the Ca2+ transients was not changed with the move to new soft­

ware. Removal of all ambient light and increases in the gain of the output signal 

during data acquisition may have altered the appearance of the raw data traces. 

To analyze the Ca2+ transients, the basal level of fluorescence from the first pulse 

recorded in that cell was used as the baseline for all following test pulses. The value
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of the fluorescence during the test pulse was normalized dividing the change in the this 

fluorescence from the baseline by the baseline value (A F/F) as done for Mac-Chimera 

(see Section 2.2.4). All other analysis was performed as described previously.

3.2.4 Recording and analysis of inactivation

Ca2+ current inactivation was measured using long depolarizing test pulses. All 

other conditions were the same as those used for the whole-cell patch clamp technique 

described above. Ca2+ transients were not measured in these experiments thus Fluo-3 

was omitted from the internal, pipette solution. The conditioning pulse remained the 

same, but the subsequent steps were as follows: prepulse to —50 mV for 75 ms, test 

pulse between +  20 to +40 mV for 2000 ms, postpulse to —50 mV for 75 ms. Because 

prolonged hyperpolarization can damage the cell, a 20 mV depolarizing step from 

the holding potential (using the same step function as for the test data) was used to 

measure the leak currents. Leak measurements were repeated 5 times and averaged 

before subtraction using the offline program, Leak Subtraction. Data acquisition was 

performed with Clampex 8 .0 .

The percent inactivation was calculated by subtracting the value of the current 

a t time 1982 ms into the test pulse (a point chosen near the end) from the peak value 

of the current during the test pulse then dividing this difference by the peak current. 

Thus, when there is complete decay of the current, the inactivation is 100%. Time 

to peak was measured as the time beginning at the start of the test pulse until the 

current reached its peak value. These measurements were only performed on the long, 

2 sec pulses. All data analysis of the long pulses was done with Clampfit 8.0.
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3.2.5 Recording the effects o f CPA

Cells were loaded with Fluo-3AM as explained in Section 1.2.4. To prevent 

photobleaching during prolonged exposure to the excitation wavelength (see decreas­

ing baseline in Fig. 1.3), the shutter was only opened for 1 sec every 10 sec during the 

experiment. Fluorescence data was only recorded during these brief light exposures. 

Since the shutter requires settling time, the data before 200 ms into the light pulse 

was not used. Data points from 200 to 800 ms were averaged to account for the 

noise in the sample and plotted against the elapsed time at the start of the region 

being analyzed. Little to no changes in the amplitude of the fluorescence were seen 

during the 1 sec openings. The average of the data in the first few pulses before the 

application of CPA was used to determine the baseline level of fluorescence which 

was in turn used to calculate AF/F.  To measure the delay in the initial increase of 

fluorescence in the presence of Ca2+, the time after the application of CPA at which 

the first steady increase of fluorescence occurred was recorded.

3.3 Results

To determine the significance of the cysteines C4876, C4882, C4958, and C4961 

in RyRl function, four RyRl constructs were made each with a different, single 

cysteine mutation. Serine has a similarly charged side group (primary -OH) but is 

not as reactive in redox reactions as a cysteine residue. Furthermore, a double bond 

with oxygen (C = 0) is formed upon oxidation instead a  covalent bond with another 

serine or cysteine side chain. Thus, the cysteines in the four mutant RyRls were
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changed to serines to preserve the charge of the side group while removing reactivity 

(C4876S-RyRl, C4882S-RyRl, C4958S-RyRl, and C4961S-RyRl).

None of the four mutant RyRls were able to mediate EC coupling. Each of 

the four cysteine mutants were expressed in dyspedic myotubes and tested for respon­

siveness to electrical stimulation. In the presence of extracellular Ca2+ (~2 mM), all 

13 wild-type RyRl expressing myotubes contracted yet none of the cysteine mutant 

expressing myotubes contracted (C4876S-RyRl n =  7, C4882S-RyRl n =  2, C4958S- 

RyRl n =  11, and C496lS-RyRl n =  5). Although some of the data  are preliminary, 

it is apparent that removal of these C-terminal cysteines impairs function of RyRl.

It is possible that the expressing myotubes are unable to contract simply be­

cause expression, targeting, or tetramerization has been hindered by the presence of 

the mutation. Since enhancement of the DHPR qjs Ca2+ currents is dependent on 

the association of RyRl and the DHPR (Nakai et al., 1996), then the presence of the 

mutant RyRls in the SR membrane can be indirectly measured by the occurrence of 

retrograde signaling. The average amplitudes of the peak Ca2+ current densities for 

C4876S-RyRl (-12.09 ±  2.70 pA/pF, n =  2) C4882S-RyRl (-12.20 ±  2.50 pA/pF, 

n =  2), and C4961S-RyRl (—16.36 ±  4.18 pA/pF, n =  3) were similar to that of wild- 

type RyRl (-15.51 ±  1.45 pA/pF, n = 41; Fig. 3.2a, no statistics were performed due 

to the small sample sizes of each group). Detailed analysis of C4958S-RyRl express­

ing myotubes revealed that the Ca2+ currents measured at +30 mV were enhanced 

above the level seen in uninjected dyspedic myotubes (—5.54 ±  0.68 pA/pF, n = 32 

versus —1.35 ±  0.30 pA/pF, n = 10, respectively, p < 0.001), but not to the level 

seen when wild-type RyRl was expressed (-14.12 ±  1.51 pA/pF, n =  41, p <SC 0.001)

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as shown in Fig. 3.2b,c. Despite the fact that retrograde signaling is impaired in 

cells expressing C4958S-RyRl, the currents were enhanced enough to suggest that 

the receptors are being expressed. This finding is supported by direct measurement 

of expression of C4958S-RyRl in comparison to wild-type RyRl when expressed in 

1B5 cells, a myogenic cell line lacking endogenous RyRl (Hurne et al., 2002).
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Figure 3.2: Ca2+ currents in C4958S-RyRl expressing myotubes are smaller than 
those of wild-type RyRl expressing myotubes but larger than those of uninjected 
dyspedic myotubes. (a) Preliminary data showing the average peak current densities 
for mutants C4876S- (n =  2), C4882S- (n =  2), and C496lS-RyRl (n =  3) are 
similar to that of wild-type RyRl (n =  41) when expressed in dyspedic myotubes. 
No error bars are shown since no statistics were performed, (b) Representative Ca2+ 
current traces at +30 mV from dyspedic myotubes expressing wild-type RyRl (top) 
and C4958S-RyRl (middle) and from uninjected dyspedic myotubes (bottom) are 
shown, (c) Ca2+ current-voltage relationships of dyspedic myotubes (gray circles; 
n =  10), C4958S-RyRl expressing myotubes (black circles; n = 32), and wild-type 
RyRl expressing myotubes (white circles; n =  41) are plotted.

Since it appears that C4958S-RyRl is being expressed as a complete tetrameric 

protein in the SR membrane, the lack of electrically evoked contractions may be due to 

elimination of Ca2+ release or a reduction in the amount of Ca2+ release to that below 

the threshold required to elicit a visible contraction. In some of the cells expressing 

C4958S-RyRl, the Ca2+ transients were very small and in the rest of the cells they
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were not even detectable (i.e. Fig. 3.3a). On average, the amplitude at +40 mV of 

the Ca2+ transients in C4958S-RyRl expressing myotubes equaled 0.11 ±  0.05 A F/F 

(n =  8) which is significantly smaller (p < 0.01) than those seen with wild-type 

RyRl (4.35 ±  0.79 A F /F , n =  24; Fig. 3.3b). Both the inset in Fig. 3.3b and the 

raw data traces in Fig. 3.3a show that the voltage dependence of the Ca2+ transients 

is bell-shaped reflecting the voltage dependence of the Ca2+ currents (see Fig. 3.2c). 

Considering the Ca2+ transients in wild-type RyRl expressing cells display a sigmoidal 

voltage dependence, the Ca2+ transients are likely to be caused by Ca2+ influx via 

the DHPR Qis subunit versus Ca2+ efflux through C4958S-RyRl.

Figure 3.3: The Ca2+ transients with C4958S-RyRl are very small and have a bell­
shaped voltage dependence indicative of Ca2+ influx via ais- (a) Representative 
Ca2+ transients at +40 (black) and +80 mV (gray) for wild-type RyRl and C4958S- 
RyRl are shown, (b) Maximal Ca2+ induced fluorescence increase in wild-type RyRl 
(white circles; n =  24) and C4958S-RyRl (black circles; n =  8) expressing myotubes 
is plotted against the value of the test potential. The inset is an enlargement of the 
C4958S-RyRl data to emphasize the bell-shape of the voltage dependence.

Lack of Ca2+ transients with C4958S-RyRl could be explained either by an ex­

cess of Ca2+ leakage from the SR causing depletion of the Ca2+ load or by impairment
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of the channel causing no Ca2+ to be released. To differentiate between these two pos­

sibilities, the Ca2+ content of the SR was indirectly measured by blocking the Ca2+ 

pumps with CPA and recording the slow increase in myoplasmic Ca2+ presumably 

due to leak. As illustrated in Fig. 3.4, the maximal increase in fluorescence following 

application of CPA to C4958S-RyRl (0.97 ±  0.30 A F /F , n =  6) was comparable to 

that of wild-type RyRl expressing cells (1.44 ±  0.08 A F /F , n =  3, p > 0.1). It is 

unknown what channels the Ca2+ from the SR escapes through; therefore, CPA was 

applied to uninjected dyspedic myotubes to resolve whether or not ryanodine recep­

tors act as the gate for the Ca2+ leak. The increase in myoplasmic Ca2+ was, though 

variable, similar to that of C4958S-RyRl (p >  0.5) and wild-type RyRl (p > 0.5) 

expressing myotubes (1.45 ±  0.93 A F/F, n =  4). Interestingly, the increase in Ca2+ 

in the presence of CPA was delayed relative to that of wild-type RyRl expressing 

cells (19.9 ±  5.8 sec, n =  3) in both dyspedic (117.2 ±  30.2 sec, n =  4, p < 0.05) and 

C4958S-RyRl expressing cells (106.4 ±  27.6 sec, n = 6 , p > 0.05) which were not 

significantly different from one another (p >  0.5). Conceivably, the initial increase 

seen with wild-type RyRl could be due to leak through RyR l and CICR. The above 

data support the idea that the cysteine mutation impairs the channel in such a way 

to prevent Ca2+ efflux into the cytoplasm.

Calmodulin mediates the Ca2+ dependent inactivation of the cardiac DHPR 

channel, Qic (Ziihlke et al., 1999; Peterson et al., 1999; Qin et al., 1999). Recent data 

suggest that a is  inactivation may also be regulated by Ca2+-calmodulin (Stroffekova 

et al., 2001; Stroffekova and Beam, 2002). Thus, changes in the cytoplasmic concen­

trations of Ca2+ may alter the inactivation of the DHPR a js  Ca2+ currents. Since
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Figure 3.4: SR Ca2+ load does not appear to be affected by C4958S-RyRl. (a) Traces 
from wild-type RyRl expressing (white circles), C4958S-RyRl expressing (black cir­
cles), and uninjected dyspedic (gray circles) myotubes represent responses to bath 
application of 30 //M CPA. The data were recorded during 1 sec acquisitions every 
10 sec. (b) Average maximal fluorescence increases during exposure to 30 /iM CPA 
are plotted in the bar graph for C4958S-RyRl (black circles; n =  6), wild-type RyRl 
(white circles; n =  3), and dyspedic myotubes (gray circles, n =  4).

C4958S-RyRl appears to prevent depolarization induced Ca2+ release from the SR, 

this lack of a local increase in myoplasmic Ca2+ near a  is during activation of both 

receptors may affect inactivation of c^s. The percent inactivation of C4958S-RyRl 

during a 2 sec test pulse to peak current voltage (+20 to +40 mV) was not significantly 

different (p > 0.05) from that of wild-type RyRl as illustrated in the representative 

traces in Fig. 3.5 (C4958S-RyRl: 66 ±  8%, n = 16; R yR l: 59 ±  6%, n =  12). Inter­

estingly, the activation rate of the Ca2+ currents in C4958S-RyRl expressing cells as 

measured by the time to peak during the 2 sec test pulses was 179 ±  35 ms (n =  16) 

which was significantly faster (p > 0.05) than those of wild-type RyRl (330 ±  67 ms, 

n =  12). Perhaps this is due to a larger contribution of dyspedic Ca2+ current, which
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has previously been shown to activate faster than R yR l expressing and normal my­

otubes (Nakai et al., 1996), in C4958S-RyRl expressing cells compared to that of 

wild-type RyRl expressing cells.

RyR1

10 pA/pF2 pA/pF

250 ms

Figure 3.5: Inactivation of the Ca2+ currents is not affected by lack of Ca2+ release. 
Representative Ca2+ current traces taken during a 2 sec test pulse to +30 mV. Note 
that each trace is scaled differently to emphasize the degree of inactivation and the 
different rates of activation.

3.4 Discussion

In summary, it appears that mutation of any of the four conserved cysteines 

may not prevent homotetramerization of the ryanodine receptor subunits but does 

inhibit Ca2+ release. Thorough analysis of the C4958S mutant RyRl revealed that 

the Ca2+ transients are indeed completely eliminated with this mutation and that the 

Ca2+ currents are partially, but not completely, enhanced. In addition, the rate of 

activation of the Ca2+ currents in the presence of C4958S-RyRl was faster than that 

with wild-type RyRl which suggests that a greater number of DHPRs are uncoupled 

from C4958S-RyRls than with wild-type RyRl leading to a greater contribution of 

the fast dyspedic Ca2+ currents. The lack of Ca2+ release from the SR had little effect 

on the putative calmodulin mediated inactivation of the Ca2+ currents. Even though
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the function these cysteines have in the ryanodine receptor is not known, it is clear 

that their role is important for proper channel function.

The cysteine residue 4958 in RyRl does not alone mediate the subunit-subunit 

interactions required for homotetramerization of the ryanodine receptor protein com­

plex. Although the Ca2+ currents measured in C4958S-RyRl expressing cells are 

smaller than those in wild-type RyRl expressing cells, they are significantly larger 

than currents in uninjected dyspedic myotubes. Thus, the mutant channel is able to 

support a somewhat weakened level of retrograde signaling. The amount of protein 

expressed in C4958S-RyRl and wild-type RyRl virally-infected 1B5 cells is similar 

(Hurne et al., 2002) indicating that the decrease in Ca2+ current enhancement is un­

likely to be simply due to decreased expression of the m utant channel. Instead, the 

difference may be due to a slight inhibition of the coupling between the DHPR and 

C4958S-RyRl. Reasons for this are unclear. One possibility is that the subunits are 

weakly associated, but not completely dissociated, because C4958 may be one of a set 

of cysteines necessary to maintain the tetrameric complex. Alternatively, mutation 

of the cysteine may cause enough overall structural modifications in the protein to 

decrease the likelihood of another region of RyRl to communicate with the DHPR. 

Finally, the individual subunits may be able to successfully target to the junction 

without being formed into a complete protein, but this is only possible if the proteins 

are formed into tetramers after being inserted into the membrane.

The conclusion that the mutation of cysteine 4958 does not affect homote­

tramerization is based solely on its functional effects and not on direct physical 

evidence. Thus, it is possible that the mutation alters the ability of RyRl to be
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properly targeted to the junction. In addition, impairment of RyRl by the muta­

tion may affect the targeting of other proteins to the junction which could ultimately 

change the DHPR Ca2+ currents or the functioning of RyRl. My experiments were 

unable to address the likelihood of these other potential conclusions.

Elimination of the Ca2+ transients by the mutation C4958S in RyRl suggests 

that the cysteine residue C4958 in some way plays an important role in the functioning 

of the ryanodine receptor channel. Extremely small Ca2+ transients, relative to the 

size of those seen with wild-type RyRl, were seen in some of the cells expressing 

C4958S-RyRl. The bell-shaped voltage dependence of the transients is characteristic 

of Ca2+ influx via the DHPR a  is subunit and not of wild-type RyRl Ca2+ release. 

Thus these small Ca2+ transients are probably due to increases in Ca2+ entering the 

myoplasm from the extracellular space and not the SR. Given that CPA caused an 

equal increase in myoplasmic Ca2+, I can only conclude that the mutant receptor is 

not damaged enough to cause the entire store of Ca2+ to leak out of the SR because 

the release during block of the Ca2+ pumps does not cause complete depletion of 

the Ca2+ store (see fast Ca2+ spikes in Chapter 1, Fig. 1.3). Further evidence that 

the mutant receptor is unable to release Ca2+ is provided by the delay in Ca2+ leak 

of both dyspedic and C4958S-RyRl in comparison to wild-type RyRl expressing 

myotubes. The fast initial increase in Ca2+ seen with wild-type RyRl could be due 

to leak through the receptors and the activation of the receptors by the increase 

in myoplasmic Ca2+, or the coupled DHPRs may create a larger influx of Ca2+ via 

leak than uncoupled channels. This implies that C4958S-RyRl cannot leak Ca2+ nor 

sustain CICR.
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Since C4958 is located in the cytoplasmic portion of the C-terminus (see 

Fig. 3.1), it is unlikely th a t the cysteine is involved in the structure-function of the 

pore itself. C4876 and C4882 are adjacent to the putative pore region in both IP3RS 

and ryanodine receptors (Ramos-Franco et al., 1999; BaJshaw et al., 1999; Zhao et al., 

1999), but more analysis on the effects of the mutants on ryanodine receptor function 

are necessary before attem pting to draw any parallels. The cysteines in the C-terminal 

tail of RyRl may cause any number of alterations to the channel and its function in­

cluding conformation changes and inhibition of activation, but my studies are not 

sufficient to derive a single conclusion. Another option is th a t poor subunit-subunit 

interactions may affect the assembly of the channel itself considering cryo-electron 

microscopy images (Radermacher et al., 1994; Serysheva et al., 1999) and analysis 

of the conductance states in the presence of variable size cations (Anyatonwu et al., 

2002) have shown th a t a  single channel opening appears to  be formed by all four 

subunits. Finally, activation of RyRl by changes in the redox potential could have 

been impaired by the removal of the cysteine residue, but further analysis on the 

single channel level would be necessary to support this idea.

Because I found little difference between the inactivation of DHPR Ca2+ cur­

rents in C4958S-RyRl and wild-type RyRl expressing myotubes, little can be con­

cluded concerning the role of calmodulin in the inactivation of qjs- Ca2+ release may 

not be affecting the actions of calmodulin, rather the local increase in concentration 

caused by Ca2+ influx via c*is or resting concentrations of Ca2+ may be sufficient 

to trigger calmodulin mediated inactivation as seen with a ic  (Neely et al., 1994). 

Since Ca2+ currents are enhanced in the presence of C4958S-RyRl, although not as
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strongly as with wild-type RyRl, Ca2+ influx or resting myoplasmic Ca2+ alone may 

also be sufficient to trigger calmodulin mediated modifications.

Overall, the C-terminal cysteines C4876, C4882, C4958, and C4961 are im­

portant structural features in the functioning of RyRl. Specifically, C4958 is integral 

to allow RyRl to release Ca2+. Considering that this cysteine and the other cys­

teine residues are located near the putative pore regions of both IP 3 and ryanodine 

receptors (Ramos-Franco et al., 1999; Balshaw et al., 1999; Zhao et al., 1999), cys­

teine reactivity may contribute to the structure-function relationships of the channel 

of each receptor family.
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Appendix A

The Central Core Disease 
M utation I4897T: Construction 
and Preliminary Experiments

The complete studies regarding I4897T-RyRl were completed by Guillermo 

Avila in Robert Dirksen’s lab and published (Guillermo Avila5, Jennifer J. O’Brien*, 

and Robert T. Dirksen5. 2001. Proc. Natl. Acad. Sci. 98:4215-20). I contributed to 

the preliminary work as detailed below.

Typically, mutations in RyRl associated with malignant hyperthermia MH 

and CCD are clustered in two N-terminal domains of the receptor, amino acids 35- 

614 and 2162-2458 (Loke and MacLennan, 1998). The first mutation localized outside 

these domains, specifically in the C-terminal region of RyRl, was discovered in an 

afflicted family in Mexico (Lynch et al., 1999). Studies of the equivalent mutation 

made in rabbit RyRl cDNA (I4897T) revealed that the mutation caused the receptor 

to leak Ca2+ from the SR into the cytoplasm (Lynch et al., 1999). This result cor­

responds to previous research suggesting that MH and CCD are triggered by excess

5 Dept, of Pharmacology and Physiology, University of Rochester, Rochester, NY 14642
*Dept. of Anatomy and Neurobiology, Colorado State University. Fort Collins, CO 80523
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release of Ca2+ from the SR (Loke and MacLennan, 1998). Since the function of 

l4897T-RyRl was studied in HEK293 cells, both the Dirsken lab and I decided to 

determine what effect the mutation had on EC coupling in muscle cells. I will not 

discuss the findings of the Dirksen lab, rather I will simply explain the work that I 

had done.

Using the overlapping extension method of site directed mutagenesis (Ho et al., 

1989), the I4897T mutation was incorporated into RyRl-pCIneo (Nakai et al., 1998a). 

First, two overlapping segments of RyRl-pCIneo were replicated using PCR. The 

primers that covered the overlapping region contained the basepair change (ATC to 

ACC) necessary to make the appropriate amino acid change (I to T). Upper seg­

ment primers were 5' ACCTGGCGGGTGCAGGG 3' forward and 5' ATCTCGTC- 

CCCGGTGCCTC 3' reverse and lower segment primers were 5' AGGCACCGG- 

GGACGAGAT 3' forward and 5' ATCTCCCCCTGAACCTGAAAC 3' reverse. A 

standard PCR protocol was used with an annealing temperature of 60°C. The result­

ing DNA from the PCR was isolated from a 1% agarose gel using the Promega DNA 

Wizard Clean Up kit (Promega Corp., Madison, WI). These two PCR fragments were 

annealed together using PCR in a second step in which the overlapping fragment ends 

acted as primers coupled with the upper segment forward primer and the lower seg­

ment reverse primer. The final, complete segment was sequenced (by Macromolecular 

Resources, Fort Collins, CO) to confirm that the mutation was properly incorporated. 

Both the mutation bearing final segment and the template RyRl-pCIneo were cut 

with restriction enzymes XbaI and BstZ17l (New England BioLabs, Inc., Beverly, 

MA). The cut final segment and RyRl-pCIneo, with base pairs 13880-15111 removed,
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were ligated together with high concentration. T4 DNA polymerase. The region in 

which the mutation was incorporated was shown to be correct by sequencing, but the 

rest of the I4897T-RyRl plasmid was not. All experiments done with l4897T-RyRl 

expressed in dyspedic myotubes were performed as described in Chapter 1.

Mutation I4897T in rabbit RyRl appears to eliminate EC coupling. When 

expressed in dyspedic myotubes, only 4 out of 18 cells supported electrically evoked 

contractions in media (~ 2  mM Ca2+). Since fully enhanced Ca2+ currents were seen 

with I4897T-RyRl (at +30 mV: —10.90 ±  2.19 pA /pF, n =  10) like that of wild- 

type RyRl (—10.11 ±  0.79 pA/pF, n =  35) and unlike that of uninjected dyspedic 

myotubes (—1.35 ±  0.30 pA/pF, n =  10), the mutant receptor is being expressed and 

properly targeted to the triad junctions where it can communicate with the DHPRs 

(Fig. A .lb). Interestingly, the Ca2+ transients recorded from I4897T-RyRl expressing 

myotubes were smaller (0.88 ±  0.32 A F/F, n =  10) than those with wild-type RyRl 

(4.35 ±  0.79 A F /F , n =  24) and had a bell-shaped voltage dependence indicative of 

Ca2+ influx (Fig. A.la,c). From this preliminary data, it appears that the receptor is 

impaired in such a way as to eliminate Ca2+ release instead of causing excessive leak 

of Ca2+ through the channel as seen in earlier studies (Lynch et al., 1999).
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Figure A.l: The mutation I4897T in RyRl does not affect retrograde signaling to the 
DHPR but does seem to eliminate Ca2+ release from the SR. (a) Ca2+ currents (lower 
sets of traces) and Ca2+ transients (upper sets of traces) from wild-type RyRl and 
l4897T-RyRl expressing myotubes are represented. The black traces were recorded 
at +40 mV and the gray traces were recorded at +80 mV. (b) Average Ca2+ current 
amplitudes in dyspedic myotubes (gray circles, n = 10) and myotubes expressing 
wild-type RyRl (white circles, n =  35) and I4897T-RyRl (black circles, n =  10) are 
plotted against the test potential, (c) At each test potential, the average maximal 
increase in fluorescence is shown for wild-type RyRl (white circles, n =  24) and 
I4987T-RyRl (black circles, n =  10) expressing cells. Since the data were treated as 
preliminary, no statistics were performed. Error bars were included for illustrative 
purposes.
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Appendix B

Testing of Chimeras W ith RyR3 
Versus RyR2 Background 
Sequence

Chimeras made with RyR2 and RyRl sequence can be difficult to interpret 

because both receptors share involvement in EC coupling even though the means of 

transferring the EC coupling signal differ. The sequence homology of RyR3 to that 

of the other ryanodine receptors is slightly less than that between RyRl and RyR2. 

Furthermore, RyR3 is not known to be involved in mammalian EC coupling. Thus, 

chimeras made with sequence from RyRl and RyR3 may provide cleaner results. 

Thus, Claudio Perez in Paul D. Allen’s lab constructed a set of chimeras in which 

regions of RyRl were substituted into RyR3 to determine what regions of RyRl 

are sufficient to transfer skeletal-type function onto RyR3, much like Junichi Nakai 

had done with R yR l/R yR 2 chimeras (Nakai et al., 1998a). These constructs were 

expressed in 1B5 cells, a myogenic dyspedic cell line lacking endogenous RyRl. To 

confirm the results found with the 1B5 cells, I tested two of the chimeras by expressing 

them into primary cultures of dyspedic myotubes. Electrically evoked contractions 

were elicited as described in previous Chapters. I found that both in media and
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in Cd2+ and La3+ Rodent Ringers solutions, the constructs Ch-17 (l-1577:RyR3, 

1681-2217:RyRl, 2083-4873:RyR3) and Ch-9 (l-2507:RyR3, 2642-3770:RyRl, 3620- 

4873:RyR3) showed frequent spontaneous contractions. Specifically, in Cd2+ and 

La3+, 2 out of 35 Ch-17 expressing cells contracted with stimulation and 15 out of 

35 cells contracted spontaneously. This result corresponds to that seen with R16- 

Chimera which is roughly the equivalent RyR2 chimera (Fig. 2.1). With Ch-9, 10 

out of 24 cells contracted with stimulation and 7 out of 24 contracted spontaneously. 

Surprisingly, the Ch-9 chimera corresponds to the R9 chimera made with RyR2, yet 

Junichi Nakai found that skeletal-type EC coupling was not supported by his chimera. 

This discrepancy further brings to focus the complicated nature of the means of 

communication between the DHPR and RyRl during skeletal-type EC coupling and 

the importance of subtle differences in tertiary structure of a protein on its function.
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List of Abbreviations

Qi channel forming subunit of L-type voltage gated Ca2+ channels

a ic  cardiac isoform channel forming subunit of the dihydropyridine receptor

a  is skeletal isoform channel forming subunit of the dihydropyridine receptor

B L M  bilayer lipid membrane

C-terminal carboxy-terminal

Ca2+ ionic calcium

C C D  central core disease

C IC R  Ca2+ induced Ca2+ release

C P A  cyclopiazonic acid

D H P R  dihydropyridine receptor

D M E M  Dulbecco’s Modified Eagle Medium

E C  coupling excitation-contraction coupling

E G T A  ethylene glycol-bis(aminoethylether) N,N,N',N'-tetraacetic acid

G F P  green fluorescent protein

HEK293 cells human embryonic kidney cell line

IP3 inositol 1,4,5-triphosphate

IP3R inositol 1,4,5-triphosphate receptor

M H  malignant hyperthermia

mdg muscular dysgenesis

N-terminal amino-terminal

P C R  polymerase chain reaction
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R y R l skeletal isoform of the ryanodine receptor

R yR 2  cardiac isoform of the ryanodine receptor

R y R 3  ubiquitously expressed isoform of the ryanodine receptor

s.e .m . standard error of the mean

S R  sarcoplasmic reticulum

T M D s transmembrane domains

t- tu b u le s  transverse tubules
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