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Abstract

Dantrolene is a muscle relaxant that has been used clinically for the treatment of the
malignant hyperthermia (MH) response to volatile anaesthetics such as halothane.
Interestingly, it has been recently found to protect against heart failure and arrhythmias
caused by spontaneous Ca?* release. Assays of Ca?" release in intact myocytes and cell
homogenates indicate that dantrolene inhibits Ca®" release from the sarcoplasmic
reticulum (SR) of skeletal and cardiac muscle. However, its mechanism of action has
remained controversial because single channel studies did not find any effect of
dantrolene on the RyR Ca?" release channel. Realizing that the physiological RyR
binding partner calmodulin (CaM) readily dissociates from RyRs during incorporation
into lipid bilayers, and that endogenous CaM is absent during single channel recordings,
it was hypothesized in this thesis that CaM was required for dantrolene inhibition. RyR1
and RyR2 from rabbit skeletal muscle or sheep and human hearts were isolated and
incorporated into artificial lipid bilayers and their open probability (Po) was measured
using single channel recordings. In the presence of exogenous 100 nM CaM (100 nM
cytoplasmic [Ca®'] + 2 mM ATP), dantrolene caused an allosteric inhibition of the
RyR1 (rabbit skeletal muscle) and the RyR2 (sheep heart) in single channel assays
showing a maximum relative Po (Emax) Oof 52 £ 4 % of control values. In saponin-
permeabilized mouse cardiomyocytes supplemented with 100 nM CaM, dantrolene
similarly reduced Ca?* wave frequency (ICso = 0.42 + 0.18 UM, Emax= 47 = 4 %) and
amplitude (1Cso = 0.19 £ 0.04 UM, Emax= 66 + 4 %). Together, the results demonstrate
that CaM is essential for dantrolene inhibition of RyR1s and RyR2s and that its absence
explains why dantrolene inhibition in single channels has not been previously observed.
This study also presents the first demonstration of dose-dependent dantrolene inhibition
of RyR2s with an 1Cso of 0.16 = 0.03 uM in the presence of exogenous 100 nM CaM.
The study also aimed to characterize dantrolene inhibition on RyR1s in the presence of
exogenous CaM. The effects of dantrolene on RyR1s differentially regulated by CaM
were measured at various cytosolic and luminal Ca?* concentrations. It was then tested
whether dantrolene could restore the channel activity affected by activating substances
such as ATP, halothane and the interdomain domain destablising peptide DP4.which
mimics the effects of inherited mutations underlying MH susceptibility. Dantrolene

inhibited the RyR1 with identical hyperbolic dose-responses with an 1Cso of 0.20 £ 0.02

Xiv



UM and a maximum Po of 50 + 2 % of controls in the presence of exogenous 100 nM
CaM (100 nM cytoplasmic [Ca?"] + 2 mM ATP). In the absence of dantrolene, the
RyR1 has a bell-shaped cytoplasmic Ca?* activation curve with half activation at 1.7 +
0.4 UM (Ha= 1.3 £ 0.2), half inhibition at 0.22 £ 0.01 mM (Hi= 2.7 £ 0.5) and a peak Po
=0.93 + 0.04. Dantrolene reduced Po in sub-activating and inhibiting [Ca?*] but failed
to reduce the peak Po. Dantrolene significantly inhibited RyR1 activity at luminal
[Ca?] of 0, 100 and 1000 UM in the presence of exogenous CaM regardless of the
trans-membrane voltages. Dantrolene caused a 50-60% reduction in Po of RyR1s
activated by cytoplasmic Ca?* alone (100 nM) or in conjunction with ATP (2mM),
halothane (5 mM) or DP4 (10 uM). Dantrolene equally inhibited RyR1 activity (50-
60%) in the absence and presence of 20 and 50 pM cytoplasmic Mg?*.

To conclude, dantrolene inhibited the RyR1 activity by decreasing RyR1 sensitivity to
Ca?* activation and increasing sensitivity to Ca?" inhibition. Because dantrolene
decreased channel activity both in the absence and presence of modulators such as
halothane and DP4, this suggests the action of dantrolene inhibition of RyR1 activity
could be independent of halothane and DP4.

Regulation of RyR1s by Ca?*, Mg?" and ATP is well characterised. However, there is
minimal data on these regulation processes in the presence of CaM. Therefore, the
effects of CaM on cytosolic Ca?* activation and inhibition of the RyR1, as well as its
regulation by luminal Ca?* and inhibition by cytoplasmic Mg?* were investigated in this
thesis using single channel recordings. In addition, the effects of CaM on RyR1s
altered by ATP, halothane and DP4 were tested. CaM increased the Po of RyR1s to
~150% of control at a cytoplasmic [Ca?*] of 0.1 UM, whereas it reduced the Po of
RyR1s to 50 % of control at 1 pM and concentrations higher than 500 uM. Notably,
CaM failed to have any impact on RyR1 activity at cytoplasmic [Ca®'] of 10-100 uM.
CaM increased the Po of RyR1 by ~140% at 0 and 100 uM luminal [Ca?*] whereas it
was inhibited by 25-35% at 1000 pM luminal [Ca?'] regardless of the voltage. At
cytoplasmic [Ca?*] of 0.1 uM, CaM equally activated RyR1s by 150-200% in the
absence and presence of 20 and 50 uM cytosolic Mg?*. ATP did not affect CaM
activation at cytoplasmic [Ca®*] of 0.1 uM. However, CaM inhibited the channel
activity only in the absence of ATP at cytoplasmic [Ca?*] of 100 uM. CaM activation
of RyR1s was not affected by halothane and DP4.

XV



Chapter 1

General Introduction

1.1 Introduction

1.1.1 Cardiac cycle and excitation-contraction (E-C) coupling

Cardiac excitation-contraction (E-C) coupling is the process by which electrical
stimulation causes mechanical contraction [1]. In this event, Ca®" acts as a second
messenger that binds to myofilaments to generate the contraction [2]. The summation
of the contraction of the cardiac muscle cells causes the contraction of the whole heart
to pump blood, a process called systole. Relaxation of the cardiac muscles allows the
refilling of blood to the heart during the diastole period. Thus, any abnormality in
calcium handling by cardiac myocytes is associated with a contractile dysfunction [3].

In the mammalian heart, a group of specialized pacemaker cells present in the sino-atrial
node (SA node) generates the action potential. The cardiac myocytes form an electrical
syncytium due to gap junction coupling. Thus, the action potential from the SA node
travels through the cellular syncytium through a network of conducting cells and then
into the muscle. The cardiac action potential causes the influx of calcium into the cell
via voltage gated calcium channels (L-type Ca?* channels).

The cardiac L-type Ca?* channels in the transverse tubule (T-tubules, which are
invaginations of the plasma membrane) oppose clusters of Ca?* release channels
(ryanodine receptors, RyR) in the sarcoplasmic reticulum (SR) membrane at narrow
junctions between the SR and T-tubule (dyads) [4]. During diastole, the cytosolic free
calcium concentration is around 100 nM [5]. When cardiac myocytes are activated
during systole, Ca®* flux via L-type channels triggers RyR2s to open and release Ca?*
from the SR;this released Ca?* further activates the calcium release channel as shown in
Figure 1.1. This process is called Ca%*-induced Ca?* release (CICR). The combination
of Ca?* influx and release leads to the Ca?* concentration rising to 100 uM in the dyad
cleft and 1 uM in the bulk cytoplasm [1, 6]. There are several Ca®* release phenomena
arising from the SR. A calcium spark is caused by the release of Ca?* from a cluster of
RyR2s in a dyad cleft [7]. It is called a calcium spark because it appears as a burst of
light given by fluorescent Ca?* under confocal microscopy [7]. The summation of

calcium sparks from about 10* Ca?*-release sites results in a global transient increase in



intracellular Ca?* of ~ 1 uM [2, 6]. In addition, the diffusion of Ca?* between Ca®*
release sites can trigger neighboring RyR2s to form a Ca?* wave that propagate along
the cell. During E-C coupling, a single myocyte may evoke approximately 10* Ca?*

sparks within a few tens of milliseconds. [7].

3Na 2K

Figure 1.1  Excitation-contraction coupling of cardiac myocytes [1]. The
depolarization waves propagate over regularly occurring invaginations of the plasma
membrane called transverse tubules (T-tubules). The initial spread of depolarization
from the propagating action potential, triggers an action potential in the T-tubule via the
opening of voltage-gated Na* and L-type calcium channels, triggering the opening of
Ca?" release from the SR and causing a further increase in the cytoplasmic [Ca?*]. The
increased [Ca?'] initiates and activates contractile machinery. For relaxation, SR Ca?*
ATPase sequesters Ca?* back into the SR to reduce [Ca?']. The sodium-calcium
exchanger (NCX) uses the Na* gradient to power the removal of Ca?*. Figure adapted
from Bers (2002) [1].



Following each contraction phase, the heart enters diastole (relaxation) as Ca?* release
from the SR terminates and cytosolic Ca®* concentration declines. This action is
normally the consequence of Ca?* uptake into the SR by SR Ca?* ATPase (SERCA2a),
an ATP-dependent process. The SERCAZ2a is responsible for pumping two Ca?* ions
into the lumen by using one ATP molecule [8]. Activity of this pump is reduced by
phospholamban (PLB) [9]. The degree of inhibition depends on phospholamban
phosphorylation by Ca?*/calmodulin-dependent kinase Il (CaMKII) at threonine-17 and
cyclic AMP (cAMP)-dependent protein kinase A (PKA) at serine-16 which both reduce
the inhibition of PLB to increase the pump activity [9].

In addition, in the steady state condition there is an efflux of Ca?* across the cell plasma
membrane that balances Ca?* entry via voltage gated L-type calcium channels. This
efflux is controlled by the NCX removing 10-30 % of the systolic [Ca?*]i, depending on
species [1]. The Ca?*ATPase in the cell plasma membrane and mitochondrial Ca®

uniporter extrudes about 1% of Ca?* [1].

1.1.2 (E-C) coupling in skeletal muscle

The mechanism of E-C coupling in cardiac and skeletal muscle is fundamentally
different. L-type Ca?* channels have two isoforms, Cav1.1 and Cav1.2 for skeletal and
cardiac muscle respectively. L-type Ca?" channels have multiple subunits: a1, 02/8, B
and y (as yet unidentified) for Cav1.1 and au, a2/, B for Cavl.2. The ou subunit is
essential for E-C coupling and functions as the voltage sensor as a pore forming subunit.
Cardiac E-C coupling is dependent on extracellular Ca?* and the functional coupling
that depends on the spatial proximity between Cav1.2 and the RyR2. E-C coupling in
skeletal muscle can occur for long periods in the absence of extracellular Ca?* due to the

physical interaction between Cav1.1 and RyR1 [10, 11].

In cardiac muscle L-type Ca?* channels are loosely clustered with RyR2s in a dyadic
junction between the surface membrane and the terminal SR (dyad) [12]. The ratio of
two channels is 3:10 although it can vary among the species [13]. However, in skeletal
muscle L-type Ca®' channels form as “tetrads” [14, 15] as a result of the direct
interaction of L-type Ca?" and RyR1 channels. The ratio of RyR1s to tetrads is nearly
0.125 according to morphological and biochemical studies [13]. This physical



interaction permits the transduction of conformational changes of L-type Ca?* channels
to the opening of the RyR1s, and, the release of Ca?* from the SR by relieving the Mg?*
inhibition of RyR1s [16, 17]. Mg?* has a very strong inhibitory effect on the release
channel in a skeletal muscle under resting conditions [18-21]. It has been shown in
experiments on cut and skinned fibres that when Mg?* inhibition is reduced by lowering
free [Mg?*] from its physiological concentration (~1 mM) to 0.05 mM, the Ca?* release
channels spontaneously open and all of the Ca?* is lost from the SR [17, 22]. In these
experiments, L-Type Ca?* channels can potently activate the channels in the presence of
physiological concentration free [Mg?*], possibly by overcoming or bypassing the
strong inhibition of [Mg?*] [17].

Skeletal muscle contraction does not require CICR. Rather, direct communication
between RyR1 channels and L-type Ca?* channels in the transverse tubule membrane
plays an essential role in E-C coupling of skeletal muscle. Depolarization of the
transverse tubule causes a voltage-dependent conformational change of the L-type
channel within its I1-111 loops that has been detected as a charge movement [23]. This
conformational change is communicated by a direct physical interaction to the RyR1
channels causing SR Ca?* release. Physical interaction between the transverse tubule L-
type Ca?* channel and the RyR1 is required for skeletal muscle excitation-contraction
coupling. This interaction has been suggested to involve an orthograde signal by which
the L-type Ca?* channel signals the RyR1 to open and a retrograde signal by which the
RyR1 prevents L-type channel inactivation [24]. However, the actual interactions
between the two proteins are complex, involving more than one domain and being
subject to allosteric modulations [25]. One of the approaches to mapping interaction
sites on the RyR1 and the L-type channel is to prepare chimeras of RyR1s and RyR2s
[26] or aic and ausk subunits of the voltage dependent Ca?* channels [27, 28]. This
approach is based on the findings that RyR1s but not RyR2s can restore mechanical
coupling in RyR1-deficient myotubes [26], and ausk but not a.ic can restore skeletal type
E-C coupling in DHPR deficient myotubes [27, 28]. This approach has provided
evidence that the I1-111 loop of the L-type Ca?* channel ausk subunit is required for
mechanical excitation-contraction coupling. A region between amino acids 1635 and
2636 of the RyR1 is required for both orthograde and retrograde signalling, whereas a
second region between amino acids 2659 and 3720 of the RyR1 is required for

retrograde signalling [26].



1.2 Ryanodine receptor

121 Structure and function

The ryanodine receptor is a tetrameric protein with a molecular weight of 2260 kDa
(MW 565 kDa per monomer) and to date, it is the largest known ion channel [29]. The
ryanodine receptor derives its name from ryanodine, a potent paralytic agent, that binds
to skeletal and cardiac muscle RyRs because it can cause intracellular Ca?* to leak by

locking the RyR channel in an open state.

RyRs enable calcium release from the SR and are found in a wide variety of cell types
such as neurons, exocrine cells, epithelial cells and lymphocytes[30]. There are three
isoforms of Ryanodine receptors in mammals, each one encoded by a separate gene. As
noted above, RyR1 is the main isoform in skeletal muscle cells and was the first to be
cloned [31, 32] whereas RyR2 is the main isoform that is expressed in cardiac myocytes
[33, 34]. A third type, the RyR3 isoform, was first cloned from rabbit brain and hence it

is termed a brain isoform [35].

The N-terminal of the ryanodine channel, comprising 80% of the RyR polypeptide
chain, exists as a multi-domain cytoplasmic assembly, playing the role of a scaffold
protein and interacting with numerous regulatory enzymes and binding proteins to
modulate the RyR channel function [36]. This cytoplasmic domain is the major part of
RyR, forming a “foot like” domain that is close to the location of L-type Ca?" channels
in the junctional SR. The C-terminal, comprising another 20% of the RyR2 poly
peptide chain, forms the transmembrane and luminal domains. [37-39].

RyR isoforms share ~70% sequence identity [32, 35]. The main differences in amino
acid composition between the RyR isoforms are found in three regions called the
divergent regions (DR): DRL1 (residues 4254-4631 in RyR1); DR2 (residues 1342-1403)
and DR3 (residues1872-1923) [40] (Figure 1.2).



FOOT STRUCTURE
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SR lumen
TRANSMEMBRANE STRUCTURE

Figure 1.2: The RyR2 cytoplasmic domain known as the ‘foot structure’. Figure
adapted from Yano (2008) [41].

Electron microscopy has been used to study the structure of RyR1s [42-46]. RyRs were
initially identified in the electron microscopy negative-staining imagines of muscle cells
where the presence of “feet” between the T-tubule and SR was revealed [47]. Efremov
et al. (2015) determined the architecture of the rabbit RyR1 at a resolution of 6.1 A [48].
To date, the highest overall resolution achieved for the RyR1 is 10A which showsa
mushroom-shaped architecture and a transmembrane domain that is believed to
resemble the Kv2.1 channel [46]. Moreover, crystal structure of the amino-terminal
fragments and a phosphorylation hot-spot domain have been reported [49]. The
structure of a closed state RyR1 in complex with FK506-binding proteins (FKBP12) at
3.8 A has been determined using direct electron detection and advanced image
processing [50-52]. Recently, near-atomic resolution was achieved at the channel
domains (residues 4545-5037) and its adjoining domain the cytoplasmic region which is
sufficient for building a de novo atomic model [53]. The tertrameric RyR1 has an
appearance of a pyramid with a square base of 270 x 270A and a height of 160A as
shown in Figure 1.3. The backbone of 3685 residues and more than 3100 specific side



chains were assigned in each protomer [53]. Recently, nine distinct domains have been
resolved in the cytoplasmic region of each protomer. They include the N-terminal
domain (NTD), three SPRY domains, the P1 and P2 domains, and the handle, helical
and central domains (Figure 1.4). The handle and helical domains are connected in

both primary sequences and spatial arrangements.

SR Lumen

Cytoplasm
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Figure 1.3:  Pyramidal structure of the tetrameric rabbit RyR1. Side views of RyR1
structure are presented with the SR lumen side on the top. The significance of the colour

coding is given in Figure 1.4. Figures are adapted from Zhen et al., 2015 [53].
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Figure 1.4: A schematic diagram of domain organization in one RyR1 protomer
showing spatial arrangement of the cytoplasmic domains proceedings the central
domain within one RyR1 promer from the cytoplasm. Figure adapted from Zhen et al.
(2015) [53].

The architecture of the RyR1 has four protomers that surround a central transmembrane
pore corresponding with the four-fold symmetry axis of the tetramer. Each protomer is
built around an extended scaffold of a-solenoid repeats [54]. This scaffold is comprised
of thirty-seven repeats in three segments with a total of 2217 residues of the ordered
residues in the polypeptide. It was found that the o-solenoid scaffold is capped at the
amino terminus by two B-trefoil domains - N-terminal domain (NTD) NTD-A and
NTD-B [55]. The six-transmembrane (6TM) superfamily of ion channels includes the
voltage-gated sodium and potassium channels and the transient receptor potential (TRP)
channels (Figure 1.5) [55]. The alpha-solenoid scaffold has five major domains: three
SPRY domains (SPRY 1-3) and two pairs of RyR repeats (RY12 and RyR34). In
addition, several smaller insertions, including a previously predicted EF-hand pair, were
also identified (Figure 1.5) [55].



Figure 1.5: A schematic diagram of the RyR1 showing colour-coded representations.
N-terminal domains (cyan) SPRR1-3 (salmon), clamp region (RY 12 repeats, blue) and
the phosphorylation domain (RY34 repeats, blue) . Calstabin is shown in yellow, the
bridge solenoid scaffold is shown in green and the core solenoid in red. The
transmembrane and C-terminal domains are shown in orange and putative Ca?* binding
domains are purple. Dashed lines are the major disordered segments. Figure adapted
from Zalk et al., 2015 [55].

The CaM-like domain inserted within the core solenoid was suggested to play a role as
a Ca?* sensor [56]. This region is highly conserved among RyRs. In addition, it shares
about 26% sequence identity with the C-lobe of human CaM [55]. Interestingly, six out
of eight residues coordinating Ca®* in CaM are also conserved in the putative Ca?*
binding domain of RyR1s. Moreover, this putative Ca?* binding domain is adjacent to
the S2-S3 and CTD [55]. Therefore, the authors suggested a mechanism for Ca?*-
mediated gating in which Ca®'-dependent changes in the conformation of the Ca?*
binding domains, are transmitted to the pore by physically contacting with the S2-S3
loop and the CTD. This could lead to a conformational change that alters the cytosolic

aperture of the channel [57].



1.2.2 The role of intracellular Ca?*, Mg?* and ATP

The modulators/ligands that play an important role in the regulation of RyRs are Ca®*,
Mg?* and ATP on both the cytoplasmic and luminal sides of the SR [20, 58-61]. It is
noted that there are differences in RyR1 and RyR2 regulation that underlie the different

characteristics of E-C coupling in cardiac and skeletal muscle [62, 63].

Measurements of SR Ca?* release from skeletal and cardiac muscles [18, 64] and single
channel studies in bilayers, show that micromolar concentrations of cytoplasmic Ca?*
increase the open probability of both RyR1s and RyR2s via cytoplasmic activation sites
(A-sites) [19, 60], whilst millimolar concentrations reduce the open probability of these
channels [61] via cytoplasmic-facing Ca?* inhibition sites (I-sites). Luminal Ca?
activation of RyR1 and RyR2 is attributed to a luminal-facing Ca®" activation site [58,
65-68] and also to the flux of luminal Ca?* through the RyR1 and RyR2 channels to the
cytoplasmic activation and inhibition sites [58, 69-71]. This mechanism is known as
“Luminal-Triggered Ca?* Feed-Through” [58, 71]. The biphasic regulation of the RyR
is demonstrated by the bell-shaped Ca?* concentration dependence curve [19, 72]. It is
noted that inhibition of the RyR2 occurs at a higher cytoplasmic [Ca?'] than the RyR1
[61].

Mg?* strongly inhibits SR Ca?* release and reduces RyR activity [73-78] by altering the
cytoplasmic and luminal [Ca?*] dependencies of RyR activity in the cell [59, 64]. It is
believed that Mg?* inhibits RyRs by two mechanisms: by competing with Ca?* for the
A-sites, and/or by binding to I-sites that have no apparent specificity between Ca?* and
Mg?*. Interestingly, luminal Mg?* flows through the channel and binds to the A-site
thus terminating the channel opening. It is noteworthy that I-sites of RyR2s exhibit
tenfold lower affinity for divalent ions than RyR1s even though regulation of RyR1 and
RyR2 by Ca?* and Mg?* are very similar.

Thus, in summary, four Ca?*/Mg?* regulation sites have been identified in RyR2s and
their location and binding affinities are summarized in Figure 1.6 [58]. The first two, A
and L sites, are involved in activation of channels and the other two, 11 and 12 sites, are
involved in inhibition [71]. When Ca?" binds to the high-affinity cytoplasmic facing
Ca?* binding site called the A-site (1 pM affinity), the channel is usually activated [64].
Another lower affinity Ca* activation site (60 uM affinity) lies on the luminal site (L-
site) [71]. On the other hand, Ca?* can cause inhibition of the RyR channel by 1), high
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[Ca?*]c via the 11 low affinity inhibitory site (10 mM affinity), and 2), the 12 inhibition
site that has a high affinity for Ca** (e.g. 1 uM); both sites are located on the cytosolic
side [61]

ATP is an activator for all ryanodine receptors. Lipid bilayer studies indicate that ATP
increases both RyR1 and RyR2 open probability with a half-activating concentration
(Ka) of 0.22 mM [62, 79]. Millimolar levels of ATP in the range 1 — 2 mM generally
maximally activate RyRs [62, 79]. However, in RyR2, ATP activation is reduced by
15% when its concentration is increased from 2mM to 10mM [79]. In general, ATP
activates all ryanodine receptors but the mechanism of activation is slightly different
between skeletal and cardiac muscle. ATP activates RyR1s both in the absence and in
the presence of Ca®* [73, 74, 76]. In contrast, ATP activates RyR2s only in the presence
of Ca?* [71, 80, 81]. In the absence of Ca?*, at least 2 molecules of ATP are required to
activate the RyR1 channel [62]. In the presence of Ca?", ATP activates RyR1s and
RyR2s by stabilizing the Ca?*-induced channel open state and destabilising the channel
closed state [80]. It has been shown that by-products of ATP hydrolysis such as AMP
and ADP are less effective in activating RyRs [79]. ATP also increases luminal Ca?*
dependence of the RyR2 opening rate without altering the Ca?* binding affinity of the
L-site [71].

In skeletal muscle at rest, ATP would be an activator of RyR1s except that this is
prevented by Mg?* which is a strong inhibitor [82]. During release, Mg?* inhibition is
reduced 10-fold by L-type channels, allowing ATP to activate Ca®* release [82, 83]. In
a cardiac muscle in diastole, the RyR2 is not so strongly activated by ATP and Mg?**
acts as an inhibitor of RyR2s. Ca?* concentration increase due to L-type channels is
sufficient to active RyR2s even in the presence of Mg?* (Mg?* inhibition is not as strong

as in skeletal muscle) [17].
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Figure 1.6 Activation and inhibition sites of divalent ions on the cardiac ryanodine
receptor. The names of the sites on the left correspond to Ca?*-Mg?* concentration
affinities shown on the right side. The arrows show the ability of cytoplasmic and
luminal Ca®* to access Ca?* binding sites on the cytoplasmic site of the RyR (Figure

adapted from Laver,

2009)[58].

1.3 Regulatory Proteins

1.3.1 FK506-binding protein

FK506-binding proteins (FKBP) or FK506-binding immunophilin proteins were
initially discovered as they were tightly bound to RyR1s [84, 85]. FKBP exists in two
isoforms with molecular weights of 12.0 kDa and 12.6 kDa for skeletal and cardiac
muscle, respectively [86]. FKBP12.6 shares approximately 85% sequence homology
with FKBP12 [87]. They bind tightly to the cytoplasmic domain of the RyR at amino
acids 2416-2430 [88]. The stoichiometry of binding is one FKBP per RyR subunit (4
FKBP molecules per RyR tetramer) [89]. Although FKB12 and FKB12.6 are believed
to bind to the same sites on RyRs [90], the locations of the FKBP binding sites remain
controversial. A valyl-prolyl motif (aa 2461 and 2462) was reported for FKBP12/
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FKBP1.26 binding in RyR1s [91], but an isoleucyl-propyl motif (aa 2427 and 2428)
was reported for FKBP12.6 binding in RyR2s [92]. However, mutations of either site
did not have any impact on FKBP12.6 binding [93].

In a cardiac muscle, FKBP12 and FKBP12.6 are both present [94-96]. In most species,
including human, the amount of FKBP12 expressed in cardiomyocytes is 10 times
higher than that of FKBP12.6 [88]. However, FKBP12.6 is preferentially associated
with RyR2s due to its higher affinity [96]. The dissociation of this protein has been
implicated in heart failure and arrhythmia [92, 97]. FK506 or rapamycin (an
immunosuppressant) can dissociate FKBP12.6 from RyRs and loss of FKBP12.6 from
RyRs by the addition of FK506 or rapamycin leads to increased channel activity [98].
FKBP12.6 removal using FK506/rapamycin treatment or gene-targeted deletion
increased RyR2 channel activity and induced multiple sub-conductance states in
artificial lipid bilayer studies [99-101]. Normal activity of the RyR2 could be restored
by the addition of exogenous FKBP12.6 [38, 102]. It has been reported that
hyperphosphorylation of RyR2 by PKA in failing hearts caused the depletion of
FKBP12.6 from the RyR complex [92, 103], leading to an abnormal Ca®" leak from
RyR2 [104, 105]. However, phosphorylation of RyR2 by CaMKI| at serine 2815 seems
to activate the channel without affecting FKBP12.6 [106].

1.3.2 Protein kinase A (PKA)

PKA binds to the cardiac RyR via an A-kinase anchoring protein (AKAP) [92, 107].
PKA, a cyclic AMP (cAMP) dependent protein kinase, is a tetramer composed of two
catalytic subunits and two regulatory subunits. cAMP binding causes conformational
changes of the regulatory subunits and dissociation from the catalytic subunits, leading
to activation of the kinase activity of the catalytic subunits. The targeted proteins of
PKA in cardiac myocytes are L-type calcium channels, phospholamban, the Na*/Ca?*
exchanger and RyR2. PKA phosphorylation increases the activity of RyR2 [108-114].
PKA-dependent phosphorylation is believed to alter RyR2 gating in bilayers. PKA was
shown to slightly decrease RyR2 open probability at 100 nM [Ca?*], whereas it greatly
increased peak open probability in response to a rapid photolytic increase of [Ca?']

[109]. PKA also accelerated the subsequent decline in open probability. By contrast,
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PKA-dependent phosphorylation at Ser-2809 enhanced the steady state open probability
of single RyRs in bilayers [92, 107]. Subsequent bilayer studies reported that PKA
phosphorylation activates RyR2s by increasing the RyR2 sensitivity to luminal Ca?
[113, 114].

In a skeletal muscle, PKA phosphorylates RyR1 at Ser-2843 and regulates the binding
of FKBP12 to the channel [115]. However, it was not clear whether the activation of
RyR1 by PKA phosphorylation was caused by dissociation of FKBP12 from RyRL1.
Single channel recordings of mutant RyR1s-VV24611 which cannot bind FKBP12 [116],
were compared to those of PKA phosphorylated WT RyR1s to examine the PKA effects
on channel activity. PKA equally increased the open probability of both mutant and
WT channels [115], indicating the direct effect of PKA phosphorylation on RyR1.

1.3.3 CaMKII

CaMKII is known to have three domains, each of them with an individual function
[117]. The amino-terminal catalytic domain is responsible for enzymatic catalysis. The
central regulatory domain regulates CaMKII function and the carboxy-terminal
association domain takes part in oligomerization [118-120]. CaMKIIl can be
autophosphorylated as a result of CaM binding, maintaining 100% activity of CaMKI|I
even when cytoplasmic [Ca?*] is low. After that, autophosphorylated CaMKII remains
partially active even after CaM dissociation at resting cytoplasmic [Ca?"] [121-124].
CaMKII phosphorylation alters the channel activity of the RyR. However, the effects of
CaMKII on RyR2 gating in bilayers are controversial, with both an increase [106, 108,
125] and a decrease [126] in RyR2 activity reported. When more intact cellular systems
were used, the effect of CaMKII-dependent RyR2 phosphorylation was to increase the

amount of SR Ca?* release for a given content of SR Ca?* [127].

CaMKII is regulated by changes in the concentration of intracellular Ca%* [128, 129].
CaMKII phosphorylation has been identified on the same residues on RyR1 as PKA and
it phosphorylates other proteins such as troponin I, sarcolemmal Ca?* channels and

phospholamban [30].
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1.34 Protein phosphatases

Protein phosphatase 1 (PP1) has a molecular weight of 35-38 kDa. PP1 consists of one
catalytic subunit and one regulatory subunit [130]. The regulatory subunit plays a role
in targeting the PP1 catalytic subunit to specific subcellular locations and regulates
substrate specificity or acts as substrate. The catalytic subunit has binding sites for
Mn?* and Fe?*. The binding of these two ions facilitates PP1 activation. Inhibitory
proteins such as I-1 regulate PP1. For example, phosphorylation of 1-1 at Threonine-35
inhibits the activity of PP1 [131, 132].

Phosphatase 2A (PP2A) is believed to have two forms: the heterodimeric core enzyme
and the heterotrimeric holoenzyme [130]. The PP2A core enzyme has a scaffold
subunit and a catalytic subunit. Holoenzyme is formed when PP2A core enzyme binds

with various regulatory subunits.

PP1 is targeted to skeletal ryanodine receptors (RyR1) via the targeting proteins known
to bind to highly conserved leucine/isoleucine zipper motifs on the channel [107].
RyR1 is dephosphorylated by protamine by activating PP1 that is bound to RyR1s
[115].

1.35 Calsequestrin, junctin and triadin

Calsequestrin (CSQ), a major Ca?" binding protein in the SR, is localized at the
junctional region of the SR membrane [38, 133]. It has two isoforms: CSQ1 for skeletal
muscle and CSQ2 for cardiac muscle [134]. CSQ binds to RyRs via triadin and junctin.
Single channel recordings indicate the association between CSQ and RyR is disrupted
by high luminal [Ca?*] (>=10mM) and increased ionic strength (~500 mM).[135, 136].
CSQ contributes to SR Ca?* storage since it is a high capacity and low affinity luminal
Ca?* buffer [134]. The binding capacity of CSQ differs depending on the isoforms:
CSQ binds 20 calcium ions are bound in cardiac muscle, whereas it binds 40 calcium
ions in skeletal muscle [137]. CSQ, which usually exists as a monomer at low luminal
[Ca?*], undergoes conformational changes becoming condensed when the luminal
[Ca?'] is increased to 10 uM. When the luminal [Ca?*] is further increased to between
10 and 100 pM, CSQ firstly undergoes dimerization followed by polymerization [38,
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134, 138]. It is the CSQ polymer that is anchored to the SR membrane and the RyR via
triadin and junctin. However, this CSQ association with SR membrane and RyRs can
be disrupted if luminal [Ca?'] is further increased above 10 mM [134, 136, 139, 140].

CSQ functions both as a Ca?* buffer site and as a RyR regulator. CSQ regulates RyR2
activity directly via protein-protein interactions involving triadin and junctin. CSQ
regulates RyR2s in a luminal Ca?*-dependent manner and it inhibits RyR2s at low (<1
uM) luminal [Ca%**]. However, increasing the luminal [Ca?*] can reduce this inhibition
via the dissociation of CSQ from the RyR2. One study using gene-targeted CSQ2
knock-out mice suggested that CSQ2 has a role in protecting the heart against premature
spontaneous SR Ca?* release and triggered arrhythmia. [141]. Interestingly, contractile
function was not impaired by the loss of CSQ2 [141].

Some studies have suggested that CSQ1 and CSQ2 regulate RyR1 and RyR2
differently. Whereas CSQ1 inhibitedRyR1 function upon association with the RyR1
[135]dissociation of CSQ1, or removal of inhibition, was required to activate RyR1s
[142]. In contrast, interaction with triadin and junctin mediate the association of CSQ2
with RyR2. Its strong interaction with triadin and junctin at luminal [Ca?*] lower than
20uM results in the binding of CSQ2 to RyR2s and subsequent inhibition of the
receptor activity.. However, when the luminal [Ca?*] is increased from 20 uM to 5 mM
the inhibition of CSQ2 on RyR2 is decreased by a reduction in the binding of CSQ2 to
triadin and junctin. The inhibition is totally abolished by its dissociation from the RyR2

when luminal [Ca?*] is increased above 5 mM [143].

Transmembrane proteins, triadin and junctin, are integral proteins in the junctional SR
and interact with each other, calsequestrin and RyR, constituting the luminal
components of the RyR complex [38, 134, 136]. The interaction of CSQ with triadin
and junctin is highly dependent on luminal [Ca?']; a decrease in luminal [Ca?']
strengthens CSQ binding to triadin and junctin [38, 136]. Based on lipid bilayer studies
it was suggested that the complex of CSQ, triadin and junctin contributes to RyR2
sensitivity to luminal [Ca?*] [143]. Only one type of triadin (MW 95kDa) is expressed
in skeletal muscle. In contrast, three types of triadin (MW 35,40 and 92kDa) are
expressed in cardiac muscle although the type 1 is the major isoform representing 95%
of the total [38]. Triadin increased RyR2 sensitivity to luminal [Ca?*] and enhanced SR
Ca?* release in lipid bilayer and isolated cardiac myocyte studies [143, 144]. A mouse
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heart triadin knock-out study suggested that triadin is essential to maintain structural

and functional integrity of Ca®* release units [141, 145].

Junctin, a small protein of MW 26kDa, is expressed in both cardiac and skeletal
muscles [38, 136]. Junctin regulation of RyR gating is still controversial. Addition of
exogenous junctin to purified RyR2s increased the RyR2 open probability in single
channel recordings [143]. On the other hand, an inhibitory effect of junctin on RyR
activity has been suggested since ablation or overexpression of junctin enhanced or
decreased SR Ca?* release in Ca?* spark measurements in intact cardiac myocytes [146,
147].

1.3.6 Sorcin

Sorcin, a ubiquitous MW 22kD Ca?*-binding protein, has five EF-hands that have been
reported to associate with cardiac RyR and L-type Ca?" channels [148, 149]. Sorcin
interacts with the cytoplasmic domain of RyR2 at higher cytoplasmic [Ca?*] [150].
Sorcin reduced the open probability of RyR2 in bilayer studies and [3H]-ryanodine-
binding assays [151]. This inhibition of RyR2 activity by sorcin could be reversedby
PKA-mediated phosphorylation of sorcin [151]. Sorcin was also reported to depress
myocyte Ca?" transients [150, 152] and reduce Ca®* spark frequency in permeabilized
myocytes [150, 152]. In intact rabbit ventricular myocytes, over-expression of sorcin
reduced Ca?* transients and the SR Ca?" load, an effect thought to be attributed to
increased Ca?" extrusion by Na*/Ca®" exchange [152]. Thus, sorcin may act as an
endogenous inhibitor of SR Ca?* release but this effect can be relieved at low [Ca?']i or
by PKA-dependent phosphorylation [153]. When sorcin is phosphorylated by
CaMKII3C, sorcin inhibition of RyR2 is abolished. Sorcin significantly but equally
inhibited both recombinant and native CaMKIISC when phosphorylated by CaMKIISC
[154]. Interestingly, dephosphorylated sorcin could inhibit CaMKII activity, suggesting

alternative regulation of sorcin in addition to its regulation via phosphorylation [154].
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1.3.7 S100A1

The S100 family of proteins also has EF-hands. These proteins were originally isolated
from bovine brain and discovered to be soluble in 100% ammonium sulfate, hence their
name ‘S100° [155, 156]. EF-hands of S100 proteins can bind Ca?*, followed by binding
to target proteins such as CaM [157, 158]. Unlike CaM lobes, the first EF-hand of each
subunit is considered a “pesudo” EF-hand since it has an extremely weak Ca?* binding
affinity with Kg¢=1-50 uM[157]. Glutathionylation and the presence of target proteins

can increase the overall apparent Ca?* affinity [159, 160].

In skeletal muscle, S100A1 is highly abundant at a concentration of 0.5-15 yuM, which
is higher than the concentration of CaM [161]. S100Al1 and CaM were shown to
compete for a common binding site on RyR1 that is encoded by residues 3614-3643
[159, 162]. However, [*H]-ryanodine studies have recently shown that CaM and
S100A1 do not compete for the binding site although they bind to and regulate both
skeletal and cardiac channels [163]. In cardiomyopathic hearts, the knockout of
S100A1 increased the incidence of heart failure [164, 165]. In cardiac muscle fibres,
knockout of S100A1 decreased Ca?* transients upon electrical stimulation [166]. Since
it enhances cardiac contractility, S100A1 has been suggested as a possible target for the
treatment of heart failure [167].

1.3.8 Calmodulin

1.3.8.1 Structure and function

Calmodulin (CaM) is a cytosolic calcium-binding protein [148 amino acids, 16.7 kDa].
It is acidic and it is highly conserved throughout eukaryotic evolution [168]. Free
[CaM] in myocytes is only 1% of the total [CaM] when it was measured in adult rabbit
cardiac myocytes using two modified null-point titration methods [169]. CaM has been
known to activate about forty types of enzymes or channels. CAM genes are absent in
some 50 completed bacterial or archaeal genomes. However, at least one CAM gene is
present in eukaryotes [170] and the CAM sequence is extremely conserved. CaMs are
identical for all known vertebrates and essentially the same for all metazoans. The CaM
of Paramecium has 94% homology to mammalian CaM and Aspergillus (a fungus) has
92 % homology [170]. In mammals, each species has three CAM genes that have 80%
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identical nucleotide sequences,however, they encode CaM protein that is 100%
identical [170].

CaM is known to function as a monomer with two pairs of EF-hands; its structure has
been identified using both X-ray crystallography and NMR [171, 172]. CaM consists of
a roughly symmetrical N-terminal pair (EF hand I and Il) and C-terminal pair (111 and
IV) joined by an eight-turn a-helix giving the dumbbell appearance [171, 173, 174].
Interestingly, domains | and 11 of the N terminal display a lower affinity for Ca?* (Kd ~
10 uM) than domains Il and 1V of the C-terminal (Kd ~ 1 uM) when CaM is free in
solution. CaM regulation has a role in multiple biological functions acting in three
distinct forms: as CaCaM (Ca?* bound), apoCaM (Ca?* free) and Ca?* independent or
constituently bound CAM [175]. The conformational changes are caused by the
binding of Ca?"* at the EF hand motifs within CaM’s amino and carboxy lobes, exposing
hydrophobic residues that transduce the intracellular Ca?* signal [176]. Various ion
channels can bind to CaM including RyRs [1, 30, 38, 170]. Calmodulin modulates
other proteins in two ways: by a direct binding with its targeted proteins or indirect
through the action of CaM-activated protein kinases and protein phosphatases such as
calcineurin [117, 170].

The structural basis of RyR2 regulation by CaM has not been clearly defined because
3D mapping of CaM binding by cryo-electron microscopy (cryo-EM) and fluorescence
resonance energy transfer (FRET) microscopy have been limited to the RyR1 isoform
[30].

Fruen et al. (2000) reported a high affinity CaM binding domain on the RyR2 that is
shared by apoCaM and CaCaM [177]. Deletion of the CaM binding sites caused the
elimination of the inhibitory effect of CaM on RyR2 at all Ca?* concentrations [178]. It
is well known that CaM inhibits all three types of ryanodine receptors above 1 uM
[Ca?*]c [117]. Thus, CaM regulation of RyR1s varies depending on [Ca?*]c [178], with
CaM activating channels at submicromolar cytosolic [Ca?*]c while inhibiting the
channel at higher [Ca®*]c [179]. Activation by apoCaM does not occur for RyR2s
although an inhibition by CaCaM does occur in a very similar way to RyR1 inhibition
[64, 177].
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1.3.8.2 Calcium binding /CaM-like domains

Ryanodine receptors are activated and regulated by Ca?* during CICR. CaM activation
or inhibition of RyR1 channels depends on the free cytosolic Ca* concentration [162].
Thus, CaM can fine-tune the channel’s Ca?* sensitivity by binding to RyRs. The
binding region of both apo and Ca?*-CaM on the RyR1 receptor is between residues
3614-3643, and between residues 3581-3612 for the RyR2 receptor [180, 181]. CaM
has EF-hand motifs so it can act as aCa®* sensor [182], and it is interesting that the RyR
itself also contains several EF-hand motifs. Several regions within RyRs that have
homology to CaM, were recently identified through the EF-hand protein sequence [56,
183]. However, only two Ca?* ions could be bound , suggesting not all EF-hands are
functional according to the initial biochemical data using equilibrium dialysis [56].
These EF-hands may be involved in CICR as the intrinsic Ca?* sensors of RyR [56,
183].

1.3.8.3 Binding sites of CaM on RyRs

Some controversial findings involving the stoichiometry of CaM binding to RyRs have
emerged. Data analysis of the CaM binding properties of RyR2 using metabolically S-
labelled CaM, showed that CaM has a stoichiometry of 1 molecule of CaCaM and 4-6
molecules of apoCaM bound per subunit in the presence of 100 pM Ca?* [184]. It was
reported that S-CaM binding to SR vesicles and purified RyR1s and RyR2s showed the
stoichiometry of CaM binding is 1 mole of CaM/mole RyR subunits regardless of the
states (i.e whether Ca?* is bound or not) [180, 184]. It has also been reported that CaM
binds to approximately 2 binding sites for each RyR2 subunit in the presence of Ca®*
and a single site per subunit in the absence of Ca?* in native cardiac SR vesicles [185].
A possible explanation could be the loss of Ca-CaM binding protein during the

purification that induces the conformational changes, covering up the second site [186].

The role of Ca?* binding to CaM in the regulation of various targets was studied using
site-directed CaM mutants in which substitution of critical glutamate residues within
each EF hand selectively reduces Ca?* binding at each site [187, 188]. These Ca?*
insensitive mutants help to define how the number and position of Ca?* ions bound

determines the functional interactions of CaM with different targets. [**S]CaM binding
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determinations indicate a single high-affinity CaM binding site per RyR1 subunit [177,
180]. In addition, 3D reconstructions show CaM bound within a cleft near the
cytoplasmic face of the channel [189]. It was also suggested that the binding sites of
apoCaM and Ca?*CaM overlap within the primary sequence of RyR1s [180, 181, 190]
and hence this region may play a role in the physical coupling of RyR1 channels with
voltage sensing L-type Ca?* channels on the T-tubule membrane [25]. It was proposed
that the RyR amino acid sequence 3614-3643 is the site of CaM action and all

subsequent effectors are due to downstream changes [178, 191, 192].

It has been recently reported that the CaM binding site on RyR2 in the deep cleft is very
similar to the CaM binding site on RyR1 [193]. More specifically, the region of amino
acid residues 3614-3643 for RyR1 and residues 3581-3612 for RyR2 are involved in
binding CaM [180, 181].

Interestingly, previous cryo-EM and single-particle three-dimensional reconstruction
studies reported that the apoCaM and the Ca?*CaM binding sites overlap but are
spatially distinct on the cytoplasmic assembly of RyR1s (3-4 nm) [193]. Recently, it
has been found that the apoCaM binding site on the RyR2 is similar to the Ca?*CaM
binding site on the RyR1 [193]. Since apoCaM weakly activates RyR1 but inhibits
RyR2, it has been suggested this inhibition could be due to its binding site that is similar
to Ca?*CaM binding site on RyR1.

1.3.8.4 Role of CaM in cell function

CaM binding to the cardiac RyR2 channel isoforms causes a shift in the rightward
direction of the steady state [Ca?*]-dependence of RyR2 activation in SR vesicles [177].
CaM also reduces the frequency of Ca?" sparks in permeabilized myocytes [194].
Severe hypertrophy of the heart and early death have been shown to result through the
disruption of RyR2 and CaM binding within a core CaM binding sequence in mutant
mice [195]. Therefore, it is possible to conclude that RyR2 regulation by CaM is very
important for the normal physiology of the heart. However, CaM has many other
binding proteins such as calcineurin, CaMKII, and L-type calcium channels [196, 197]
so it is difficult to resolve CaM’s functional interactions with RyR2s. This problem was

addressed using a CaM that has a mutation on the domain that specifically binds to a
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highly conserved RyR CaM binding site. The authors found that CaM regulates RyR1
and RyR2 receptors by binding to a single highly conserved CaM binding site [178]. In
one in vivo study, the role of CaM regulation of RyR2 was investigated using a
transgenic mouse model with the replacement of 3 amino acids (RyR2-
W3587A/L3951D/F3603A) [RyR”PA] in the RyR2 gene. Mouse survival, physiological
function of the heart, Ca?* release from RyR2, calcium dynamics, and gene expression
associated with cardiac hypertrophy were investigated. It was concluded that
impairment of CaM regulation on the RyR caused aberrant SR Ca?* release and
defective regulation of genes associated with cardiac hypertrophy and early death in

homozygous mutant (RyR2 APAAPA) mice [195].

RyR2 activity is inhibited by CaM binding to a site that has been known as a conserved
site among RyRs [30]. It was reported that CaM lowered RyR2 channel opening
probability at all Ca?* concentrations by reducing the number of channel events and
increasing the duration of close time [198]. However, the detailed mechanism by which
CaM regulates RyR2 still needs to be resolved to unravel the physiological importance

of CaM regulation.

1.3.8.5 CaM and the different sensitivities of skeletal and cardiac ryanodine receptors

CaM activation of RyR1s in the presence of nanomolar Ca?* concentrations suggested
that CaM-dependent activation of RyR1 is not dependent on Ca?" dependent channel
activation. In contrast, Fruen et al. studied the relationship between the CaM and Ca?*
dependent mechanisms of RyR channel activation using skeletal and cardiac muscle SR
vesicles, reporting that CaM activation of RyR1s is likely to operate by increasing the
sensitivity of the Ca?*-dependent activation mechanism [177]. In addition, their results
showed that CaM’s effect on Ca®" sensitivity of the channel is far more pronounced in
RyR1 than RyR2 receptors [177], suggesting that Ca?* dependence of SR Ca?* release is
different in the two isoforms possibly because of the differential interaction of CaM
with RyR1 and RyR2 channels.

The conversion of CaM from an activator to an inhibitor of RyR1 is due to Ca?* binding
within the C-terminal domain of CaM [199], accounting for the enhanced sensitization
of the RyR1 channel to both activation and inhibition by Ca?* in CaM containing media
[185, 200]. It was suggested that the role of CaM regulation is distinct for RyR1 and

22



RyR2 although the detailed mechanisms of the different regulatory mechanisms remain
unclear [177, 184]. Balshaw et al. (date) reported that apoCaM and Ca?** CaM inhibited
RyR2 activity [184], suggesting that the consequences of CaM binding may account for
major differences in the Ca" sensitivities that characterize skeletal and cardiac RyRs
[177, 184, 200].

The conversion of wtCaM from an activator (apoCaM) to an inhibitor (Ca?*-CaM)
required high [Ca?*] (> 1uM) [201], indicating that Ca?* binding to CaM may be the
main determinant for its interaction with both RyR1 and RyR2 isoforms. In contrast,
the cardiac RyR2 isoform was inhibited by wtCaM at all physiologically relevant Ca?*
concentrations (100 nM to 1mM) [201]. This finding was consistent with other findings
that both apoCaM and Ca?*CaM inhibit the RyR2 [184, 185]. Fruen et al.(date) also
reported that Ca?* binding to CaM is necessary for the inhibition of both cardiac and
skeletal muscle RyRs as each of the four single E to A substitutions targeting the Ca?*
binding sites for CaM, abolished the CaM inhibition in both isoforms. The authors
concluded thatCa?* binding to CaM was the main determinant for Ca?* interactions with
both RyR1 and RyR2s [201].

1.3.8.6 Conversion of CaM from RyR1 activator into a channel inhibitor

A few studies showed that Ca?* binding to the C-domain of CaM was the switch to
convert CaM from activation to inhibition [199, 201]. However, Boschek et al.,
proposed that Ca?* binding to the C-domain of CaM caused RyR1 activation and Ca?*
binding to the N-domain caused inhibition [202]. These authors compared the Ca*
dependence of skeletal muscle SR [*H]-ryanodine binding with Ca?*-induced changes in
the signal from CaM that was fluorescently labelled on the N- or C-domain and bound
to a putative RyR1 CaM-binding peptide [202]. The Ca?* dependence conformational
changes in the C-domain of CaM and the Ca®" activation of SR vesicle ryanodine

binding occurred in the same concentration range. Moreover, the Ca?*-dependence of
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conformational changes in the N-domain of CaM and the Ca?* inhibition of the SR

vesicle [*H]-ryanodine binding occurred within the same concentration range.

Therefore, it remained a puzzle whether Ca?* binding to the N—domain or C-domain
was the main switch for conversion of CaM from activation to inhibition. In an attempt
to solve this puzzle, Jiang et al., 2010 recently used a series of mutant CaMs which were
designed to individually increase the Ca?" affinity of each of CaMs’s EF-hands. The
authors reported that mutations in sites | or Il in the N-terminal domain had no effect on
the CaM-Ca?" affinity and regulation of RyR1s since mutations did not change Ca**
affinity of the relative domain nor alter the Ca?* switch-point.[203] However, the site
I11 mutation N97D increased the Ca?* binding affinity of CaM’s C-terminal domain and
caused CaM to inhibit RyR1 at a lower Ca?* concentration compared with wild-type
CaM [203]. Conversely, the site IV mutation Q135D decreased the Ca?* binding
affinity of CaM’s C-terminal domain causing inhibition of RyR1 receptors at a higher
Ca?" concentration compared with wild-type CaM[203]. These results suggested that
Ca?* binding to CaM’s C-terminal acted as the switch converting CaM from a RyR1

activator into a channel inhibitor [203].

1.4 RyR modification

14.1 Phosphorylation

Many phosphorylation sites have been identified on RyR proteins [125, 204, 205] and
the receptors are the target for several kinases (PKA, PKG and CaMKII) and
phosphatases (PP1, PP2A and PDE4D3). RyRs bind with some of these regulatory
enzymes via scaffolding proteins, allowing for specific and compartmentalized
regulation [57]. The RyR1 has been found to be phosphorylated at serine 2834 by PKA,
PKG and CaMKII in skeletal muscle [206-210]. Single channel recordings showed
RyR1 activity enhanced by PKA or CaMKIl phosphorylation [211-213].
Depolarization-induced Ca?" release from skeletal muscle SR is stimulated by cAMP
[214] thus suggesting endogenous PKA modulation of Ca?* release via the
phosphorylation of RyR1 during E-C coupling of skeletal muscle. Interestingly, PKA
phosphorylation of RyR1 at serine-2834 caused the dissociation of FKBP12, thereby
increasing the open probability of the channel [115].
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The major PKA phosphorylation targets are Ser-2843 on skeletal ryanodine receptors
but RyR2s are phosphorylated at Ser-2809 by PKA, PKG and CaMKII [125, 206, 208,
215, 216]. PKA activity in cardiac muscle cells is increased via intracellular cAMP
upon beta-adrenergic stimulation [217]. Isoproterenol, a beta-adrenergic agonist, and
CAMP stimulate the ATP-induced PKA phosphorylation of RyR2 in cardiac muscle
cells [218] In single channel recordings, PKA increased the open probability of RyR2s
[108, 109]. In cardiac muscle cells, RyR2 activation by PKA phosphorylation induces a
positive inotropic action upon beta-adrenergic stimulation. A few studies reported that
PKA phosphorylation of the RyR2 at serine-2809 caused the dissociation of FKBP12.6
and subsequently an increase in the channel open probability [92, 101]. It is well
known that the beta-adrenergic receptor is chronically stimulated in heart failure and
phosphorylation of RyR2 by PKA in failing heart is about 4-fold higher than in non-
failing hearts [92]. This hyperphosphorylation of RyR2s by PKA causes a depletion of
FKBP12.6 from the RyR2 [92, 103] and consequently an aberrant SR Ca?* leak [104,
105]. In contrast, using single channel recordings, it was demonstrated that CaMKI|I
phosphorylation either activates [108, 125] or inhibits [126] RyR2 activity by
phosphorylating serine-2815 [106]. CaMKII phosphorylation of RyR2 was positively
correlated with heart rate [106] since the time-averaged [Ca?'] is increased at higher
heart rates. The elevation of intracellular [Ca?'] activates the CaMKII activity in

cardiac muscle cells, inducing the phosphorylation of RyR2s.

1.4.2 Oxidation and nitrosylation

Oxidation has been known to affect the Ca?* sensitivity of RyR2s and more interestingly
it also affects their affinity for CaM [184]. TheRyR has 80 to 100 cysteines per
monomer and 25 to 30 of them are in the reduced state. However, an additional 6 to 8
cysteines are hyperactive so they are very susceptible to oxidation [219]. Gating
properties are affected when the RyR1 channel is oxidized and it was thought to alter
the responsiveness of channel modulators such as Ca?*, Mg?*, ATP and caffeine. RyR
activity is reduced by NADH but increased by NAD* [220]. Reactive oxygen species
such as superoxide, hydroxyl radicals and hydrogen peroxide are found to affect the
Ca?* sensitivity of RyR2s and their affinity for CaM [184, 221, 222]. Reactive oxygen
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species affect SR function by affecting the activity of the RyR2 by the dissociation of
endogenous CaM from the SR [223].

Nitric oxide (NO) also plays a role in E-C coupling of cardiac muscle [224, 225]. Of
three NO isoforms expressed in mammalian cells, namely endothelial, neuronal and
inducible NO, the endothelial isoform is the main isoform under normal conditions.
Endothelial NO is localized to caveolae whilst neuronal NO is on the SR [226]. Under
pathological conditions where inflammation occured, the inducible NO was stimulated
by inflammatory mediators [227]. Notably, it has been reported that NO can regulate
the activity of the RyR channel[219, 228, 229]. The underlying mechanism whereby
NO has been found to have a role in ischaemic heart disease but remains poorly
understood [230].

1.5 Catecholaminergic polymorphic ventricular tachycardia (CPVT)

CPVT is an inherited arrhythmogenic disease in which bidirectional ventricular
tachycardia and sudden death are initiated by exercise or emotional stress in
circumstances where there is no structural heart disease. CPVT is usually diagnosed
before the age of 10 years but it can also occur at later ages [231, 232]. It is well known
that the main causes of CPVT are delayed after-depolarizations (DADs) and aberrant
calcium leak from the SR [233] associated with adrenergic stimulation. However, some
CPVT mutations (e.g. the knock-in mice model with R4496C mutation in RyR2) can
cause DADs in the absence of adrenergic stimulation [234]. Gain of RyR2 function and
Ca?" leakage from SR has been found in cardiac myocytes with RyR2 mutations,
CASQ2 and CaM [235-238]. RyR2 carries the primary gene for the autosomal
dominant type of CPVT [239] with approximately 60% of CPVT patients showing
mutations in RyR2 [231]. CASQ2 mutations are linked from 1 to 2 % of CPVT patient
cases [236], whereas CaM mutations have been identified in only two families. These
mutations all lead to enhanced basal activity of RyR2 channels during diastole [235,
240, 241].

More than 150 RyR2 mutations linked to CPVT have been discovered [242]. Two
mechanisms have been proposed to explain how the CPVT-linked mutations may
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increase RyR2 activity. Firstly, binding of FKBP12.6 to RyRs causes closure of the
receptor during diastole by stabilizing the channels in a closed state [101]. This
prevents abnormal calcium release during the diastolic phase of the cardiac cycle [101].
CPVT mutations in RyR2s reduced the binding affinity of FKBP12.6 [101] resulting in
decreased inhibition of the RyR2. Second, it is thought that RyR2 mutations interfere
with inter-domain interactions that stabilize the closed-state channel [243, 244]. This
idea originally came about to explain the observation that CPVT mutations of RyR2s
are found frequently in two separate domains, the N-terminal domain (amino acids 1to
600) and the central domain (amino acids 2000 to 2500); mutations in either domain
produced similar disease phenotype [245]. (The domain hypothesis is introduced in
more detail in section 1.7.2.)

Fourteen CASQ2 mutations linked to CPVT were discovered of which four are
nonsense mutations resulting in a non-functional protein [246]. CASQ2 null mice were
reported to have VT induced by exercise and catecholamines similar to transgenic mice
carrying the mutation in the RyR2 [141]. An aberrant calcium leak from the SR during
diastole was found in CASQ2-null myocytes when exposed to catecholamines [246].
Another study showed a vast reduction in calsequestrin protein could increase the
susceptibility of the heart to arrhythmias, independent of any changes in other SR
proteins including triadin and junctin [247]. It has been reported that CASQ2 loss leads
to increased RyR2 activity because CASQ?2 both acts as a buffer and a direct modulator
of SR Ca?* release [248].

Two CaM mutations have been linked to CPVT. Since CaM can directly bind to the
RyR2 decreasing its open probability [178], it has been suggested that an increase in the
RyR2 channel open probability could result from disruption of the interaction between
the RyR2 and calmodulin [238]. This suggestion was supported by several animal
studies investigating the effect of abnormal CaM and RyR2 binding on arrhythmia and
heart failure [178, 249, 250]. Xu et al, found that when stimulated with
catecholamines, a single mutation causing disruption of RyR2 and CaM resulted in
aberrant calcium leak and arrhythmia in a knock-in mouse with CPVT-type CaM
mutation (R2474S) [250]. Based on the finding from these animal studies, the linkage
study was done in a Swedish family with CPVT and reported that CALM1
(heterozygous missense mutation) is associated with CPVT [238]. They also
discovered that another missense CPVT mutation (N98S) contributed to the defective
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interaction between RyR2 and CaM, causing aberrant calcium leak [238]. The
conclusion was that both CALM1 and N98S cause the development of early onset
CPVT exhibiting a CPVT-like arrhythmia [238].

Recent reports show that only one type of CPVT-CaM mutant (N541) increased open
probability of the RyR2 in single channel recordings. Two different types of mutant
CPVT-CaMs (N541 and N98S) were added to RyR2s devoid of endogenous CaM, using
a specialized tube system during single channel recording. Interestingly, N541-CaM
significantly increased the activity of the RyR2 channel compared with either WT-CaM
and N98S-CaM, whereas N98S-CaM failed to inhibit the channel [251].

1.6 Malignant hyperthermia (MH)

MH is a pharmacogenetic disorder of skeletal muscle, which is usually characterized by
a life-threatening hypermetabolic crisis upon exposure to halogenated volatile
anaesthetics during surgery. A rise in core body temperature, increase in aerobic and
anaerobic metabolism, elevated CO2 and lactic acid, tachycardia and skeletal muscle
contractures are usually observed in an MH episode [252, 253]. MH episodes affect
1:12,000 to 1:50,000 individuals receiving general anesthesia. However, the true
number of MH susceptible people is believed to be much greater as only individuals
who undergo anaesthesia could be noted [254]. It was first demonstrated in pigs that
MH resulted from a defect in the skeletal muscle RyR1 [255]. MH episodes may be
precipitated by triggering agents such as halothane, producing a large increase in
cytoplasmic [Ca?"] in skeletal muscle [252, 253] leading to muscle rigidity (i.e.,
contraction) and hyperthermia [252, 253]. The responses stem from Ca?*-dependent

activation of muscle contraction and aerobic and anaerobic metabolism.

Thirty-four RyR1 mutations in human families that exhibit MH have been identified
[256-258]. As seen with CVPT mutations in the RyR2, the majority of the RyR1
mutations are located within an N-terminal (residues 35-614) or central domain
(residues 2129-2458) of the protein whereas fewer mutations are found in the C-
terminal region (residues 3916-4942) [259]. This suggests a role for inter-domain
interactions in the etiology of the disease. It has been reported that up to 70% of
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families susceptible to MH carry one of the thirty-four casual mutations for MH, with

other potential variants yet to be identified [258].

A CASQ1 knock-out mouse study showed these mice are susceptible to heat and
anaesthetic-induced mortality analogous to MH, suggesting that calsequestrin could be
another potential candidate for MH [260-262]. Some CASQ1 variants have been
identified in humans [263] however, there is no clear evidence that variants in this gene
can cause MH [264].

At least six genetic loci, in addition to RyR1, have been implicated in MH. However,
only one other gene, CACNA1S that encodes the main subunit of L-type channels, is
altered by an MH-linked variant [265-267]. MH has been linked with DHPR mutations
in two families, suggesting that MH can stem from a defect of more than one
component of E-C coupling. Central core disease (CCD) is also linked with mutations
in the RyR1 and most of these individuals are also diagnosed as MH [257] but exhibit a
different phenotype. CCD is a rare non-progressive myopathy which is usually
characterized by hypotonia and proximal muscle weakness [268]. An interesting
finding is the reduced threshold for K*-induced contractions of MH muscle fibres
suggesting that MH mutations have an effect on the sensitivity of Ca?* release from the
SR to the level of depolarization of the transverse tubule membrane. Moreover, SR
Ca?* release is activated at more negative membrane potentials in myotubes from MH
than control pigs [269, 270]. Taken together, these studies indicate that MH mutations
increase RyR1 sensitivity to activation by the voltage-sensing DHPR during EC

coupling.

Recently, STAC3 gene (stac3) has been identified as one of the candidates of MH
mutations in a Native American tribe [271]. The ablation of stac3 results in severe
locomotor defects and a decrease in EC-coupling as observed in Zebra fish [272]. In
addition, paralysis and perinatal lethality were found in STAC3 knock-out mice [273].
The STAC3 protein was shown to traffic together with the L-type calcium channel,

supporting a role for STAC3 in EC-coupling [274].

The effects of MH mutations on channel regulation by endogenous regulators such as
Ca?", Mg?* and CaM and pharmacological agents such as caffeine, halothane, and
dantrolene were characterized in isolated SR vesicle preparations [275-279]. The MH

arg615—cys mutation in the RyR1 resulted in an increase in RyR1 activation by Ca?*
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without affecting the Ca?* threshold for activation [279, 280]. Similarly, the human MH
gly2434—arg mutation within the central domain also increased RyR1 activation [275].
In addition, it was reported that the inhibitory effect of Mg?* on the RyR1 is reduced in
MH arg615—cys muscle [281].

CaM regulation was originally suggested to be affected in MH [282]. In relaxed
muscle, CaM activates channel activity in the presence of submicromolar concentrations
of Ca?* and a significant increase in CaM activation was observed in the MH muscle
mutation [280].

1.7 Dantrolene

1.7.1 Role of dantrolene

Dantrolene is a hydrantoin derivative that acts as a skeletal muscle relaxant [280]. It is
the most effective drug for treating malignant hyperthermia [283]. It can also be
administered in treating other medical conditions such as neuroleptic malignant
syndrome and muscle spasticity [284]. Clinically, a concentration of ~10 UM has been
used to treat this condition [285]. Dantrolene suppresses the abnormal Ca?* elevation in
skeletal muscle, muscle contracture and accelerated metabolism. It is a muscle relaxant
that acts directly within the fibre and inhibits SR Ca?* release [32]. It was demonstrated
that dantrolene (~10 uM) reduced skeletal muscle contraction by 50% through changing
the sensitivity of contractile activation to higher membrane potentials [286]. Dantrolene
inhibits SR Ca?* release and hence inhibits muscle contracture and accelerated
metabolism which are the major problems [285]. Interestingly, it was demonstrated that
the action of dantrolene on RyR1s is to reduce the extent of channel activation by CaM

although they missed out the essential role of CaM in dantrolene inhibition [280].

A dantrolene binding site has been identified in the DP1 regions in RyR1 and RyR2
[283, 287-289]. Interestingly, dantrolene also binds to the respective amino sequence
(amino acid 601-620) of the RyR2 [289, 290]. Some groups have therefore proposed
that dantrolene has an effect on cardiac RyR2s [283, 291]. However, Diaz-Sylvester PL
et al.(date) did not see any effect of dantrolene on the activity of RyR2 channels [292].
In our single channel recordings, CaM dissociated within a minute when SR vesicles

were incorporated so CaM had been absent in the experiments. Recently, it was
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reported that abnormal Ca?* release in heart failure is ameliorated by dantrolene [249,
283]. Dantrolene was also found to preserve inotropy in heart failure cardiomyocytes
by reducing the frequency of diastolic Ca?* sparks and increasing the threshold of SR
Ca?* release. Thus, it prevents the loss of Ca?* from cellular storage of myocytes [280].
Interestingly, it was found that dantrolene altered the binding of CaM to the RyR [250].
It is possible that the inhibitory effect of dantrolene is achieved via its interaction with
CaM.

MH is an inherited muscular disorder in which the majority of identified mutations are
located in the genes encoding RyR1 [293, 294] or L-type Ca?* channels [265, 295-297].
Dantrolene reduced the aberrant Ca?* release from the SR into the myoplasm during an
MH episode [284]. Interestingly, dantrolene has been shown to reduce store-operated
[298, 299] and voltage-triggered Ca?* entry [300, 301] into muscle from outside the cell.
One of the major routes of calcium entry is the Ca?* current conducted by L-type Ca?
channels [301, 302]. It was accepted that dantrolene inhibits E-C coupling without
greatly affecting the ability of skeletal muscle fibres to conduct action potentials [303].
In contrast, it was recently reported that dantrolene has an inhibitory effect on skeletal
muscle Ca?* current and charge movement attributed to L-type Ca?* channels [301, 304,
305], suggesting the dantrolene inhibition of L-type Ca?" channels by altering the
membrane environment. Bannister et al., 2013 investigated whether the depolarizing
shift was a consequence of a dantrolene-induced depression in membrane excitability or
a modification of bidirectional communication between RyR1 and L-type Ca?* channels
[306]. Firstly, they measured the effects of dantrolene on Na* currents as an assay to
gauge membrane excitability. Dantrolene did not show any effect on the average peak
current density, voltage dependence of activation, voltage dependence of inactivation or
recovery from inactivation of the Na* current in developing myotubes [306], thus ruling

out the membrane excitability as a plausible explanation for dantrolene action [306].

They further investigated the dantrolene inhibition of L-type Ca?* currents from (RyR1
null) myotubes. Interestingly, the dantrolene effect was not observed on the amplitude,
voltage dependence or inactivation kinetics of L-type Ca®" currents in Dyspedic (RyR1
null) myotubes [306], thereby excludingdirect interaction of dantrolene with L-type
Ca?* channels. It could be suggested that dantrolene might selectively interact with high
Po state of L-type Ca?* channels that occurs with the influence of the RyR1 [24, 307].
Finally, they concluded that expression of RyR1s is necessary for dantrolene inhibition
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on L-type Ca?* channels with dantrolene altering the conformational coupling between

the two channels.

1.7.2 Dantrolene and domain interaction theory

The majority of MH mutations are localized in the N-terminal (Cys35-Arg614), and
central (Asp2129-Arg2458) domains whereas fewer mutations are found in the C-
terminal region (11e3916-Gly4942) [259]. One of the characteristics of RyR1 Ca?*-
release channels with MH mutations is the SR Ca?* leak [259, 308]. An hypothesis of
domain interaction has been proposed whereby interactions between the N-terminal and
the central domain of the RyR1 are involved in Ca®* regulation, serving as a “domain
switch” [243, 309-311]. In the resting state, there is close contact between the N-
terminal and the central domain at several as yet unidentified subdomains (domain
zipping). This domain zipping stabilises and maintains the closed state of the Ca®
channel. Stimulation of the RyR1 during E-C coupling and some pharmacological
agents such as halothane and succinylcholine, weaken the interdomain contacts and
reduce the conformational constraints (domain unzipping), lowering the energy barrier
for the Ca®* channel opening. MH mutations were reported to weaken the domain
interactions between the N-terminal and the central domains, destabilising the closed
state of the channel [312]. Kobayashi et al. used DP4 (a synthetic peptide
corresponding to amino acids 2442-2477 of the RyR1) or anti-DP4 antibody to mimic
the MH condition [313]. They used the Stern-Volmer plot of fluorescence quenching of
MCA that is attached to the N-terminal domain, with different concentrations of DP4.
The Stern-Volmer quenching constant (Kq) which is equal to the slope of the plot, gives
the measure of the degree of domain unzipping. Dantrolene stabilized a zipped
configuration of the domain switch altered by DP4 because dantrolene reduced the Ko
that was increased by DP4 [313].

Interestingly, some RyR2 mutations in cardiac disease patients were found in the
regions corresponding to the skeletal N-terminal and central domains where most of the
MH mutations are found [314]. This led to the suggestion that RyR1s and RyR2s share
a common intrinsic regulation of domain interactions. It was reported that channel
gating is destabilized by the inter domain interaction defect of RyR2s, leading to

contractile dysfunction [315]. Kobyashi et al.,, 2005 proved that a weakened
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interdomain interaction is one of the key mechanisms underlying the pathogenesis of
ARVC2, CPVT and heart failure [313]. In heart failure, an unzipped or destabilized
interdomain interaction between the domains of RyR2 channels was observed which
could be the result of posttranslational modifications such as phosphorylation [92, 316]
or oxidation [317]. These altered interactions contribute to the defective function of the
channel and aberrant cellular Ca?* dynamics. It was also suggested to cause the
increased diastolic Ca* leak and activation of spontaneous Ca?* waves [318, 319]. The
Ca?" leak via the RyR2 causes the loss of Ca?* from the SR with the NCX extruding
these Ca?" ions out of the myocyte [320]. This loss of Ca?* reduces the Ca®* content of
the SR, weakening myocyte contraction [321, 322]. It was proposed recently that
dantrolene could stabilize the interdomain interaction of RyR2 and prevent Ca?* release
from the SR during diastole in heart failure [141, 249, 313]. In addition, it was found
that dantrolene decreased the frequency of Ca?* sparks whereas it increased the SR Ca?*

content in HF myocytes [323].

1.7.3 Dantrolene as a potential anti-arrhythmic drug

There are a few reasons why dantrolene has been considered an antiarrhythmic drug
through its action on RyR2. RyR1 and RyR2s are both likely regulated by similar
interactions between the N-terminal and central domains. Disruptions in these
interactions are believed to lead to MH in skeletal muscle, CPVT and heart failure in
cardiac muscle. The ability of dantrolene to restore failing interdomain interactions in
RyR1s and RyR2s [283], provides a mechanism for its therapeutic action for MH and
therefore may also be therapeutic in CPVT and heart failure in cardiac muscle. They
reported that dantrolene inhibited Ca?" leak and improved the cardio myocyte function
in the failing heart. This finding has opened the doors for the development of new

therapeutic drugs against heart failure, arrhythmia and CPVT [283].

1.7.4 Dantrolene effects on the RyR affinity for divalent ions

Dantrolene inhibition was shown to depend on the cytosolic [Ca?*]. Ca?" release
experiments in skinned fibres of mouse skeletal muscle showed that dantrolene reduced
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the rates of Ca?" release (~50%) but it exhibited very little effect on Ca?* release at
higher Ca?* concentrations. Similarly, dantrolene inhibition of RyR2 also depends on
the cytosolic [Ca?*]. Dantrolene inhibits the frequency of Ca®* sparks but does not
inhibit the amplitude of Ca®" transients [323, 324]. Thus, dantrolene was a diastolic
inhibitor of Ca*" release in rabbit failing heart [323] and it reduced diastolic SR Ca**
leak after ventricular fibrillation [324]. Dantrolene inhibition was also observed on the
ryanodine binding to MH-susceptible (MH) and normal vesicles activated by Ca** and
CaM, highlighting the importance of Ca®" and CaM in dantrolene inhibition [280].

The dantrolene effect on skinned muscle fibres was reported to be more pronounced
when ATP was present in the medium [325]. It was supported by another finding that
adenine nucleotides enhanced the binding of [*H]-dantrolene to SR vesicles [326].
Zhao et al. (2001) further reported that dantrolene inhibition was dependent on adenine
nucleotide as they found dantrolene inhibition of [*H]ryanodine binding only in the
presence of ATP [291].

A physiological Mg?* concentration (~1mM) fully blocks RyR1 activation by Ca?* [20,
327], effectively preventing SR Ca?* release in resting skeletal muscle [327, 328].
RyR1 activation during E-C coupling is dependent on L-type Ca?* channels causing a
reduced Mg?* affinity for the RyR1 [329]. Dantrolene inhibition of SR vesicle [°H]-
ryanodine binding was not associated with an altered ICso for Mg?* [291]. They further
indicated that the effects of dantrolene on the apparent Ca?* affinity of RyR1 activation

sites [280] were not associated with changes in the affinity of these same sites for Mg?*.

1.75 Dantrolene reduces RyR1 sensitivity to caffeine

Dantrolene reduces the sensitivity of the isolated RyR1 to Ca?* activation and it was
suggested that a reduced affinity of Ca?* binding to RyR1 activation sites might be the
basis of dantrolene inhibition of Ca®" release in skeletal muscle [280]. Caffeine
activates the RyR by increasing the Ca?" sensitivity of the channel [328]. A reduction in
the threshold for caffeine activation is characterized in MH RyR1 mutations[330]. To
show this was possible, Zhao et al., 2001 examined the effect of dantrolene on the
RyR1’s sensitivity to caffeine [291]. They reported that dantrolene (10uM) shifted the
caffeine threshold for activation of [*H]ryanodine binding to higher caffeine

concentrations, and also increased the ECso activation of both MH and normal SR
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vesicles more than two-fold[291]. They concluded that dantrolene reduced the apparent
caffeine sensitivity of the RyR1 and opposed the effects of MH mutations on caffeine

activation of RyR1s.

1.8 Hypotheses and objectives

Hypothesis 1:

CaM regulates the function of the RyR1 by altering its calcium and magnesium

regulation.

The first objective was to fully understand how CaM regulation of RyR1s is modulated
by Ca?* and Mg?* ions (Chapter 3).

Hypothesis 2:

CaM is essential for dantrolene inhibition of cardiac RyR (RyR2) and skeletal RyR
(RyR1).

The second and main objective was to investigate the inhibition of RyR1 and RyR2 by
dantrolene in the presence and absence of exogenous CaM. This study presents the first

measurement of dantrolene inhibition in single channel recordings. (Chapter 4).
Hypothesis 3:
Dantrolene inhibits the RyR2 even in the presence of mutant CaM (N541 and N98S).

The third objective was to test whether dantrolene inhibition could be observed in the
presence of mutant CaMs that can alter the channel function. Dantrolene inhibition of
RyR2s was therefore measured following the addition of mutant CaM to the bath
solution during single channel recordings. (Chapter 4)

Hypothesis 4:

Dantrolene inhibition of RyR1 is modulated by cytosolic and luminal [Ca?'] and
cytosolic [Mg?'].

The fourth objective was to investigate how Ca?" and Mg?* modulate dantrolene
inhibition of the skeletal RyR1 from both the luminal and cytosolic sides of the channel.
(Chapter 5)
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Hypothesis 5:
Dantrolene inhibits RyR1 activity altered by ATP, halothane and DP4.

The fifth objective was to test whether dantrolene could inhibit the channel activity

altered by ATP, halothane and DP4 (Chapter 5).

Hypothesis 6:
Dantrolene inhibition of RyR2 depends on cytosolic [Ca?*]

The final objective was to understand the cytosolic [Ca?']-dependent effect of
dantrolene inhibition by measuring the effects on RyR2 receptors at different cytosolic

[Ca?*] (Chapter 6).
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Chapter 2 Methods

2.1 Source of tissues

SR vesicles containing cardiac ryanodine receptors (RyR2) for this study were obtained
from sheep and human hearts. Skeletal muscle ryanodine receptors (RyR1) were
isolated from rabbit skeletal muscle. Animal tissues were obtained with approval from
the Animal Care and Ethics Committee of the University of Newcastle, Australia
(Approval number A-2009-153). Human tissues were obtained with an approval from
the human research ethics committees of University of Newcastle (approval number H-
2009-0369) and the University of Sydney (approval numbers 09-2009-12146 and
2012/2814). Human left ventricular tissues were obtained from explanted ‘unused'
donor hearts of four non-myopathic (healthy) patients and a failing heart tissue was
obtained from explanted hearts from patients with terminal heart failure undergoing
heart transplantation. The characteristics of donor hearts (failing and non-failing human
hearts) are summarized in Table 2.1. Hearts were flushed with an ice-cold cardioplegia
package under sterile conditions and were then transported by the Australian Red Cross
Blood Service and delivered to the Bosch Institute. Liquid nitrogen (-196° C) was used
to snap freeze the transmural sections of the left ventricle free wall (~1 g) within three
to four hours of delivery.
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Sample Sex Age Cause of death/ Source

aetiology
6.048 RV F 54 Subarachnoid University of Sydney
haemorrhage
7060 LV M 40 Stroke University of Sydney
ICM LV M 58 Ischemic Cardio Queensland University of
Myopathy Technology

Table 2.1: Characteristics of hearts from the Human Heart tissue repository;
(University of Sydney and the Queensland University of Technology. Failing heart
tissue (ICM) was obtained from explanted hearts of patients with terminal heart failure

undergoing heart transplantation. LV: left ventricle, RV: right ventricle.
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2.2 Preparation of SR Vesicles

Isolation of SR vesicles was based on previous methods [331, 332]. Muscle tissues
were minced and homogenized in a Waring blender (4 x 15 sec bursts at high speed) in
homogenizing buffer containing 0.3 M sucrose, 10 mM imidazole, 0.5 mM
dithiothreitol (DTT), 3 mM sodium azide, and 20 mM NaF; pH 6.9, and the protease
inhibitors, 0.5 mM phenylmethylsulfonylfluoride (PMSF), 1 ug/ml leupeptin, 1 ug/ml
pepstatin and 1 mM benzamidine. , About 1-2 g of tissue in 10 ml of buffer was used
for human preparations and about 100 g of tissue in 500 ml of buffer was used for sheep
preparations. NaF was used to stop the action of phosphatases during the RyR isolation
procedure. The homogenate was further homogenised by 10 manual strokes of a loose
glass/glass Dounce homogenizer. The homogenate was then centrifuged at 8,000 g for
20 minutes using a Beckman Optima L-100XP ultracentrifuge so as to sediment cell
debris and connective tissue. The supernatant was centrifuged at 170,000 g for 30
minutes to collect the cell microsomes. The resultant pellet was resuspended with a
glass/glass Dounce homogenizer in homogenizing buffer containing 0.65 M KCL,
incubated for 30 minutes on ice before centrifuging at 8,000 g for 15 minutes to
sediment the myosin. The supernatant was centrifuged at 170,000 g for 1 hour. The
pellet containing SR vesicles was resuspended in storage buffer (homogenizing buffer +
0.65 KCI), snap frozen in liquid nitrogen and stored at -80°C. For the majority of the

experiments, about 1-2 ul of preparation was used to obtain the channel fusion.

2.3 Single Channel recording

2.3.1 Overall lipid bilayer set-up

The bilayer rig generally consists of an apparatus to support the lipid membrane, high
gain, amplification of signals, shielding from electromagnetic interference and
mechanical vibration, mechanisms for stirring and changing solutions, signal filtering,
data acquisition hardware and software, data analysis software, and a means to archive
acquired data. A schematic representation of the bilayer setup and current recording

system is shown in Figure 2.1.
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Figure 2.1: Schematic diagram of single channel recording system. The bilayer
chamber consisted of cis and trans baths separated by a partition on which the bilayer
was formed. A Delrin cup containing the trans bath is inserted into the chamber holder,
forming the cis bath. A hole formed by spark discharge was punched into the side of
the inner chamber to produce the support for the artificial lipid bilayer. The bevelled
PVC nozzle of the perfusion tube was positioned over the bilayer using a
micromanipulator connecting with 8 plastic syringes pressed by Teflon pistons. A large
portion of the lateral wall of the bath partition near the bilayer aperture was machined
away, allowing adequate access for the perfusion tube and flow solution. The bilayer
membrane and perfusion tube were viewed under a 10-40x binocular microscope.
Electrical connection with the bath was made using a silver chloride coated silver wire.
The cis chamber was electrically grounded to prevent the tubing leading to the flow
nozzle, the reservoir and the solution from becoming a source of electrical interference.
Voltage was controlled and current was recorded with an Axopatch 200B amplifier
(Axon Instruments). During the experiments, the bilayer current and voltage were
recorded at a bandwidth of 5 kHz (Modified from Laver DR (2009a)) [333].
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2.3.2 Membrane formation and vesicle fusion

Millar and Racker [334] discovered that SR vesicles isolated from muscle could be
incorporated into an artificial lipid bilayer in the presence of high [Ca?*] (1-5 mM) and
an osmotic difference across the bilayer. Atrtificial lipid bilayers were composed of a
lipid mixture of phosphatidylethanolamine and phosphatidylcholine (8:2 wt/wt) in n-
decane (a hydrophobic solvent, 50 mg/ml). A film drainage method was used to form
bilayers across the hole in a Delrin cup [335]. A flamed polished glass rod (1-2 mm)
was used to apply lipid to the surface of the aperture in a Delrin cup, providing a thick
lipid film separating the two baths. The lipids form two monolayers across the hole
(diameter 150-200 pum) with the n-decane between them. The n-decane drains under
buoyancy so the final thin bilayer forms due to compressive forces of Van der Waals
attraction between molecules in solution and either side of the bilayer membranes. In
most cases, the bilayers become thin spontaneously, but it can also be facilitated by
gentle touching of the film with the glass rod or by rapid changes of the voltage applied
across the lipid/n-decane film. The bilayer was observed either visually under the
microscope (Figure 2.2) or electrically by measuring the bilayer capacitance. The
geometry of the aperture is critical for the stability of the painted membrane. If the
diameter of the hole is small then the membrane formed will be mechanically robust and
the electrical noise reduced, whereas, a larger hole diameter increases electrical noise
and is mechanically more fragile. Notably, the probability of vesicle fusion to the

membrane is inversely proportional to the membrane size.

Silver chloride-coated silver electrodes were used to make electrical connections to each
chamber, transducing ionic currents in the electrolyte solution to an electron current
within the wire. This was done by utilizing a reversible oxidation/reduction reaction
between the silver in the electrode and CI- ions in the bath. The chemical reaction is

given below:

Cl +Ag"——AgCl+e”
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Figure 2.2: A photograph of a lipid bilayer (bottom half of aperture) formation from a
thick lipid film (top half). Lipid film is seen (reflecting light) in the upper half circle
due to the strong reflection of the incident light whereas the dark lipid bilayer is seenin
the lower half circle due to vanished reflection of the light. The bilayer portion of the
film spreads across the entire aperture in a few seconds, leaving a region of thick film at
the periphery. Photograph obtained from DR Laver (2001) [336].

This chemical reaction is associated with a voltage difference between the silver and the
electrolyte that depends on the Cl- concentration. Differences in these potentials at each
electrode produced an offset voltage on the lipid bilayer. This offset voltage was nulled

in the signal detection amplifier.

The bilayer chambers were mounted above a magnetic stirrer to provide stirring of the
cis bath to facilitate fusion of SR vesicles. The bilayer apparatus was enclosed in a
copper mesh Faraday cage to isolate the high impedance electronics from external
electrical noise. The bilayer apparatus was mounted on a vibration isolation table to

provide long-term mechanical stability for the lipid bilayer.
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RyRs (from human and sheep hearts and skeletal muscle) were incorporated into the
artificial lipid bilayer simply by adding SR vesicles containing ion channel proteins (1-
10 pg/ml) to the cis bath and stirring (using magnetic stirrer) until channel activity
indicated vesicle fusion with the bilayer (detected by conductance changes in the bilayer
membrane). The side of the bilayer to which the vesicles were added is defined as the
cis side and vesicles always fuse such that the cis bath faces the cytoplasmic side of the
membrane and the trans bath faces the SR luminal side. Conditions t used to promote
vesicle fusion are gradient in osmotic potential across the membrane (cis high) and cis
[Ca?*] at mmol/L concentrations, plus vigorous stirring of the cis bath. [332].

2.3.3 Amplification and filtering

Experiments were carried out at room temperature (23 £ 2° C). Electric potentials are
expressed using standard physiological conventions (i.e. cytoplasm relative to SR lumen
at virtual ground). Control of the bilayer potential and recording of unitary currents was
done using an Axopatch 200B amplifier (Axon Instruments Pty Ltd, Foster City, CA
USA) or a Bilayer clamp -525C (Warner Instruments Corp). The current signal was
digitized at 5 kHz and low pass-filtered at 1 kHz. The recordings were stored on
computer disk using a data interface (either Data Translation DT301 or DT3001) under
the control of in-house software written in Visual Basic by DR Laver (University of

Newcastle, Australia).

2.3.4 Chemicals and solutions

Lipids were obtained in chloroform from Avanti Polar Lipids (Alabama USA).
Caesium salt used in both cis and trans chambers was obtained from Aldrich Chemical
Company. CaClz: and MgClz, were from BDH Chemicals, and TES and ATP were
obtained from Sigma (St Louis, USA). Calmodulin (CaM) was obtained from either
Sigma (St Louis, USA; prepared from bovine testes) or Enzo Life Sciences (New York
USA; prepared from pig brain). Dantrolene (powder) was obtained from Sigma (St
Louis, USA). Dantrolene was prepared as stock solutions in DMSO and calmodulin

was prepared in milliQ water. Halothane was obtained from ICI Pharmaceuticals. The
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stock solution of halothane in the liquid form was used straight away after dilution
tothe required concentration (5mM). The concentration of halothane in the cis solution
was adjusted by adding liquid anaesthetic and sealing the solution in glass-teflon
syringes before the experiments were performed.  The peptide DP4 (?*2
LIQAGKGEALRIRAILRSLVPLDDLVGIISLPLQIP ?4") was obtained from Noriaki
Ikemoto (Boston Biomedical Research Institute, Watertown, Massachusetts 02472
USA).

In this study, 150 mM Cs* was used for all experiments since 250 mM Cs* could affect
the dissociation rate of CaM. During vesicle fusion the cis solution contained 150 mM
Cs" (130 mM caesium methane sulfonate (CsCH30sS), 20 mM CsCl), 1.0 mM CaCl2
and 500 mM mannitol, whilst the trans solution contained 50 mM Cs* (30 mM
CsCHs0sS, 20 mM CsCl2) and 0.1 mM CaClz. These solutions provided the necessary
Ca?* and trans bilayer osmotic difference necessary for SR vesicle fusion with the
bilayer. Caesium methane sulfonate was used as the principal salt in the bathing solution
to prevent current signals from other ion channels interfering with ryanodine receptor
recordings. After vesicle fusion and prior to single channel recording, the [CsCH30sS]
in the trans solution was increased to 130 mM by adding an aliquot of 4M CsCH30sS to
the trans bath (i.e., producing 150 mM Cs* in both cis and trans baths).

All solutions were pH buffered using 10 mM TES (N-tris[hydroxymethyl] methyl-2-
aminoethanesulfonic acid; ICN Biomedicals), and titrated to pH 7.4 using CsOH (ICN
Biomedicals). Solutions were buffered to a redox potential of -232 mV (cytoplasmic
level) using a combination of oxidized and reduced glutathione disulfide (GSSG (0.2
mM) and GSH (4 mM)). GSH and GSSG are the main intracellular redox buffers [337].
The ratio of redox buffer was calculated [338, 339] using the Nernst equation to

eliminate experimental variations in RyR2 activity.

In this study, Cs* was used as the principal current carrier because it has a higher
conductance (500 + 12 pS) in the RyR than Ca?* (110 + 10 pS) [340, 341] and therefore
increases both the current signal and the signal to noise ratio in the recordings. RyRs are
highly permeable to K* [342]. Therefore, K* will carry most of the current in vivo given
the high [K*] in the cell. Cs* was used as a surrogate for K™ because it relieves the
constraints on the Ca* concentrations used in the studies of Ca?* regulation of RyR2s.
In addition, CsMS salt also reduces interfering signals from K* and CI- channels (Cs*

blocks K* channels [343]) located in SR vesicles. Cs* is likely to be a good surrogate for
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K* because the Ca?*-dependence of [*H]ryanodine binding indicated that Ca®*
regulation of RyRs is the same in both K™ and Cs* solutions [19]. The use of CI" in both
cis and trans solutions stabilised junction potentials between the solutions and the
AgCl-coated silver electrodes. CI- concentrations were set at 20 mM which is similar to
levels present in the cell. The concentration of CI" in the solutions was not sufficient to

induce interfering unitary currents from the CI- channels present in SR vesicles.

Several Ca®* chelators were used to buffer free Ca?*. Free Ca?* was buffered using 4.5
mM BAPTA (1,2-bis(o-aminophenoxy) ethane- N,N,N’,N’-tetraacetic acid obtained
from Invitrogen; free [Ca®"] < 1 uM), dibromo BAPTA (up to 2 mM; free [Ca®']
between 1-10 pM) [344] or sodium citrate (up to 6 mM; free [Ca?*] between 10-50 uM
in the absence of Mg?*). Free Ca®" was titrated with CaCl.. Because all solutions
applied in the cis bath contained 2 mM ATP (ATP chelates Ca* and Mg?"), free levels
of Mg?* (added as MgCl.) were calculated using estimates of ATP purity and effective
Mg?* binding constants that were determined previously under our experimental
conditions [60]. Under given concentrations of ATP (mM), BAPTA (mM), ionic
strength, pH and temperature, free [Mg?'] in the cis solution was calculated using
Bound And Determined software [345],based on the equations established by Marks PW
and Maxfield FR [346].

Solution Component Final concentration
Homogenizing buffer | Sucrose 300 mM
Imidazole 10 mM
DTT 0.5 mM
Sodium azide 3 mM
pH 6.7 with HCI
Re-suspension or KCI 650 mM
storage buffer PMSF 0.5mM
pH 6.7 with HCI

Homogenising buffer | <100 pl

Protease inhibitors Leupeptin 1 ug/mi
Pepstatin A 1 pg/ml
Benzamidine 1 mM
PMSF 0.5mM

Table 2.2: Solutions used in SR vesicle preparation from skeletal and cardiac muscles
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2.3.5 Data Analyses

Single channel recordings of open probability (Po), mean open time (To) and mean
closed time (Tc) were measured using a threshold discriminator at 50% of channel
amplitude (Channel3 software by NW Laver) as shown in Figure 2.3. Recordings of

30s duration or longer were used to analyse the data.

Ty

Open -

Event discriminator

Closed -

5pA 100 msec

Open probability (Po) = (*to + 2ty + 3to.. .+ "to)/Ttotal
Mean open time (To) = (*to + 2ty + 3to...+ "to)/n

Mean closed time (Tc) = (Mc + %tc + 3tc...+ "tc)/n

Figure 2.3: Analysis of a single channel recording data. At + 40 mV, the upward
current signals show the channel opening and the baseline is regarded as channel
closure. The dashed line in the middle shows the current threshold and defines opening
and closing events of the channels. Open and closed dwell times are denoted by to and
tc respectively. Tital is the total time of the data and n is the number of events. The
above equations show how (Po), (To) and (Tc) are calculated using the above four

parameters. Figure adapted from Laver et al. (2001) [347] .

2.3.6 Calibration of Ca®* electrode

A Ca?* electrode (radiometer) was used in our experiments to determine the purity of

Ca?* buffers and Ca?* stock solutions as well as free [Ca?*] when [Ca?*] was >100 nM.
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A radiometer electrode was used to calibrate the Ca?* meter and buffer stock solutions.
The calibration of the Ca?* electrode and BAPTA stock solutions was done by titrating
CaCl: standard solutions with BAPTA solutions (a highly selective Ca?* buffer and less
sensitive to changes in pH, developed by Tsien in 1980 [348]). The titration was
monitored by the Ca?* electrode (Figure 2.3A) and the equivalence point, where the
concentration of BAPTA is equal to the concentration of Ca? indicates a precise
estimate of the concentration of the BAPTA stock. The titration curve was also used to
calculate the calibration curve for the Ca?" electrode (Figure 2.3B). A subsequent
titration using the calibrated BAPTA solution, was used to calibrate an experimental

Ca?*- stock solution.
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Figure 2.4: Ca?" electrode calibration. (A) The measured electrode potential (blue
circles) was plotted against the amount of BAPTA (~100 mM) added into the cis
solution (70 ml) initially containing a 1 mM Ca?* standard. The theoretical red line
shows the electrode potential calculated from the electrode calibration and the
dependence of free Ca?* on [BAPTAwtl] and [Ca?*wt]. The concentration of free Ca®

was calculated using the following quadratic equation:

~([Anion]; +K,,, ~[X ] )+ y/([Anion]; +K,,, ~[X ], F +4K,,,[X],
2

-

Where X is Ca?* and the anion is BAPTA in our titration, Kapp is the
apparent equilibrium constant and T is the total concentration of ligand. (B) The blue
line shows the linear relationship between the electrode potential (blue circles) and Ca?*
standards (pCa (—log[Ca?*], M)).
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2.3.7 Statistics

Unless otherwise stated, all data are presented as arithmetic mean * standard error of the
mean (SEM). The statistical significance of difference was determined using Student’s
t test on normal distributions. The test was performed as two sided for all paired data.
Asterisks indicate being significantly different to 100% where (*) p<0.05 was
considered significant and (**) p<0.01 was considered highly significant. One way
ANOVA was used to determine whether there are any significant differences between
the means of three groups. Optimization of theoretical curves to data was achieved

using Microsoft Excel Solver and least square criteria for best fit.
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2.3.8 Advanced perfusion methods

A perfusion system was established to allow solution exchanges in the cis chamber and
applied to single channel recordings. The perfusion apparatus consisted of 8 plastic
micro-syringes (1 ml-volume) driven by syringe pumps using computer control (Figure
2.4). These syringes were connected with PVVC and quartz tubes to a nozzle positioned
over the lipid bilayer. Pressure-driven syringe injections were used to flow the solution
over the bilayer, allowing solution exchanges at the nozzle. The advantage of this
system was that it provided flexibility in manipulating the different experimental
conditions. Thus, the response of channels to a variety of substances in the cytosolic
bath could readily be examined when solutions were rapidly and transiently altered.
This design permitted quite sophisticated experimental protocols to obtain detailed
information about mechanisms determining channel conductance and gating. The
concentrations of calmodulin, dantrolene, ATP, Ca?*, Mg?*, halothane and DP4 in the
cytoplasmic solution were altered by a local perfusion system [349] which allowed
exposure of a single channel to multiple bathing conditions applied in any chosen

sequence with an exchange time of ~3s.
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Figure 2.5: Bilayer perfusion system. The apparatus consisted of 8 separate plastic
syringes connected via PVC and quartz tubing to a micro manifold (2 ul dead space,
made in-house). Each syringe was loaded with a specific solution. Once the syringe
was selected via the computer, the piston pressed down on the syringe enabling the
solution to flow through the tube and micro manifold thus perfusing the lipid bilayer.
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Chapter 3

CaM Regulation of skeletal ryanodine receptors

3.1 Introduction

The skeletal ryanodine receptor (RyR1) is the calcium release channel located in the
sarcoplasmic reticulum of muscle cells that is essential for excitation-contraction
coupling (ECC) in a skeletal muscle [30]. Several endogenous ligands including Ca®",
Mg?*, ATP and the calcium binding protein calmodulin physiologically modulate the
gating properties of the channels [185, 350-353]. CaM, the major regulatory protein,
has been reported to bind tightly to RyRs regardless of whether it is in the Ca?*-CaM or
apo-CaM state [156, 354]. Regardless of whether CaM is Ca?* bound, CaM binding is 1
molecule of CaM per RyR subunit [180, 184]. The amino acid sequence 3614-3643 of
the RyR1 has been involved in binding for both apo-CaM and Ca?"-CaM [180, 181].
Fluorescence anisotropy measurements show that, in native skeletal muscle SR vesicles,
CaM binded to the RyR1 with high affinity (Ka = 5-25 nM) both in the absence and
presence of micromolar Ca?* [179, 180, 355]. Using electron microscopy techniques, it
was suggested the CaM binding site was on the RyR surface facing the cytoplasm (at
least 10 nM from the transmembrane channel of the skeletal rabbit ryanodine receptor)
[356]. In single channel recordings, CaM inhibition of the SR Ca?* release channel was
observed as a reduction in the channel open time with no observable effect on single-
channel conductance. In addition, CaM inhibition was observed in single channel
measurements even in the absence of ATP, highlighting again a direct inhibition of
CaM [64, 357-359].

ApoCaM is a weak activator of RyR1s whilst Ca?*-CaM is an inhibitor of the channel
activity [179, 360-362]. Bilayer studies demonstrated that micromolar concentrations of
cytoplasmic Ca?* activates the RyR1 channel whereas millimolar concentrations inhibit
the channel. This biphasic regulation is characterized by the typical bell-shaped Ca?*
concentration dependence [19, 72]. On the other hand, SR calcium stores also play an
important role in the regulation of Ca?* release in skeletal muscle [363]. Increased
luminal Ca?* concentration enhanced the RyR1 opening when activated by ATP [60,
67, 69]. ATP activates the rabbit skeletal RyR1 in single channel recordings with a Ka
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of ~0.36 mM [62]. Binding of ATP to a low-affinity site (Ka ~ 1 mM) stimulates the
RyR1 channel opening even in the absence of cytoplasmic [Ca?*] [17]. Using *[H]-
ryanodine binding assays, it was found that the adenine nucleotide is the absolute
requirement for CaM activation of RyR1s, suggesting an interaction between CaM and
ATP activation of the RyR1 [177]. On the other hand, Mg?* has a powerful inhibitory
effect on skeletal ryanodine receptors under resting conditions. Mg?* can inhibit RyRs
as it competes with Ca?* for the activation and inhibition sites as an antagonist [18,
364]. The affinity of the activation site (A-site) for Mg?* is approximately more than
50-fold lower than for Ca?*, and Mg?* binding does not activate the channel [20].
According to the dual inhibition model, it is predicted that competition between Ca?*
and Mg?* at the A-site results in significant Mg?* inhibition when muscle is at rest (the
cytoplasmic Ca?* level is less than 100 nM)[20]. However, I-sites produce Mg*
inhibition (Ki= 200 uM) over the entire physiological range of the [Ca?'] [20, 281]. In
skeletal muscle, Ca?* activation is mainly regulated by the presence of Mg?* in the
cytoplasm and lowering the free [Mg?*] below its physiological level of 1 mM to
approximately 0.05 mM causes spontaneous RyR1 opening so that all the Ca?" is lost
from the SR [82, 83].

It is not fully understood how CaM regulation of RyR1s is affected by Ca?*, Mg?* and
ATP. Moreover, although regulation of RyR1s by Ca?*, Mg?* and ATP is well
characterised, there is little data on these regulation processes in the presence of CaM
[179]. Therefore, in this thesis the single channel recording was used to investigate the
effects of CaM on Ca?* activation and inhibition of RyR1s as well as its regulation by

luminal Ca?* and inhibition by cytoplasmic Mg?* in the single channel recording.

There is also a wide range of exogenous effectors of RyR1s [352, 353]. Two of these
relevant to this study are halothane and the RyR1 domain peptide DP4. Halothane is
known to trigger malignant hyperthermia in individuals carrying mutations in RyR1
[365, 366]. Louis et al. (1992) suggested SR calcium release as the primary site of
volatile anesthetics in skeletal muscle [367]. It has since been found that halothane at
mM concentrations less than 1 mM, is a strong activator of the RyR1 channel [292, 368,
369].
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DP4 is a synthetic domain peptide which induces SR calcium release [309] and
increases the gating activity of RyR1 in the single channel recording [370]. DP4 is
believed to do this by competitively displacing the corresponding region of RyR1 in
domain-domain interactions between amino acids Leu-2442-Pro-2477 [310]. In doing
so, DP4 mimics the domain-disrupting effects of MH mutations in RyR1s. Again, there
have been no studies of how these substances alter RyR1 activity in the presence of

CaM and this study will address this gap.
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3.2 Materials and Methods

3.2.1 Single channel recording

In all experiments in this chapter, SR vesicles containing RyR1s were isolated from
rabbit skeletal muscle [371] and incorporated in artificial bilayer membranes as
described in Chapter 2 (2.3.2). Control of the bilayer potential and recording of unitary
currents were made using an Axopatch 200B amplifier (Axon Instruments Pty, Ltd).
Single channel recordings of open probability, mean open time and mean closed time
were measured using a threshold discriminator at 50% of channel amplitude (Channel3
software by NW Laver). See Chapter 2 (2.3.5) for details.

3.2.2 Statistics

Unless otherwise stated, all data were presented as arithmetic mean + standard error of
the mean (SEM). The statistical significance of difference was determined using
Student’s ¢ test on normal distributions. Asterisks indicate being significantly different
to 100%. (*) p<0.05 was considered significant and (**) p<0.01 was considered highly
significant. One way ANOVA was used to determine whether there are any significant

differences between the means of three groups.
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3.3 Results

3.3.1 CaM regulation of RyR1s depends on the cytoplasmic Ca?* concentration

The effects of 100 nM exogenous cytoplasmic CaM were measured to determine the
open probability of the RyR1 over a range of cytoplasmic [Ca?*]; Anexample recording
is shown in Figure 3.1 and grouped data in Figures 3.2-3.4. Consistent with the
previous findings [179, 372, 373], CaM had a biphasic effect on RyR1, by increasing
the open probability of the RyR1 to ~150 % of control (i.e. vehicle alone) at
cytoplasmic [Ca?*] of 0.1 uM but it reduced the open probability of the RyR1 to ~50 %
of control (i.e. vehicle alone) at 1 uM and also at concentrations above 500 uM (Figure
3.2). Notably, CaM had no significant effect on RyR1 at intermediate cytoplasmic
[Ca?*] of 10-100 uM. The effects of CaM were mediated by changes in both the mean
open time (To) and opening rate (1/Tc¢) of the RyR1 (Figures 3.3 and 3.4). CaM
reduced the mean open time of the RyR1 at 1 uM and also at concentrations above 500
uM but had no effect at 0.1 uM and intermediate cytoplasmic [Ca?*] between 10 and
100 uM (Figure 3.3). CaM increased the opening rate of theRyR1 to ~130 % of control
(i.e. vehicle alone) at cytoplasmic [Ca?*] of 0.1 uM but it reduced the opening rate of
RyR1s to ~69 % of control at 1 uM and also to 60-76 % at concentrations above 500
uM (Figure 3.4). Again, CaM failed to have any impact on the opening rate of RyR1s
at intermediate cytoplasmic [Ca?*] of 10-100 uM, following a similar pattern of CaM
effects on open probability. Therefore, it could be concluded from the data that CaM
regulation of RyR1 depended on cytoplasmic Ca?* concentrations and these changes

could be due to effects of CaM on mean open time and the opening rate of the RyR1.
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Figure 3.1: CaM regulation of RyR1s depends on cytoplasmic calcium
concentration. Single channel recordings for CaM regulation of RyR1s at 0.1 uM, 10
uM and 1 mM cytosolic Ca?*. The luminal bath contained 0.1 mM Ca?*. Experiments
were carried out at +40 mV and the upward current jumps represent the channel

openings. The arrows show the recording baseline.
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Figure 3.2:  Relative changes in open probability induced by 100nM CaM over a
range of cytoplasmic [Ca?*] from 0.1uM to ImM. The luminal bath contained 0.1 mM
Ca?* and experiments were carried out at +40 mV. Numbers of measurements for each
bar are given in the figure label. The asterisks show values significantly different to
100% (* p<0.05, **p<0.01, mean + SEM).
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Figure 3.3:  Relative changes in open time (To) induced by 100 nM CaM over the
range of cytoplasmic [Ca?*] from 0.1 uM to 1 mM. The luminal bath contained 0.1 mM
Ca?*" and experiments were carried out at +40 mV. Numbers of measurements for each
bar are given in the figure labels. The asterisks show values significantly different to
100% (* p<0.05, **p<0.01, mean + SEM).
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Figure 3.4:  Relative changes in opening rate (1/Tc) induced by 100 nM CaM over
the range of cytoplasmic [Ca?*] from 0.1 uM to 1 mM. The luminal bath contained 0.1
mM Ca?* and experiments were carried out at +40 mV. Numbers of measurements for
each bar are shown in figure labels. The asterisks show values significantly different to
100% (* p<0.05, **p<0.01, mean + SEM).
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3.3.2 Effects of luminal [Ca?*] on CaM regulation of RyR1s at positive and
negative voltages

Figure 3.5 shows the CaM regulation of RyR1s at different luminal [Ca?'] in the
presence of 100 nM cytoplasmic Ca?" and cytoplasmic ATP (2mM), and absolute
values for the vehicle (control) group are shown in Table 3.1. CaM significantly
increased the open probability of the RyR1 by ~140% at both 0 and 100 puM luminal
[Ca?*] whereas it was inhibited by 25-35% at 1000 uM luminal [Ca?*]. Also tested at
various voltages,was the CaM effects on RyR1s at different luminal [Ca?"] as this
could give an indication whether CaM senses the flow of Ca?* through the pore.
However, CaM effects did not depend on the voltage difference at any luminal [Ca?*]
tested. It was further investigated how CaM regulated the activity of the RyR1 by
measuring the effects of CaM on mean open time and opening rate. The effects of CaM
on the mean open time were barely observed at any luminal [Ca?*] at both positive and
negative voltages, except at 100 pM luminal Ca?" at positive voltage where a slight
effect on the mean open time reached statistical significance (Figure 3.5B). In contrast,
CaM increased the opening rate of RyR1s by 130-160% at 0 and 100 uM luminal Ca?
but reduced it by 30-40% at 1000 puM luminal Ca?" at both positive and negative
voltages (Figure 3.5C). This result agreed withd the pattern of regulation on the open
probability (Figure 3.5A). Therefore, it could be concluded that CaM regulation
depends on the luminal [Ca®"] and it works mainly through the modulation of the

opening rate of the channel regardless of the voltage.

Luminal [Ca?*], uM Voltage n Po To (Ms) UTe (1/s)
) +) 8 | 03+01 |12 +03| 04%01
) 11 0.1+01 19+0.6 | 0.08+0.02
100 (+) 14 0.1+£01 1.3+£06 | 0.15+£0.04
) 8 |006+003| 0802 | 0.07%0.02
+) 10 | 0501 | 44+12 | 04+0.1
1000
) 8 | 0601 | 22+04 | 08%01

Table 3.1:Absolute values of open probability (Po), mean open time (To) and opening

rate (the inverse of mean closed time, Tc) for wvehicle (control) groups.
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Figure 3.5: The effects of luminal [Ca*] on CaM regulation of RyR1s. Relative
activation and inhibition of the RyR1 (A) open probability (Po) (B) mean open time
(To),, and (C) opening rate (the inverse of mean closed time, Tc) by 100 nM CaM at
three different luminal Ca?* concentrations and at positive and negative 40 mV.
(Numbers of measurements for each bar are given in figure label.) The cytoplasmic
bath contained 100 nM Ca?" and 2 mM ATP. The asterisks show values that are
significantly different to 100% (* p<0.05, **p<0.01, mean + SEM).

62



3.3.3 Role of cytoplasmic Mg?* in dantrolene inhibition of skeletal ryanodine
receptors

The effects of CaM on RyR1 at 100 nM cytosolic [Ca?*] in the absence and presence of
20 and 50 uM cytosolic [Mg?*] were measured (Figure 3.6). CaM equally increased
the open probability of the RyR1 to approximately 150-200% in all cases at 100 nM
cytoplasmic [Ca?*] (with 2 mM ATP) and these changes were associated with an
increase in the open time and the opening rate of the receptors (Figure 3.6). In
addition, there were no statistically significant differences between average values at
any [Mg?*] as determined by one-way ANOVA (p = 0.25). One can also interpret these
data to mean CaM activation of the RyR1 had little impact on the potency of RyR1
inhibition by cytosolic [Mg?*]. It is noted that the absolute Po values for all control
groups (Table 3.2) do not seem to follow the Mg?* inhibition. This was mainly due to
the fact that channel activity of the skeletal muscle ryanodine receptor greatly varies
from one experiment to another. In fact, at concentrations of 20 and 50 pM, Mg?* had a
strong inhibitory effect on RyR1s as shown in Figure 5.11.
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Figure 3.6:  Relative activation of RyR1 open probability (Po), mean open time (To)
and opening rate (the inverse of mean closed time, Tc¢) induced by 100 nM CaM in the
presence of low cytoplasmic [Ca?*], ATP (2 mM) and various Mg?* concentrations.
The luminal bath contained 0.1 mM [Ca?']. Experiments were carried out at +40 mV.
The numbers of measurements for each bar are given in the figure label. The asterisks
show values that are significantly different to 100% (* p<0.05, **p<0.01, mean +
SEM).

Cytosolic [Mg?*], uM n Po To (Ms) 1T (1/s)
0 uM 8 0.05+0.03 0.6+0.1 0.07 £ 0.03
20 uM 9 0.06 £0.01 0.8+0.1 0.08 £0.02
50 uM 12 0.13+0.03 1.0+£0.1 0.14+£0.04

Table 3.2:  Absolute values of open probability (Po), mean open time (To) and
opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the absence

and presence of different concentrations of cytoplasmic Mg?*.
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3.34 CaM regulates RyR1s activated by ATP, halothane and DP4

ATP, halothane and DP4 were all found to activate the channel gating of RyR1s (Table
3.3-3.5). The first investigations of CaM regulation of RyR1s were carried out in the
absence and presence of 2 mM ATP at 100 nM cytoplasmic Ca?* (Figure 3.7). As noted
in the previous section, CaM similarly increased the open probability of the RyR1 by
about 140-200% due to the activation in open time and the opening rate of the RyR1s. It
is noted that there was no difference between the two groups (T-test, p = 0.4),
suggesting that CaM activation was not altered by ATP at low cytoplasmic [Ca?*]. It
was then considered whether CaM regulation of RyR1s would be altered when they
were activated by both ATP and Ca?* (e.g. 100 uM cytoplasmic Ca?*). Interestingly,
under these conditions, CaM exhibited a substantially reduced inhibition of
RyR1activity only in the absence of ATP with no effect observed in the presence of
ATP. It could be suggested that ATP, or enhanced channel activity in the presence of
higher cytoplasmic [Ca?*], could abolish the CaM effect.CaM regulation of RyR1s
activated by halothane and DP4 in the presence of 100 nM cytoplasmic Ca?" was also
investigated. CaM increased the channel opening of RyR1s similarly in both the
absence and presence of DP4 by increasing both the mean open time and opening rate
(Figure 3.9). Likewise, CaM increased the open probability of RyR1s in the absence
and presence of halothane and these changes were also associated with the increase in
the open time and the opening rate (Figure 3.10).
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Figure 3.7:  Relative activation of open probability (Po), mean open time (To) and
opening rate (the inverse of mean closed time, Tc) by 100 nM CaM in the absence and
presence of ATP at low (100 nM) cytoplasmic [Ca?*]. The luminal [Ca?'] is 0.1 mM.
Experiments were carried out at +40 mV. Numbers of measurements for each bar are
given in the figure label. The asterisks show values that were significantly different to
100% (* p<0.05, **p<0.01, mean + SEM).

ATP n Po To (MS) 1/Te (1/s)
0mM 8 0.05£0.03 06+0.1 0.10£0.03
2mM 14 0.13+0.10 1.3+0.6 0.20 £ 0.04

Table 3.3: Absolute values of open probability (Po), mean open time (To) and
opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the absence
and presence of 2 mM ATP at 100 nM cytosolic [Ca?'].
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Cyto [Ca?*]= 100 uM

Mean open time

Opening rate

Relative inhibition of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) by 100 nM CaM in the absence and
presence of ATP at high (100 uM) cytoplasmic [Ca?*]. The luminal [Ca?'] is 0.1 mM.

Experiments were carried out at +40 mV. Numbers of measurements for each bar are

given in the figure label. The asterisks show values that are significantly different to
100% (* p<0.05, **p<0.01, mean + SEM).

ATP n Po To (ms) 1/Tc (1/s)
0mM 12 02+0.1 1.9+0.3 02+0.1
2 mM 7 0.92 +0.02 52+25 0.8+0.2

Table 3.4:

Absolute values of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the absence
and presence of 2 mM ATP at 100 uM cytosolic [Ca?].
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Relative activation of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) by 100 nM CaM in the absence and
presence of DP4 at low (100 nM) cytoplasmic [Ca?*]. The luminal [Ca?'] is 0.1 mM.

Experiments were carried out at +40 mV. Numbers of measurements for each bar are

given in the figure labels. The asterisks show values that are significantly different to
100% (* p<0.05, **p<0.01, mean + SEM)

Activator n Po To (MS) 1/Tc (1/s)
0 ATP 8 0.05+0.03 06+0.1 0.07 £ 0.03
0 ATP + DP4 10 0.11+£0.05 0.8+0.1 0.16 £ 0.07
Table 3.5:  Absolute values of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc¢) for vehicle (control) in the absence

and presence of DP4 at 100 uM cytosolic Ca?*.
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Figure 3.10: Relative activation of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) by 100 nM CaM in presence of 2 mM
ATP and halothane plus 2 mM ATP at low (100 nM) cytoplasmic [Ca?*]. The luminal

[Ca?*]is 0.1 mM. Experiments were carried out at +40 mV. Numbers of measurements

for each bar are given in the figure label. Theasterisks show values that are significantly

different to 100% (* p<0.05, mean + SEM)

Activators n Po To (Ms) 1/T¢ (1/ms)
2mM ATP 14 0.13+0.1 1.3+0.6 0.2+0.04
2 mM ATP +
9 0.2+0.04 1.6+0.2 0.1+£0.03
Halothane
Table 3.6:  Absolute values of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the absence

and presence of halothane and 100 uM cytosolic Ca?*.
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3.4 Discussion

This study presents a detailed, single channel characterisation of CaM regulation of the
skeletal ryanodine receptor showing the first investigation of CaM effects on RyR1
regulation by cytoplasmic ATP, luminal Ca?* and cytosolic Mg?* modulation, as well as

how CaM interacts with RyR1 activation by halothane and DP4.

The data showed that CaM activated the RyR1 in the presence of 100 nM cytoplasmic
[Ca?*] whereas it inhibited the activity when the calcium concentration was increased
above 100 nM (Figure 3.2). This was consistent with previous findings that conversion
of the wt-CaM from an activator (apoCaM) to an inhibitor (Ca?*CaM) required [Ca?']
greater than or equal to 1M [201]. It was also consistent with the CaM inhibition of
RyR1 at nanomolar concentrations of Ca?* seen in single channel recordings [179].
However, their finding that CaM inhibited RyR1 at 56 and 100 uM [179] is not
consistent with results here that failed to see any effect of CaM on RyR1s at 10 and 100
1M cytoplasmic Ca?" where the calcium release channel was fully active (Figure 3.2).
One possible explanation could be due to differences in experimental condition where
they used 2mM MgATP instead of 2mM ATP to activate the channel. It is noted that
the channel activity in their study is lower than that of this study (open probability of
0.33 compared with 0.92 in this study). Therefore, it is possible that the higher channel
activity at 10 and 100 uM cytoplasmic [Ca?*] in my study masked the effects of CaM
on the RyR1s.

Increased SR calcium load enhanced the sensitivity of Ca?* release in skeletal muscle to
cytosolic calcium [374], and luminal Ca?* increased the activity of RyRs in the presence
of cytoplasmic ATP [60, 67, 69]. Luminal Ca?* activation of RyR1s is enhanced at
negative membrane voltage allowing the flow of Ca?* ions from the lumen to the
cytosolic side of the RyR; this Ca?* flux binds to the cytoplasmic Ca?* activation sites,
activating the channel by the so-called feedthrough mechanism [60], a mechanism that
is strongly voltage sensitive. Findings here showed that CaM effects depended on the
luminal [Ca?"] since CaM significantly activated the open probability of the RyR1s at 0
and 100 uM luminal [Ca?], whereas it inhibited it at 2000 pM luminal [Ca®*"] (Figure
3.5). The findings that effects of CaM on open time of the channel vary with
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cytoplasmic [Ca?*] and show an inhibition in the low puM range (Figure 3.3), beggar the
question of whether the Ca?* flux from the lumen affects the CaM regulation. Such a
mechanism would be expected to produce voltage-dependent CaM effects on luminal
regulation of RyR1s, effects that are clearly absent in the data (Figure 3.5). However,
given the widely spaced samples of luminal Ca?* and membrane voltage, it is possible
that the Ca?* feedthrough did not produce local cytoplasmic Ca?* in the low pM range
where it would alter CaM regulation relative to low luminal Ca?*. CaM activation was
inhibited by physiological concentrations of Mg?* in [3H]-ryanodine binding (ref).
However, findings here indicate that CaM does not alter Mg?* sensitivity of RyR1s at
100 nM cytosolic [Ca?*]. Since CaM activates RyR1s under resting condition, it might
be suggested from these data that CaM still activates the channel even in the presence of

strong Mg?* inhibition in skeletal myocytes.

Fruen et al. (2000) reported the extent of CaM activation was dependent on adenine
nucleotide [177]. When AMP-PCP was absent, CaM activation of normal skeletal
muscle SR vesicle [*H]-ryanodine binding was less than 5% of maximum [177].
However, CaM activated [*H]-ryanodine binding by 150% of maximal activation when
3mM AMP-PCP was added [177]. In contrast, this study demonstrated that CaM
activation of RyR1 is independent of ATP concentration since CaM equally activated
the channels in the absence and presence of 2 mM ATP (Figure 3.7). This discrepancy
might be explained by the very low level of [®H]-ryanodine binding levels in the
absence of AMPCP in their experiments since it might not have been possible to detect
the accurate CaM activation from background [*H]-ryanodine-binding levels under

those conditions.

A domain interaction hypothesis proposes that the interactions between the RyR1 N-
terminal and the central domain are involved in Ca?" regulation, serving as a “domain
switch” to turn the channel on or off [243, 309-311]. In the resting state, it is a thought
there is a close contact between the N-terminal and the central domain at several
subdomains (domain zipping) for stabilising and maintaining the closed state of Ca?*
channels. T-tubule depolarization or chemical agonists stimulate and open the RyR
channel by causing unzipping of the domain switch. In cardiac muscle, CaM binding to

RyR2s enhanced the zipped state and inhibited RyR2 leak by suppressing DPc10 access
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[375]. However, to date nothing is known about the CaM effect on the zipped sate of
RyR1s in skeletal muscle. This study showed that CaM equally activated the channel
both in the absence and presence of DP4. Therefore, it could be suggested that CaM
activation of the RyR1 is independent of the unzipping effect of DP4. Similarly, it
could be argued from the data presented here, that the effects of CaM also work

independently from channel activation by halothane .

In summary, the data demonstrated that CaM regulates the gating of the RyR1 by
altering the sensitivity of cytosolic and luminal [Ca?*] without changing the sensitivity
of cytosolic [Mg?*] and ATP. In addition, CaM activation of the RyR1 was independent

of the channel unzipping effect of DP4 and the activation by halothane.
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Chapter 4
The essential role of calmodulin in RyR inhibition (RyR1 and RyR2) by
dantrolene

4.1 Introduction

Dantrolene is a well-known inhibitor of Ca®* release in skeletal muscle [376] that has
been used clinically as a treatment for malignant hyperthermia (MH). MH is a
potentially fatal, inherited disorder of skeletal muscle in which mutations in the proteins
involved in excitation-contraction coupling (e.g. RyR1 and L-type Ca®" Channel) [295,
377, 378] causes uncontrolled SR calcium release and muscle contracture in the
presence of volatile anesthetics. Notably, mutations in the cardiac RyR isoform (RyR2)
that correspond to the MH mutations in RyR1 cause catecholaminergic, polymorphic
ventricular tachycardia (CPVT) [259]. Recent in vitro and animal studies suggest that
dantrolene has antiarrhythmic effects on CPVT and possibly also on heart failure [283,
323, 378, 379].

Dantrolene acts on skeletal and cardiac muscle by inhibiting Ca*" release from the SR
[244, 313, 376]. Assays of Ca®" release in intact myocytes and cell homogenates
containing SR vesicles [280] suggest that dantrolene inhibits the SR Ca?" release
channel with a half-inhibiting concentration (/Cso) of 0.3 uM [283]. Even though a
dantrolene binding site has been identified in the DP1 regions in RyR1 and RyR2s [283,
287-289], there has been only one direct observation of RyR inhibition by dantrolene in
bilayer-based single channel recordings [380]. Studies since then have not found any
effect by dantrolene in single channel recordings of RyR2s [292, 300, 304, 381].
Hence, it is not clear if dantrolene acts directly on the RyR2 or some other proteins,

such as the DHPR, become involved in the excitation-contraction coupling [382, 383].

Calmodulin (CaM) is known to regulate the activity of RyR1 and RyR2 [384, 385].
CaM inhibits RyR2 directly by binding to residues 3583-3603 of each RyR2 subunit
[386] with high affinity (Ks = 30-100 nM) [387]. By contrast, mutant CaMs (CPVT-
CaMs) are implicated in channel regulation of the RyR2 and Hwang et al. (2014)
recently reported that the (CPVT-CaM) N98S mutant failed to inhibit RyR2 channels
like wild-type CaM and the (CPVT-CaM) N54I mutant even caused their activation
[251]. In RyRl1, wild-type CaM may either increase channel activity at resting

cytoplasmic [Ca?'] or decrease activity at higher [Ca**] [385]. Fruen and colleagues
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[280, 291] found that dantrolene reduced the effect of RyR1 activators (but
interestingly, not in RyR2) including CaM, suggesting that CaM might augment
dantrolene inhibition of RyR1s. During the process of RyR2 isolation from the heart
and their incorporation into artificial lipid bilayers, the RyR macromolecular complex
stays mostly intact [36] with the exception of CaM which is reported to dissociate from
the RyR complex with a time constant of less than 1 min [387]. Hence, bilayer-based
channel studies would generally have been made devoid of this important regulatory
molecule in the RyR complex, whereas CaM is abundant in intact cells and cell
homogenates. Therefore, it was hypothesized here that the absence of CaM in bilayer
experiments provided an explanation as to why dantrolene inhibition has not been
observed in most single channel RyR recording experiments. This hypothesis was
tested here by examining the effects of dantrolene, in the absence and presence of
exogenous CaM, on the gating of RyR1 and RyR2s incorporated into artificial lipid
bilayers. These results were compared with whole cell studies from the Knollmann
group (collaborators at Vanderbilt University) who measured the frequency and
amplitude of Ca** waves in permeablized cardiomyocytes. This chapter is transformed

from my paper, Oo et al., published in Molecular Pharmacology Journal in 2015 [388].
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4.2 Materials and Methods

4.2.1 Single channelrecordings

SR vesicles containing RyR1s were isolated from rabbit skeletal muscle and RyR2s
were isolated from sheep hearts [371] and from healthy and failing human hearts [389].
Individual readings of dantrolene inhibition were derived from recordings of control
RyR activity measured for 1 minute, followed by 1 minute exposure to dantrolene
followed by 1 minute washout - all done in the absence and presence of exogenous 100
nM CaM. CaM regulation was also measured in a similar way. At -40 mV, the channel
activities are higher compared with the correspondent activities measured at + 40 mV.
Therefore, low-activity RyR2 sheep channels were measured at -40 mV whereas, high-
activity RyR1 skeletal channels were measured at + 40 mV in order to obtain
reasonable expanses of channel activity for accurate analysis. Further details of single
channel recording methods are given in Chapter 2.

4.2.2 Ca?* wave experiments in ventricular myocytes

Single ventricular myocytes from 12-16-week-old C57B1/6 mice were isolated using an
enzymatic digestion method as previously described [246]. Myocytes were first
exposed to a Ca*’-free relaxing solution and then permeabilized with saponin (40
pg/mL) for 60 s and placed in an internal solution composed (in mM) of: 120 K-
aspartate, 15 KCl, 5 KH2PO4, 0.75 MgCl2, 4% dextran (40,000), 10 HEPES, 5
Mg>ATP, 10 glutathione (reduced), 0.025 Fluo-4 and 10 phosphocreatine (di-Na). The
solutions also contained 10 U/ml creatine phosphokinase [251] and had free [Ca®*'] =
120 nM. To allow a complete removal of CaM binding to the RyR2 in permeabilized
myocytes [390], all Ca*" wave recordings were done after a 30 minute incubation with
dantrolene alone or dantrolene plus CaM. Free CaM was kept at the physiological
concentration of 100 nM. Ca®>" waves in myocytes were imaged with a confocal
microscope (LSM 510 Zeiss) in line scan mode. Ca** wave analysis was performed as
described [251]. Given the variability between different experimental days, the Ca**
wave frequency and amplitude data were normalised to the mean of vehicle group

obtained on the same day.
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423 Statistics

Average data are presented as the arithmetic mean standard error of the mean (SEM).
The statistical significance of difference was tested using Student’s ¢ test on normal

distributions.
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4.3 Results

4.3.1 The essential role of CaM on RyR1 and RyR2 inhibition by dantrolene

To investigate whether CaM binding to RyR1s and RyR2s is a prerequisite for their
inhibition by dantrolene, RyR activity was measured in the presence of 100 nM
cytoplasmic Ca®" plus 2 mM ATP (vehicle) for periods of 1 minute and then during 1
minute exposure to added dantrolene, and again after dantrolene washout. This
sequence was repeated in the absence and presence of exogenous 100 nM CaM as
shown in fFigure 4.1 for rabbit RyR1 (left panel) and for sheep RyR2 (right panel). In
the absence of CaM, dantrolene had no observable effect on the channel open
probability (P,) of either RyR1 or RyR2 receptors. However, when CaM was present in
the experimental solutions, dantrolene reduced the P, of both RyR isoforms. This effect
of dantrolene on RyR1 and RyR2 was reversible upon dantrolene washout and
inhibition could be seen during multiple applications (Figure 4.2). The data summary
from application-washout experiments in Figure 4.3 shows that dantrolene at 10 - 50
uM inhibited RyR1 and RyR2 activity by ~ 50% compared to vehicle alone. When
CaM was subsequently washed out by perfusion with CaM-free solutions for 1 minute,
dantrolene inhibition was abolished (RyR2 open probability 95 + 9 % of vehicle, p =
0.24 and RyR1 open probability 94 + 6 % of vehicle, p = 0.63). These data clearly
indicate that dantrolene inhibition of RyR1 and RyR2 required the presence of CaM.
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RyR1 - rabbit skeletal muscle (+40 mV) RyR2 - sheep heart (-40 mV)
-CaM -CaM

0uM P,=0.32 0 uM P.=0.09
10 uM P,=0.31 50 uM P,=0.08
0 uM +CaM (100 nM) P,=0.38 0 uM +CaM (100 nM) P,=0.07
10 UM P,=0.20 50 M P,=0.034
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Figure 4.1: Dantrolene inhibited RyR1 and RyR2 only in the presence of CaM.

Left panel: Representative 10 s segments of RyR1 activity from rabbit skeletal muscle
illustrating the inhibitory effect of 10 uM dantrolene in the absence (-CaM) and
presence (+CaM) of 100 nM CaM. Experiments were recorded at +40 mV where

upward current jumps represent channel openings.
Right panel: Corresponding activity of RyR2s showing inhibition by 50 pM
dantrolene. Experiments were recorded at -40 mV where downward current jumps

represent channel openings. The luminal [Ca?*] was 0.1 mM and the cytoplasmic bath
contained 2 mM ATP and 100 nM Ca?".
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RyR1 + CaM 10 uM dantrolene 10 uM dantrolene

RyR2 + CaM

10 pA 20's 1 uM dantrolene

Figure 4.2: Dantrolene inhibition of RyR1 and RyR2 in the presence of CaM.
Recordings of 140 s periods of RyR1 and RyR2 activity during dantrolene application
(bars) and washout. Upper trace: RyRI1 activity showing inhibition by 10 uM
dantrolene . Experiments were recorded at +40 mV where upward current jumps
represent the channel openings. Lower trace: corresponding activity of RyR2 showing
inhibition by 1 uM dantrolene. Experiments were recordedat -40 mV where downward
current jumps represent channel openings. The luminal [Ca®"] was 0.1 mM and the
cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*.
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Figure 4.3: Relative inhibition of RyR1s by 10 uM dantrolene and RyR2s by 50 uM
dantrolene. Each sample represents the RyR P, in the presence of dantrolene relative to
the mean P, bracketing periods in the absence of dantrolene. Experiments were
recorded at +40 mV for RyR1s and -40 mV for RyR2s. The luminal [Ca?*] was 0.1 mM
and the cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*. SEM is indicated by

the vertical bars; p-values indicate significant difference of the mean from 100%.
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4.3.2 Effect of dantrolene on Ca?* waves in mouse cardiomyocytes

The amplitude and frequency of spontaneous Ca?" waves -two parameters that have
been implicated as independent predictors of arrhythmogenicity [391] - were measured
in mouse ventricular myocytes. Examples of the effect of 30 minutes exposure to
dantrolene (3, 10, 50 uM) on Ca*" waves recorded in the presence or absence of CaM
are presented in Figure 4.4. Dantrolene reduced Ca*" wave amplitude (Figure 4.5) and
frequency (Figure 4.6) in the presence of CaM but had no effect in the absence of CaM
[388].

Mouse cardiomyocytes
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Figure 4.4: Dantrolene reduced spontaneous Ca>" wave frequency and amplitude only
in the presence of CaM [388]. The presence of CaM is required for dantrolene action on
arrhythmogenic Ca?* waves in cardiomycytes. The images show representative
confocal microscope line scans from permeabilised mouse ventricular myocytes after a
30minute incubation with either dantrolene alone or dantrolene + CaM (100 nM). The

red arrows indicate the location of the line-scans plotted below each confocal image.
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Figure 4.5: Concentration response curves for Ca** wave frequency relative to vehicle
in the absence (black ®) or presence (red ®) of CaM 100 nM. The solid curves show
the Hill fit to the data using the equation in the caption to Figure 6.1. /Cso = 0.42 £
0.18 uM and Emax = 47 = 4%.
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Figure 4.6: Concentration response curves for Ca** wave amplitude relative to vehicle
in the absence (black ®) or presence (red ®) of CaM 100 nM. The solid curves show
the Hill fit to the data using the equation in the caption to Figure 3.4. ICso = 0.19 £
0.04 uM and Emax = 66 £+ 2%.
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4.3.3 Dantrolene inhibition can be mediated by CaM mutants

Since both dantrolene and CaM are RyR2 inhibitors, the possibility that dantrolene acts
by amplifying CaM inhibitory action on RyR2 was investigated. To test this possibility,
dantrolene inhibition of sheep RyR2 in the presence of 100 nM wt-, N54I- and N9§S-
CaM and skeletal RyR1 in the presence of 100 nM wt-CaM were measured. As shown
in fFigure 4.7, N54I increased RyR2 P, (the opposite effect to wt-CaM) whereas N98§S-
CaM has no inhibitory effect on RyR2 [251]. It is also shown in Figure 4.7 that the
addition of wt-CaM to RyR1s caused channel activation in accordance with previous
findings [385]. If dantrolene merely amplifies the action of CaM, then one would
expect dantrolene to be an activator in the presence of N541-CaM for RyR2s and in the
presence of wt-CaM for RyR1s. This was not the case. Dantrolene had the same
inhibitory action in the presence of wt-CaM, N54I- and N98S-CaM for both the RyR1
and the RyR2 (Figure 4.8).
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Figure 4.7: Relative effect of wt-CaM (100 nM) on the open probability of RyR1s and
RyR2s, plus N54I- and N98S-CaM on RyR2s. Each sample represents the RyR P, in
the presence of CaM relative to the mean P, in the absence of CaM. Experiments were
recorded at +40 mV for RyR1s and -40 mV for RyR2s. The luminal [Ca%**] was 0.1 mM
and the cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*. The vertical bars
indicate SEM.
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Figure 4.8: Relative effect of 10 uM dantrolene on open probability of RyRsl and

RyR2s in the presence of wt and mutant CaMs. Each sample represents the RyR P, in

the presence of dantrolene relative to the mean P, in the absence of dantrolene.

Experiments were recorded at +40 mV for RyR1s and -40 mV for RyR2s. The luminal

[Ca?*] was 0.1 mM and the cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*.

SEM is indicated by the vertical bars.

84



434 Effect of Dantrolene on RyR2 from healthy and failing human heart

It was found here that RyR2s from apparently healthy sheep hearts were significantly
inhibited by dantrolene. However, previous studies have reported that dantrolene
restores normal Ca®" handling in cardiomyocytes in pathological states (e.g. heart
failure and congenital arrhythmias) but has no significant effect on Ca*" release under
physiological conditions in human, rabbit and mouse hearts [283, 323, 378, 379]. To
explore this possible inconsistency the effect of dantrolene on RyR2 from healthy and
failing human hearts in the presence of 100 nM CaM was measured (Figure 4.9).
Dantrolene (10 uM) had no effect on RyR2s isolated from two healthy hearts but it
caused a significant reduction in P, of RyR2 from a human heart with ischemic
cardiomyopathy. This indicated that the effect of dantrolene depended both on species
(human vs. sheep) and on the pathological state of the heart (healthy vs. failing).

RyR2 from human heart
10 uM dantrolene (+100 nM CaM)
120 o

100 [-eg@e9r-------
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P, (% Vehicle)
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Figure 4.9: Dantrolene inhibition of human RyR2 differs in human and failing hearts;.
the relative inhibition of human RyR2 by 10 uM dantrolene. Samples were taken from
two healthy hearts and one failing heart with ischemic cardiomyopathy. Details of each
heart are given in Table 2.1 (page ??). The luminal [Ca?'] was 0.1 mM and the
cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*. Mean values and SEM are
indicated by the red bars; p-values indicate significant difference of the mean from

100%.
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4.4 Discussion

This study presents the first demonstration of dantrolene inhibition of mammalian RyR1
and RyR2 single channel recordings along with experiments using permeabilised
cardiomyocytes showing that CaM was essential for dantrolene inhibition. The finding
that a physiological concentration of CaM (100 nM) is required for dantrolene
inhibition of RyRs provided an answer to the long-standing question of why dantrolene,
an inhibitor of SR Ca®" release, had no effect on the activity of mammalian RyR1 and
RyR2 in previous single channel studies [292, 304, 381]. Since CaM readily dissociates
from the RyR complex [387], CaM would have been absent during those experiments.
3[H]-ryanodine binding assays have demonstrated a reduction of CaM activation of
purified pig RyR1 by dantrolene [280], consistent with CaM mediated dantrolene
inhibition of these channels. However, a single channel bilayer study [300] using
similar experimental conditions (100 nM cytoplasmic Ca®" at 35°C), reported no
inhibition by dantrolene (20 uM) of purified rabbit RyR1 channels in the presence of
exogenous FKBP12 and CaM. These results suggest that the inhibitory effect of
dantrolene on RyRs seen here not only requires CaM, but also other RyR-associated
proteins that are present in native preparations but presumably absent in some purified
RyR preparations.

The means by which CaM facilitates dantrolene inhibition is not yet clear. By
measuring dantrolene inhibition in the presence of CaM mutants that activate RyR2s, it
was shown here that dantrolene does not merely increase the efficacy of CaM, but is an
inhibitor in its own right (Figures 4.7 and 4.8). Also, given the redox buffering of our
experimental solutions (4mM GSH in bilayer experiments and 10 mM GSH in myocyte
experiments), it is unlikely that the reducing properties of dantrolene underlie its
inhibition. An alternative possibility is that CaM is a part of the pathway that
transduces dantrolene binding into RyR inhibition. Several studies presented evidence
that dantrolene modulated inter-domain interactions in RyR1s [313] and RyR2s [244,
283, 323, 392] between the N-terminal (residues 1-619), central (residues 2000-2500)
and C-terminal domains (3900-end). Our data are consistent with both these
possibilities.

The finding here was that dantrolene inhibition, in the presence of CaM, is species
dependent. The data clearly demonstrated Dantrolene inhibition in RyR2 from healthy
hearts from sheep (Figures 4.1-4.3), mouse (Figures 4.4-4.6) but not from human
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(Figure 4.9). Our finding that dantrolene inhibited RyR2 from failing human heart but
had no effect on RyR2 from healthy human heart (Figure 4.9), indicated that RyR2
inhibition by dantrolene depended on properties of the RyR macromolecular complex
that are yet to be identified.

In conclusion, the data show that CaM binding to the RyR is required in order to
produce dantrolene inhibition in both RyR1s and RyR2s. It is likely that other as yet

undefined factors, also play a similar role in facilitating dantrolene inhibition.
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Chapter 5

Inhibitory effects of dantrolene on skeletal ryanodine receptor

5.1 Introduction

Dantrolene is a muscle relaxant that has been used clinically in the treatment of
malignant hyperthermia (MH) for several decades [308]. Dantrolene inhibits SR Ca?*
release but the precise molecular mechanism of dantrolene for this has been difficult to
define because dantrolene inhibition of the SR Ca?* release channel (RyR1) has not
been detected in single channel recordings. Chapter 3 showed that dantrolene
inhibition of RyR1 requires the co-protein, calmodulin (CaM) to be bound to the RyR
which was usually absent in single channel recording experiments on isolated channels
because it readily dissociates from RyRs [388]. Here, single channel recordings of
RyR1 isolated from rabbit skeletal muscle and incorporated into artificial lipid bilayers
were made in the presence of exogenous CaM, demonstrating the first characterization

of dantrolene inhibition of RyR1.

The ion transport properties of RyR1 are physiologically regulated by endogenous
ligands such as Ca?*, Mg?* and ATP in both the cytoplasm and SR lumen [353]. The
RyR1 is activated by cytoplasmic Ca?* at ~1 uM and inhibited at ~1 mM [72]. It is also
activated by Ca?* in the SR lumen [363] and this activation is markedly increased by the
MH mutation R615C in RyR1s when expressed in HEK cells [369]. Cytoplasmic Mg?*
inhibits the RyR1 by competing with Ca?* for cytoplasmic activation sites [18, 364] and
by binding to the Ca?* inhibition sites [20]. Single channel recordings show the R615C
mutation shifts the Mg?* inhibition response to higher concentrations [281], thus

reducing RyR1 sensitivity to Mg?*. This is consistent with a loss of Mg?* sensitivity of
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SR calcium release in MH-susceptible muscle fibres [393]. Although dantrolene has
been seen to restore normal Mg?* sensitivity to MH-susceptible muscle fibres for SR
Ca?* release, single channel experiments have not yet been performed to confirm that
this is due to a restoration of Mg sensitivity in RyR1 [22, 393]. ATP activates RyR1
with a Ka of ~0.36 mM [62] and it has been shown to enhance the inhibitory effect of
dantrolene on skinned muscle fibres [325]. As yet, it is not known how dantrolene
affects RyR1 activity in the presence of various physiological ligands. In this study,the

effects of Ca?*, Mg?* and ATP on dantrolene inhibition of RyR1 were investigated.

RyR1 can be activated by exogenous substances such as volatile anaesthetics [369] or
by peptides that disrupt inter-domain interactions in the RyR1 molecule. Volatile
anesthetics such as halothane can trigger MH in susceptible individuals [365, 366] by
activating SR calcium release [279] and by increasing store operated Ca?* entry (SOCE)
in skeletal muscle [394]. Many MH mutations in the RyR1 are thought to act by
destablising domain-domain interactions in the RyR1 molecule. The synthetic peptide,
DP4, corresponds to amino acids 2442-2477 of the RyR1 and it is thought to destabilise
inter-domain interactions within RyR1s by displacing the corresponding RyR1 domain,
thus producing an MH-like condition [309, 311]. DP4 induces SR calcium release in
skinned muscle fibres [309] and increases the RyR1 activity in single channel
recordings [370]. However, the mechanisms for the beneficial action of dantrolene on
RyR1s with destablised domains, or RyR1s activated by halothane, have not been
investigated using single channel recordings. This chapter describes investigations into

the effects of dantrolene on RyR1 activity in the presence of halothane and DP4.
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5.2 Materials and Methods

521 Single Channel Recordings

RyRs were isolated from a rabbit skeletal muscle [371] and incorporated in artificial
bilayer membranes and channel gating was measured at 40 mV by single channel
recordings. Single channel recordings of open probability, mean open time and mean
closed time were measured using a threshold discriminator at 50% of channel amplitude
(Channel3 software by NW Laver). Dantrolene was added and removed from the
RyR1s by using a local perfusion method (fFigure 2.4). Measurements were carried

out with the cis solution voltage-clamped at +40 mV unless otherwise specified.

5.2.2 Statistics

Average data were presented as arithmetic mean standard error of the mean (SEM). The
statistical significance of difference was tested using Student’s ¢ test on normal
distributions. Asterisks indicate significantly different to 100% (* p<0.05, **p<0.01).
One way ANOVA was used to determine whether there are any significant differences

between the means of three groups.
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5.3 Results

5.3.1 Dantrolene dose response curve of skeletal ryanodine receptors in the
presence of exogenous CaM

Measurements of the relative dantrolene inhibition of RyR1s in cytoplasmic (vehicle)
solutions containing 100 nM Ca?*, 2 mM ATP and 100 nM CaM as shown in Figure
5.1. RyR1 activity was measured during 1 minute exposure to vehicle solutions, then
during 1 minute exposure to solutions containing dantrolene and again for 1 minute to
vehicle. Dantrolene inhibition was determined from the Po during dantrolene exposure
relative to the mean RyR1 activity during bracketing exposures to vehicle only.
Dantrolene inhibition was readily observed at concentrations as low as 0.2 uM but not
detectable at 0.03 uM (Figure 5.2). The dantrolene concentration-dependence RyR1 Po
is shown in Figure 5.3. Dantrolene inhibition of RyR1s exhibited a hyperbolic
dependence on concentration (sigmoidal on the log-concentration plot). Hill fits to the
data gave an ICso of 0.20 + 0.02 uM, a Hill coefficient of ~1.0 = 0.2 and a maximal
inhibition (Emax) of 50 + 2%.

10 uM Dantrolene

P,=0.45 P,=0.25 P,=0.46

20pA | 10s

Figure 5.1:  Representative 90 s segment of RyR1 activity from a rabbit skeletal
muscle in the presence of 100 nM CaM showing the inhibitory effect of 10 uM
dantrolene (horizontal bar). The luminal [Ca%*] was 0.1 mM and the cytoplasmic bath
contained 2 mM ATP and 100 nM Ca?*. Experiments were recorded at +40 mV and
upward current jJumps represent the channel openings. The rrow shows the recording
baseline.
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Figure 5.2:  Representative 10 s segments of RyR1 activity showing the inhibitory
action of two different concentrations of dantrolene (Dan). Experiments were recorded
at +40 mV and upward current jumps represent the channel openings. The luminal
[Ca?*] was 0.1 mM and the cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*.

The arrows show the baseline of the recordings.

92



100 q
ICs, = 0.20 + 0.02 UM
H =10z%+0.2
%\ 80 ’ Emax =50x+2%
©
>
9\1
% 60 |
40 - Il Il Il ']
0.1 1 10 100

[dantrolene], uM

Figure 5.3:  Concentration-dependence of dantrolene inhibition of RyR1 in presence
of 100 nM CaM (mean + SEM, n= 7 to 20). The luminal [Ca?*] was 0.1 mM and the
cytoplasmic bath contained 2 mM ATP and 100 nM Ca?*. The curve shows the Hill fit

to the data using the equation:

Po= {1+ E,_. ([dantrolene]/IC;,)"}/{1 + ([dantrolene]/IC;,)"}
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5.3.2 Dantrolene inhibition of RyR1 depends on cytoplasmic Ca?* concentration

The RyR1 exhibited a characteristic bell-shaped dependence on cytoplasmic Ca?* which
is shown in the presence of 2 mM ATP without exogenous CaM in Figure 5.4. The
data were fitted with Hill curves with an activation ECso of 1.7 + 0.4 uM (Ha= 1.3 %
0.2) and an inactivation 1Cso of 0.22 + 0.01 mM (Hi= 2.7 £ 0.5). At intermediate
concentrations of 10-100 uM, the RyR1 P, attained a maximal activation of 0.93 + 0.04.
At sub pM Ca?*, the RyR1 did not fully deactivate and had a mean Po (Pmin) of 0.04 +
0.03. The maximal dantrolene inhibition over a range of cytoplasmic [Ca?*] using 10
uM dantrolene is shown in Figures 5.4 and 5.6, with example recordings shown in
Figure 5.5. Dantrolene reduced the open probability of the RyR1s to ~50 % of control
(i.e. vehicle alone) at cytoplasmic [Ca?*] <1 uM and >0.2 mM but had no significant

effect at intermediate [Ca®*] of 10-100 uM, similar to that of CaM (Figure 5.6).

o o o
IN o o0

P, (open probability)

o
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O » »
0.1 1 10 100 1000

Cytoplasmic [Ca?*], uM

Figure 5.4:  Cytoplasmic [Ca?'] dependence of the RyR1 Po in the presence of 0.1
mM luminal Ca?* and cytoplasmic ATP (2 mM) (®, n= 7 to 18), and in the presence of
100 nM CaM (O, n= 7 to 13), and CaM plus 10 uM dantrolene (A, n= 8 to 16).
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Figure 5.5:  Single channel recordings for dantrolene inhibition of the RyR1 in the
presence of 100 nM CaM with cytosolic [Ca?*] of 0.1 pM, 10 uM and 1000 uM. The
luminal [Ca?'] is 0.1 mM. Experiments were recorded at +40 mV and upward current

jumps represent the channel openings. The arrows indicate the baseline.
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Figure 5.6:  Dantrolene inhibition of the RyR1 depends on the cytoplasmic calcium
concentration. The histogram shows the relative reduction in RyR1 open probability
induced by 10 pM dantrolene in the presence of 100 nM CaM. The luminal [Ca?*] was
0.1 mM. Experiments were recorded at +40 mV. The numbers of measurements for
each bar are specified in the figure labels. The asterisks denote the significant
difference to 100% (* p<0.05, **p<0.01, mean + SEM).
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5.3.3 Luminal [Ca?*] does not alter dantrolene inhibition of RyR1s regardless
of the voltage

Figure 5.7 shows the dantrolene inhibition of RyR1s at luminal [Ca?**] of 0, 100 uM
and 1000 puM in the presence of 100 nM cytoplasmic (cis) [Ca?*], 2 mM ATP and 100
nM CaM; the absolute values for all controls are given in Table 5.1. Dantrolene
significantly reduced the open probability of the RyR1 at all luminal [Ca?'] tested at
both positive and negative voltages (Figure 5.7A) and these changes were associated
primarily with a reduction in the opening rate of the RyR1 (Figure 5.7C). The effect of
dantrolene on the mean open time of the RyR1 depended on luminal [Ca?*] and bilayer
voltage (Figure 5.7B). In the absence of luminal Ca?*, dantrolene did not alter the
mean open time. However, at 100 uM luminal Ca?* dantrolene decreased the mean
open time at +40 mV, and at 1000 pM luminal Ca?" it also decreased the mean open

time at -40 mV. Table 5.1 shows the absolute values for all control groups.

Luminal [Ca*] uM | Voltage | n Po To (Ms) 1T (1/s)
0 +) 10 0.28 £0.04 1.0+£0.1 04+£0.1
) 11 0.3+£0.1 22+04 0.3+0.1
100 (+) 12 0.3+0.1 6.2+1.8 0.14 £ 0.02
(-) 10 04+0.1 1.9+0.7 05+0.1
1000 +) 10 0.3+0.1 26+0.8 0.2+0.1

) 10 0.5+0.1 28+09 0.7+0.2

Table 5.1: Effects of luminal [Ca?*] on dantrolene regulation of RyR1s were shown
in Figure 5.7. The absolute values of RyR1 open probability (Po), mean open time
(To), and opening rate (the inverse of mean closed time, T¢) for all control groups at
three different luminal Ca?* concentrations at positive and negative 40 mV are shown in
this table. The cytoplasmic bath contained 100 nM Ca?*, 100 nM CaM and 2 mM ATP.
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Figure 5.7:  Effects of luminal (Lum) [Ca?"] on dantrolene (dan) regulation of
RyR1s. (A) Relative inhibition of RyR1 open probability (Po); (B) mean open time
(To); and (C) opening rate (the inverse of mean closed time, Tc) by 10 UM dantrolene at
three different luminal Ca?* concentrations at positive and negative 40 mV (Numbers of
measurements (n) for each bar are given in figure label.). The cytoplasmic bath
contained 100 nM [Ca?'], 100 nM CaM and 2 mM ATP. The asterisks denote
significant difference to 100% (* p<0.05, **p<0.01, mean + SEM).
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5.34 Dantrolene inhibits RyR1 activated by ATP, halothane and DP4

The activation of RyR1 gating is known to be increased by intrinsic and extrinsic
regulators such as ATP, halothane and the DP4 peptide [62, 370]. Here it is
investigated whether dantrolene inhibition of the RyR1 would also be altered by these
regulators (Figures 5.8-5.10). Dantrolene inhibition was first investigated here in the
absence and presence of ATP concentrations that produce maximal RyR1 activation (2
mM). At 100 nM cytoplasmic [Ca?*], dantrolene produced similar reductions in RyR1
open probability in the absence and presence of 2 mM ATP and its inhibition was
mainly due to the reduction in the opening frequency of the receptors (Figure 5.8).
However, at the higher cytoplasmic [Ca?*] of 100 uM, dantrolene reduced the open
probability of the RyR1 in the absence of ATP but not in the presence of 2 mM ATP
(Figure 5.9), suggesting that the ATP or enhanced channel activity could probably

suppress the dantrolene inhibition.

Dantrolene inhibition of RyR1s that were activated by halothane (5 mM) and the
domain peptide DP4 (10 puM), in the presence of 100 nM cytoplasmic [Ca?*] and 100
nM CaM was also investigated (Figure 5.10). Dantrolene equally reduced the channel
open probability of all the RyR1sby about 50%, primarily through the reduction of
opening frequency. The result showed that they were significantly different to 100%.
However, it was not addressed whether there was any difference to dantrolene inhibition
of RyR1s activated by halothane, ATP and DP4. It could be concluded from the data
that the mechanism of dantrolene inhibition of RyR1s is independent of halothane and

DP4. Tables 5.2-5.4 show the absolute values for all control groups.
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Figure 5.8:  Dantrolene inhibition of RyRsl activated by ATP showing relative

inhibition of RyR1 open probability (Po), mean open time (To) and opening rate (the

inverse of mean closed time, Tc) by 10 uM dantrolene in the absence and presence of 2

mM ATP. The luminal [Ca®**] was 0.1 mM. The asterisks show the significant

difference to 100% (* p<0.05, **p<0.01, mean = SEM).
ATP n Po To (MS) 1/Te (1/s)
0mM 14 0.04 £0.01 0.7+0.1 0.06 £0.01
2mM 12 03+0.1 6.2+1.8 0.14 £ 0.02
Table 5.2:  Absolute values of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the presence

of 100 nM cytoplasmic [Ca®'].
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Figure 5.9:  Dantrolene inhibition of RyR1s activated by ATP showing the relative
inhibition of RyR1 open probability (Po), mean open time (To) and opening rate (the
inverse of mean closed time, Tc) by 10 uM dantrolene in the absence and presence of 2
mM ATP. The luminal [Ca?*] was 0.1 mM. The asterisks show the significant

difference to 100% (* p<0.05, mean + SEM).

ATP n Po To (MS) 1/Tc (1/s)
0 mM 8 0.3+£0.1 28109 0.1£0.03
2mM 7 0.7+0.1 3.7+0.8 09+0.1

Table 5.3:  Absolute values of open probability (Po), mean open time (To) and
opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the presence

of 100 pM cytoplasmic Ca?*.
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Figure 5.10: Dantrolene inhibition of RyR1s activated by halothane or DP4 showing
the relative inhibition of RyR1 open probability (Po), mean open time (To) and opening
rate (the inverse of mean closed time, Tc) by 10 uM dantrolene in the absence and

presence of halothane and DP4. The luminal [Ca?*] was 0.1 mM. The asterisks show

the significant difference to 100% (* p<0.05, **p<0.01, mean + SEM).

Activators n Po To (MS) 1/Te (1/s)
Halothane 10 02x0.1 22%0.8 0.12+£0.03
DP4 12 0.07 £0.04 1.0+£0.1 0.10 £ 0.06
Table 5.4:  Absolute values of open probability (Po), mean open time (To) and

opening rate (the inverse of mean closed time, Tc) for vehicle (control) in the presence
of halothane and DP4.
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5.35 Role of cytoplasmic Mg?* in dantrolene inhibition of skeletal ryanodine
receptors

Cytoplasmic Mg?* is a strong inhibitor of RyR1 activity which is known to act via two
independent mechanisms [20] that lead to different channel sensitivities to cytoplasmic
[Mg?*] in the presence of 100 nM cytoplasmic Ca?* (Figure 5.11). In the presence of
100 nM cytoplasmic Ca?* (with 2 mM ATP, Figure 5.11 open circles), cytoplasmic
Mg?* inhibited RyR1 with half maximal inhibition (ICso) of 28 + 2 uM (a Hill
coefficient of 1.6 + 0.3). The maximal inhibition of 10 uM dantrolene in the absence of
cytosolic Mg?* at concentrations that produced ~50% and ~80-90% inhibition were
measured (Figure 5.12). Dantrolene equally reduced the open probability of the RyR1
to approximately 50-60%, changes that were mainly due to a reduction in the opening
frequency of the RyR1. Moreover, there were no statistically significant differences
among the group means at different [Mg?*] as determined by one-way ANOVA (p =
0.35). Therefore, it could be concluded that cytosolic [Mg?*] had no impact on
dantrolene inhibition at 100 nM cytosolic Ca?*. The absolute P, values for all control
groups as shown in Table 5.5 do not seem to follow the Mg?* inhibition because the
channel activities of skeletal muscle ryanodine receptors vary from one to another. In
fact, Mg?* clearly inhibits as shown in Figure 5.11.

100 . 0 uM Dantrolene

240 }

P, (% 0 Mg?*)
(o))
o

20 }

10 100 1000
cytosolic [Mg?*], uM

Figure 5.11: Cytoplasmic Mg?* inhibition dose-response of RyR1 activity in the
presence of 100 nM cytoplasmic [Ca?"] (with 2 mM ATP, n= 5 to 12). The luminal
bath contained 0.1 mM Ca?*.

103



Cyto [Ca?*]= 0.1 uM

Open probability Mean open time Opening rate

120 ¢

100 f

80 }
*%
60 } Sy o :
*%*
a0 f
41 14fh 1 7
20 L. = . u.k. . =u.u.
0 20 50 0 20 50 0 20 50

cytosolic [Mg?*], uM

%, 10 yM dan / 0 dan

Figure 5.12: The effect of dantrolene on RyR1 regulation by cytoplasmic Mg?*. The
figure shows relative inhibition of the RyR1 open probability (Po), mean open time (To)
and opening rate (the inverse of mean closed time, Tc) by 10 uM dantrolene in the
presence of nil, 20 and 50 uM cytoplasmic Mg?*. The luminal [Ca?*] was 0.1 mM. The
asterisks show significant difference to 100% (* p<0.05, **p<0.01, mean + SEM.

Cytosolic [Mg?*] uM n Po To (Ms) 1/Tc (1/s)
0 uM 14 0.04+£0.01 0.7+£0.1 0.06 £ 0.01
20 uM 11 0.10+£0.01 1.12+0.09 | 0.10+0.02
50 uM 8 0.15+ 0.03 1.34+£0.11 0.13+0.03

Table 5.5:  Absolute values of open probability (Po), mean open time (To) and
opening rate (the inverse of mean closed time, Tc¢) for vehicle (control) in the absence

and presence of different concentrations of cytoplasmic Mg?".
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5.4 Discussion

The first part of this study established anlCso concentration for dantrolene inhibition of
RyR1s in single channel recordings of 0.20 £ 0.02 uM. This value agrees well with
ICso values obtained using indirect assays of RyR activity: (1) the activity of purified
RyR1s in 3[H]-ryanodine binding assays (0.15 + 0.02 uM) [280], and (2) the binding
affinity of dantrolene to skeletal muscle SR vesicles (0.277 + 0.025 puM) [288].

RyRs are modulated by Ca?* and Mg?* in the cytoplasm and SR lumen as well as by
other compounds such as ATP and halothane. It was found that dantrolene inhibition of
RyR1s depends on the RyR1 activation state. RyR1 with high levels of activation (e.g.
Po > 0.8) were not inhibited by dantrolene. This property of dantrolene inhibition was
also noted in our previous study on the cardiac RyR2 isoform from sheep (Chapter 4).
For example, in the presence of ATP and cytoplasmic [Ca®'] between 10 and 100 pM,
dantrolene failed to inhibit RyR1 activity whereas outside of this range, dantrolene was

inhibitory.

That the data showing uniform dantrolene inhibition in RyR1s was subjected to a wide
range of [Mg?'] inhibition (Figure 5.115.12), suggested that dantrolene inhibition of
RyR1 did not affect the sensitivity of RyR1 inhibition by cytoplasmic [Mg?*]. This was
the case in the presence of low cytoplasmic [Ca?*] where Mg?* inhibition is mainly due
to its binding to the cytoplasmic Ca®* activation site [20]. The findings in low [Ca®']
agree with [3H]-ryanodine binding assays showing that dantrolene did not significantly
alter the 1Cso for Mg?* inhibition of [°*H] binding to either MH or normal SR vesicles
[291].

My finding that dantrolene inhibition does not depend on the presence of ATP conflicts
with a previous report using [*H]-ryanodine binding assays [291] where it was shown
that dantrolene decreased by one-third the extent of CaM-activated ryanodine binding to
MH SR vesicles in the presence of a non-hydrolysable ATP analogue (AMPPCP), but it
had no effect when AMPPCP was removed from the binding media. A small difference
between this experiment and our study is that the media in their study contained 120
mM potassium propionate instead of 150 mM caesium methanesulfonate. It is unlikely
this variation accounted for the vast difference in dantrolene inhibition. One possible

explanation is that it might not have been technically possible to resolve dantrolene
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inhibition from background [3H]-ryanodine binding levels under those conditions

because binding levels in the absence of AMPPCP were very low.

The dantrolene plasma level [395] required for 50% inhibition of skeletal contractility
in an awake man was ~10 uM and this is similar to the concentrations needed to inhibit
contraction of isolated skeletal muscle fibres [396]. These concentrations of dantrolene
are 100-fold higher than the levels required for the inhibition of isolated RyR1s seen
here and in many other studies [280, 291, 306, 313]. This has lead others to consider
the possibility of alternative therapeutic mechanisms for dantrolene such as modulating
store-operated Ca®" entry [300] or by protecting against oxidation [397, 398]. In
addition, our finding that dantrolene has no inhibitory effect on RyR1s at high [Ca**]
indicates that during Ca*" release, where cytoplasmic Ca** concentration in the triadic
space rises to ~100 uM [399], dantrolene should not be a significant inhibitor of RyR1
activity. Thus, in order to explain any inhibitory action of dantrolene on Ca** release in

skeletal muscle, there must be alternative mechanisms in action (this issue is discussed

more in the General Discussion).

Two other observations in our study suggested that the actions of dantrolene in skeletal
muscle may not be due to dantrolene inhibition of RyR1s. Firstly, Mg?" is a potent
inhibitor of RyR1 activity in skeletal muscle and MH mutations in RyR1s reduced Mg?*
inhibition [281] making MH-susceptible muscle fibres less sensitive to the normal
inhibitory effect of cytoplasmic Mg?* on the SR Ca?* release [22, 393]. Dantrolene has
been shown to restore the normal Mg?* sensitivity to MH-susceptible muscle fibres
[393]. However, the results presented here (Figure 5.11-5.12) suggested that
dantrolene does not alter Mg?* inhibition of healthy rabbit skeletal RyRs although we
are not sure whether dantrolene alters Mg?* inhibition of MH RyR1s. Secondly,
dantrolene inhibition of Ca?* release in skinned muscle fibres was only detected when
ATP was present in the media [325] whereas these data show that dantrolene inhibition
of RyR1 is not sensitive ATP.

One important aspect of this study is that dantrolene inhibits the RyR1 activity induced
by DP4. This finding is consistent with the finding that dantrolene stabilizes the zipped
configuration of the domain switch in the presence of the domain-unzipping agent, DP4
[313]. DP4 is known to induce the unzipped state of the channel/channel dysfunction

that could be caused by MH mutations. Data here demonstrated that dantrolene inhibits
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the same way on both zipped and unzipped channels, suggesting a different mechanism
of dantrolene inhibition other than by stablisation of the zipped conformation of the
RyR. Halothane stimulates RyR1-mediated Ca?* release from SR vesicles isolated from
wild type rabbit skeletal muscle [400]. Dantrolene has shown to prevent the effects of
halothane in MH-susceptible individuals and also in animal models [284, 401, 402].
However, to date the direct inhibition of RyR1 channel by dantrolene has not been
shown [280, 292]. This study showed that dantrolene inhibition was observed both in
the absence and in the presence of halothane. Nevertheless, it is possible that the RyR1
will not be the target of dantrolene inhibition in the case of halothane activation of

muscle fibres.

To conclude, the data presented here indicated that dantrolene inhibits RyR1s by
reducing the sensitivity to activation by cytoplasmic [Ca?*] without affecting RyR1
regulation by luminal [Ca?'], cytosolic [Mg?*] or [ATP]. Given that the properties of
dantrolene inhibition of SR Ca®" release in skeletal muscle are different to dantrolene
inhibition of RyR1 reported here, it is suggested that the RyR1 is not the therapeutic
target of dantrolene and that alternative mechanisms should be considered for the
therapeutic actions of dantrolene in skeletal muscle. In addition, it has been recently
suggested that dantrolene inhibits L-type Ca?" channel activity [301, 304, 305].
Bannister et al. (2012) reported that dantrolene inhibition of L-type Ca?* channels
requires the expression of RyR1 [306]. This chapter only addressed the dantrolene
inhibition of healthy RyR1s. Dantrolene has been clinically used in MH and so its
mechanism of action on MH RyR1s may be different to healthy RyR1s. The limitation
of this study is that - the dantrolene inhibition of MH RyR1s was not tested and
investigation of dantrolene action on MH RyR1 samples could potentially provide the
detailed understanding of the therapeutics action of dantrolene.
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Chapter 6

Dantrolene inhibition of RyR2 in the presence of CaM

6.1 Introduction

Chapter 4 showed that CaM is the essential requirement for dantrolene inhibition of
RyRs in single channel recordings. Since it is the first demonstration of dantrolene
inhibition in single channel recordings, the detailed mechanism of this inhibition in
RyR2s is still unknown; hence, two major issues addressed in this chapter may gain
more insight into those mechanisms. The first is the concentration-dependence of
dantrolene inhibition and the second is the cytoplasmic [Ca’?'] dependent effect.
Kobayashi et al. (2009) reported the dose-dependence of dantrolene inhibition using
measurements of SR Ca?" sparks in normal (/Cso = 0.3 £ 0.09 pM) and failing dog heart
({Cs0 = 0.3 £ 0.07 uM) [283]. This chapter will demonstrate the first dose-response
effect of dantrolene inhibition using single channel recordings in the presence of 100
nM exogenous CaM. In addition, the study will explore the CaM facilitation of
dantrolene inhibition using (CPVT-CaM) N-98S that has no effect on RyR2 channel
gating.

Several modulators such as Ca**, ATP, and Mg?" have been reported to regulate RyRs.
Ca?" regulates RyR2 on both cytoplasmic and luminal sides of the SR as one of the most
important modulators [20, 58-61]. Bilayer studies show that the RyR2 is activated at
micromolar concentrations of cytoplasmic [Ca?*] but it is inhibited at millimolar
concentrations [61]. In cardiac muscle, Ca?* entering from outside the cell and from
within the SR plays a very important role in activation of RyR2s since the activation by
Ca?" influx and the subsequent activation of other RyR2s by Ca?" release from RyR2s,
could enforce Ca?*-induced Ca?* release (CICR),one of the major steps in EC-coupling
of cardiac muscle [1, 17].

Interestingly, dantrolene was proposed as a diastolic blocker since dantrolene
suppressed spontaneous Ca®* release in cardiomyocytes of aged mice [403]. It was
reported that dantrolene inhibited the frequency of Ca®" sparks and SR leak, whereas it
failed to inhibit the amplitude of Ca®’ transients [323, 324]. Thus, these findings

support the fact that dantrolene is a diastolic inhibitor of Ca®* release in failing heart
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[323]. However, whether dantrolene inhibition depends on cytoplasmic [Ca?*] has not
been explored. (This chapter was transformed from my paper, Oo et al., Molecular
Pharmacology Journal, 2015 [388].
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6.2 Materials and Methods

6.2.1 Single channel recordings

SR vesicles containing RyR2s were isolated from sheep hearts and incorporated into the
artificial lipid bilayers [371]. During experiments the concentrations of calmodulin,
dantrolene and Ca?" in the cytoplasmic solution were altered by a local perfusion system
[349]. Single channel dwell-time histograms of open and closed time, open probability,
mean open time and mean closed time were measured using a threshold discriminator at
50% of channel amplitude (Channel 3 software by NW Laver). Hill equations were
fitted by the method of least squares to the dose-responses of the ratios of Po in the
presence and absence of dantrolene. Likewise, Hill equations were also fitted to the
Ca?" activation and inhibition of the ratios of Po in the presence and absence of

dantrolene. Please see details in Chapter 2.

6.2.2 Statistics

Average data are presented as the arithmetic mean standard error of the mean (SEM).
The statistical significance of difference was tested using Student’s ¢ test on normal
distributions.  Asterisks indicate being significantly different to 100% (* p<0.05,
**p<0.01).
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6.3 Results

6.3.1 Concentration-dependence of dantrolene inhibition of RyR2s in the
presence of CaM

The concentration-dependence of dantrolene inhibition of RyR2s is shown in Figure
6.1. In the presence of 100 nM CaM (@), dantrolene inhibition exhibited a sigmoidal
dependence on log-concentration with an /Cso of 0.16 + 0.03 uM, a Hill coefficient of
~1 and with a saturating RyR2 open probability (Emax) of 52 + 4 % when compared with
data obtained in the absence of dantrolene. Reducing the CaM concentration to 10 nM
approximately halved the magnitude of dantrolene inhibition ( Emax = 80 £ 5 %, Figure
6.1, O).

RyR2

100@ !Cs=0.16+0.03 uM
g 80}
%
>
S
a° 60}

40 L

Log [dantrolene], M

Figure 6.1: Concentration-dependence of RyR2 activity inhibition by dantrolene in the
presence of 10 nM CaM (O), (mean = SEM, n= 3 to 4) and 100 nM CaM (®), (mean *
SEM, n= 7 to 20). The luminal [Ca*] was 0.1 mM and cytoplasmic [Ca*"] was 100
nM. The solid curve shows the Hill fit to the data using the equation:

Po= {1+E

max

([dantrolene]/IC, )%} /{1 + ([dantrolene]/IC,)"}
where /Cs50=10.16+0.03 pM, H=1.3 £ 0.3 and Enax = 52 £ 4%.

The dashed curve uses the same parameter values except Emax = 80 £ 5%.
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6.3.2 The effect of dantrolene on RyR dwell-times and their dependencies on
cytoplasmic Ca?*

In order to gain more insight into the mechanism of dantrolene inhibition, dwell-time
histograms of channel open and closed events of sheep RyR2s were compiled (Figure
6.2). Histograms are displayed using the log-bin method of Sigworth and Sine [404]
where individual exponential components appear as peaks centered on their time
constant value. In the absence of dantrolene, open and closed dwell times in 1 uM
cytoplasmic Ca®" exhibited peaked distributions that were fitted by two exponential
components (exponential parameters are given in Table 6.1). Addition of dantrolene
(10 uM) shifted the peak of the open distributions to shorter times and closed
distribution to longer times. Dantrolene had a similar effect in 0.1 pM cytoplasmic Ca**
but had no effect at 100 uM cytoplasmic Ca**. Dantrolene altered the time constants of
the exponential fits but did not introduce additional time constants into the closed dwell-

time distribution that would indicate a dantrolene-blocked state of the RyR.

The effect of dantrolene on dwell times is summarized in Figure 6.3 showing the
relative changes in RyR2 mean open and closed durations at four cytoplasmic [Ca*"]
ranging from 0.1 pM (end-diastolic) to 100 uM (systolic). In 0.1 pM cytoplasmic Ca>",
dantrolene reduced RyR2 P, via a decrease in mean channel open duration and an
increase in mean closed duration. At 1 pM cytoplasmic Ca®’, the effect of dantrolene
was diminished and there was no significant inhibition occurring at higher [Ca®"]. Since
the inhibition of dantrolene required CaM, further investigations as to whether CaM
effects also depend on cytoplasmic [Ca?*] were devised to include measurements of
CaM (100 nM) inhibition at several cytoplasmic [Ca?'], ranging from 0.1 uM (diastolic)
to 100 uM (systolic) (Figure 6.4). Similarly, CaM reduced the open probability of
RyR2s to ~50 % of control (i.e. vehicle alone) at cytoplasmic 0. 1 pM Ca?* and the
inhibitory effect of CaM was reduced as the cytoplasmic [Ca?"] was increased.
Notably, CaM had no significant effect at intermediate [Ca?*] of 10-100 pM where the
channels are fully activated. Therefore, it is possible to conclude that regulation of CaM

is also dependent on cytoplasmic [Ca?*] in a similar way to dantrolene.
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Figure 6.2: Effects of dantrolene on open and closed dwell-times of RyR2. (A,C,E)
open and (B,D,F) closed dwell-time histograms compiled using the log-bin method of
Sigworth and Sine [404] as described in the text (6.3.2). Histograms are averages of
three experiments obtained in cytoplasmic [Ca?*] (indicated by pCa in each panel) in the
absence (O) or (®) presence of 10 uM dantrolene. The values are of exponential

constant fits to the dwell-time histograms (Table 6.1).
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Fit to open dwell times

Fit to closed dwell times

Condition

pCa7
pCa7+dan

pCab
pCa6+dan

pCad
pCa4d+dan

Al
%

377
41+17

68+5
70£10

Tl

ms

3.8+0.6
4.4+1.0

8+2
5.2+0.5

1.8+0.4
1.7+0.4

A2
%

T2

ms

2216
22+5

279
16+1

8+2
72

Al
%

11+3
8+4

T1

ms

0.77+0.18
0.37+0.04

5+2
15+9

0.19+0.01
0.18+0.03

A2 T2
% ms
89+3  500+100

92+4  700+150*

69+5 27+6
65+10  50+20
75  0.91+0.09

12+3  0.61+0.08

Table 6.1: Open and closed dwell-time histograms compiled using the log-bin method

of Sigworth and Sine [404] as described in the text and shown in Figure 6.2.

Histograms are averages of three experiments obtained in three different cytoplasmic

[Ca®'] (pCa 4, 6 and 7) in the absence and presence of 10 pM dantrolene. The values

are exponential constant fits to dwell-time histograms.

significantly different to 100% (* p<0.05)

The asterisks indicate being
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Figure 6.3: Statistical analysis of dwell-time histograms showing the relative changes
in channel open probability, mean open and closed dwell-times induced by 10 pM
dantrolene over a range of cytoplasmic [Ca?*]. The luminal bath contains 0.1 mM
[Ca**]. The asterisks indicate being significantly different to 100% (* p<0.05,
**p<0.01).
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Figure 6.4: Statistical analysis of the relative inhibition of channel open probability,
mean open and closed times induced by 100 nM CaM over a range of cytoplasmic
[Ca*]. The luminal bath contained 0.1 mM [Ca?*]. The asterisks indicate being
significantly different to 100% (* p<0.05, **p<0.01).
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6.3.3 Mutant CaM dose-response for facilitation of dantrolene inhibition

The concentration of CaM required to facilitate dantrolene inhibition was investigated.
To do this dantrolene inhibition was measured at a fixed concentration (10 uM) in the
presence of varying concentrations of N98S-CaM and a CPVT-CaM mutant that has no
inhibitory effect on RyR2s (Figure 6.5, open circle). The advantage of this CVPT-CaM
mutant was that it enabled examination of the effect of varying its concentration on
facilitating dantrolene inhibition without the confounding the effect of CaM inhibition.
In the absence of N98S CaM, dantrolene had no effect on RyR P,. Figure 6.5 shows
the addition of only 5 nM N98S-CaM was sufficient to facilitate significant dantrolene
inhibition of the RyR2. The N98S-CaM facilitation of dantrolene inhibition had a
sigmoidal dependence on log-concentration with an ICso of 5.9 £ 0.3 nM, a Hill

coefficient of 5+ 2.6 and an Emax of 53 + 4 %.
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Figure 6.5: Facilitation of dantrolene (10 uM) inhibition by N98S-CaM (®). In the
absence of dantrolene (O), N98S-CaM has no inhibiting action on RyR2s. The
asterisks indicate being significantly different to 100% (* p<0.05, ** p<0.01). The
luminal [Ca?*] was 0.1 mM and the cytoplasmic bath contained 2 mM ATP and 100 nM

Ca?*. The solid curve shows the fit of the Hill equation to the data (see caption of

Figure 6.1).

117



6.4 Discussion

The study in this chapter provides the first dose-response of dantrolene inhibition using
single channel recordings and the cytoplasmic [Ca®"]-dependence effect of dantrolene.
The maximum RyR2 inhibition by dantrolene (Ema= 50%) and /Cso (0.16 £ 0.03 uM,
Figure 6.1) are in close agreement with dantrolene inhibition of Ca?" wave frequency
and amplitude in saponin permeablized cardiomyocytes (Chapter 4, Figures 4.5 and
4.6,) and inhibition of Ca®" release in SR vesicles from failing dog heart (/Cs0 = 0.3 +
0.07 uM, [283]). The dantrolene /Cso reported here coincides with the /Cso (0.3 £ 0.11
uM) for inhibiting DPc10-induced unzipping of the central and N-terminal domains of
RyR2s [283]. The potency of dantrolene in our study was also consistent with the
inhibitory action of 1 uM dantrolene (~40%) on Ca*" spark frequency in isoproterenol-
stimulated cardiomyocytes from R2474S knock-in mice [379].

Our finding that dantrolene inhibition is only seen at cytoplasmic [Ca*] =< 1 uM
(Figure 6.3) is consistent with previous findings that dantrolene (1 uM) inhibits the
frequency of Ca®" sparks (and hence SR leak) but does not inhibit the amplitude of Ca**
transients [323, 324]. Thus, dantrolene is a diastolic inhibitor of Ca®" release in failing
heart, which has the beneficial actions of increasing diastolic Ca** loading of the SR
[323] and reducing diastolic SR Ca?" leak after ventricular fibrillation [324].

Single channel recordings of dantrolene inhibition here provide a unique opportunity to
probe the mechanism of dantrolene inhibition. RyR2 dwell-time distributions (Figure
6.2) indicate that dantrolene decreases the duration of channel openings and increases
the duration of closures, characteristics typical of an allosteric inhibitor rather than a
channel blocker like the local anesthetics that cause distinct blocking events in single
channel recordings [405-407].

The RyR has a homotetrametic structure holding four dantrolene binding sites and at
least four CaM binding sites. The dantrolene dose-response (Figure 6.1) exhibited a
Hill coefficient ~1, consistent with values obtained from 3[H]-ryanodine binding assays
[280]. Such a value indicates that the binding of only one dantrolene molecule is
sufficient to cause inhibition of RyR2 activity. ICso for CaM facilitation of dantrolene
inhibition appears to be ~10 nM for wt-CaM (Figure 6.1) and 5.9 nM for N98S-CaM
(Figure 6.5). These values are ~2-fold lower than the binding affinities for these CaMs
on RyR2 [251] [387]. Interestingly, the dose-response of N98S-CaM facilitation of

dantrolene inhibition (Figure 6.5) had a much higher Hill coefficient, consistent with a
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requirement for multiple CaM molecules on the RyR2. The mechanism by which CaM
facilitates dantrolene inhibition remains unclear. It is unlikely that dantrolene acts by
binding to a site on CaM since that would not explain the different Hill-coefficients for
the dantrolene and N98S-CaM dose responses. It is interesting to note that CaM
inhibition and dantrolene inhibition have similar Ca®>" dependent effects on channel
open and closed times. Therefore, even though dantrolene does not amplify CaM

inhibition, this result does suggest some commonality in their allosteric mechanisms.
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Chapter 7

General Discussion

7.1 Key findings

This study presents the essential role of CaM in dantrolene inhibition of RyR1s and
RyR2s from recordings of a single RyR and permeablized cardiomyocytes. The
principal finding was that 100 nM (physiological concentration) CaM was required for
dantrolene inhibition, solving the long-standing problem of why dantrolene inhibition of
RyR1 and RyR2 failed to be detected in previous single channel studies [292, 304, 381].
A similar requirement of CaM was discovered in dantrolene inhibition of calcium-
release frequency and amplitude in mouse permeablized cardiomyocytes [388].
Interestingly, /Cso values for dantrolene inhibition of RyR2s and RyRls in single
channel recordings are in close agreement (/Cso of 0.16 + 0.03 pM and 1Cso of 0.20 +
0.02 uM for RyR2 and RyR1 respectively) with that of calcium frequency and wave
inhibition in permeablised cardiomyocytes (/Cso = 0.42 £ 0.18 uM and /Cso = 0.19 +
0.04 uM). Dantrolene inhibition of both RyR1s and RyR2s had similar dependencies
on cytoplasmic [Ca®"] as in the case of CaM. Moreover, dantrolene inhibited RyR1s
activated by halothane and DP4. This study also provided new insights into luminal
Ca?* and cytosolic Mg?* modulation of CaM effects on RyR1s in the presence of low
cytoplasmic [Ca?*], and effects of CaM on RyR1 gating activity altered by ATP,
halothane and DP4.

7.2 Can RyR2 be the therapeutic target of dantrolene?

Arrhythmogenic RyR2 defect was rescued by 10 uM dantrolene and it is thought that
dantrolene restored normal Ca?" spark properties in a stem cell model of human CPVT
myocytes under basal conditions [378]. It also corrected S406L-RyR2 hyperactivity
induced by adrenergic stimulation [378], and 20 uM dantrolene increased survival after
ventricular fibrillation [324]. However, the studies here clearly showed that the

maximum RyR2 inhibition (Emax) was 52 + 4 % and the ICs5o was 0.16 + 0.03 uM in
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single channel recordings. The /Cso values in single channel recordings match the
dantrolene inhibition of Ca*" wave frequency and amplitude in saponin permeablized
cardiomyocytes (/Cso = 0.42 = 0.18 uM and /Csp = 0.19 + 0.04 uM). In addition, the
values here agree well with the inhibition of Ca®" release in SR vesicles from failing
dog heart (ICso = 0.3 £ 0.07 uM, [283]) and /Cso (0.3 = 0.11 pM) for inhibiting the
unzipping of the central and N-terminal domains of the RyR2 [283]. The potency of
dantrolene in our study was also consistent with the inhibitory action of 1 puM
dantrolene on Ca®" spark frequency in isoproterenol-stimulated cardiomyocytes from
R2474S knock-in mice [379]. In addition, 1 uM dantrolene reduced the Ca*" spark
frequency and prevented arrhythomgenic Ca®" release in ventricular myocytes from
rabbit failing hearts [323], and reduced Ca®" spark frequency in aged mice [403]. Taken
together, it could be concluded from our study that the RyR2 could possibly be the

therapeutic target of dantrolene inhibition.

7.3 Can RyR1 be the therapeutic target of dantrolene?

Skeletal RyR 1Cso concentration for dantrolene inhibition in single channel recordings
was 0.20 = 0.02 uM which is the same as that obtained for our RyR2s from sheep heart
(0.16 = 0.03 uM) [388]. This value also agrees well with ICso values obtained using
indirect assays of RyR activity: (1) the activity of purified RyR1 in 3[H]-ryanodine
binding assays (0.15 + 0.02 uM) [280] and (2) the binding affinity of dantrolene to
skeletal muscle SR vesicles (0.277 = 0.025 pM) [288]. However, the potency of
dantrolene in other studies is not consistent with the inhibitory action of dantrolene in
our single channel recordings. For example, 10 UM dantrolene or more is required for
1) inhibition of the skeletal L-type Ca*" current [306], 2) inhibition of the rate of Ca**
release from MH and normal SR [280], 3) inhibition of abnormal unzipping of the
domain switch induced by DP4 [313], 4) inhibition of excitation-coupled calcium entry
in myotubes expressing the MH mutation R163C [300] and 5) inhibition of SR Ca**
release in mouse skeletal muscle fibres [408]. These findings, taken together, have led
others to consider alternative therapeutic mechanisms for dantrolene such as modulating
store-operated Ca®" entry [300] or by acting as an antioxidant [409] or regulating
antioxidant enzymes [397, 398]. This speculation was further supported by the finding
that dantrolene failed to inhibit RyR1 at intermediate [Ca*"] of 10-100 uM at which
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channels are fully activated. According to this finding, dantrolene could inhibit the
initiation of SR Ca*" release when the cytosolic [Ca**] is low but would not sustain its
block during release. Since dantrolene is not an effective RyR inhibitor at high
cytoplasmic [Ca?'] then it is not surprising that other dantrolene mechanisms may also
be important for suppressing Ca** release during skeletal muscle twitches [395] or

suppressing MH episodes.

7.4 What could be suggested for the mechanism of dantrolene

inhibition?

We tested the hypothesis that dantrolene just merely amplifies the effects of CaM.
Therefore, the (CPVT-CaM) N541 mutant that activates RyR2 was used to investigate
dantrolene action on the RyR2 activity. However, this is not the case and dantrolene
only inhibits RyR2 activity in the presence of the N541 mutant. In addition, dantrolene
inhibition was observed in RyR1 activated by wt-CaM at low cytosolic [Ca®'].
Therefore, it is now clear that dantrolene required CaM for RyR1 and RyR2 inhibition
but it inhibits the channel activities in its own way. The next question is how many
dantrolene molecules are required to see the inhibitory effect on the RyR since RyRs
have a homotetrametic structure holding four dantrolene binding sites and at least four
CaM binding sites. The dantrolene dose-response curve exhibited a Hill coefficient of
~1 for both RyR1s and RyR2s, consistent with values obtained from *[H]-ryanodine
binding assays [280]. Thus, it could be concluded from our data that binding of only
one dantrolene molecule is sufficient to cause inhibition of both skeletal and cardiac
RyR activity.

Dantrolene inhibition of the RyR2 was only seen at cytoplasmic [Ca?"] <1 uM. This is
consistent with previous findings that dantrolene inhibited the frequency of Ca** sparks
(and hence SR leak) but did not inhibit the amplitude of Ca" transients [323, 324]. This
is supporting evidence that dantrolene is a diastolic inhibitor of Ca*" release in failing
heart [323] and thatit reduces diastolic SR Ca?" leak after ventricular fibrillation [324].

Similarly, dantrolene inhibition of RyR1s was also detected at cytoplasmic [Ca®'] < 1

uM and > 0.2 mM.
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7.5 Could dantrolene inhibition be species-dependent?

It is known that the effect of CaM on RyR2s is species specific phenomenon. Animal
models for RyR2 function in sheep (~40% inhibition) [251] and dog (80% inhibition)
[198] showed CaM binding had different effects on reducing RyR2 activity. Similarly,
that our studies showed dantrolene inhibition (in the presence of CaM) in RyR2s from
healthy sheep hearts (Figure 4.1-4.3) and mouse (Figure 4.4-4.6) but not from human

(Figure 4.9), clearly demonstrated species-dependency.

7.6 Future Direction

The major finding of this thesis was that CaM is essential for dantrolene inhibition in
both cardiac and skeletal muscle RyR. However, CaM alone is not enough to facilitate
dantrolene inhibition of the channels so other undefined factors must also play a vital
role. [*H]-ryanodine binding assays have demonstrated that dantrolene reduced the
CaM activation of purified pig RyR1 [280] which is consistent with CaM-mediated
dantrolene inhibition of RyR1 channels in my study. However, a single channel bilayer
study [300] using similar experimental conditions (100 nM cytoplasmic Ca?* at 35°C),
failed to see dantrolene (20 uM) inhibition of purified rabbit RyR1 channels in the
presence of exogenous FKBP12 and CaM. Therefore, it clearly highlights that the
inhibitory effect of dantrolene on RyRs seen here not only requires CaM, but also other
RyR-associated proteins that are present in native preparations but presumably absent in
some purified RyR preparations. This hypothesis is supported by our finding that
dantrolene inhibited RyR2s from failing human heart but had no effect on RyR2s from
healthy human (non-failing) heart, even in the presence of CaM (Figure 4.9). This
finding helped to gain insights into the different properties of the RyR2 macromolecular
in healthy and failing human hearts.

There are some major differences between healthy and failing hearts. Loss of CaM
binding to RyR2s has been suggested to be a feature of heart failure. Several studies
showed that CaM binding to failing heart was reduced by 50% [410, 411]. Recently,
Bers and his co-workers have shown that CaM binds to the RyR2 with high affinity
(CaM is bound to >70% of RyR2 monomers), whereas RyR2s from failing hearts
showed decreased CaM affinity [ref]. Interestingly, it is believed that decreased CaM
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binding to RyR2s and subsequent abnormal RyR2 gating, complicates the pathogenesis
of heart failure, and that they are the major causative factors for cardiac dysfunction,
lethal arrhythmia and remodelling in heart failure [412]. Thus, it is possible to conclude
that progression of heart failure results from depression of RyR2 activity associated
with the loss of CaM binding. Progression of heart failure leads to remodelling that
includes changes in RyR2 phosphorylation, nitrosylation and oxidation [92] as well as
loss of regulatory co-proteins such as FKBP12.6 and PP1 in addition to CaM [219,
413]. Therefore, my future studies will probe the different states of phosphorylation,
nitrosylation and oxidation, and presence and absence of co-proteins in healthy and
failing heart RyR2s. As an example, RyR2s from healthy hearts will be phosphorylated
to study how the phosphorylation state of the channel plays a role in dantrolene
inhibition. If phosphorylation is the reason why dantrolene has differential effects in
healthy and failing hearts, the next step would be to decipher the specific
phosphorylation site that contributes to dantrolene inhibition. Kinases (PKA and
CaMKII) will be used to phosphorylate RyR2 at Ser2808 and Ser2814 to investigate
which specific phosphorylation site plays a key role in the mechanism of dantrolene
inhibition.

My study was based on the fact that our single channel experiments were devoid of
CaM since it dissociated within a minute during the isolation procedure. Therefore, it is
also important to ascertain the effect of other anti-arrhythmic drugs such as flecainide
and tetracaine on RyR2s in the presence of CaM to compare and validate the data with
previous results that were done in the absence of CaM.

Lastly, my studies have shown that dantrolene inhibits RyR1 activity both in the
absence and presence of DP4 and halothane so it was confirmed that dantrolene
inhibition was independent of these regulators. In addition, dantrolene failed to inhibit
RyR1 at 10 and 100 pM where the channels are fully activated (Figure 5.6) and
dantrolene inhibition was not affected by Mg?* inhibition (Figure 5.12). Zhao and his
co-workers reported that dantrolene did not significantly change the /Cso for MgCla
inhibition of [*’H]-ryanodine binding both in normal and MH SR vesicles. However, my
study did not include the effect of dantrolene on MH RyR1 in the presence of
cytoplasmic [Mg?*"]. Therefore, it is very difficult to conclude from my data whether
dantrolene might be working on MH channels that are presumably very active and
where Mg?" sensitivity is reduced. The foremost experiments would be to investigate

whether dantrolene could inhibit the activity of MH RyR1 channels using MH RyR1
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alleles that correspond to Arg615 and Cys615 using the previous methods [281, 393,
414]. The next step would be to investigate dantrolene inhibition on MH channels at
both low and high calcium concentrations that cover the resting and contraction state of
the muscle. Because Mg2+ sensitivity is reduced in MH channels [281], dantrolene
inhibition of MH RyR1s will also be tested in the presence of a physiological range of
cytoplasmic [Mg?*] to see if dantrolene changes the sensitivity of cytoplasmic [Mg?*].
There are a few other ways to investigate the function of RyR1 such as using [*H]-
ryanodine binding assays and SR Ca®" release studies. However, single channel
recording is a powerful technique that can directly measure single RyR1 activity in
artificial lipid bilayers [347].

In summary, the first future direction is to probe the mechanism of dantrolene inhibition
in failing human heart. Secondly, investigate the effects of other anti-arrhythmic drugs
such as flecainide and tetracaine on RyR2 in the presence of CaM to see if CaM
facilitates their therapeutic action; and finally, an attempt will be made to identify the

therapeutic target of dantrolene using MH RyR s.
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