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Summary

Alternative splicing of ASI residues (Ala3*81-GIn3485) in the skeletal muscle ryanodine receptor
(RyR1) is developmentally regulated: the residues are present in adult ASI(+)RyR1, but absent in
the juvenile ASI(-)RyR1 which is over-expressed in adult myotonic dystrophy type 1 (DM1).
Although this splicing switch may influence RyR1 function in developing muscle and DM1, little is
known about the properties of the splice variants. We examined excitation-contraction (EC) coupling
and the structure and interactions of the ASI domain (Thr3471-Gly3500) in the splice variants.
Depolarisation-dependent Ca2* release was enhanced by >50% in myotubes expressing ASI(-)RyR1
compared with ASI(+)RyR1, although DHPR L-type currents and SR Ca?* content were unaltered,
while ASI(-)RyR1 channel function was actually depressed. The effect on EC coupling did not
depend on changes in ASI domain secondary structure. Probing RyR1 function with peptides
possessing the ASI domain sequence indicated that the domain contributes to an inhibitory module
in RyR1. The action of the peptide depended on a sequence of basic residues and their alignment in
an a-helix adjacent to the ASI splice site. This is the first evidence that the ASI residues contribute
to an inhibitory module in RyR1 that influences EC coupling. Implications for development and
DM1 are discussed.

1. Introduction

The ryanodine receptor (RyR) Ca2* release channel contains two developmentally regulated
splice regions, ASI and ASII [1]. The ASI residues (Ala3#81-GIn3485) are lacking in the juvenile
RyR1 isoform (ASI(-)RyR1), but present in the adult isoform (ASI(+)RyR1). Little is known
about the properties of these splice variants, although it is attractive to consider that the isoforms
are tailored to differential excitation-contraction (EC) coupling requirements in embryonic and
adult muscle since the physical interaction between the dihydropyridine receptor (DHPR) and
RyR1 that supports skeletal type EC coupling is established late in development [2]. The type
3 RyR (RyR3) is strongly expressed in neonatal skeletal muscle and supports EC coupling
through Ca2*-activated Ca2* release [3,4]. The juvenile RyR1 splice variant is also expressed
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but its contribution to neonatal EC coupling has not been assessed since the characteristics of
EC coupling in the presence of ASI(-)RyR1 are not known. Therefore, we examined EC
coupling in mytotubes expressing either ASI(-)RyR1 or ASI(+)RyR1.

Understanding the effects of the variable splicing is also important for understanding the
myopathy in myotonic dystrophy type 1 (DM1), since the juvenile ASI(-)RyR1 splice variant
is preferentially expressed in adults suffering from this disorder [5]. DM1 is caused by a CTG
expansion in the 3' non-coding region of the myotonic dystrophy protein kinase (DMPK) gene,
which leads to excess skeletal muscle excitability (myotonia) and muscle degeneration
(myopathy). The myotonia is attributed to alternative splicing of CIC-1 mRNA [6-8] leading
to loss of chloride channel function [9,10]. The myopathy is less well understood and attributed
to a variety of causes including changes in EC coupling [11,12]. The impact of the juvenile
RyR1 splice variant on EC coupling in DM1 has not been evaluated, once again because EC
coupling has not been studied in muscle specifically expressing of this splice variant.

It seemed likely that the properties of EC coupling may be influenced by alternative splicing
of the ASI region because the greater ASI region (Thr3471 - Gly3500) s a significant regulatory
domain. This is indicated by observations that changes in the ASI region: 1) influences RyR1
open probability [5], 2) contributes to an inhibitory module within RyR1 [14] and 3) binds to
the DHPR f subunit [13]. The DHPR  subunit binds to a sequence of basic residues adjacent
to the variably spliced residues and mutation of these basic residues results in depression of
EC coupling [13]. This change in EC coupling has been attributed to disruption of DHPR
subunit binding to RyR1 [13], but could equally well be due to the mutation itself altering
RyR1 activity during EC coupling. Indeed 4-chloro-m-cresol (4-CMC) responses shown in
[13] suggest that mutation of basic B-binding residues drastically alters RyR1 responses to this
ligand. Therefore, in addition to assessing the effect of the variable splicing on EC coupling
and the secondary structure of the ASI domain, we have examined the role of the basic -
binding residues in determining structure of the ASI region and in regulating RyR1 activity.
The role of these basic residues in regulating RyR1 activity was examined using the peptide
probe approach used in previous studies that identified the ASI inhibitory module in RyR1
[14].

2. METHODS

2.1 Preparation and nuclear cDNA injections of dyspedic myotubes

Primary cultures and nuclear cDNA injections of myotubes from RyR1-null (dyspedic) mice
were performed as previously described [5]. Co-injection of a cDNA encoding cherry red
fluorescent protein (0.005ug/ul; [15]) was used to identify injected myotubes with excitation
(540nm) using a monochrometer-based illumination system (TILL Photonics, Pleasanton, CA,
USA).

2.2 Intracellular Ca?* measurements in myotubes

Myotubes were loaded for 25min at room temperature with 5uM fura-FF AM (TEFLABS,
Austin, TX, USA), a low to moderate affinity (Ky=5.5uM) Ca2* dye, in a Ringer's solution
containing: 146mM NaCl, 5mM KCI, 2mM CaCl,, 1mM MgCl,, 10mM HEPES, pH7.4. Fura-
FF loaded myotubes were alternately excited at 340 and 380nm (510nm emission) every 350ms
(8ms exposure per wavelength and 4x4 binning) using a monochrometer-based illumination
system and captured using a high speed, digital QE CCD camera (TILL Photonics, Pleasanton,
CA, USA). RyR1-mediated Ca?* release was evoked using a 45s application of a maximal
concentration (500uM) of 4-choro-m-cresol (4-cmc) and then reversed during a 60s wash with
control Ringer's. Total store content was assessed during a 120s application of a 0 Ca2* total
store Ca2* release cocktail (ICE) containing: 0.01mM ionomycin, 0.03mM cyclopiazonic acid
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(CPA), and 2mM EGTA. Maximal fura-FF Ca2* responses were evoked by subsequent
application of a 10mM CaZ* Ringer's solution in the continued presence of 0.01mM ionomycin
to ensure that fura-FF was not saturated during prior 4-cmc or ICE applications.

2.3 Voltage clamp measurements

Voltage-gated L-type Ca2* currents (L-currents) and intracellular Ca2* transients were
simultaneously recorded from ASI(+)RyR1- or ASI(-)RyR1-expressing myotubes using the
whole-cell patch clamp technique as described previously [16]. For these experiments, the
external solution contained: 145mM TEA-CI, 10mM CaCl,, and 10mM HEPES (pH7.4), and
the pipette internal solution contained: 145mM Cs-aspartate, 0.1mM EGTA, 1.2mM MgCl,,
0.2mM Ks-Fluo-4, 5mM Mg-ATP, and 10mM HEPES (pH7.4). Cell capacitance was
determined by integration of the capacity transient resulting from a +10mV pulse applied from
the holding potential and was used to normalize Ca?* currents (pA/pF) from different
myotubes. Fits to the voltage-dependence of L-current density and intracellular Ca2* transients
were performed using equations described previously [16]. The maximal rate of voltage-gated
SR Ca?* release was approximated from the peak of the first derivative of the fluo-4
fluorescence trace (5F/ot) elicited by a depolarisation to +60mV. The rate of change in fluo-4
fluorescence is an approximation of the maximal rate of Ca2* release in myotubes because
these cells exhibit a negligible Ca2* removal flux [17].

2.4 Synthesis of domain peptides

Domain peptides were synthesized as described previously [14]. Stock solutions (5mM) were
prepared in H,O and frozen in 20ul aliquots.

RyR1 domain peptides

-ASI(+): 3471T ADSKSKMAKAGDAQSGGSDQERTKKKRRG ™

-ASI(-): 34T ADSKSKMAK ------mo-- SGGSDQERTKKKRRG®

- ASI(mutant): 34T ADSKSKMAK---------- SGGSDQERTAAKLRG®™

-ASI(short): S4BRTKKKRRG®

-DP4: 2422] |QAGKGEALRIRAILRSLVPLDDLVGIISLPLQIP?"
DHPR domain peptide

- Peptide A : 51 TSAQKAKAEERKRRKMSRGL5%

2.5 Nuclear Magnetic Resonance (NMR), circular dichroism (CD) and structural modelling

These structural techniques have been described previously [18]. Peptides (2mM) in 10%
D,0/90% H,0 adjusted to pH5.0 (HCI or NaOH) for NMR spectroscopy. Peptides were diluted
to 50mM at pH5.0 for CD at 5°C on a Jobin Yvon CD6 Dichrograph (Cedex, France) using a
cell path of 1mm. Ten spectra were collected per sample, averaged and subjected to a smoothing
function. Structural models were constructed from NMR experiments, then energy minimized
using the program Discover (Accelrys software Insight 11), first by steepest descent and then
by conjugate gradient until the maximum derivative was <0.001kcal/A.

2.6 [3H]ryanodine binding and Ca?* release

[3H]ryanodine binding [14] to SR vesicles was assessed at 37°C in 200mM KCI, 20mM PIPES
pH 6.8, 15nM [3H]ryanodine, 1mM EGTA, 200uM AEBSF(4-(2-Aminoethyl)-
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benzenesulfonyl fluoride hydrochloride) with appropriate [Ca2*]. Ca2* release was monitored
at 710nm with the Ca2* indicator, antipyrylazolll. SR vesicles were added to 2ml of solution
containing: 100mM KH,PO4 (pH7), 4mM MgCl,; 1mM Na,ATP; 0.5mM antipyrylazo I11.

2.7 Single channel recording and analysis

Lipid bilayers were formed and vesicles incorporated using a cis (cytoplasmic) solution
containing: 230mM CsCH303S, 20mM CsCl, 1.0mM CaCl,, 10mM TES, and 500mM
mannitol (pH7.4 with CsOH) and a trans (luminal) solution containing 30mM CsCH303S,
20mM CsCl, 1mM CaCl, and 10mM TES (pH7.4) [14]. Following RyR incorporation the
cis solution was replaced with similar solution containing 100uM free [Ca2*] and 200mM
CsCH303S was added to the trans solution to achieve a symmetrical 230mM CsCH303S
concentration. Current was recorded using an Axopatch 200 amplifier (Axon Instruments,
Foster City, CA). Bilayer potential, Veis-Virans (Veytoplasm=Viumen), Was switched between
-40mV and +40mV every 30s. Channel activity was analysed over one to two 30s periods at
-40mV and +40mV using the program Channel 2 (developed by PW.Gage and M.Smith,
JCSMR). Threshold levels for channel opening were set to exclude baseline noise at ~20% of
the maximum single channel conductance.

2.8 Statistics

Average data are given as mean £S.E.M. An ANOVA analysis and post-hoc Dunnett's test was
used to assess statistical significance (P<0.05) between groups in myotube experiments with
n>9. For [3H]ryanodine binding, Ca2* release and single channel experiments, statistical
significance was evaluated using paired or unpaired Student's t-test as appropriate when n>3.
Numbers of observations (n) are given in Tables and Figure legends.

3. RESULTS

3.1 Influence of the ASI region on EC coupling

Ca?* currents through the DHPR and Ca2* release from the SR were recorded under voltage
clamp conditions in dyspedic (RyR1-null) myotubes expressing either ASI(+)RyR1 or ASI(-)
RyR1 (Fig. 1A). Voltage-activated Ca?* release during EC coupling was significantly
increased in myotubes expressing ASI(-)RyR1. However there was no difference in voltage
sensor properties assessed from L-type Ca2* currents. The substantial L-type Ca2* currents in
the ASI(+)RyR1 and ASI(-)RyR1 expressing myotubes (Fig. 1A) are in marked contrast to the
minimal L-type currents observed in naive dyspedic myotubes reported previously [19,20].
Fig. 1A shows representative L-type Ca2* currents and intracellular Ca2* transients elicited by
200ms depolarisations to the indicated potentials (-40mV to +60mV). The magnitude and
voltage-dependence of L-type CaZ* currents were similar in ASI(+)RyR1- and ASI(-)RyR1-
expressing myotubes (Fig. 1B) and similar to those in normal myotubes [21]. Accordingly,
maximal L-channel conductance (Gnax) and the voltage for half-maximal L-channel activation
(Vg1/2) Were not different (Table 1, I-V data). Since the skeletal L-type Ca2* current depends
on a physical association between the DHPR and RyR1 [19], these results indicate that DHPR
expression and RyR1 association is similar for ASI(+)RyR1 and ASI(-)RyR1.

In contrast to the similar RyR1-mediated enhancement in L-type Ca?* current function in
myotubes expressing ASI(+)RyR1 and ASI(-)RyR1, EC coupling was profoundly increased
in ASI(-)RyR1-expressing myotubes when assessed either from the magnitude of
depolarisation-induced Ca2* transients (Fig. 1C) or the maximal rate of Ca2* release (Fig.
1D&E). While the voltage for half-maximal activation (Vgq/2) was similar, maximal voltage-
gated Ca2* release ((AF/F)max) Was significantly (P<0.01) increased in ASI(-)RyR1-expressing
myotubes (Table 1, F-V data). A reasonable approximation of the maximum rate of SR Ca%*
release can be determined from the peak value of the first derivative of the Ca2* transient
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(8F/3t) elicited by a strong depolarisation [20]. The maximal rate of SR Ca?* release elicited
at +60mV was significantly (P<0.01) higher in ASI(-)RyR1-expressing myotubes (Fig.
1D&E). It should be noted that the robust depolarisation-induced Ca2* transients recorded from
both ASI(+)RyR1 and ASI(-)RyR1-expressing myotubes are in marked contrast to the absence
of such Ca2* transients in naive dyspedic myotubes [19]. In conclusion, the results show that
voltage-gated Ca?* release in increased in myotubes expressing ASI(-)RyR1, which lacks the
variably spliced residues.

The enhanced voltage-gated Ca?* release in ASI(-)RyR1 expressing myotubes is reminiscent
of the greater activation of ASI(-)RyR1 by ASI peptides, which has been attributed to greater
activation when the ASI inhibitory module is interrupted in ASI(-)RyR1 than in ASI(+)RyR1
[14]. The opening of RyR channels and skeletal muscle EC coupling is suggested by several
studies to depend on changes in regulatory modules within the RyR [27-30]. Our results
indicate that the ASI region is a part of a regulatory module that contributes to EC coupling
and that release of this inhibition facilitates stronger EC coupling for ASI(-)RyR1 than ASI(+)
RyR1.

3.2 The juvenile RyR1 splice variant does not alter SR Ca2* store content, but does influence
maximal 4-cmc-induced Ca?* release

The greater voltage-gated Ca2* release in ASI(-)RyR1-expressing myotubes could result from
either a greater efficacy of DHPR-mediated Ca2* release (EC coupling), a general increase in
the RyR1 responsiveness to activating stimuli, and/or increased SR Ca2* store content.
Therefore, we determined the responsiveness of RyR1 to 4-cmc and the total releasable SR
Ca?* store content in non-injected dyspedic (RyR1-null) myotubes, ASI(+)RyR1- and ASI(-)
RyR1-expressing myotubes. We have previously shown that caffeine-induced Ca2* release is
not significantly different in ASI(+)RyR1- and ASI(-)RyR1-expressing myotubes [5]. We used
4-cmc here both to explore the actions of a different agonist and because 4-cmc activates RyR1
and not RyR3 (which is expressed at low levels in myotubes) [22] so that the 4-cmc-induced
Ca?* responses can be definitively assigned to the expressed RyR1 variants. For these
experiments, myoplasmic Ca2+ was measured using fura-FF, a low to moderate affinity
(Kg=5.5uM) Ca?* dye (which did not saturate during maximal release - see below). Addition
of 4-cmc (500uM) elicited a rapid increase in intracellular Ca?* in both ASI(+)RyR1- and ASI
(-)RyR-expressing myotubes (Fig. 2A&B), but not in non-expressing dyspedic myotubes (Fig.
2B), demonstrating that release occurred through the expressed RyRs. In contrast to voltage-
gated Ca?* release (EC coupling), but consistent with single channel data [5], maximal 4-cmc-
induced Ca?* release was significantly reduced in ASI(-)RyR1-expressing myotubes (Fig. 2B,
left).

To evaluate SR Ca2* content, we used a Ca2* release cocktail (ICE, containing zero Ca?* - see
Methods) to completely release Ca2* from all intracellular stores, including SR, mitochondria,
golgi and lysosomes. Given the relative size of each of these Ca2* compartments (SR being
~75% of the total; [23]), this response is dominated by SR release. Addition of ICE revealed
that the Ca2* store content was not different between ASI(+)RyR1- and ASI(-)RyR1-
expressing myotubes (Fig. 2B, middle). In contrast, and as expected, Ca2* store content was
significantly higher in non-expressing dyspedic myotubes, consistent with RyR1 channels
contributing to a low level of uncompensated SR Ca2* leak. A further increase in fura-FF ratio
was observed following subsequent application of 10mM Ca2* (CaZ*, dotted lines, Fig. 2A),
demonstrating that the dye was not saturated during the addition of either 4-cmc or ICE (Fig.
2B, right). To conclude, the absence of the variably spliced residues in ASI(-)RyR1 specifically
inhibited Ca2* release through the channel in response to 4-cmc. The changes in both resting
RyR1 activity and in caffeine and 4-cmc induced activity with deletion of the ASI residues
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([5] and Fig. 2) indicate that the inhibitory module containing the ASI residues influences
resting channel activity as well as EC coupling.

The results in this and the previous section show that the two splice variants of RyR1 respond
differently to the two types of triggers with ASI(-)RyR1 supporting a decreased release in
response to exogenous triggers [caffeine and 4-cmc] and an increase in response to the
endogenous DHPR-mediated trigger. This is a novel and physiologically important finding
and provides strong evidence that the alternatively spliced region influences the strength of
Ca?* release during EC coupling, since release is increased in spite of a reduction observed for
exogenous ligands.

3.3 The molecular structure of the ASI region

The observed effects on EC coupling may have been due to differential effects of the spliced
residues on the secondary structure of the greater ASI domain. Therefore, we compared the
structures of peptides comprising sequences flanking the ASI residues (Thr3471-Gly3500) jn
either the presence (peptide ASI(+)) or absence (peptide ASI(-)) of the variably spliced ASI
residues (Methods). NMR proton assignments (Supplementary Table 1) were determined using
TOCSY to identify spin types and NOESY for sequence assignments [24]. NOE cross-peaks
indicate that two protons are separated by <5A in an a-helical structure. Sequential (NH;-
NHi.1, aH;j-NHj+1, and BH;-NH;+1) and medium range (NH;-NHj.2, aH;-BHj.3, and aH;-
NHi+3) NOE patterns (Fig. 3) indicated weak helix-like structures of 13-14 residues towards
the C-terminus in both peptides. The degree of a-proton chemical shift deviation from tabulated
random coil values [25] (hot shown) and CD spectra were also consistent with the peptides
having both helical and random coil structure. An ideal helix exhibits CD minima at 208 and
222nm [26]. The ASI(+) and ASI(-) peptides show a minimum at <208nm and weak inflections
near 222nm (Fig. 4A). Fig. 4B shows structure predictions based on the NOE data with an a-
helical region extending across 13-14 residues from the centre towards the C-terminus,
including a contiguous sequence of basic residues, two of which are aligned along one surface
of the helix. The N-terminal half of both ASI(+) and ASI(-) peptides (containing ASI residues
in the ASI(+) peptide) is an extended coil. The similar structures of the ASI(+) and ASI(-)
peptides suggest that functional differences between ASI(-)RyR1 and ASI(+)RyR1 cannot be
attributed to different secondary structures in the ASI domain.

3.4 The sequence and structure of basic residues in the ASI peptides determines peptide

function

The experiments in this section examine the structure and function of the ASI region in greater
detail with a particular emphasis on the basic a-helical f-binding region downstream from the
ASI residues. This region was of interest because mutation of these basic residues depresses
EC coupling by ~609% [13] and because the basic sequence is similar that of peptide A, which
also activates RyR1 [18,32-34].

A mutated ASI peptide (ASI(mutant)), with three of the basic residues replaced by either
alanine or lysine - see methods) and a truncated peptide (ASI(short)) were synthesised. ASI
(short) contained the basic residues but was likely to be too short to maintain a helical structure.
Structural analysis showed that ASI(mutant) retained its helical structure, but without aligned
basic residues which had been replaced with alanines. Structural analysis also confirmed that
ASI(short), containing the basic residues, was unstructured (Fig. 3&4, Supplementary Table
1). The CD minimum at 195nm for ASI(short) in Fig. 4A also indicate that there is little helical
structure.

The action of the peptides on native skeletal muscle RyR1 was compared using [3H]ryanodine
binding and Ca?* release from SR vesicles. [3H]ryanodine binding increases when channel
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activity increases [31]. The ASI(-) peptide significantly increased both [3H]ryanodine binding
(Fig. 5A) and Ca?* release (Fig. SB&E). In contrast, the ASI(mutant) only marginally increased
[3H]ryanodine binding (Fig. 5A). The mutant peptide did not increase Ca2* release at 10uM,
but produced a small increase at 100uM (Fig. 5C&E). The small activation by ASI(mutant)
was significantly less than the strong activation by the ASI(-) peptide at all peptide
concentrations. These results indicate that all the basic residues are required for strong
activation by the peptide. The helical structure is also important since [3H]ryanodine binding
was less with peptide ASI(short) than with ASI(-) at 100uM and 500uM (Fig. 5A) and Ca2*
release from SR was significantly reduced at all peptide concentrations (Fig. 5E). The mutation
produced a generally stronger reduction in the effect of the peptide on both [3H]ryanodine
binding and Ca2* release than the truncation, indicating that the negatively charged residues
were the prime determinant of activation, but that their efficacy was greatly enhanced by their
alignment in a helical structure.

ASI(short) in contrast to ASI(mutant) enhanced the later phase of Ca2* release (1-3min after
peptide addition, Fig. 5D). The late release is influenced both by the peptide and by the initial
Ca?* release, i.e. it contains a component of Ca2*-induced Ca?* release, whereas the initial
release is solely peptide-dependent. Controls in this set of experiments were (a) the reduced
activation of ASI(mutant) and ASI(short) provided controls for the specificity of the wild-type
ASI peptide effects and (b) the increase in OD following addition of Ca2* ionophore which
was always observed (final arrows in Fig. 5B&D), indicated that Ca?* remained in the SR
vesicles and that antipyralazolll was not saturated during peptide-evoked release.

In summary, the data in this section show that the basic a-helical B-binding residues are
critically important in the activating action of the ASI peptides and that their helical structure
is essential for maximal activation. The results further indicate that the basic residues adjacent
to the ASI region are determinants of RyR1 activity, and therefore, may contribute to the
enhancement of voltage dependent Ca2* release during EC coupling, in addition to their role
in binding the DHPR B-subunit [13]. Thus the two regions of the ASI domain influence RyR
activity and EC coupling. Insertion of the variably spliced residues in ASI(+)RyR1 depresses
voltage-dependent Ca?* release (this study), while the presence of the basic residues facilitate
EC coupling [13].

3.5 Effects of ASI peptides on RyR1 channels

The interaction between the wild-type and mutant peptides on single RyR channels was
examined to further characterise the molecular nature of the peptide binding site. The ASI
peptides strongly activate RyR1 at -40mV, but activate less at +40mV, where the bilayer
voltage pushes the positively charged peptide into the pore. As aresult, activation at low peptide
concentrations is reduced at +40mV and channel activity can fall below control values, due to
this non-specific inhibitory action observed at higher peptide concentrations [14]. These effects
are clearly seen with ASI(-) in Fig. 6A&C, with significant activation by AS1(-) at -40mV and
significant inhibition by 100uM peptide at +40mV. ASI(short) on the other hand failed to
increase RyR1 activity at -40mV, but strongly blocked activity at +40mV when applied at
100uM, with a greater potency than ASI(-)(Fig. 6B&C). The ASI(mutant) peptide had no effect
on channel activity (not shown), consistent with its minimal effects on [*H]ryanodine binding
and Ca?* release from SR (Fig. 5). The channel data suggest that the reduced effect of ASI
(short) on [3H]ryanodine binding and Ca2* release from the SR is a combination of lower
activation plus maintained inhibition at higher peptide concentrations.

3.6 The ASI peptides and peptide A

There is a remarkable similarity between the structure and function of the ASI peptides and a
peptide (peptide A) corresponding to the A region of the DHPR II-111 loop [18,32-34]. The
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similar structures are shown in Fig. 4. The ASI peptides and peptide A each activate RyR1 at
-40mV and high concentrations inhibit RyR1 at +40mV. Activation by ASI peptides and
peptide A each depends on the alignment of positively charged residues in an a-helical
structure. In addition, RyR1 activation by peptide A is affected by either truncation or mutation
of positive residues [18] in a manner that is almost identical to the effects of truncation or
mutation of ASI(-). Because of these similarities, we hypothesized that the ASI peptides and
peptide A might interrupt the same inhibitory module in RyR1. The possibility was explored
with competition studies (Fig. 7). The ASI(+) and ASI(-) peptides alone each significantly
increased [3H]ryanodine binding (Fig. 7A&B, solid lines), but failed to significantly increase
[3H]ryanodine binding if channels were first activated by 100uM peptide A (Fig. 7TA&B,
broken lines). The activation by 100uM peptide A alone is seen by the enhanced activity with
zero ASI peptide - i.e. the first diamond data point in Figs 7A and B. This was not due to
saturation of ryanodine binding to native RyR1 channels since binding of >250% control was
achievable in this preparation with 10uM caffeine plus 100uM peptide A or ASI(-) in the
presence of 10uM Ca2* (Fig. 7C).

As a control for the specificity of the peptide A in blocking the ASI effects, an active but
structurally unrelated domain peptide (DP4 peptide (Leu?442-Pro2477) [35,36] was added with
500uM ASI(-). Ryanodine binding with 500uM ASI(-) was 190+1% of control, binding with
100pM DP4 was 236+13% of control and binding with 500uM ASI(-) plus 100uM DP4 was
339+32% control. Thus, as expected and in contrast to peptide A, the effects of DP4 and ASI
(-) were additive and independent. A final control experiment for the specificity of the ASI and
peptide A competition was performed with the unrelated activator, caffeine. The actions of
both ASI(-) and peptide A were additive with the effects of caffeine indicating, again as
expected, that the peptides and caffeine act independently (Fig. 7C).

The remarkable overlap between the effects of ASI peptides and peptide A was explored further
by comparing the effects on Ca?*-dependent activation of RyR1 by the two peptides with the
effects of the unrelated DP4 domain peptide. ASI(+), ASI(-), and peptide A each significantly
increased [3H]ryanodine binding at [Ca2*]s >10uM (Fig. 8A). As previously reported [14] the
ASI(-) peptide produced significantly greater activation than ASI(+). Activation by peptide
A was significant but not significantly different from activation by ASI(+). Neither peptide
A nor the ASI peptides altered activation by Ca2* as a percentage of maximum binding (Fig.
8B). In contrast to the ASI peptides and peptide A, DP4 significantly reduced the [Ca2*]
required for RyR1 activation (Fig. 8A&B, also reported by [35]). Ryanodine binding with
1uM Ca2* was significantly greater in the presence of DP4 than in the absence of peptide or
in the presence of ASI peptides and peptide A. The [Ca2*] required for 50% activation fell
from 3-4uM without peptide or with the ASI peptides and peptide A, to ~400nM with DP4.
On the other arm of the Ca2* activation curve, DP4 rendered the RyR less sensitive to Ca2*
inhibition, with <20% inhibition by 1mM Ca?* in the presence of this peptide, compared with
>50% inhibition under all other conditions. In conclusion, the ASI peptides and peptide A had
very similar effects on Ca2*-dependent RyR1 activation that was very different from the effect
imposed by DP4.

Overall, the results in this section suggest that the ASI peptides and peptide A share a common
binding site on RyR1 by virtue of their similar amino acid sequences and a-helical structures
that aligns basic residues along one surface of the a-helix.

4.0 DISCUSSION

This study describes several novel observations. Firstly, we have identified a variably spliced
region in RyR1 that profoundly effects skeletal muscle EC coupling and is thus are likely to
participate in the poorly understood but crucial mechanism that transmits the EC coupling
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signal from the DHPR to the RyR1 channel pore. These particular residues have not previously
been implicated in EC coupling. Secondly, this is the first report that variable splicing of RyR1
alters skeletal muscle EC coupling. Thirdly, the newly defined two dimensional structure of
the ASI domain provides a structural basis for understanding the contribution of the ASI region
to both EC coupling and a critical inhibitory module within RyR1. Fourthly, we show the basic
residues in RyR1 involved in binding the  subunit of the DHPR [13] also influence intrinsic
gating of the RyR1 ion channel. Finally, we show that ASI domain peptides and the A region
of the DHPR I1-111 loop exhibit analogous secondary structures and activate RyR1 by
competing for a common site. The results have significant implications not only for EC
coupling but also for Ca2* regulation in developing skeletal muscle and the myopathy in DM1.

4.1 The involvement of the ASI region in basal RyR1 channel activity and EC coupling

The lower basal [5] and 4-cmc-induced ASI(-)RyR1 activity (Fig. 2) can be explained by a
stronger intramolecular inhibitory module in ASI(-)RyR1 than in ASI(+)RyR1. This assertion
is supported by peptide probe studies where (a) the ASI peptides activate ASI(-)RyR1 more
than ASI(+)RyR1 and (b) the ASI(-) peptide produced greater activation of native and
recombinant RyR1 channels than the ASI(+) peptide [14]. The greater activation by the ASI
(-) peptide could be explained if the ASI(-) sequence bound strongly and suggested that the
same sequence in ASI(-)RyR1 may form a stronger inhibitory module than that in ASI(+)RyR1
[14]. The inhibitory module is presumably formed by an interaction between the ASI domain
and other regions of RyR1. The results further show that the basic DHPR f subunit binding
domain adjacent to the variably spliced residues is critical for the contribution of the ASI region
to the inhibitory module. The degree of inhibition is modulated by the presence or absence of
the variably spliced residues.

Since the resting ASI(-)RyR1 channel activity is ~20% less than that of ASI(+)RyR1 [14], we
considered that resting cytoplasmic [Ca2*] might be lower and the SR Ca2* content higher in
the ASI(-)RyR1-expressing myotubes. However this was not the case. Both resting cytoplasmic
Ca?* [5] and SR Ca?* content (Fig. 2B) are similar in cells expressing either isoform. Therefore,
other mechanisms including sarcolemmal, SR, and mitochondrial Ca2* transport must
compensate for the difference in basal RyR1 activity. This is analogous to malignant
hyperthermia mutations in RyR1 that produce mild increases in RyR1 activity but are not
sufficient to alter net SR Ca2* content [16].

4.2 Structure and function of the ASI peptides

The secondary structure of the ASI(+) and ASI(-) peptides is very similar, with NMR and CD
both indicating helix-like characteristics. The N-terminal half of each peptide is random coil
and the C-terminus of both peptides contains a 13-15 residue amphipathic helix with two basic
residues extending from one face. The ability of the ASI peptides to activate RyR1 channels
in bilayers depends on the helical alignment of these basic residues. The similar a-helical
structures and alignment of basic residues in ASI(-) and ASI(+) suggest that a tighter interaction
in the ASI(-) inhibitory module may reflect size and charge differences rather than structural
differences. In addition, it is possible that conformational forces on the ASI region in the RyR1
tetramer may induce structural changes that contribute to the differences observed between the
two isoforms of the channel.

Our hypothesis is that the a-helical basic residues adjacent to the ASI variably spliced residues
form the critical binding site for the AS1 region. These residues are present in both the ASI(+)
and ASI(-) peptides. We propose that both peptides bind and activate RyR1, but do so with
different affinities based on the presence or absence of the adjacent ASI residues. In other
words, the absence of the variably spliced residues in ASI(-) facilitates the association between
the basic residues and the binding site on RyR1.
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4.3 The role of the basic a-helical region in EC coupling

The strength of skeletal EC coupling is markedly reduced by deletion of the cluster of positively
charged amino acids (K349°KKRR__R3%92) that are immediately adjacent to the alternatively
spliced ASI residues [13]. Although this was attributed to a disruption to binding of the p14-
subunit [13], it is possible that the deletion also interrupted the ASI inhibitory module. Our
peptide probe studies with ASI(mutant) (Figs 5&6) suggest that deletion of
K3495KKRR__R3%02 would disrupt the inhibitory module and this could depress EC coupling,
by analogy to the hypothetical ability of the tighter inhibitory module in ASI(-)RyR1 [14] to
facilitate EC coupling (Fig. 1). It is possible that mutation of the K3495SKKRR__R3502 residues
removes two critical regulatory components of the EC coupling pathway. Indeed, both deletion
of K3495KKRR_R3502[13] and inclusion of the alternatively spliced ASI residues (Fig. 1) each
reduce Ca2* release during EC coupling without shifting its voltage dependence, consistent
with the two interventions acting via a common mechanism. We suggest that increased Ca2*
release during EC coupling observed in ASI(-)RyR1-expressing myotubes could result either
from an effect of the ASI residues on the activity of the ASI domain inhibitory module during
voltage sensor activation, the strength of f15-subunit binding to RyR1 and regulation of EC
coupling, or to a combination of the two effects. Distinguishing between these possibilities
will require further experimentation, however preliminary data suggest that the f15-subunit
binding is similar for ASI(-)RyR1 and ASI(+)RyR1 (Karunasekara Y, Beard NA, Pouliquin
P, Poux A, & Dulhunty AF, unpublished).

4.4 Implications of ASI(-)RyR1 activity in development and DMI

The strong response of ASI(-)RyR1 to depolarisation may help in establishing a Ca2*-
independent EC coupling during development. The Ca2* release units that facilitate skeletal
muscle (Ca2*-independent ) EC coupling are formed during E16-18 [2] at a time when RyR3
(which supports Ca2*-induced Ca2*-release) and ASI(-)RyR1 (which supports Ca2*-
independent EC coupling) are co-expressed [1,37] (see Introduction). We speculate that the
impact of tightly voltage-regulated Ca2* release through ASI(-)RyR1 would be enhanced by
the strong response of this isoform to depolarisation. Later, when RyR3 expression is reduced
and there is an abundance of RyR1, voltage-activated Ca2* via ASI(+)RyR1 would dominate.

The myopathy in DM1 has been attributed to factors including altered: (a) protein synthesis
[38] (b) contractile protein expression and force generating capacity [39,40], (c) Ca2*-
calmodulin-dependent protein kinase activity and phosphorylation of phospholamban [39] and
(d) ATP turnover [41]. Additionally, while ASI(-)RyR1 expression is increased in DM1, the
mechanism by which lowered resting RyR1 channel activity could contribute to the myopathy
was unclear [5]. The altered efficiency of DHPR-RyR1 coupling described here could well
contribute to the myopathy if increased Ca2* release during EC coupling resulted in excess
Ca?* accumulation in micro-domains that promote muscle degeneration through activation of
Ca?*-dependent proteases (e.g. calpain).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Maximal voltage-gated Ca?" calcium release is enhanced in ASI(-)-expressing myotubes
A) Representative L-type Ca2* currents (upper traces) and Ca2* transients (lower traces)
elicited by 200ms depolarisations to the indicated potential in ASI(+)RyR1- and ASI(-)RyR1-
expressing myotubes. Average voltage-dependence of peak L-type CaZ* current density (B)
and intracellular Ca2* transients (C) in dyspedic myotubes expressing ASI(+) (o, n=10) or ASI
(-) (e, n=9). D) Representative time-dependence of the first derivative of the Ca2* transient
(SF/ot) elicited at +60mV in dyspedic myotubes expressing either ASI(+)RyR1 (black trace)
or ASI(-)RyR1 (grey trace). E) Average peak of the first derivative of the Ca2* transient (5F/
dt) at +60mV in dyspedic myotubes expressing ASI(+)RyR1 (open bar) or ASI(-)RyR1 (filled
bar). Tp<0.01 compared to ASI(+)RyR1.
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Figure 2. Releasable SR Ca?* content is not different in ASI(+)RyR1- and ASI(-)RyR1-expressing
myotubes

A) Representative fura-FF ratio (340/380) traces in ASI(+)RyR1- and ASI(-)RyR1-expressing
myotubes following sequential addition of 500uM 4-cmc, wash, ICE (10uM ionomycin,
30uM CPA, and 2mM EGTA), and finally a 10mM Ca?* + 10pM ionomycin Ringer's solution
used to determine the maximal fura-FF ratio (dotted lines) during Ca2* saturation of the dye.
B) Average peak intracellular Ca?* responses to addition of 4-cmc (left), 0 Ca2* total store
Ca?" release cocktail (ICE, middle), and 10mM Ca2* + 10uM ionomycin (right) in non-
expressing (hatched bars, n=9), ASI(+)RyR1-expressing (open bars, n=29) and ASI(-)RyR1-
expressing (filled bars n=22) dyspedic myotubes. “p<0.05 compared to ASI(+)RyR1; Tp<0.01
compared to ASI(+)RyR1. Minor deviations between the traces shown in A not observed in
the average data reflect the cell-to-cell variability typically observed in these experiments.
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Figure 3. NMR-derived properties of the ASI peptides
Summary of the sequential and medium range connectivities, and 3Jyn-nq coupling constants
identified for each of the ASI peptides. The NOE connectivities are indicated by black lines.
The line thickness reflects the strengths of the NOE correlation as strong, medium and weak.
Values of 3Jyp-pq less than 6 Hz are indicated by |.
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Figure 4. Structure of ASI peptides

A) CD spectra at 5°C for peptides ASI(+) (thin solid line), ASI(-) (thin dashed line), ASI(-)
mutant (thick solid line), and ASI-short (thick dashed line) in H,O, pH5.0. B) Structural
representation of ASI(+), ASI(-), and ASI(-)-mutant (overlayed on left) and peptide A (right).
Side chains of ASI residues K349 and R3499 and peptide A residues K877, R881 and R%4 are
indicated.
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Figure 5. The sequence and structure of basic residues K349KKRR34%9 determines ASI peptide

activation of RyR1

A) Effects of peptides ASI(-), ASI(mutant), and ASI(short) on [3H]ryanodine binding with
10pM Ca2* (n=3 for each peptide at each concentration). B-D) OD changes at 710nm,
reflecting changes in extravesicular [Ca2*] measured using antipyrylazolll (500uM) with an
addition of 1uM thapsigargin (first arrow), then 100uM peptide ASI(-)(second arrow in B),
ASI(mutant) (C) or ASI(short) (D), 5uM ruthenium red (third arrow in B), and 1.5ug/ml
Ca%* ionophore A23187 (last arrow in B). E) Average rates (nmoles/mg/min, n=3) with
peptides ASI(-), ASI(mutant), and ASI(short). The average initial rate of release (peptide minus
thapsigargin) is shown in E. It is apparent in D that this initial rate is not substantially increased
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by the ASI(short) peptide, while the later release rate (1-3min after peptide addition) is greater
than that with ASI(mutant). Asterisks (*) in (A) and (D) indicate average values significantly
different from control, while the (*) symbol indicates a significant difference from the wild-
type ASI(-) at each peptide concentration.
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Figure 6. Peptide ASI(-) activates RyR1 channels at -40mV, but ASI(short) does not. Both peptides
at 100uM inhibit channels at +40mV

A) & B) Channel activity (3s) with all-points histograms for the entire 30s record. The
probability of the maximum open current (indicated by the broken lines in the channels records
or arrows in the all-points histograms) is high only in the presence of ASI(-) at -40mV (in A)
or under control conditions at +40mV in (A & B). Upper panels - control activity; lower panels
- activity with 100uM peptide. A) ASI(-). B) ASI(short). Channel openings are downward at
-40 mV (left) and upward at +40 mV (right). C) Average (n=3) effects of peptides ASI(-) and
ASI-short on open probability of native RyR1 at -40mV (left) and +40mV (right). Asterisks
(*) in (C) indicate average values significantly different from control (C), while the (¥) symbol
indicates values ASI(short) that are significantly different lower those with ASI(-) at the same
peptide concentration.
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Figure 7. Competition between ASI peptides and peptideA

Relative [3H]ryanodine with 10uM Ca2*. A) ASI(+) alone (o) or ASI(+) plus 100uM peptide
A (@) with 10uM Ca2*. Average values with ASI(+) alone are significantly greater than control
at each peptide concentration. Peptide A produces a significant increase in activity, but there
is not further increase as ASI(+)is added with peptide A. B) ASI(-) alone (=) or ASI(-) plus
100uM peptide A (@) with 10uM Ca2*. Average values with ASI(-) alone are significantly
greater that control at each peptide concentration. Peptide A produces a significant increase in
activity, but there is not further increase as ASI(-) is added with peptide A. C) Caffeine alone
(e) significantly increases [3H]ryanodine at all concentrations tested. There is a further
significant increase in activity each caffeine concentration when 100uM peptide A is present
with caffeine (4) and an additional significant increase when 100uM ASI(-) is present with
caffeine (+). Symbols show mean £SEM (n=3). Some SEM bars do not appear because they
fall within the dimensions of the symbols.
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Figure 8. ASI peptides and peptide A do not alter the Ca2+-dependence of [3H]ryanodine binding
A) & B) Average (n=3) [*H]ryanodine binding (A, pmol/mg; B, % maximum) in the absence
of added peptide (o) or with 100uM ASI(+) (2),100uM ASI(-) (=),100uM peptide A (@), or
100uM DP4 (V). In A), the average [3H]ryanodine binding with each of ASI(-), ASI(+) and
peptide A are significantly greater than that in the absence of peptide at Ca2* concentrations
>10uM. Amongst the 3 peptides, average [3H]ryanodine binding with ASI(-) is significantly
greater than with either ASI(+) or peptide A when Ca?* was >10uM. Average [3H]ryanodine
binding with DP4 on the other hand is significantly greater than control with 0.1uM, 1.0uM
and 1mM Ca2*, no different with 10pM and significantly lower with 100uM Ca2*. In B), there
are no significant differences between the average normalised [*H]ryanodine binding for
control, ASI(-), ASI(+) and peptide A at any Ca?* concentration. [3H]ryanodine binding in the
presence of DP4 is significantly higher than that with each of the other peptides in the presence
of 0.1 uM, 1.0uM and 1mM Ca?*. Some SEM bars do not appear because they fall within the
dimensions of the symbols. Asterisks (*) indicate average [*H]ryanodine binding with DP4
that is significantly different from values in the absence of peptide at the indicated Ca2*.
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