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Function of a mutant ryanodine
receptor (T4709M) linked
to congenital myopathy

Zsuzsanna E. Magyar'$, Judit Hevesi%**¢, Linda Groom*, Robert T. Dirksen* &
Janos Almassy>™

Physiological muscle contraction requires an intact ligand gating mechanism of the ryanodine
receptor 1 (RyR1), the Ca?*-release channel of the sarcoplasmic reticulum. Some mutations impair
the gating and thus cause muscle disease. The RyR1 mutation T4706M is linked to a myopathy
characterized by muscle weakness. Although, low expression of the T4706M RyR1 protein can
explain in part the symptoms, little is known about the function RyR1 channels with this mutation.
In order to learn whether this mutation alters channel function in a manner that can account for the
observed symptoms, we examined RyR1 channels isolated from mice homozygous for the T4709M
(TM) mutation at the single channel level. Ligands, including Ca?*, ATP, Mg?* and the RyR inhibitor
dantrolene were tested. The full conductance of the TM channel was the same as that of wild type
(wt) channels and a population of partial open (subconductive) states were not observed. However,
two unique sub-populations of TM RyRs were identified. One half of the TM channels exhibited high
open probability at low (100 nM) and high (50 uM) cytoplasmic [Ca%*], resulting in Ca**-insensitive,
constitutively high P, channels. The rest of the TM channels exhibited significantly lower activity
within the physiologically relevant range of cytoplasmic [Ca?*], compared to wt. TM channels retained
normal Mg?* block, modulation by ATP, and inhibition by dantrolene. Together, these results suggest
that the TM mutation results in a combination of primary and secondary RyR1 dysfunctions that
contribute to disease pathogenesis.

Ryanodine receptor type 1 (RyR1) is the Ca?* channel of the sarcoplasmic reticulum (SR) of the skeletal muscle.
When RyR1 channels open under the control of an action potential in the sarcolemma, Ca®" is released from the
SR, which is used to drive muscle contraction. The communication between the sarcolemma and RyR1 is medi-
ated by the dihydropyridine receptor (DHPR) in a voltage dependent manner through an allosteric mechanism,
called excitation-contraction coupling (ECC)"2 RyR1 channels are regulated by a variety of ligands, including
Ca?', ATP and Mg?"*~. In terms of regulation, the most relevant ligand is Ca®*, which activates RyR1 in the
micromolar range and allows maximal channel activity at 50 uM°®. The role of cytoplasmic Ca** in ECC is to
open RyR channels that are not directly allosterically coupled to DHPRs, within a process termed Ca?*-induced
Ca?* release!®!!. In this way Ca** release amplifies the Ca** signal. Mg** inhibits RyR1 channels in the millimolar
range by competing for the Ca* binding site®. ATP is one of the most effective agonists of RyR1, as it significantly
activates the channel even in the absence of Ca** and can further enhance RyR1 channel open probability even
in 50 uM Ca?*.

Mutations impairing RyR function or its regulation cause a wide spectrum of muscle disorders, collectively
called ryanopathies'?. Among these, RyR1-related myopathies are often classified according to their specific
histological presentation. Major histopathological groups of RYR1-related myopathies include central core dis-
ease (CCD), multiminicore disease, core-rod myopathy, and centronuclear myopathy. The patients suffer from
mild, slowly- or non-progressive disabilities due to proximal muscle weakness and fatigue, low muscle tone
and slow contraction. Symptoms also include respiratory muscle weakness, scoliosis, orthopedic deformities,
pronounced facial weakness and dysmorphism, ptosis, ophthalmoparesis, exertional heat stroke, exertional
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myalgia and malignant hyperthermia susceptibility'* '“. Malignant hyperthermia is an idiosyncratic reaction to
volatile anaesthetics (such as halothane and isoflurane) and succinylcholine. Susceptible patients exhibit muscle
contractures all over the body when exposed to therapeutic concentrations of these trigger-drugs. Consequently,
the body temperature rapidly increases, acidosis and hyperkalaemia develop, leading to an acute life-threatening
condition unless the body is cooled down and dantrolene, an RyR1 inhibitor and muscle relaxant, is immediately
administered'>-%.

At the cellular level, RyR1 channels carrying certain MH causing mutations showed elevated basal activity
when expressed in skeletal muscle fibres, indicating that there was a resting Ca?* leak from the SR. Nevertheless,
both the Ca** content of the SR and the resting myoplasmic Ca?* concentration remained normal, indicating that
the leak was low enough to be compensated by the SR Ca?* pump. However, the threshold for activation of Ca**
release by voltage and caffeine was significantly lower, suggesting that the mutations increased the sensitivity
of RyR1 to activation by both endogenous (i.e. DHPR electromechanical uncoupling) and exogenous (caffeine)
activators®'~?. In contrast, RyR1 channels carrying other more severe CCD mutations showed a substantial
elevation resting activity, leading to decompensated Ca?* leak and consequent depletion of Ca** from the SR,
resulting in attenuated Ca®* release®>?%. Other mutations located within the RyR1 pore region result in a reduc-
tion in Ca** RyR1 permeation, and thus, a function uncoupling of excitation from SR Ca** release (termed “EC
uncoupling”)*>%. Apparently, the clinical symptoms can be explained by both of these mechanistic alterations
in RyR1 function (RyR1 Ca** leak and EC uncoupling).

In some new cases of RyR1-related myopathies, pathologic SR Ca?* leak was shown to be associated with
low levels of the regulatory protein FKBP12 (calstabin) bound to the RyR1%. FKBP12 stabilizes the closed state
of the RyR1 channel and dissociation causes leaky RyR1 channels by promoting subconductive openings. Post-
translational RyR1 modifications, such as PKA mediated hyperphosphorylation, oxidation and S-nitrosylation
were reported to dissociate FKBP12, and thus, increase RyR1 Ca** leak in certain muscle disorders’~**. On the
other hand, some RyR1-related myopathy mutations were reported to affect RyR1 channel conductance, ligand
(Ca?*, ATP) regulation or expression of the channel?!3* 3>,

Diagnosis of myopathies traditionally relies on the histological findings from a muscle biopsy?®, but recently
the diagnostic procedure is enhanced by the sequencing of the entire RyR1 gene. Owing to this technical devel-
opment, the number of newly discovered mutations is increasing®~*. Both dominant and recessive forms of
RyR1-related myopathies have been reported, with the recessive forms being often associated with a more severe
clinical presentation*”*!. An example for such a mutation is T4706M. Despite the low incidence rate of these
recessive mutations, their medical relevance may be significant, because some heterozygous cases occur together
with epigenetic allele silencing of the wild type allele resulting in a pseudo-recessive phenotype, including severe
facial and proximal weakness, scoliosis, opthalmoplegia and respiratory impairment*>*. Homozygous T4709M
knock-in RyR1 mice (equivalent to the T4706M in human RyR1) were generated and examined previously*?.
Homozygous TM mice exhibit mild muscle weakness, kyphosis, enhanced isoflurane sensitivity and reduced
RyR1 expression (~30% reduction). Compound heterozygous mice with one TM allele and one frameshift (null)
allele express a markedly lower level of RyR1 channels (~ 80% reduction) and exhibit an even more severe (post-
natal lethal) myopathy. Importantly, both models are expected to result in only homotypic TM/TM channels,
with a higher level of overall channel expression in muscle of homozygous TM/TM mice*2.

TM mutation is located adjacent to the RyR1 caffeine binding site**. Prior studies conducted on recombinant
RyR1 channels expressed and purified from Hek293 cells found that the homotypic TM RyR1 channels exhibited
a normal low open probability in low Ca?*, but an increased sensitivity to activation by caffeine. However, the
function of endogenous homotypic TM channels in skeletal muscle and the degree to which TM channel dysfunc-
tion contributes to muscle dysfunction is unclear*>**. This question of homotypic T4706M RyR’s functionality
is particularly important because reactivation of the wt silenced allele using DNA methyltransferase inhibitors
appears to be a promising future therapeutic option to improve RyR1 expression, but improvement in muscle
function can only be expected if RyR1 function is adequate®’.

As homozygous TM/TM mice (TM) express a higher level of homotypic RyR1 channels, purified RyR1
channels from skeletal muscle of wt and homozygous TM mice in order to directly evaluate the impact of the
T4706M mutation on RyR1 channel function at the single-channel level. Here, we characterized the unitary
conductance, ligand (Ca?*, ATP, and Mg?*) sensitivity, and biophysical and pharmacological properties of single
wt and homotypic T4709M RyR1 channels reconstituted in planar lipid bilayers.

Materials and methods

The methods were conducted in accordance with the ARRIVE guidelines. All methods were performed in
accordance with the relevant guidelines and regulations. All animal studies were designed to minimize animal
suffering and were approved by the University Committee on Animal Resources at the University of Rochester
(UCAR2006-114E).

Materials. Phospholipids were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals,
if not specified, were purchased from Sigma-Aldrich (St. Louis, MO).

Ryanodine receptor purification. 13 g of skeletal muscle was collected from wild type (wt) and geneti-
cally modified homozygous mice carrying the patient-relevant T4709M mutation in RyR1 (equivalent to
T4706M in human RyR1) (n=10 for each genotype)*’. Mice were euthanized by CO, anaesthesia followed by
cervical dislocation. Each step of the purification protocol was performed on ice or at 4 °C in the presence of pro-
tease inhibitors (pefabloc SC, aprotinin, leupeptin, benzamidine, pepstatin A and calpain inhibitor). The muscle
samples pooled from 10 mice and were homogenised in: 100 mM NaCl, 20 mM EGTA, 20 mM Na-HEPES
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(pH=7.5). Cell debris was pelleted at 3500 x g, for 35 min by using a laboratory centrifuge. SR microsomes were
isolated by using differential centrifugation as follows. Crude microsomes were collected from the supernatant
by centrifugation in a Ti45 rotor at 40,000 x g, for 30 min. To remove the actomyosin contamination the pellet
was resuspended in: 600 mM KCl, 10 mM K-PIPES, 250 mM sucrose, ] mM EGTA, 0.9 mM CaCl, (pH=7.0)
and incubated for 1 h. Then, the microsomes were collected by centrifugation at 109,000 x g for 30 min, and the
pellet was resuspended in: 300 mM sucrose, 10 mM K-PIPES (pH=7.0), snap-frozen in liquid nitrogen, and
stored at — 70 °C until the solubilisation step.

Microsomes were allowed to melt on ice and solubilized in: 1% CHAPS, 1 M NaCl, 100 uM EGTA, 150 uM
CaCl,, 5 mM AMP, 0.45% phosphatidylcholine, 20 mM Na-PIPES (pH =7.2) for 2 h. The samples were loaded
onto a 10-28% linear sucrose gradient and centrifuged overnight at 90,000 x g in an SW27 rotor. RyR-containing
fractions of the gradient were snap-frozen in liquid nitrogen and stored at — 70 °C in small aliquots*>~.

SDS-PAGE was used to verify the purified samples. 30 pl of each fraction (~ 400 pl) of the sucrose gradient
was loaded in each well of a 10% linear gel. After electrophoresis, gels were stained with Coomassie Blue®. Images
were converted to black and white and were not further processed. Full length gels are presented.

RyR reconstitution and single-channel current recording. Voltage-clamp measurements were per-
formed on purified RyR1 channels incorporated into artificial planar lipid bilayers. Bilayers were formed across
an aperture with a diameter of 200 um drilled in the wall of a Delrin cap (Warner Instruments, Hamden, CT),
which separated two chambers. The chambers were filled with a recording solution containing: 250 mM KCI,
50 uM CaCl,, 10 mM HEPES (pH=7.2). Transmembrane voltages were reference to ground (trans-to-cis),
allowing ionic currents of physiological direction through open RyR channels. The free [Ca?*] of the recording
medium was adjusted using an EGTA stock solution.

The lipid mixture contained phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine (Avanti
Polar Lipids, Alabaster, AL) in a ratio of 5:4:1 was dissolved in n-decane at a final concentration of 20 mg/mL.
The bilayer currents were recorded in voltage-clamp mode using an AxoPatch 200 amplifier and pCLAMP 6.03
(Axon Instruments, Sunnyvale, CA) software. The holding potentials were as indicated in the text. The currents
were filtered at 1 kHz through an eight-pole low-pass Bessel filter and digitized at 3 kHz**~*".

Statistics. Open probabilities (P,) were determined using the pClamp software suite (Molecular Devices,
Sunnyvale, CA). Statistical analyses were performed in Origin 7.0 (OriginLab, Northampton, MA) and in Excel
(Microsoft, Redmond, WA). Results were expressed as mean + standard error (SE). Relative P, data were calcu-
lated by normalizing each data point to their own control. Statistical significance of differences was evaluated
by using the independent two-sample t-test. Differences were considered significant when p was less than 0.05
(marked by *). The number of observations is displayed in the figure.

Results and discussion

Skeletal muscle was collected from wt and homozygous T4709M (TM) RyR1 knock-in mice and RyRs were
purified from the tissue using sucrose gradient ultracentrifugation. The resulting samples were verified for RyR1
content using SDS-PAGE. Small volumes of 10 different fractions, collected between the 18 and 21% sucrose
concentration range were loaded on a gel and stained with Coomassie blue after electrophoresis. Consistent
with prior reports, the RyR1 expression was lower in the case of TM muscle, but no evidence for fragmentation
of the protein was found (Fig. 1).

RyR channels from sucrose fractions ~ 19-21% were reconstituted in planar lipid bilayers. The single-channel
conductance in 250 mM KCl recording solution not significantly different between the two groups: 832+6.9
pS for wt channels and 824 £4.1 pS for TM channels (Fig. 2A). Current transitions, partial openings of lower
amplitude (i.e. subconductive states) were not observed for either wt or TM channels, as demonstrated by cur-
rent amplitude histograms shown in Fig. 2B.

As Ca* is one of the most important cytoplasmic ligands of RyRs, we compared the Ca?* sensitivity of wt
and TM channels. Based on this feature, TM channels clearly divided into two distinct populations. When the
[Ca?*] on the cytoplasmic face of the channel was reduced from 50 pM, the open probability (P,) decreased in
only 8 out of 16 TM channels (Fig. 3A), while the high P, of the other 8 TM channels was not reduced after
lowering cytoplasmic [Ca**], which is an extraordinarily high proportion of channels. In contrast, the high P,
value of 12 out of 13 wt channels were reduced following reduction of cytoplasmic Ca?*, as is typical in our hands
(i.e.~10% Ca®" unresponsive channels) (Fig. 3A). Representative current recordings from Ca*" insensitive (or
“reluctant”) and Ca®* sensitive TM RyR1 channels, as well as a typical Ca?* sensitive wt RyR1 in the presence of
various cytoplasmic [Ca?*]s are shown in Fig. 3B. Comparing the Ca** sensitive TM population to wt revealed
that the maximal channel activity measured at 50 uM Ca** was not significantly different between the two groups
(P,=0.55+0.09 vs. 0.51+£0.12). We compared the Ca’" dependence of the Ca* sensitive channels in 5; 1; 0.5;
and 0.1 uM cytoplasmic [Ca**] (Fig. 3B) and found that the P, of Ca?* sensitive TM channels at 0.5 and 1 uM
Ca?* were significantly reduced compared to that of wt channels (p=0.047 and 0.016), but P, values were not
significantly different at 100 nM (resting) Ca** (p=0.8) (Fig. 3C). These data agree with earlier data obtained
in Q1970fsX16 + A4329D myopathy-mutant channels *. The average P, of reluctant channels at 50 pM Ca**
was substantially higher (0.89 +0.05) than that of their Ca®* sensitive counterparts (0.55 +0.09), whereas their
average P, did not decrease appreciably when the [Ca**] was reduced to 500 nM (0.84 +0.11). It should be noted
that we have not previously observed a similarly high proportion of reluctant channels in prior RyR1 prepara-
tions. This unusually high proportion of Ca**-insensitive, high P, mutant channels would be expected to exhibit
a “leaky” phenotype in spite of the absence of a significant proportion of subconduction states as is typically
observed following FKBP dissociation. The reasons for the loss of Ca?* regulation in this subpopulation of TM
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Figure 1. SDS-PAGE of RyR1 samples purified from skeletal muscle tissue. (A) Samples of different sucrose
gradient fractions of a RyR1 preparation from wt mice. The arrow indicates the band of the RyR1 protein.
Sucrose concentrations (%) were as indicated. (B) Samples of a RyR1 preparation as in (A) from a homozygous
T4709M RyR1 mice.

RyR1 channels is unclear, but could reflect either primary (conformational) and/or secondary (posttranslational)
consequences of the mutation.

Kushnir et al. reported that the TM mutation is located adjacent to the caffeine binding site and they used H?
Ryanodine-binding and single channel bilayer recordings of recombinant TM channels expressed in HEK cells
to conclude that TM channels exhibit a normal low P, in low Ca** concentrations but an increased sensitivity to
activation by caffeine (and thus, likely increased Ca** sensitivity)*>*!. Our results on TM/TM channels isolated
from native skeletal muscle tissue are quite different or at least our observation of two different classes of chan-
nels (one with lower Ca?* sensitivity and one with high P, at all Ca®* concentrations) is different. This suggests
that it is important to assess the function of RyR1 disease mutant channels purified from native skeletal muscle
as their function can be influenced by numerous muscle-specific factors (e.g. post-translational modifications,
binding proteins, luminal factors, etc.).

The Mg?* and ATP sensitivity of wt and TM RyR1s were also tested. In the presence of 50 uM cytoplasmic
[Ca?*], Mg** was added to the cytosolic face of the channels at increasing concentrations. The concentration-
dependent inhibition of RyR1 activity (Py) by cytoplasmic Mg?* not statistically different between wt and TM
channels (Fig. 4A). Similarly, cytoplasmic ATP similarly activated both wt and TM RyR1 channels in a similar
concentration dependent manner in the presence of 100 nM cytoplasmic Ca?* in the absence of Mg?* (Fig. 4B).

As the T4706M mutation is associated with increased susceptibility for malignant hyperthermia
susceptibility*!, we tested whether TM channels are sensitive to inhibition by dantrolene, which is the only drug
used to treat a malignant hyperthermia crisis. Because dantrolene requires Mg?* and ATP to inhibit the RyR1
channels in bilayers, we tested the effect of dantrolene in the presence of 1 mM ATP and 3 mM Mg** in the
cytoplasmic compartment of the recording chamber*®*. We found that a therapeutically relevant concentration
of dantrolene (10 uM) produced a similar, significant (~ 60%) reduction in channel activity (P,) for both wt and
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Figure 2. Biophysical properties of RyR1 channel currents. (A) Current-voltage relationships of wt and
T4709M single RyR1s. Average (+ SE) wt and T4709M RyR1 channel slope-conductances are indicated in the
right corner. (B) Representative amplitude histograms at -60 mV of wt and T4709M RyR1s.

TM channels (Fig. 5), demonstrating that TM channels retain dantrolene-sensitivity. It should be noted that while
the Ca?* sensitivity of the RyR1 channels evaluated in this series of experiments was not directly tested, based on
the high P, value of the TM channels in 50 uM Ca?* (0.93 +0.03), these RyR1 channels most likely represented
Ca” insensitive “reluctant” channels.

Conclusion

In this study, we identified two functionally distinct populations of T4706M RyRs. One group exhibited high
baseline P, that was not reduced following a reduction in cytoplasmic Ca®* to physiological levels observed in
resting skeletal muscle (e.g. 100 nM), which would be expected to result in a high level of RyR1-dependent SR
Ca?* leak. While the other population of TM RyR1 channels exhibited a normal Py, at 100 nM cytoplasmic Ca**,
these channels showed lower responsiveness to moderate elevations in cytoplasmic Ca** (0.5-10 uM) that occur
during muscle excitation. Our results suggest that Ca**-insensitive, high P, (i.e. reluctant) channels will enhance
resting SR Ca?* leak and potentially deplete SR Ca**, which would reduce the driving force for Ca**-release and
contribute to T4706M-linked myopathy. In addition, the reduced Ca®*-sensitivity a subpopulation of TM RyR1
channels may also participate in the pathomechanism of muscle weakness by since these channels would be less
activated by cytoplasmic Ca** during muscle excitation. We must note that functional dichotomy of homotypic
TM channels may reflect either primary conformational or secondary post-translational (e.g. Ca?*-dependent
modifications) mechanisms. Although, our description of two functionally distinct classes of RyR1 channels in
TM muscle falls short of determining their relative role in disease pathogenesis, these results should be taken
into consideration in the development of new therapeutic interventions for RyR1-related myopathy.
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Figure 3. Ca*" dependence of wt and T4709M RyR1 channel activity. (A) Pie charts summarizing the
proportion of wt (left) and T4709M (right) RyR channels that responded to changes in cytosolic [Ca**] (black).
(B) Representative single channel current traces of wt and T4709M RyR1 channels at high (50 pM) and low
(100 nM) cytosolic [Ca**]. The closed state of the channel is marked by *c'. Downward deflections correspond
to channel openings. Average open probabilities (P,) + SE are indicated above each trace. (C) Relative RyR1
channel open probabilities (P,) (mean + SE) plotted as a function of cytosolic [Ca**"]. P,s are expressed relative to
control, recorded at 50 uM Ca*".
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Figure 4. The effect of Mg?**- and ATP on the activity of wt and T4709M RyR1 channels. (A) Mean + SE of P, of
wt and T4709M RyR1 channels (50 uM cytosolic Ca*) at different cytosolic Mg?* concentrations normalized to
control P, obtained at 0 uM Mg?*. (B) Mean + SE of P, of wt and T4709M RyR1 channels (0 mM cytosolic Mg**
and 100 nM cytosolic Ca**) at different ATP concentrations normalized to control P, obtained at 0 uM ATP.
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Figure 5. The effect of dantrolene on wt and T4709M RyR1 channels. Control single channel currents of wt and
T4709M RyR1 channels were recorded in the presence of 50 uM Ca?*, 1 mM ATP and 3 mM Mg**. The channels
were then treated with 10 uM dantrolene. Data are expressed as [(P, gantrolene! Po controt) — 1] X 100.
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