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Ryanodine receptor 1 (RYR1) is the sarcoplasmic reticulum (SR) Ca®* release channel required for both skeletal
muscle contraction and Ca®* leak. Mutations in RYRT cause malignant hyperthermia susceptibility (MHS) and en-
hanced sensitivity to heat stroke (ESHS), which can result in death due to excessive skeletal muscle thermogenesis
upon exposure to volatile anesthetics or heat. Here, we investigated the molecular and physiological functions of
phosphorylation of RYR1 at Ser?°02 by the kinase striated muscle preferentially expressed protein (SPEG). Muscle
from SPEG-deficient mice expressing RYR1 with a Ser*°>— Asp??°2 (52902D) point mutation to mimic phosphory-
lation by SPEG showed decreased SR Ca* sparks. Muscle from mice homozygous for the $2902D point mutation
had reduced SR Ca”" transients and small changes in force generation but overall mild phenotypic changes. YS
mice, which are heterozygous for a Tyr*2*—Ser*?* point mutation in RYR1, show increased Ca>* leak and are a
model of MHS and ESHS. Crossing YS mice with $2902D mice led to decreased SR Ca** leak and desensitized the
mice to both volatile anesthetics and heat. Thus, SPEG inhibits SR Ca>* leak in skeletal muscle by phosphorylating

ser®®*2 on RYR1, and mutation of Ser?**? to Asp?°??
heat-induced death.

INTRODUCTION

The L-type voltage-gated Ca* channel (Cay1.1, also known as the
dihydropyridine receptor) interacts with the sarcoplasmic reticu-
lum (SR) Ca** release channel [also known as ryanodine receptor 1
(RYR1)] to, upon transverse tubule depolarization, mechanically
open RYRI to release Ca’* needed for muscle contraction (I, 2). In
addition to its role in excitation-contraction coupling (ECC), RYRI
is the major source of SR Ca®" leak (3, 4). Although SR Ca’" leak is
low in resting muscle, it increases with disease, exercise, and aging
and contributes to muscle thermogenesis (5), ECC (6), junctional
SR Ca*" levels (7, 8), and store-operated Ca** entry (SOCE) (9, 10).
Excessive SR Ca”* leak is associated with muscular dystrophies
(11, 12), malignant hyperthermia susceptibility (MHS) (13, 14), en-
hanced sensitivity to heat stroke (ESHS) (5, 14-16), metabolic disor-
ders such as hypoglycemia and diabetes (17, 18), and exertional
myalgia/rhabdomyolysis (19-23). Elevated SR Ca** leak also con-
tributes to the beneficial effects of exercise (3, 24, 25) and the decline
in muscle function with aging (26, 27).

Dominantly inherited mutations in RYRI associated with MHS
and ESHS cause the channel to display elevated Ca** leak and in-
creased sensitivity to activators such as Ca®*, volatile anesthetics
(VAs) (28, 29), heat (14, 30-35), caffeine (36, 37), and statins (38—
42). Rycal $48168 (ARM210) (ID NCT04141670), which blocks SR
Ca®" leak, and the antioxidant N-acetylcysteine (43, 44) are in clini-
cal trials for RYR1-related diseases (44).

The critical roles of SR Ca®* leak in normal and pathological
muscle function raise the important questions of what causes and
regulates SR Ca®" leak in muscle fibers. The Ca®* leaky state of RYR1

'Department of Integrative Physiology, Baylor College of Medicine, Houston, TX
77030, USA. “Department of Biochemistry, Baylor College of Medicine, Houston, TX
77030, USA. 3Badrilla Ltd., Leeds LS1 3HB, UK. 4Department of Biochemistry and
Molecular Biology, University of British Columbia, Vancouver, BCV6T1Z3, Canada.
1These authors contributed equally to this work.

*Corresponding author. Email: susanh@bcm.edu (S.L.H.); rodney@bcm.edu (G.G.R.)

Yee et al., Sci. Signal. 18, eadx3087 (2025) 7 October 2025

to mimic this phosphorylation event rescues YS mice from

has been suggested to be the “preopen” state of the channel detected
in cryo-electron microscopy (cryo-EM) studies (45), and, therefore,
modulators of the channel that stabilize its closed state should de-
crease Ca*" leak. Cay1.1 (46) and the immunophilin FK506 bind-
ing protein 12 (FKBP12) (47) stabilize the closed state of RYRI,
and a decrease in their interactions with RYR1 increases SR Ca**
leak. On the basis of mathematical modeling, it has been hypoth-
esized that Cay1.1 regulates the affinity of a Ca®*/Mg”* inhibitory
site on RYRI, thereby stabilizing the RYRI closed state in resting
muscle (6). Analysis of a mouse model of limb girdle muscular
dystrophy shows that the absence of dysferlin decreases the ability
of Cay1.1 to control SR Ca*" leak and alters the distribution of Ca**
among bulk cytosol, SR, and mitochondria (48). Dysferlin deficiency
decreases SR Ca”* content, Ca’* release, and force generation and
increases cytosolic Ca®" levels, mitochondrial Ca** content, and ad-
enosine 5'-triphosphate synthesis. These studies support roles for
Cay1.1 and dysferlin in the regulation of SR Ca®* leak.

FKBP12 deficiency (49) and major decreases in the interaction of
FKBP12 with RYRI (50) increase RYR1 open probability, indicating
that FKBP12 is also a regulator of SR Ca’* leak. Because of the high
affinity of FKBP12 for RYRI and the high tissue concentration of
FKBP12 (1 to 3 pM), a deficiency in FKBP12 in skeletal muscle results
in only a 50% decrease in the FKBP12/RYR1 ratio that, nonetheless,
increases SR Ca’* transients and improves muscle function (51), sug-
gesting that either this alteration does not cause Ca** leak or that a
small increase in Ca”* leak is actually beneficial to normal muscle
function. However, greater decreases in the FKBP12/RYR1 ratio cause
SR Ca’" leak and have adverse effects on muscle function (47, 49).

SR Ca’" leak is also regulated by posttranslational modifications
such as oxidation (48, 52, 53) and phosphorylation (50, 54-57).
Phosphorylation of RYRI1 at Ser*®* in response to f-adrenergic
stimulation has been suggested to decrease the FKBP12/RYR1 inter-
action and increase SR Ca?" leak (50). However, other kinases may
also regulate SR Ca”* leak. The kinase striated muscle preferentially
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expressed protein (SPEG) interacts with the ECC complex, plays a
role in maintaining t-tubule integrity, and stabilizes interactions among
ECC proteins in cardiac and skeletal muscle (57-62). SPEG phos-
phorylates RYR2 to decrease SR Ca”* leak (57) and also phosphory-
lates junctophilin 2 (JPH2) (60, 62) and sarcoplasmic/endoplasmic
reticulum Ca** adenosine triphosphatase (SERCA) (61). Therefore,
the regulation of leak could also be secondary to changes in SR lumenal
Ca®* concentration and/or triad stability. We found that SPEG defi-
ciency increases the appearance of Ca** sparks (a consequence of in-
creased Ca?" leak) in muscle fibers (58). Ser®*? on RYRI has been
previously identified to be phosphorylated by SPEG (60). As described
in this manuscript, we independently identified Ser*** on RYR1 as a
SPEG phosphorylation target. On the basis of its identified targets
(RYR1, JPH2, and SERCA), SPEG is likely to regulate SR Ca*" leak,
t-tubule integrity, and reuptake of Ca** into the SR, but the mecha-
nisms of its regulation of SR Ca** leak remain to be fully elucidated.

Mouse models of RYR1 myopathies that display increased SR
Ca®* leak have provided insights into the pathological consequences
of SR Ca’* leak (14, 63-65). A mouse model with a Ryr]l mutation
[Ryrl Y5248/ (YS) in mice, RYR1 Y52251= in humans] (14) causes MHS
and central core disease (66). Muscle fibers in these mice display
temperature-dependent increases in cytosolic Ca** levels to create a
feedforward cycle of increased Ca*" leak in response to heat or VAs,
SERCA activation, mitochondrial Ca®* uptake, increased heat gen-
eration, oxidative stress, and, eventually, massive Ca”* release, mus-
cle contractures, and death (14, 30). The YS mutation causes the
channel to assume a “preactivation” state conformation and to be
fully open at a much lower Ca** concentration than wild-type (WT)
channels by increasing RYR1 Ca** affinity by ~20-fold (45).

In the current manuscript, we assessed the possibility that SPEG is
an endogenous inhibitor of SR Ca** leak and generated a mouse mod-
el with a mutation at Ser® on RYR1 to mimic SPEG phosphoryla-
tion of RYRI. The Ser”**— Asp (52902D) mutation greatly decreased
SR Ca®* leak, and we used it to differentiate between the consequenc-
es of SPEG phosphorylation of RYR1 from that of JPH2 and SERCA.
We also used these mice to demonstrate the contribution of SR Ca**
leak to the sensitivity of YS mice to heat and VAs. The $2902D mice
are a new tool for assessing the contribution of SR Ca** leak to the
pathophysiological changes that occur in muscle myopathies.

RESULTS

SPEG phosphorylates RYR1 at Ser?°°2

We previously demonstrated using immunoprecipitation and mass
spectrometry (MS) that SPEG interacts with RYRs and JPH2 in skel-
etal muscle triads and cardiac dyads (58). In the current study, we
used RYR1 immunoprecipitation assays, MS analysis, and parallel
reaction monitoring (PRM) of muscles from SPEG-deficient mice
(MCK—Cre+Spegﬂ/ﬂ, designated as SPEG-deficient or ASPEG) to
identify sites of SPEG phosphorylation of RYR1. We consistentlgf
found four phosphorylation sites on RYR1 (Ser”®*, Ser®*?, Ser™®
and Thr'**®), but only the phosphorylation of Ser**** was signifi-
cantly decreased (57% decrease) in the RYR1 immunoprecigitates
from SPEG-deficient mice [Fig. 1, A to D, for phospho-Ser®** (p-
Ser™), p-Ser®™™, p-Ser’®®, and p-Thr'**®, respectively]. About
one-third of total RYRI was phosphorylated at Ser”***, with the
other phosphorylation sites representing less than 2% of total RYR1
combined (Fig. 1, A to D). The low phosphorylation of Ser**** could
indicate that only a subset of channels was targeted by SPEG and/or
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that p-Ser”*** was not stable. Analysis with a polyclonal antibody

directed against a p-Ser**"*~containing RYR1 peptide (fig. S1, A and
B) showed that muscle homogenates from SPEG-deficient mice had
a 48% reduction in phosphorylation of Ser”°* in RYRI compared
with those from control mice (Fig. 1E). SPEG deficiency did not
completely abolish the phosphorylation of Ser*", suggesting that
either residual SPEG [<5% compared with floxed control (FL) mice
(58)] in the muscles of these mice maintains some RYR1 phosphor-
ylation or there is a second partially redundant kinase that can phos-
phorylate RYR1 at this site.

High-resolution cryo-EM has elucidated structural transitions
that RYR1 undergoes to assume different functional states (67-70).
Thr**®! (which corresponds to Ser® in mouse) in the cryo-EM
structure of rabbit RYR1 (7TZC) is located at the interface between
the phosphorylation domain and the bridging solenoid (Bsol),
which contains several positively charged residues at the interface
(Fig. 1, F and G). Bsol undergoes a major conformational change
when RYR1 transitions from the closed to open state (67, 68). This
location of Thr**®! (which is predicted to be less than 4 A from the
positively charged amino acids) suggests that its phosphorylation
could affect channel activity, possibly by interacting with these near-
by positively charged amino acids.

To assess the functional consequences of phosphorylation of
Ser”* by SPEG, we created mice with Ser”* converted to Asp***
(D) to mimic phosphorylation. The heterozygous (RyrI $2902D/ T)and
homozygous (Ryr1°*2P/$2%02P) mice were designated $2902D HET
and $2902D HOM, respectively. The p-Ser**** antibody also recog-
nized RYR1 in the $2902D HET and S2902D HOM mice (Fig. 1H).
We previously reported that muscle fibers from SPEG-deficient
(MCK—CreJrSpegﬂ/ﬂ) mice display elevated Ca®* sparks (58). Isolated
flexor digitorium brevis muscles (FDBs) from mice deficient in
SPEG and also expressing Ryr1°****®'~ had significantly reduced Ca**
spark frequencies (84% decrease) and fewer fibers with Ca®* sparks
(53% less) compared with FDBs from SPEG-deficient mice (Fig. 1,1
to K). Additional phenotyping studies were not performed on these
mice because they die by 14 weeks of age from heart failure (59) and
RYRI is not expressed in the heart. The site in RYR2 (Ser®®) that is
phosphorylated by SPEG in cardiac muscle (57) is not conserved
in RYRI, and, likewise, the SPEG phosphorylation site in RYR1
(Ser®%?) is not conserved in RYR2.

Phenotyping of the $2902D mice

The finding that the $2902D mutation decreased Ca®* sparks in the
SPEG-deficient mice raised the question of whether the mutation
altered muscle function. We found no differences in body weights at
10 weeks of age (Fig. 2A), but the $2902D HET mice showed a small
increase (~19%) in the body fat/body weight ratio with a small de-
crease (~6%) in the lean weight/body weight ratio compared with
$2902D HOM mice (Fig. 2, B and C). We used a comprehensive
laboratory animal monitoring system (CLAMS), which showed that
WT, §2902D HET, and $2902D HOM mice ate the same amount of
food daily (Fig. 2D), but the $2902D HOM mice ran ~42% less on
monitored exercise wheels than the $2902D HET mice (Fig. 2, E and
F). Moreover, $2902D HOM mice displayed a small ~15% increase
in heat generation during the day (Fig. 2G), suggesting the possibil-
ity of a metabolic or thermogenic (energy expenditure to maintain
body temperature) issue through an unknown mechanism. Using
age-matched mice (fig. S2A), we found that body lengths (fig. S2B),
bone mineral contents (fig. S2C), and bone mineral densities (fig. S2D)
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Fig. 1. Phosphorylation of RYR1 on Ser?202 by SPEG reduces Cca*t sparks. (A to D) The phosphorylation sites p-Ser2844 (A), p-Ser2902 (B), p-Ser3669 (€), and p-ThrBS8 (D)
on RYRT1 identified by RYRT immunoprecipitation from the gastrocnemius muscles of SPEG-deficient (ASPEG) and FL mice (n = 8 animals per group), MS, and PRM using
the procedures that we have previously described (58). Percentage of phosphorylation was estimated by dividing intensity-based absolute quantification (iBAQ) values
for the phosphorylated peptide from PRM by the amount of RYR1 in that immunoprecipitate, which was defined as the average of the three most highly recovered RYR1
peptides in each immunoprecipitate, x 100. (E) Immunoblotting for p-5er®*? in homogenates from TA muscles from ASPEG and FL mice. Data were normalized to RYR1
and corrected for batch effects by plotting as % FL (mean) for that specific experiment (n = 15 animals per group). (F) Three-dimensional structure of rabbit RYR1 (Protein
Data Bank: 7TZC) with Thr?®! (which corresponds to Ser?®?in mouse) located at the interface between the bridging solenoid domain (BSol) and phosphorylation domain
(right dotted circle). (G) Thr***' (in black) in rabbit RYR1 points toward the BSol region, close to several positively charged residues (labeled). Estimated distance is indi-
cated. Side chains are shown as sticks, and nitrogen and oxygen atoms are colored as dark blue and red, respectively. (H) Inmunoblotting for p-Ser?* in TA muscle ho-
mogenates from WT (n = 5), 52902D HET (n = 7), and $2902D HOM (n = 10) mice. (I) Ca?* sparks in FDB fibers of FL (n = 3), ASPEG (n = 6), and ASPEG/S2902D HET (n = 3)
mice. (J) Ca®* spark frequency. (K) Percentage of fibers with Ca** sparks. All mice used for this figure were 8- to 10-week-old male mice. Data are plotted as means + SD,
and P values were determined by unpaired t tests [(A) to (E)] or one-way ANOVA [(H), (J), and (K)].

of $2902D mice were unchanged compared to control mice. CLAMS  (fig. S3]), displayed either no differences or only small changes among
parameters, including average ambulation at night (fig. S3A) or during  the three genotypes.

the day (fig. S3B), average heat at night (fig. S3C) or during the day We evaluated the effects of the HET and HOM $2902D muta-
(fig. S3D), average VO, (volume of oxygen consumed) at night (fig. S3E) ~ tion on the ability of the muscles in 10- to 12-week-old mice to
or during the day (fig. S3F), average VCO, (volume of carbon dioxide  generate force. $2902D HET and $2902D HOM soleus muscles did
produced) at night (fig. S3G) or during the day (fig. S3H), and aver-  not differ in maximal force generation (Fig. 2, H and I), but the half
age respiratory exchange ratio at night (fig. S3I) or during the day maximal stimulation frequency (Hzsy) of $S2902D HOM soleus
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Fig. 2. Phenotyping of the male $2902D mice. (A to C) Body compositions of WT (n = 20), $2902D HET (n = 10), and $2902D HOM (n = 11) male mice at 10 weeks of age.
Body weight (A). Fat weight/body weight (B). Lean weight/body weight (C). (D to G) Metabolic and activity data for WT (n = 5), $2902D HET (n = 5), and $2902D HOM
(n = 5) mice from CLAMS. Average food intake (D). Activity shown as average wheel turns at night determined with monitored exercise wheel (E). Cumulative wheel turns
(F). Average heat during the day (G). (H to M) Ex vivo muscle function of male mice. Force (newtons per square centimeter) generated as a function of stimulation fre-
quency for the soleus muscle (H). Maximal force (Fynax) generation in the soleus muscle (I). Hzso (J). Force generated as a function of stimulation frequency for EDL muscle
(K). Maximal force generation in EDL muscle (L). Hzso (M). For (H) and (1), n = 5WT, n = 4 $2902D HET, and n = 5 $2902D HOM mice. For (K) to (M), n =5WT, n =4 52902D,
and n =5 52902D HOM mice. Force frequency curves [(H) and (K)] were fit with four-parameter sigmoidal functions (lines). Data in bar graphs (obtained from the curve
fits) are plotted as means + SD. Data in force-frequency curves are plotted as means + SEM for visualization purposes. P values are indicated as analyzed by one-way
ANOVA with Tukey’s multiple comparisons test.

muscles displayed a small rightward shift of ~3 Hz compared with ~ female mice (at 10 to 12 weeks of age) did not differ from WT mice in
that of WT soleus muscles (Fig. 2, H and J). The extensor digitorum body weights (fig. S4A) and showed similar changes in muscle func-
longus (EDL) muscles from $2902D HET mice displayed an ~15%  tion to those of $2902D HET or HOM male mice when compared to
increase in maximal force generation compared with WT EDL mus-  female WT mice (fig. S4, B to G).

cles. Maximal force for $2902D HOM EDL muscles was less (18%)

than that of $2902D HET EDL muscles (Fig. 2, K and L) but not sig- The $2902D mutation in RYR1 decreases SR Ca**

nificantly different from that of WT EDL muscles. The EDL muscle release and leak

force frequency curve for $2902D HOM mice displayed a significant =~ We evaluated the effects of the $2902D mutation in RYR1 of electri-
~11- to 12-Hz rightward shift in the Hzso compared with those for ~ cally evoked Ca®" transients using Mag-Fluo-4 as the fluorescent
WT and $2902D HET mice (Fig. 2, K and M). $2902D HET or HOM Ca*" indicator in FDB fibers at 25°C (Fig. 3, A and B). Both HET and

Yee et al., Sci. Signal. 18, eadx3087 (2025) 7 October 2025 40f 18

GZ0Z ‘82 4800100 U0 BI080US 105 MMM//:SANY WO.J PaPE0 lUMOQ



SCIENCE SIGNALING | RESEARCH ARTICLE

HOM $2902D mutation reduced the amplitude of Ca®* transients by
22 and 27%, respectively (Fig. 3C), without altering the half-maximal
stimulation frequency (Fig. 3D), which is consistent with a stabiliza-
tion of the closed state of the channel.

To further define the functional consequences of the $2902D
mutation, we crossed the $2902D mice with the YS model of MHS/

ESHS, which displays elevated SR Ca** leak (14, 15, 30, 71), to gen-
erate YS/S2902D mice (heterozygous for both YS and $2902D).
Measurement of the resting cytosolic Ca** concentrations in Fura-2-
loaded FDB fibers showed a small (6%) but significant increase in
resting Ca*" in fibers from YS mice compared with fibers from W'T,
$2902D HET, and YS/S2902D mice (Fig. 3E). When the temperature
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Fig. 3. The effect of the $2902D mutation in RYR1 on Ca?* handling. (A to D) FDB fibers isolated from mice were loaded with the Ca®* fluorescent indicator Mag-Fluo-4
to measure voltage-activated whole-cell Ca>* transients (25°C). (A) Representative traces of 1- and 150-Hz stimulation from each genotype. (B) Ca**-frequency curve, (C)
peak Ca’", and (D) Hzso for WT (34 fibers from n = 4 mice), $2902D HET (34 fibers from n = 5 mice), and $2902D HOM (28 fibers from n = 5 mice). Both peak Ca?* and Hzso
were determined by four-parameter sigmoidal curve fits [line in graph, (B)]. (E) Resting cytosolic Ca** determined using Fura-2 for WT (17 fibers from n = 5 mice), YS (34
fibers from n = 6 mice), $2902D HET (21 fibers from n = 5 mice), and Y5/52902D (39 fibers from n = 6 mice) mice. (F) The change in fluorescence (resting Ca>*) when tem-
perature was elevated to 37°C compared with 25°C. (G) Assessment of relative Ca®* stores at 25°C using Mag-Fluo-4. WT (46 fibers from n = 4 mice), YS (39 fibers from n = 4
mice), $2902D HET (46 fibers from n = 3 mice), and Y5/52902D (29 fibers from n = 3 mice) mice. (H) Assessment of relative Ca®* stores at 32°C using Mag-Fluo-4. WT (50
fibers from n = 4 mice), YS (40 fibers from n = 4 mice), $2902D HET (58 fibers from n = 4 mice), and Y5/52902D (36 fibers from n = 4 mice) mice. (I) Representative Mn**
quench of cytoplasmic Fura-2 fluorescence at 360 nm in the absence and presence of tetracaine (1 mM) for WT (black, n = 5 mice), YS (red, n = 5 mice), and YS/52902D
(purple, 39 fibers from n = 5 mice) mice. (J) Summary of the rate of Mn2* quench in the absence and presence of tetracaine. All mice used for this figure were 10- to
14-week-old male mice. Data in bar graphs are plotted as means + SD, and data in Ca**-frequency curve are plotted as means + SEM. P values were determined with either
nested one-way ANOVAs [(C) to (H)] or nested two-way ANOVAs (J) with Tukey’s multiple comparisons test.
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of the perfusate was raised to 37°C, YS fibers showed an ~2-fold
increase in the resting cytosolic Ca®" concentration compared with
WT and $2902D mice (Fig. 3F), thus demonstrating the temperature
dependence of the SR Ca*" leak in YS mice. The resting Ca®* in YS fi-
bers was only ~1.2-fold higher than that in YS/S2902D fibers, consis-
tent with the $2902D mutation being heterozygous and some of the
RYRI tetramers having the YS but not the $2902D mutation. The rest-
ing cytosolic Ca®* concentration in $2902D HET fibers did not signifi-
cantly differ from that in WT fibers. We also used ICE solution (72) to
release Ca** from SR stores in Mag-Fluo-4-loaded FDB fibers. We did
not detect a difference in SR Ca®" stores at 25°C (Fig. 3G) or at 32°C
(Fig. 3H) in YS fibers compared to that in WT fibers.

We also used tetracaine to block SR Ca** leak from RYR1 in pas-
sive Mn>" quench studies performed with FDB (Fig. 31). The Mn**
quench rate was greatest in FDB fibers from YS mice, which was
decreased by both tetracaine and the $2902D mutation (Fig. 3]). The
faster tetracaine-sensitive Mn>* quench rate in YS FDB fibers sug-
gests that elevated SR Ca* leak either increases the number of con-
stitutively active store-operated channels (73) or causes local store
depletion-activated Ca”" influx (74).

ECC proteins are decreased in abundance in YS muscle but
restored by the $2902D mutation

The YS mutation in RYR1 caused increased SR Ca’* leak but de-
creased levels of ECC proteins. RYR1 levels were reduced by 31% in
YS muscle but were restored to WT levels in YS/S2902D muscle
(Fig. 4A). The S2902D mutation by itself did not alter RYRI levels
(Fig. 4A). p-Ser”"*/RYR1 levels did not significantly differ in YS and
WT muscles but increased by 26% in YS/S2902D muscle compared
with those in $2902D HET muscle. Although the p-Ser**** antibody
is likely to have a different affinity for p-Ser”’* RYR1 than for
§2902D RYR1, an increase in the immunolabeling in muscles of YS/
$2902D mice compared with $2902D HET mice (which presumably
have the same §2902D RYRI content) may indicate an increase in
p-Ser®? in the muscles of Y$/$2902D mice (Fig. 4B). RYR1 was not
the only ECC protein decreased in YS muscle but not in YS/52902D
muscle. Other proteins showing similar changes included Cay1.1als
(Fig. 4C), SPEGP (Fig. 4D), SPEGa (Fig. 4E), JPH1 (Fig. 4F), and
JPH2 (Fig. 4G). Because JPH2 is cleaved by calpain (58, 75-77), we
used antibodies that recognized either the N or C terminus of JPH2.
The antibody that recognized the C terminus of JPH2 detected a
92-kDa fragment (Fig. 4, G and H) that was increased in YS muscle
and restored to WT levels in YS/52902D muscle, suggesting that the
decrease in JPH2 is likely due to calpain-mediated cleavage.

The YS and/or $2902D mutations in RYR1 alter calmodulin
and FKBP12 interactions with RYR1

We identified RYR1-binding proteins by MS analysis of RYRI im-
munoprecipitates from gastrocnemius muscle (Fig. 5, A to E). Spe-
cific RYR1-binding proteins identified in the immunoprecipitates
(in approximate order of abundance) included FKBP12, calmodulin
(CaM), alpha-2-macroglobulin like 1 protein [a serine protease in-
hibitor (78) also known as BC048546], SPEG, obscurin, and JPH2.
Because of the large variations in protein recoveries among immu-
noprecipitations, we pooled data (such that each protein was nor-
malized to the amount of RYR1 in that specific immunoprecipitation)
from eight independent immunoprecipitations (Fig. 5, F to K).
Despite the variability, these studies provided insight into the
amount of each protein recovered in the immunoprecipitates without
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correcting for batch effects. There were only two significant differ-
ences. The first was that the amount of FKBP12 was lower in RYR1
immunoprecipitates from YS muscle (the mice that display the
greatest Ca*" leak among the mice in this study) than in those from
$2902D HOM muscle (the mice that display the least SR Ca** leak
among the mice in this study), supporting the role of FKBP12 in
suppressing Ca®* leak. The second was that the amount of CaM was
lower in RYR immunoprecipitates from YS mice than in those from
YS/52902D mice, suggesting that the $2902D mutation can restore
CaM binding to RYR1 with the YS mutation.

YS and YS/S2902D muscles show comparable and
unimpaired force generation, but YS/S2902D muscle shows
decreased caffeine sensitivity compared with YS muscle
Neither maximal force nor Hzs differed for either soleus (Fig. 6, A
to C) or EDL muscles (Fig. 6, D to F) in YS and YS/S2902D mice.
For comparison, we replotted the maximal force and Hzs values for
WT, §2902D HET, and $2902D HOM mice (Fig. 2, I and L) together
with those for YS and YS/52902D mice (Fig. 6, B and E, and fig. S5,
A to D). We did not detect genotype-specific differences in maximal
force or Hzs in soleus muscles. Maximal force of the EDL muscles
did not differ among W, $2902D HET, $S2902D HOM, YS, and YS/
$2902D mice, but the Hzsq values for $2902D HOM EDL muscles
were significantly different from those for the EDL muscles of YS
and YS/S2902D mice (fig. S5D). The Hzs, values for YS or S2902D
EDL muscles did not differ from those of WT EDL muscles.

An in vitro contracture test (IVCT), which is commonly used to
diagnose MHS/ESHS, assesses the caffeine sensitivity of biopsied
muscle (79-82). To determine whether the $2902D mutation altered
the response of muscle to caffeine, we attached isolated soleus and
EDL muscles to force transducers and measured passive tension in
response to increasing concentrations of caffeine. Both YS soleus
(Fig. 6, G and H) and EDL (Fig. 6,1 and J) muscles responded at much
lower caffeine concentrations than those from W'T mice (>50 mM for
WT compared with ~10 to 22 mM for YS). The IVCT value for YS/
§2902D soleus muscle displayed a small but significant shift to higher
caffeine concentrations compared with that for YS soleus muscle. The
$2902D mutation in the absence of the YS mutation also decreased
the response to caffeine. The IVCT value for EDL muscle displayed a
larger shift to the right in the YS/S2902D mice compared with that in
the YS mice (Fig. 6, I and J). However, the caffeine response of YS/
§2902D mice differed from that of WT mice, suggesting that the
$2902D HET mutation may decrease Ca”* sensitivity of RYR1 in the
presence of the YS mutation but does not restore it to WT affinity.

The $2902D mutation decreases the sensitivity of YS mice to
heat and VAs
YS mice undergo a life-threatening hypermetabolic response to both
heat and VAs. We sought to determine whether decreasing SR Ca®*
leak with the S2902D mutation rescued YS mice from exposure to
heat and/or VAs. We measured VO, as a function of time in unanes-
thetized mice exposed to 37°C for 15 min. Changes in VO, were used
to measure the hypermetabolic response of awake mice to avoid death
as an end point, and we measured rectal temperature immediately af-
ter the heat challenge. YS mice displayed an 80% increase in VO,
(Fig. 7, A and B) and 3°C higher body temperature (Fig. 7C) than WT
mice, responses not seen in the YS/S2902D mice (Fig. 7, A to C).

To assess the MH response to VAs, we exposed mice on a warm-
ing pad set at 36°C to the VA isoflurane for 30 min. If a warming pad
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Fig. 4. Changes in the abundance of ECC proteins by the YS and $2902D mutations. (A) Representative Western blot for RYR1 and p-Ser?*? in RYR1. Graph shows
quantification of RYR1/total protein, presented as % WT (n = 24 WT, n = 24YS, n =21 52902D HET, and n = 21 YS/52902D mice). (B) Graph shows quantification of p—Serzgoz/
RYR1, presented as % WT (n = 21 mice per genotype). (C) Representative Western blot and summary plot for Cay1.1a1s. Graph shows quantification of Cay1.1a1s/total
protein, presented as % WT (n = 12 mice per genotype). (D) Representative Western blot for SPEGp (top band) and SPEGa (lower band). Graph shows quantification of
SPEGp/total protein, presented as % WT (n = 9 mice per genotype). (E) Graph shows quantification of SPEGa/total protein, presented as % WT (n = 9 mice per genotype).
(F) Representative Western blot and analysis for JPH1 (n = 15 mice per genotype). (G) Representative Western blot using antibodies to the N terminus (green) and the C
terminus (red) of JPH2. The upper band (red) is full-length JPH2 and the lower band (green) is a ~92-kDa fragment [JPH2 runs more slowly than predicted on SDS gels (58)].
Graph shows quantification of JPH2 (full length)/total protein, presented as % of WT. (H) Graph shows quantification of the C-terminal fragment of JPH2/total protein,
presented as % of WT. For (G) and (H), n = 6 mice per genotype. All mice used for this figure were 8- to 12-week-old male mice. Data are plotted as means + SD. P values
were determined by one-way ANOVA with Tukey’s multiple comparisons test.

is not used and body temperature is allowed to drop during VA  at the end of the heat challenge. However, YS/S2902D mice dis-
exposure, then YS mice do not respond to VAs (14). We mea- played a delayed response to isoflurane (<2°C increase in body
sured rectal temperature (Fig. 7, D and E) and muscle temperature  temperature at 15 min), and none died during the isoflurane ex-
in the gastrocnemius muscle during isoflurane exposure (Fig. 7, F posure. The YS/S2902D mice had a higher overall survival rate
and G). YS mice displayed a large increase in both body (~6°C in-  than YS mice (all of which died around 15 min of isoflurane
crease) (Fig. 7E) and muscle temperatures (~6°C increase) (Fig. 7G)  exposure) (Fig. 7H). Although none of the YS/S2902D mice died
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Fig. 5. Effects of the S2902D mutation on RYR1-binding proteins. RYR1 was immunoprecipitated from NP-40 solubilized homogenates of gastrocnemius muscles of
WT, YS, $2902D HET, YS/52902D, and $2902D HOM mice. Proteins in the immunoprecipitates (IPs) were identified by MS, and ECC proteins are labeled in red. g is the FDR.
Data in each panel were compared with IgG nonspecific controls obtained for that specific IP. (A) Volcano plot of RYR1-binding proteins in WT muscle (nanimais = 8).
(B) Volcano plot of RYR1-binding proteins in YS muscle (Nanimais = 4). (C) Volcano plot of RYR1-binding proteins in $2902D HET muscle (Nanimais = 8). (D) Volcano plot of
RYR1-binding proteins in YS/S2902D muscle (Nanimais = 4). (E) Volcano plot of RYR1-binding proteins in $2902D HOM muscle (Nanimais = 8). (F to K) Pooled data from mul-
tiple independent RYR1 IPs (for which iBAQ values for RYR1 were greater than 0.1) and normalized to the amount of RYR1 in each IP. FKBP12 /RYR1 (F). CaM/RYR1 (G).
BC084546/RYR1 (H). SPEG/RYR1 (I). OBSCN/RYR1 (J). JPH2/RYR1 (K). n =30 WT, 13 YS, 4 S2902D HET, 11 YS/52902D, and 21 $2902D HOM mice. All mice used for the data
in this figure were male, 8 to 12 weeks old. Data in (F) to (K) are plotted as means + SD, and significance among samples was assessed with a one-way ANOVA with Tukey’s
multiple comparisons test.
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Fig. 6. Comparison of force generation and caffeine sensitiv-
ity of the soleus and EDL muscles of YS and YS/$2902D mice.
(A) Force frequency curves for YS and YS/52902D muscles (n =5
mice per genotype). (B) Maximal force generation in soleus mus-
cles of YS and YS/52902D mice from (A). (C) Hzsg values for soleus
muscles from (A). (D) Force frequency curves for YS and YS/52902D
EDL muscles (n = 6 mice per genotype). (E) Maximal force genera-
tion in EDL muscles of YS and YS/52902D mice from (D). (F) Hzso
values for EDL muscles from (D). (G) Force generated as a function
of caffeine concentration in WT, YS, $2902D HET, and YS/52902D
soleus muscles. (H) Caffeine mean effective concentration (ECs)
values for YS and YS/52902D soleus muscles from (G). (I) Caffeine
curves for WT, YS, $2902D HET, YS/52902D, and $2902D HOM EDL
muscles. For (G) and (H),n=4WT, 5YS, 3 52902D HET, 5Y5/52902D,
and 3 52902D HOM mice. (J) ECso values for caffeine for YS and YS/
$2902D EDL muscles. Bar graphs are plotted as means + SD, and
curves are plotted as means + SEM. P values determined by un-
paired t tests. All mice were between 10 and 12 weeks of age.
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during the VA exposure, some mice died immediately after the iso-

flurane exposure.

DISCUSSION

SPEG, a member of the myosin light change kinase family, is a ki-
nase with two kinase domains that is preferentially expressed in

Yee et al., Sci. Signal. 18, eadx3087 (2025) 7 October 2025

Caffeine (mM)

cardiac and skeletal muscle (83), and SPEG deficiency is a cause of
centronuclear myopathy and dilated cardiomyopathy (84, 85).
SPEG-deficient mice die of heart failure before 14 weeks of age but
also show severely impaired skeletal muscle function (62, 85). In
skeletal muscle, SPEG deficiency disrupts triads and decreases both
Cayl.1-dependent Ca** influx and RYRI-dependent Ca®* tran-
sients (59). SPEG also has multiple targets, raising the question of
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Fig. 7. Effect of the $2902D mutation on the sensitivity of YS mice to heat and VAs. (A) VO, during heat challenge (37°C for 15 min). n =14 WT, 17YS, 10 $2902D HET, and
11YS/52902D mice. (B and €) Maximal VO, (B) and body temperature (C) taken with a rectal thermometer of the mice after the heat challenge. (D to H) Mice were exposed
to VAs for 30 min, and rectal and gastrocnemius muscle temperatures were recorded each minute. n =8 WT, 8 YS, 7 $2902D HET, and 6 YS/52902D mice. Body temperatures
during the VA challenge measured with rectal thermometer (D). Body temperatures at the 15-min time point (E). Temperatures of the gastrocnemius muscles during VA ex-
posure (F) and at the 15-min time point (G). Survival rates of mice exposed to VA (H). Mice were 8- to 12-week-old male mice. Bar graphs are plotted as means + SD, and curves
are plotted as means + SEM. P values determined by one-way ANOVA with Tukey’s multiple comparisons test [(B), (C), (E), and (G)] or Mantel-Cox log-rank test (H).

which targets cause the functional changes in muscles in SPEG-
deficient mice. In cardiac and skeletal muscles, SPEG phosphorylates
RYRs (57, 59, 60, 62), JPH2 (57, 62), and SERCA (61), and SPEG
phosphorylation of RYR2 decreases SR Ca’* leak (57). SPEG defi-
ciency alters the phosphorylation of both JPH2 at multiple sites and
RYRI at Ser?®®? (60). We found that SPEG deficiency in skeletal

Yee et al., Sci. Signal. 18, eadx3087 (2025) 7 October 2025

muscle fibers increases Ca”* sparks (58) and decreased phosphoryl-
ation of Ser’*®? on RYRI. To elucidate the role of SPEG in muscle,
not only do its targets need to be identified but also the mechanisms
that regulate SPEG activation need to be elucidated. SPEG has a
CaM binding motif (83), and if Ca** binding to CaM activates
SPEG, then this could represent a feedforward cycle to limit Ca**
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leak. However, SPEG appears to be able to phosphorylate at least
one of its targets (JPH2) in vitro in the absence of Ca?* (62).

A complication in defining SPEG targets using SPEG-deficient
mice is the possibility of redundant kinases. A greater than 90% de-
crease in SPEG produces only a 50 to 60% decrease in Ser*”** phos-
phorylation [(60) and the current study], suggesting that there is
likely to be a second kinase that can phosphorylate RYR1 at Ser”*%,
One such potential candidate for this redundant kinase is obscurin
(OBSCN), which, like SPEG, is a dual kinase of the myosin light-
chain kinase family. Our studies support this possibility because
obscurin is specifically immunoprecipitated with RYR1 (58), but ad-
ditional studies are needed to assess this possibility.

We created mice with a $2902D mutation in RYR1 to mimic
phosphorylation. $2902D HOM mice displayed substantially re-
duced voluntary running on monitored exercise wheels. Moreso
than soleus muscles, EDL muscles in these mice showed a greater
impairment in the ability to generate force and a rightward shift in
the force-frequency curve. Muscle fibers from both $2902D HET and
$2902D HOM mice had decreased Ca”* transients but no changes in
the Hzso. These findings are consistent with the $2902D mutation
stabilizing the closed state of RYR1. The rightward shift in the muscle
force frequency curves is likely due to inadequate Ca®* being released
at the lower frequencies to trigger adequate contraction.

SR Ca®" leak is low in resting control muscle fibers, but even
small increases have functional consequences (3). To determine
whether phosphorylation of Ser**** by SPEG truly reduced SR Ca**
leak, we crossed the $2902D mice with YS (Y5245*7) mice, a model
of MHS and ESHS with enhanced SR Ca" leak (14, 30, 71). We de-
tected a small (6%) increase in resting cytosolic Ca®* in YS fibers
compared with WT, $2902D HET, and YS/S2902D fibers. This dif-
ference in resting Ca®* was increased almost twofold at 37°C. In
contrast, the Y5/52902D mice did not display an increase in resting
Ca’" at room temperature and had a smaller increase in resting
Ca®" than YS mice at 37°C, supporting a role of phosphorylation of
RYRI1 by SPEG in reducing SR Ca’* leak in skeletal muscle and sug-
gesting that some channels in YS/S2902D mice still display heat-
induced SR Ca®" leak, possibly because of some YS leaky channels
not having the S2902D mutation because the S2902D mutation is
heterozygous in these mice.

To further assess Ca>* leak, we used Mn** quench of Fura-2 fluo-
rescence in FDBs at 25°C. We found an increased rate of Mn*"
quench in YS muscle that was blocked by both tetracaine (which
blocks RYR1-mediated Ca>* leak) and the $2902D mutation, su§—
gestive of increases in both SR Ca’* leak and Ca®* entry. SR Ca**
leak and local Ca®* store depletion can activate low levels of SOCE
in skeletal muscle (74, 86). The increased Ca*" entry in YS fibers
could be due to this mechanism (74), increased constitutively active
SOCE (73), and/or increased Ca*" entry through Cay1.1. Addition-
al studies are needed to distinguish between these mechanisms. We
(71) and others (87) have shown that the increased SR Ca*" leak
leads to decreased SR Ca®* stores. Despite this reduction in SR Ca**,
we did not observe a reduction in voltage-activated force at 25°C,
consistent with previous reports (14). This preservation of force is
likely due to a redistribution of intracellular Ca®*, given that we did
not detect differences in ICE-inducible Ca®* stores at either 25° or
32°C. These data are consistent with those obtained from a mouse
model of MHS with the G2435R mutation (74).

The pronounced functional effects of the $2902D mutation on
Ca”" leak raise the question of how this mutation affects the structure
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of RYR1. From the position of Thr***! in RYRI from cryo-EM stud-
ies, phosphorylated Thr***' might interact with nearby (<4 A)
positively charged amino acids to form a salt bridge with Arg*®,
His™*, and/or Arg’®® to stabilize a closed, nonleaky state of the
channel. The YS mutation in RYRI increases its Ca*" affinity of
RYR1 by ~20-fold (45), whereas the $2902D mutation decreases caf-
feine sensitivity of YS muscle but also reduces the response to caf-
feine in muscle without the YS mutation. Because caffeine binding
to RYR1 is Ca*"-dependent (88), these data indirectly support de-
creased Ca** affinity of RYRI in the muscles of YS/S2902D mice as
part of the mechanism by which the $2902D mutation (and Ser***
phosphorylation) stabilizes the closed state of the channel and re-
duces SR Ca** leak.

The abundance of RYR1 (31% decrease) and other ECC proteins
(10 to 30% decreases) is reduced in YS muscle but is restored by the
$2902D mutation. The decreased ECC protein levels could be due
to Ca”* activation of calpains because Ca**-activated proteases tar-
get ECC proteins when cytosolic Ca®* levels increase (89-92). Con-
sistent with a role for calpain-mediated cleavage of ECC proteins,
we showed a decrease in full-length JPH2 and a 50% increase in a
JPH2 fragment in YS muscle that was restored to WT levels in YS/
$2902D muscle.

Stabilization of the closed state of the channel could be due to
changes in the interactions of RYR1 with modulators, and proteins
that stabilize the closed state of the channel would be predicted to
have lower affinities for preopen and open channels compared with
the closed channel. If this is true, then RYR1 with the YS mutation
should bind to less FKBP12 and Cay1.1. Because only small amounts
of Cayl.1als coimmunoprecipitated with RYR1, we were unable to
determine whether the YS or S2902D mutations altered Cay1.1 in-
teractions with RYR1. However, the FKBP12/RYR1 level was lowest
in YS muscle (the mice with the greatest RYR1 Ca”* leak) and great-
est in $2902D HOM muscle (likely to be the mice with the least SR
Ca®* leak), supporting the stabilization of the closed channel by
FKBP12 (47). The only other notable change was in the CaM/RYR1
ratio that was higher in YS/52902D muscle than in YS muscle. Com-
pared with the FKBP12 results, this finding is more difficult to inter-
pret because CaM is a partial agonist at low Ca®" and a channel
inhibitor at high Ca”" (93-98) but seems to remain bound to RYR1
through Ca** concentration changes.

In vitro studies with gene editing of Ser™™ to block its phos-
phorylation by protein kinase A (PKA) demonstrate that blocking a
phosphorylation event that increases RYR1 activity can be used to
decrease SR Ca”* leak associated with MHS mutations in RYRI
(99). In the current study, we mutated Ser®* to Asp2902 to mimic a
phosphorylation event in mice with a leaky RYRI mutation
(Tyr” 5245) which showed that blocking SR Ca** leak desensitized
YS mice to heat and VAs. This combination of mutations decreased
Ca®" leak in FDB fibers, decreased caffeine sensitivity of EDL and
soleus muscles, and restored ECC protein levels compared with YS
mice. However, this combination of mutation did not alter the abil-
ity of isolated soleus or EDL muscles to generate force. The $2902D
mutation decreased the response of the YS mice to both VAs and
heat, thereby increasing survival rates. Because the $2902D muta-
tion was heterozygous in YS/S2902D mice, phenotype rescue was
not complete because heat increased Ca** leak in muscle fibers from
these mice, but the overall leak was lower than in YS muscle fibers.

Increased SR Ca”" leak has been detected not only in other dom-
inantly inherited RYR-related diseases but also in other muscle
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diseases such as muscular dystrophy (11, 74, 100). S2902D mice
could be used to directly test the role of SR Ca** leak in mouse mod-
els of these myopathies. Another important future use of $2902D
mice will be to define the contributions of SR Ca** leak to the ben-
eficial effects of exercise, the decline in muscle function with aging,
thermogenesis, and metabolism. Our studies suggest that the devel-
opment of drugs that activate SPEG could have potential to treat
muscle diseases with increased Ca** leak.

MATERIALS AND METHODS

Experimental design

The objective of the study was to evaluate the role of Ca** leak in nor-
mal and diseased skeletal muscle function. We performed in vivo ex-
periments to test the response of the mice to heat and VAs, ex vivo
muscle function in response to electrical stimulation and caffeine, and
single muscle fibers to assess changes in Ca®* transients and sparks
and used frozen muscle samples for biochemistry experiments. Indi-
viduals performing functional test were blinded to mouse identities/
treatments and the order of mice tested was randomized.

Mice

All animal experiments in this study were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at Baylor College
of Medicine under IACUC protocol AN-2656 and AN-5829. Newly
created or recently received mice were extensively backcrossed and
maintained on C57BL/6] genetic background. The creation of the
Ryrl Y5245+ (YS) mice (MGI:3619253) was previously described
(14). Floxed SPEG (Spegﬂ/ﬂ, FL) mice were obtained from ES cell
clone EPD0180_2_A07 from the Knockout Mouse Phenotyping Pro-
gram (KOMP) repository (RRID:MMRRC062855-UCD) (101) and
generated by the Wellcome Trust Sanger Institute. B6.FVB(12954)-Tg
(Ckmm-cre) 5Khn/] (MCK-Cre*) mice (102) were purchased from
the Jackson Laboratory (RRID:IMSR_JAX:006475, Bar Harbor,
Maine). MCK Cre* mice were maintained in a hemizygous state
before mating with floxed SPEG mice. All in vivo data were ob-
tained with at least three independent experimental animal co-
horts, and mice were randomized and the experimenter was
blinded with respect to mouse identity before experiments were
performed and during data analyses. Mouse littermates were used
in most experiments, and, where not possible, age-matched con-
trols were used. For rigor and reproducibility, n was calculated
using 80% power (a, 0.05) and from previous or preliminary stud-
ies. The number of mice used in each experiment is indicated in
each figure legend.

CRISPR-mediated knock-in allele design and reagent
production for $2902D mice

To define the functional consequences of SPEG-mediated phospho-
rylation of Ser”"%, we created using CRISPR-Cas9 editing a mouse
model in which Ser?®®* was mutated to an aspartic acid (52902D) to
mimic phosphorylation. $2902D mice were generated in collabora-
tion with BCM (Baylor College of Medicine) GERM Core (fig. S6). A
single guide RNA (gRNA) was selected using the Wellcome Trust
Sanger Institute Genome Editing website to target a double-strand
break proximal to Ser?*? [chr7:29068152-29068174 (GRCm38),
CRISPR ID 513005517]. The gRNA was synthesized by Synthego
(Redwood City, CA). The gRNA chosen had no predicted off-target
sites with less than three-base mismatches in exons or on the same
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. 2902 :
chromosome. To introduce the Asp™~ mutation and a nonsynony-

mous mutation for the novel Bcl I site, a donor DNA template was
synthesized by Integrated DNA Technologies (IDT, Coralville, IA) as
an ultramer. Single gRNA and Cas9 protein (PNA Bio) were precom-
plexed before adding the repair donor into a mix for electroporation
into C57BL/6] mouse zygotes as described previously (103). We vali-
dated the S2902D mutation in these mice using Sanger sequencing.
After multiple backcrosses on the C57BL/6] background, we analyzed
the functional consequences of the $2902D mutation.

Genotyping of S2902D mice

Allele characterization was performed by polymerase chain reaction
(PCR) to identify founders with the targeted S$2902D mutation, whose
genomic DNA was subjected to Sanger sequencing. PCR reaction was
performed using primers (forward, 5'- GGGGCGAAAGAAGAAG-
CAAG; and reverse, 5'- CCACTTGCAGGTCCTTAGGT) and re-
striction digest of the PCR product with Bcl I. Mice were backcrossed
for at least three generations before being used for experiments.

Metabolic measurements
CLAMS experiments were performed as previously described (15).

Heat response
Heat challenge experiments were performed as previously de-
scribed (15). Room humidity and temperature were monitored in
all experiments.

VA exposure

Mice were exposed to 2% isoflurane mixed with O; for 30 min at a
constant flow of 2 Ipm and placed on a 36°C heated pad. This non-
triggering temperature was used to maintain the body temperature
of the mice. Body temperature was assessed with RightTemp rectal
thermometer (PhysioSuite, Kent Scientific). A sterile thermocouple
fabricated into a 29-gauge needle (MT-29/2HT, World Precision In-
struments) was inserted ~0.5 cm into the gastrocnemius muscle to
monitor muscle temperature. Signs of stress and survival of mice were
continuously monitored up to 48 hours after isoflurane exposure.

Body composition

Mice were anesthetized with 100 mg of ketamine/10 mg of xylazine
per kilogram of body weight and assessed using the dual-energy x-ray
absorptiometry system (DEXA, Faxitron).

Ex vivo force measurements and caffeine response

Mice were anesthetized with 100 mg of ketamine/10 mg of xylazine
per kilogram of body weight and euthanized by cervical dislocation.
Soleus and EDL muscles were dissected from the mice. Using a 4-0
silk suture, one tendon of each muscle was securely tied to a fixed
hook and the other tendon was fastened to a force transducer (F30;
Harvard Apparatus). Muscles were placed in a physiological saline
solution containing 120.0 mM NaCl, 4.0 mM KCl, 1.8 mM CaCl,,
1.0 mM MgSOy, 25.0 mM NaHCOs3, 1.0 mM KH,POy, and 10.0 mM
glucose (pH 7.3), and continuously gassed with 95% O,-5% CO, at
25°C. Muscles were incubated at 25°C for 10 min, and optimal
length (L,) was obtained. For force measurements, voltage (Vax)
was adjusted to elicit maximal twitch force. Muscles were stimulated
at frequencies of 1, 5, 10, 20, 40, 60, 80, 100, 120, 150, 200, and 300 Hz
(0.5-ms pulse duration and 250-ms train duration) at 1-min in-
tervals. For caffeine response, muscles were exposed to caffeine
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concentrations of 0, 1, 5, 7.5, 10, 12.5, 15, 17.4, 20, 30, 35, 40, 45, and
50 mM for 3 min per concentration, and force was measured as the
mean over the last 30 s of each concentration. Muscle weight and
L, were used to estimate cross-sectional area, and absolute forces
were expressed in newtons per square centimeter (104).

Dissociation of FDB

Intact FDBs were dissected from mice and incubated in Dulbecco’s
modified Eagle’s medium (DMEM; 10569-010, Thermo Fisher Sci-
entific) and collagenase (3 to 4 mg/ml; C0130, Sigma-Aldrich) at
37°C for 1 hour. Isolated fibers were transferred to DMEM supple-
mented with 10% FBS, antibiotic/antimycotic (100x) (15240062,
Thermo Fisher Scientific) and 25 mM Hepes and incubated in 5%
CO; at 25°C overnight.

Ca** transients

For voltage-activated whole-cell Ca®* transients, isolated FDB myo-
fibers were loaded with the low-affinity Ca** dye Mag-Fluo-4-AM
(10 pm; Invitrogen), for 30 min at 25°C in Hepes-Ringer containing
120.0 mM NaCl, 4.7 mM KCl, 1.8 mM CaCl,, 0.6 mM MgSO,, 1.6 mM
NaHCOs3, 0.13 mM NaH,POy, 10.0 mM glucose, and 20.0 mM
Hepes. The fibers were washed three times in dye-free Hepes-Ringer
and the dye was deesterified for 20 min at 25°C. FDB myofibers were
stimulated at 1, 5, 10, 20, 40, 60, 80, 100, 120, 150, and 300 Hz (0.5-ms
pulse duration and 250-ms train duration) and Mag-Fluo-4 fluores-
cence [excitation (Ex), 488/30 nm; and emission (Em), 535/40 nm]
was monitored using IonOptix Myocyte Calcium and Contractility
Recording System (IonOptix, Westwood) at 1000 Hz.

Ca’* influx and SR Ca** leak

For resting cytosolic Ca®" measurements isolated FDB myofibers
were loaded with Fura-2-AM (5 pm; Invitrogen) for 30 min at 25°C
in Hepes-Ringer. The myofibers were washed three times in dye-free
Hepes-Ringer, and the dye was deesterified for 20 min at 25°C. Fibers
were placed in a temperature controlled perfusion system (PH-6D,
Warner Instruments) equipped with an in-line solution heater (SH-
27B, Warner Instruments), and temperature was controlled with the
dual channel temperature controller (TC-344C, Warner Instru-
ments). Fura-2 fluorescence (Ex, 340/12 and 380/12 nm; and Em,
510/40 nm) was monitored using a Myocyte Calcium and Contrac-
tility Recording System (IonOptix, Westwood) at 250 Hz. Fibers were
held for 2 min at 25°C that was ramped to 37°C over 5 min and were
maintained at 37°C for 2 min. The fluorescence within 2 min at 25° and
37°C was averaged to obtain the 340/380 ratio as a function of tem-
perature. For Mn®* quench studies, FDBs were perfused with Hepes-
Ringer followed by replacing the CaCl, solution with a Mn**-Hepes
solution (1.8 mM MnCl,), and the quench of Fura-2 fluorescence (Ex,
360/12 nm; and Em, 510/40 nm) was assessed in the absence and pres-
ence of the RyR blocker, tetracaine (1 mM, Sigma-Aldrich). The rate
of Fura-2 quench at 360 nm was calculated by subtracting the basal
slope in the presence of Ca®* from the slope during application of
Mn?" (+tetracaine) and expressed as fluorescence units (FU) per sec-
ond. Mn** quenches Fura-2 fluorescence at all wavelengths, but the
quench at 360 nm is independent of cytosolic Ca** levels and, there-
fore, measures the influx of divalent cations across the sarcolemma.

Ca’* stores
Isolated FDB myofibers were loaded with Mag-Fluo-4-AM (5 pmy
Invitrogen) for 20 min at either 25° or 32°C in Hepes-Ringer solution.
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The fibers were washed three times in dye-free Hepes-Ringer, and the
dye was deesterified for 20 min at either 25° or 32°C. Baseline record-
ings were obtained for 2 min. Fibers were perfused with a Ca**-free
Hepes-Ringer solution containing 10 pM ionomycin (Tocris), 30 pM
cyclopiazonic acid (CPA, Tocris), and 100 pM EGTA (ICE cocktail)
(72, 105), and images were recorded for 5 min. All solutions were
supplemented with 40 uM N-benzyl-p-toluenesulfonamide (BTS,
Tocris) to inhibit muscle contraction and were maintained at 25° or
32°C. The temperature of the chamber and platform was maintained
using a temperature-controller and heated platform (TC-344B, PH-
6D, SH-27B, CC-28, Warner Instruments). FDB fibers were imaged
with an inverted Nikon Eclipse TE-200 microscope equipped with a
Lambda DG5 illumination system and a Photometrics camera. Mag-
Fluo-4 was excited at 488 nm (10-ms exposure), and emitted light
was collected at >510 nm with a frame rate of 50 ms. Images were
recorded using pManager software (UCSF) and analyzed using the
Image] plugin (National Institutes of Health). Cells with less than a
50-FU response above the fluorescence in the absence of ICE the
cocktail were eliminated from data analysis.

Ca”* sparks in living fibers

Experiments were performed as previously described with minor
modifications (58). Isolated FDB myofibers were loaded with Fluo-
4-AM (5 pm) in Hepes-Ringer solution for 20 min at 25°C, washed
three times with dye-free Hepes-Ringer solution, and rested for
20 min at 25°C for dye deesterification. High-resolution images
were obtained on a Zeiss-LSM 780 with a 40X numerical aperture
1.2 water objective. Pixel dimensions were 0.21 pm by 0.21 pm in
the x and y dimensions. A sequence of 60 XY images was collected
over time (963.4 ms per frame), and sparks frequency was deter-
mined as previously described (58).

Immunoprecipitation assays

Immunoprecipitation assays were performed as previously described
(58, 61). Gastrocnemius muscles from S2902D HET, S2902D HOM,
YS, YS/52902D, and WT mice were homogenized in 10 volumes of
immunoprecipitation buffer (w/v) [50 mM tris-HCI (pH 7.4), 170 mM
NaCl, 1 mM EDTA, and 1% NP-40] containing protease and phos-
phatase inhibitors using a bead homogenizer (Precellys tissue ho-
mogenizer). Using a total Ca** of 2.7 mmol/kg of wet weight in fast
twitch mouse skeletal muscle (106) and MaxChelator (107), we esti-
mated the free Ca** in the MS/immunoprecipitate to be <10 nM.

MS and PRM

MS and PRM were performed as previously described with minor
modifications (58, 108). MS data were acquired using a combined
method of data-dependent acquisition (DDA) and PRM within the
same MS run. A list of the PRM target peptides is provided in ta-
ble S1. Full MS scans were acquired in the Orbitrap across a mass
range of 300 to 1400 mass/charge ratio at a resolution of 120,000.
Higher-energy collisional dissociation was used to generate MS/MS
spectra in the ion trap using rapid scan mode for DDA. PRM scans
were concurrently performed for selected target peptides to facili-
tate precise quantification. Data analysis was conducted as previ-
ously described with minor modifications (58, 108). The precursor
mass tolerance was set to 20 parts per million, and the fragment
mass tolerance was 0.5 Da. Up to two missed cleavages were al-
lowed, along with dynamic modifications for N-terminal acetyla-
tion and methionine oxidation.
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Creation and testing of the antibody to p-Ser??*? in RYR1

To create an antibody specific to RYR1 phosphorylated at Ser”",
the structure of this region in mouse, rabbit (Protein Data Bank:
7KOS; although the residue is Thr instead of Ser), and human RYR1
was compared. The phosphorylation site is solvent accessible, and
an epitope sequence of 2887AKGGGSHPL2905 (murine residue
numbering) was a first candidate for the immunogen (fig. S1, A and
B). Additional sequence at the C terminus is hydrophobic and likely
to be buried. Additional sequence at the N terminus is highly charged
and well structured. However, the structure is unlikely to form in a
short peptide, and the charged nature of any extension could domi-
nate immunogenicity, thus demoting the importance of the phos-
phorylated serine residue. The sequence AKGGGSHPL was BLAST
searched against a murine database, which returned only RYR1, RYR3,
and RYR2 in mouse. RYR2 does not have a phosphorylatable residue
at the position equivalent to Ser**?,

Animmunogen peptide of Ac-2887AKGGGS*HPL2905Camide
(where S* denotes phospho-serine) was synthesized using 9-luorenyl
methoxycarbonyl (Fmoc) chemistry and purified to 98.56% purity
[as assessed by peak area integration of high-performance liquid
chromatography (HPLC) spectrogram and supported by liquid
chromatography (LC)-MS spectra]. The immunogen peptide was
conjugated to the C-terminal cysteine residue to keyhole limpet
hemocyanin (KLH) using the bifunctional cross-linking reagent
succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC). Conjugation was performed with equal amounts of pep-
tide to protein by weight (3:3 mg). A phospho-antigen sequence of
Ac-C2887AKGGGS*HPL2905amide (where S* denotes phospho-
serine) was synthesized using Fmoc chemistry and purified to
98.0% purity (as assessed by peak area integration of HPLC spec-
trogram and supported by LC-MS spectra). The phospho-antigen
peptide was conjugated to the N-terminal cysteine residue to bo-
vine serum albumin (BSA) using SMCC. Conjugation was per-
formed with equal amounts of peptide to protein by weight (2:2 mg).
A dephospho-peptide-antigen was also manufactured. Peptide Ac-
C2887AKGGGSHPL2905amide was synthesized using Fmoc chem-
istry and purified to 94.65% purity (as assessed by peak area
integration of HPLC spectrogram and supported by LC-MS spectra).
The dephospho-antigen peptide was conjugated to the N-terminal
cysteine residue to BSA using SMCC. Conjugation was performed
with equal amounts of peptide to protein by weight (2:2 mg). In all
cases, the peptide-protein conjugates were dialyzed into phosphate-
buffered saline (PBS; pH 7.2) and lyophilized in 0.25-mg (immuno-
gen) and 0.17-mg (antigen) units (weight represents theoretical
protein weight) and stored dry at —20°C until used. The immuniza-
tion protocol was initiated within 10 days of peptide conjugation.

The immunization work was performed in Germany, and all ani-
mal procedures were conducted in full compliance with the appli-
cable German and European animal welfare legislation, specifically
adhering to the German Animal Welfare Act (Tierschutzgesetz,
TierSchG) and Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes. A single
adult New Zealand white rabbit was immunized with 150 mg of im-
munogen peptide-KLH conjugate (quantity refers to theoretical KLH
content) in Adjuvant P (Gerbu). Booster immunizations of 150 mg
of immunogen peptide-KLH conjugate (quantity refers to theoreti-
cal KLH content) in Adjuvant S (Gerbu) were given on days 14, 28,
42, and 56, and a test bleed was conducted on day 35. A final bleed
was performed on day 63, at which time the animal was euthanized.

Yee et al., Sci. Signal. 18, eadx3087 (2025) 7 October 2025

Blood was allowed to clot at room temperature, and serum was col-
lected by centrifugation and stored frozen at —20°C.

The recognition of phospho-antigen and the corresponding
dephospho-antigen, in each case using antigen conjugated to BSA,
was performed by enzyme-linked immunosorbent assay (ELISA).
Microtiter plates (96 wells) were coated with antigen of 0.1 mg per
well in 100 ml of 0.1 M NaHCO3; (pH 8) overnight at 2° to 8°C. The
wells were washed four times with 200 ml of wash buffer (1%
NaCl/0.05% Tween 20), incubated for 5 min each time with shaking.
Nonspecific protein binding sites were blocked in each well by incu-
bation with 2% dried milk protein in 0.1 M NaHCO; (pH 8) and
0.05% Tween 20 for 30 min at room temperature. Wells were washed
again, as before, and incubated with a 1:5 serial dilution of antiserum/
antibody in a final volume of 80 ml of PBS (pH 7.2) and 0.05% Tween
20. Incubations with primary antibody were performed overnight at
2° to 8°C. Wells were washed as before and incubated with alkaline
phosphatase conjugated anti-rabbit immunoglobulin G (IgG) anti-
body (1:10,000) in PBS (pH 7.2) plus 0.05% Tween 20 for 2 hours
at room temperature. Wells were washed as above and substrate
(3.2 mM p-nitrophenyl phosphate) incubated for 2 hours in 1 M di-
ethanolamine (pH 9.8). ELISA signals were recorded at 405 nm.

An automated Western blot was performed using the WES system
(Protein Simple, CA, USA). A 12- to 230-kDa separation system was
used for 10-fold serial dilution of phospho-antigen (pSer**’?) in BSA
in sample buffer from 10 mg/ml (10 to 0.01 mg/ml), alon% with the
same 10-fold serial dilution of dephospho-antigen (Ser”’%) in BSA
(10 to 0.01 mg/ml). Detection was performed with a primary anti-
body dilution of 1:50 (purified IgG from final bleed, 8.08 mg/ml) and
anti-rabbit IgG-peroxidase with chemiluminescence detection.

Total rabbit IgG was purified from the final bleed serum (day 63)
using protein A affinity chromatography. IgG protein was eluted in
0.1 M citrate-phosphate buffer (pH 2.3) and immediately neutral-
ized with tris. Protein was dialyzed against sodium acetate buffer
with 0.02% sodium azide as antibacterial preservative. Purified IgG
antibody protein (initial protein concentration of 10.1 mg/ml) was
mixed with a sugar/organic polymer stabilizer formulation (20% by
volume), reducing the protein concentration to 8.08 mg/ml. The an-
tibody aliquots were frozen at —80°C and freeze-dried. For long
term storage, antibodies were desiccated at 4°C.

SDS-polyacrylamide gel electrophoresis and Western blot
Experiments were performed as previously described with minor
modifications (58, 108). Briefly, TA (tibialis anterior) muscles
were thawed and homogenized using zirconium oxide beads
(1.4 mm, Bertin Corp.) in radioimmunoprecipitation assay buffer.
N-ethylmaleimide was added to 5 mM, and the samples were in-
cubated on ice for 30 min. Total protein (60 pg) was mixed with
SDS sample buffer and denatured by heating at 50°C for 1 hour.
Membranes were blocked for 30 min with EveryBlot blocking buf-
fer (Bio-Rad) except for immunoblotting p-Ser*%, in which case
we used Protein-Free T20 (PBS) blocking buffer (Pierce). Total
protein and bands of interest were quantified by densitometry.
Bands of interest were normalized to the total lane protein and
expressed as a percentage of the average control (WT or FL) value
on the same blot. All antibodies used are in table S2.

Statistical analysis
Appropriate statistical analyses were applied as specified in the figure
legends using Prism10 (GraphPad). Sample size for each experiment
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was determined from the SD of preliminary data. Values of P < 0.05
(95% confidence) were considered statistically significant except for
the proteomic studies where false discovery rate (FDR) was used to
assess significance, and g < 0.05 was used (unless otherwise indicat-
ed). Values are presented as means + SD except for the force frequen-
cy, Ca®* frequency, and response curves (for caffeine, heat, and VA)
where the data are shown as means + SEM to improve visualization.
All statistical tests were two-sided. Differences between the two
groups were analyzed for significance using Student’s ¢ tests and nor-
mality tests. If the data failed the normality tests, then we performed
a Mann-Whitney rank sum test. Differences between means of mul-
tiple groups were analyzed by one- or two-way analysis of variance
(ANOVA), and those with multiple individual myofibers per subject
were analyzed by nested (hierarchical) ANOVA with Tukey post hoc
tests. For Ca”* sparks, multiple FDB fibers from each mouse were
analyzed, but we averaged all fibers (>4/mouse) per mouse of each
genotype. Immunoprecipitations were first analyzed for specificity
by comparing proteins in IgG controls with those in RYR1 immuno-
precipitates. For discovery proteomics, data were analyzed with
Holm-Sidék's multiple comparisons tests and/or calculation of the
FDR. These values are plotted and compared as % control and ana-
lyzed by Student’s ¢ tests and normality tests. All measurements were
taken from distinct samples. Outliers in the Ca** data were identi-
fied by the Rout method (109) with Q set at 1% and removed to
eliminate unhealthy fibers.

Supplementary Materials
The PDF file includes:

Figs. S1to S6

Tables S1.and S2

Other Supplementary Material for this manuscript includes the following:
MDAR Reproducibility Checklist
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