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Background: Excitation-contraction coupling in striated muscle requires intracellular Ca2� release through ryanodine
receptor/Ca2�-release channels (RyRs).
Results: S-Palmitoylation is a previously unidentified post-translational modification of skeletal muscle RyR1. Diminishing
S-palmitoylation significantly diminishes RyR1 activity including stimulus-dependent Ca2� release.
Conclusion: S-Palmitoylation provides a previously unidentified mechanism to regulate Ca2� flux in skeletal muscle.
Significance: S-Palmitoylation is likely to regulate Ca2� flux in many cell types.

The ryanodine receptor/Ca2�-release channels (RyRs) of
skeletal and cardiac muscle are essential for Ca2� release from
the sarcoplasmic reticulum that mediates excitation-contrac-
tion coupling. It has been shown that RyR activity is regulated by
dynamic post-translational modifications of Cys residues, in
particular S-nitrosylation and S-oxidation. Here we show that
the predominant form of RyR in skeletal muscle, RyR1, is subject
to Cys-directed modification by S-palmitoylation. S-Palmitoy-
lation targets 18 Cys within the N-terminal, cytoplasmic region
of RyR1, which are clustered in multiple functional domains
including those implicated in the activity-governing protein-
protein interactions of RyR1 with the L-type Ca2� channel
CaV1.1, calmodulin, and the FK506-binding protein FKBP12, as
well as in “hot spot” regions containing sites of mutations
implicated in malignant hyperthermia and central core dis-
ease. Eight of these Cys have been identified previously as
subject to physiological S-nitrosylation or S-oxidation. Dimin-
ishing S-palmitoylation directly suppresses RyR1 activity as well
as stimulus-coupled Ca2� release through RyR1. These findings
demonstrate functional regulation of RyR1 by a previously unre-
ported post-translational modification and indicate the poten-
tial for extensive Cys-based signaling cross-talk. In addition, we
identify the sarco/endoplasmic reticular Ca2�-ATPase 1A and
the �1S subunit of the L-type Ca2� channel CaV1.1 as S-palmi-
toylated proteins, indicating that S-palmitoylation may regulate
all principal governors of Ca2� flux in skeletal muscle that medi-
ates excitation-contraction coupling.

Post-translational protein modifications, which provide the
principal cellular mechanism for regulating protein function,

target multiple amino acids. Cysteine (Cys) residues are
distinctive targets in that they are acted on through multiple
chemistries that mediate separate, reversible, and dynamic
modifications including S-nitrosylation, S-oxidation, and
S-palmitoylation. These modifications have been shown to
operate on thousands of proteins and thereby to regulate a large
array of signal transduction pathways. The ryanodine receptor/
Ca2�-release channels (RyR1–3),2 localized to the sarcoplasmic
reticulum (SR) of skeletal and cardiac striated muscle as well as
to the dendritic compartment of neurons, provide a laboratory
for elucidating the regulation of and interplay between Cys-
based post-translational modifications. RyRs are unusually
large proteins (approximately 5000 amino acids) that contain
approximately 100 Cys residues. RyR1, the predominant form
in skeletal muscle, is S-nitrosylated under physiological condi-
tions at a single Cys residue (Cys-3635) (1, 2). Physiological
S-nitrosylation, which reflects production of nitric oxide by a
nitric-oxide synthase localized to the sarcolemma, is coupled to
muscle pO2 through O2-dependent S-oxidation: at relatively
high pO2 (ambient O2), S-oxidation of a small set of thiols on
average (�6), which does not include Cys-3635 (3), allosteri-
cally abrogates S-nitrosylation of Cys-3635 (1) and enhances
RyR1 activity (1, 4). This average set of thiols represents sub-
stoichiometric S-oxidation of a larger set of Cys residues that
constitute an allosteric network, the constituents of which have
been identified recently (5). pO2-coupled S-oxidation is medi-
ated by O2-dependent production of H2O2 by an SR-resident
NADPH oxidase, Nox4 (4), and represents at least in part the
formation of intra-RyR1 subunit disulfide linkages (5).
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We report here that RyR1 is modified by an additional form
of Cys-directed post-translational modification, S-palmitoyla-
tion, the thioester-linked addition to a Cys thiol of a 16-carbon
saturated fatty acid. Mass spectrometric analysis identified 18
S-palmitoylated RyR1 Cys residues, which are distributed
widely within RyR1 in multiple functional domains. Removing
palmitate from RyR1 significantly diminishes RyR1 activity
both in situ (intact SR vesicles) and in vitro (purified RyR1), and
moreover, in cultured myofibers, inhibiting palmitoylation sig-
nificantly diminishes electrically evoked Ca2� release through
RyR1. Thus, RyR1 is subject to multisite, activity-governing
S-palmitoylation.

EXPERIMENTAL PROCEDURES

Preparation of SR Vesicles and Purification of RyR1—SR ves-
icles were prepared from rabbit hind-limb muscle essentially as
described (4, 6). In brief, tissue was homogenized in buffer con-
taining 20 mM HEPES, pH 7.4, 2 mM EDTA, 0.2 mM EGTA, 0.3
M sucrose, and protease inhibitors (100 nM aprotinin, 20 �M

leupeptin, 1 �M pepstatin, 0.2 mM PMSF, 1 mM benzamidine).
Homogenates were centrifuged at 9200 � g for 20 min, and the
resultant supernatant was centrifuged at 100,000 � g for 1 h.
The resultant membrane-enriched microsomal pellet was
resuspended and fractionated on a continuous 20 – 45% sucrose
gradient by centrifugation at 100,000 � g for 14 h. Fractions
containing SR vesicles were eluted, and SR vesicles were col-
lected by centrifugation at 120,000 � g, resuspended, aliquoted,
and stored under liquid nitrogen. Unless otherwise noted, the
heavy SR fraction was used for subsequent analysis. RyR1 was
purified from CHAPS-solubilized SR vesicles by sucrose den-
sity gradient centrifugation as described (4, 7). Protein concen-
trations were determined with a bicinchoninic acid-based
assay.

Acyl-RAC (Resin-assisted Capture of S-Acylated Proteins)—
The acyl-RAC method was applied essentially as described (8,
9) with minor modifications. SR vesicles were solubilized in
thiol-blocking buffer (100 mM HEPES, 1.0 mM EDTA, 2.5%
SDS, 50 mM N-ethylmaleimide, pH 7.5) at a final protein con-
centration of 1 mg/ml and incubated at 50 °C for 1 h with fre-
quent vortexing. Following acetone precipitation, the pellet was
rinsed four times with 70% acetone, repelleted, and rinsed four
more times with 70% acetone before resuspension in 150 �l of
binding buffer (100 mM HEPES, 1.0 mM EDTA, 1% SDS, pH
7.5). When employed, an equal volume of freshly prepared 1 M

NH2OH (pH adjusted to 7.0 with NaOH) was added followed by
�40 �l of prewashed thiopropyl-Sepharose (Amersham Biosci-
ences). Binding was carried out on a rotator at room tempera-
ture for 4 h. Resins were pelleted at 1000 � g following each of
3–5 washes with binding buffer and either eluted in 40 �l of
Laemmli loading buffer (2.1% SDS, 66 mM Tris, 26% glycerol
w/v, 50 mM DTT) at 42 °C for 10 min for Western blotting or
silver staining, or processed for mass spectrometric analysis.
Western blotting for RyR1, SERCA 1A, and the �1S subunit of
CaV1.1 employed, respectively, mouse monoclonal antibodies
34C, VE121Gp, and 1A (Pierce).

Liquid Chromatography and Tandem Mass Spectrometry
(LC-MS/MS)—Following acyl-RAC, thiopropyl-Sepharose was
suspended in 1 ml of 50 mM NH4HCO3, 1 mM EDTA, 1 mM

CaCl2 containing 0.5 �g of trypsin (Promega) and rotated at
37 °C for 12 h. Following five washes with 1 ml of wash buffer
containing 500 mM NaCl, 1% Nonidet P-40 and five washes with
1 ml of 50 mM NH4HCO3, the resin was resuspended in 50 �l of
5 mM TCEP in 50 mM NH4HCO3, pH 8.0, and heated at 60 °C
for 30 min with frequent vortexing. The resin was then pelleted
by centrifugation at 2000 � g for 2 min, the eluate was removed,
and eluted peptides were labeled with 15 mM iodoacetamide in
50 mM NH4HCO3 for 45 min at room temperature in the dark.
Peptides were dried under reduced pressure and resuspended
in 0.5% trifluoroacetic acid, 5% acetonitrile. Residual iodoacet-
amide and TCEP were removed with a C18 spin column
(Pierce) according to the manufacturer’s instructions, made
0.1% with respect to formic acid, and analyzed by LC-MS/MS.
Peptides were separated via capillary liquid chromatography
with a Waters nanoAquity system (Waters Corp., Milford,
MA). The mobile phase A (aqueous) contained 0.1% formic
acid in 5% acetonitrile, and mobile phase B (organic) contained
0.1% formic acid in 85% acetonitrile. Separation was achieved
using a C18 column (BEH300, 75 �m � 20 cm; Waters Corp.)
and a 180-min gradient of 6 – 45% mobile phase B at a flow rate
of 300 nl/min. Mass spectrometric analysis was performed
using a hybrid linear ion trap Orbitrap Velos mass spectrometer
(LTQ-Orbitrap Velos; Thermo, Waltham, MA). A survey scan
was carried out at 60,000 resolution, followed by 10 data-de-
pendent collision-induced dissociation fragmentations. Pep-
tide identification was achieved by searching against the rabbit
RyR1 protein sequence (access no. P11716.1) or the nonredun-
dant rabbit database from the National Centre for Biotechnol-
ogy Information (NCBInr, 2011). Protein identification using
Sequest (10) or ProLuCID (11), and DTASelect (12, 13) was
carried out with the Integrated Proteomics Pipeline (IP2; Inte-
grated Proteomics Applications, San Diego) or MassMatrix
(14). Mass accuracy was limited to 10 ppm for precursor ions
and 0.6 Da for product ions, with tryptic enzyme specificity and
up to two missed cleavages. Variable modifications included
cysteine alkylation by iodoacetamide (57 Da) or N-ethylma-
leimide (125 Da), and methionine oxidation (16 Da). Identified
spectra were checked manually to ensure quality.

Assay of RyR1 Activity by [3H]Ryanodine Binding—RyR1
activity was assayed by [3H]ryanodine binding essentially as
described (4, 15). SR vesicles derived from rabbit hind-limb
muscle were incubated for 2 h at room temperature in 100 mM

HEPES, pH 7, 1 mM EDTA with or without 0.5 M NH2OH (pH
7.0 by titration with NaOH), and collected by centrifugation at
100,000 � g for 1 h at 4 °C. The pellets were washed three times
with 100 mM phosphate buffer, pH 7.4, and resuspended in
[3H]ryanodine binding buffer comprising 20 mM imidazole, 125
mM KCl, pH 7.0, 1 mM CaCl2, 0.3 mM Pefabloc (Roche Applied
Science), and 30 �M leupeptin and containing 5 nM [3H]ryano-
dine (PerkinElmer Life Sciences). Nonspecific binding was
determined by co-incubation with a 1000-fold excess of unla-
beled ryanodine. After incubation overnight at room tempera-
ture, samples were diluted with 20 volumes of H2O at 4 °C and
distributed evenly on Whatman GF/B filters soaked with 2%
(w/w) polyethyleneimine. Filters were washed three times
under vacuum with 5 ml of buffer/wash (1 mM Pipes, 0.1 M KCl,
pH 7.0), and the radioactivity remaining on the filters was
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measured by liquid scintillation counting. We also employed
[3H]ryanodine binding to assay the activity of RyR1 purified
from CHAPS-solubilized SR vesicles by sucrose density gradi-
ent centrifugation, as above. Fractions containing RyR1 were
pooled, and 35 �g of protein was added to 1 ml of [3H]ryano-
dine binding buffer and incubated overnight at room tempera-
ture. Binding was terminated by the addition of a 10-fold excess
of cold water, and the resultant solution was spotted on filters
and processed as above.

Assay of Intracellular Ca2� Release in Primary Myocytes—
Single muscle fibers were isolated from mouse (C57BL/6) flexor
digitorum brevis muscle as described (4, 16). In particular, mus-
cle fiber bundles were separated by blunt dissection and incu-
bated in Tyrode’s solution containing 2 mg/ml collagenase
(type II; Worthington) for 2 h at 37 °C with gentle agitation and
then transferred to DMEM supplemented with BSA (0.2% w/v),
50 units/ml penicillin, and 50 mg/ml streptomycin. Individual
myofibers were generated by trituration, collected by centrifu-
gation at 1000 � g for 1 min, and resuspended in DMEM. Myo-
fibers were plated and incubated overnight in DMEM (37 °C;
5% CO2/95% O2). Prior to assay, myofibers were incubated for
1, 2, or 4 h (37 °C; 5% CO2/95% O2) with or without 2-bromo-
palmitate (2-BP, 1 �M) and subsequently washed three times
with Tyrode’s solution. Myofibers were then loaded with Fluo
3-AM (7 �M) for 45 min, collected by centrifugation at 1000 �
g for 1 min, and resuspended in Tyrode’s solution. Myofibers
were then placed in a sealed chamber designed for field stimu-
lation (Warner Instruments) that was superfused with a con-
tinuous flow of Tyrode’s solution externally sparged with room
air and visualized using an inverted Axiovert microscope
(Zeiss). Ca2� transients were evoked by electrical stimulation at
1 Hz (50-ms square-wave pulse, 40 –50 V). Evoked Ca2� tran-
sients were recorded with a CCD camera system (PentaMAX;
Princeton Instruments), and the amplitudes of transients were
calculated as the difference between peak and baseline levels
normalized with respect to baseline fluorescence (F/Fo).

Assay of RyR1 Free Thiol Content—The thiol-specific fluores-
cent agent monobromobimane (MBB; Molecular Probes) (17)
was used to determine the free thiol content of RyR1 derived
from control versus NH2OH-treated SR vesicles. SR vesicles
were prepared as above, and 3 mg total vesicle protein was
incubated for 4 h in 100 mM HEPES, pH 7, 1 mM EDTA, 50 �M

MBB, with or without 500 mM NH2OH. Vesicles were then
collected by centrifugation at 100,000 � g and solubilized in
CHAPS prior to isolation of RyR1 by sucrose density gradient
centrifugation, as above. This fraction was then subjected to
SDS-PAGE, the resultant gel was silver-stained, and the band
containing RyR1 (verified by Western blotting) was excised.
The resultant gel fragment was destained, and RyR1 was
digested in-gel with 0.5 �g of trypsin in 100 �l of 50 mM

NH4HCO3, 1 mM Ca2�. MBB fluorescence of the eluted pep-
tides was measured on a fluorescence spectrometer.

Assay of Palmitate Turnover on Ryr1 (18 –20)—The �-alky-
nyl-palmitate analog 17-octadecynoic acid (18 –20) (17-ODYA;
Cayman Chemical) was dissolved in dimethyl sulfoxide, and a
working stock solution of 100 �M 17-ODYA was prepared in
serum-free DMEM supplemented with 5% fatty acid-free BSA
and sonicated for 15 min followed by rotation for 15 min at

room temperature. For each experiment (n � 4), gastrocne-
mius and flexor digitorum brevis muscles were removed bilat-
erally from one or two C57BL/6 mice, and myofibers were pre-
pared and incubated overnight as described above. Myofibers
were then replated in serum-free DMEM containing 5% fatty
acid-free BSA and incubated at 37 °C under 5% CO2 for 1 h, and
then replated in DMEM/fatty acid-free BSA containing 100 �M

17-ODYA with or without 1 �M 2-BP and incubated for 2 h at
37 °C/5% CO2. Myofibers were then washed twice with ice-cold
phosphate-buffered saline and lysed in Nonidet P-40 Cell Lysis
Buffer (Invitrogen) containing 1% SDS, 1 mM PMSF (Sigma-
Aldrich), and Protease Inhibitor Mixture (Promega). For click
chemistry (biotinylation), lysate containing 1 mg of total
protein was adjusted to a reaction volume of 1 ml containing
0.1 mM biotin-azide (Invitrogen), 1 mM neutralized TCEP
(Thermo Scientific), 0.2 mM TBTA (Sigma-Aldrich) dissolved
in dimethyl sulfoxide/tert-butanol (20%/80%) and 1 mM CuSO4
(final reagent volume adjusted with PBS), and incubated for 2 h
at room temperature in the dark. Proteins were then precipi-
tated with methanol:chloroform:water (4:1:3) and collected by
centrifugation at 15,000 � g for 1 min, the aqueous phase was
removed by aspiration retaining the protein pellet at the inter-
face, and 400 �l of methanol was added prior to a second cen-
trifugation at 15,000 � g for 2 min. The resultant pellet was
dissolved in 1% SDS in PBS, and the protein concentration was
determined. For Western blot analysis following biotinylation,
80 �g of protein was resolved by SDS-PAGE and transferred
onto PVDF membrane blocked with 5% nonfat milk in PBS,
0.05% Tween 20 (PBST). Membranes were washed 2 � 5 min
with PBST and incubated with streptavidin-horseradish perox-
idase (Sigma, 1:1000 in PBST) for 1 h at room temperature. The
membrane was then washed 5 � 5 min with PBST, and biotin-
avidin complexes were visualized using Enhanced Chemilumi-
nescence reagent (Amersham Biosciences). To verify that
17-ODYA is incorporated through a thioester linkage, Western
blots were incubated with 720 mM neutralized NH2OH for 72 h
at room temperature prior to incubation with streptavidin.
Identification of RyR1 was on the basis of Western blotting of
lysates run in parallel, and quantification of results was carried
out by normalizing with respect to sample content of RyR1.

RESULTS

RyR1 Is Modified by S-Palmitoylation—We employed the
acyl-RAC method (which we developed (8)) to probe for
S-palmitoylated proteins in SR vesicles, a subcellular fraction
highly enriched for SR that also contains some transverse
tubule (T-tubule) membrane (4). In this method (8, 9), free
thiols are blocked, treatment with neutral hydroxylamine
selectively cleaves thioester-linked palmitate from modified
Cys, and proteins are coupled to thiopropyl-Sepharose resin
through the free thiols created by hydroxylamine treatment.
Subsequently eluted proteins may be analyzed intact, or pep-
tides may be eluted following proteolytic digestion for mass
spectrometric identification of specific palmitate-modified
Cys.

A number of proteins were pulled down by acyl-RAC from
solubilized SR vesicles in a hydroxylamine-dependent fashion,
as revealed by silver staining following SDS-PAGE of resin elu-
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ates (Fig. 1A). The most prominent substrates were identified as
RyR1, the sarco/endoplasmic reticulum Ca2�-ATPase SERCA
1A (ATP2A1) and the �1S subunit of CaV1.1 (L-type Ca2� chan-
nel, dihydropyridine receptor (DHPR)) on the basis of their
characteristic position (Mr) and by Western blotting (Fig. 1, A
and B). LC-MS/MS of peptides eluted from the immobilizing
resin following trypsin digest confirmed the identification of
RyR1 and SERCA 1A (Figs. 1C, Fig. 2, and Table 1). We did not
identify peptides from the �1S subunit of CaV1.1 by LC-MS/MS
under the conditions employed. To further control for possible
false-positive mass spectrometric identification of palmitoy-
lated Cys residues, eluates from resin incubated with solubi-
lized SR vesicles that had not been treated with hydroxylamine
were analyzed in parallel by LC-MS/MS in every experiment,
and Cys-containing peptides were never identified in the
absence of hydroxylamine.

Identification of S-Palmitoylated Cys Residues—Acyl-RAC
coupled to LC-MS/MS identified 18 palmitoylated Cys residues
within RyR1 (seen in at least three of five separate experiments)
(Fig. 2 and Table 1). This represents a minimum number of
palmitoylated Cys residues because theoretical analysis indi-
cates that trypsin digest provides coverage by LC-MS/MS of no
more than 76% of Cys residues within RyR1 (i.e. 76 of 100 Cys
residues found in one or more peptides of �800 –3000 Da).
Palmitoylated Cys residues were distributed throughout the
N-terminal cytoplasmic domain of RyR1, but appeared to be
grouped in three principal clusters (Fig. 2). The most N-termi-
nal cluster comprised 6 of 18 Cys residues between and includ-
ing RyR1 residues 24 –537, which were localized in functional
domains previously identified as those mediating the interac-
tion of RyR1 with FK506-binding protein 12 (FKBP12) and as
“hot spot” domains implicated in malignant hyperthermia and
central core disease. A second cluster comprised 6 of 9 Cys
residues between and including RyR1 residues 2237–2565,
which were localized to functional domains previously identi-

fied as participating in the interaction of RyR1 with Cav1.1 and
to hot spot domains for malignant hyperthermia and central
core disease. The third cluster comprised 4 of 4 Cys residues
between and including RyR1 residues 3170 –3635, which were
localized to a CaV1.1-interacting domain as well as the domain
implicated in the interaction of RyR1 with calmodulin. All
palmitoylated Cys residues identified in rabbit RyR1 are con-
served in mammalian RyR1s, including human RyR1, with the
exception of Cys-305. In addition, 12 of 18 and 14 of 18 palmi-
toylated Cys residues identified in RyR1 are conserved in RyR2
and RyR3, respectively (Table 1). Notably, 7 of 18 palmitoylated
Cys residues have been identified previously as subject to phys-
iological oxygen-coupled S-oxidation (5), including 5 of 6 Cys
within the N-terminal cluster of palmitoylated Cys residues
(Fig. 2). The principal site of physiological S-nitrosylation (Cys-
3635) (2) was also identified as a site of S-palmitoylation (Figs.
1C and 2).

In addition, mass spectrometric analysis identified 8 palmi-
toylated Cys (seen in at least two of four separate experiments)
located throughout the cytoplasmic domain of SERCA 1A
(Cys-12, Cys-344, Cys-349, Cys-364, Cys-471, Cys-636, Cys-
674, and Cys-675); trypsin digest coupled with LC-MS/MS as
employed would in theory yield coverage of 18 of 24 Cys resi-
dues within SERCA 1A. Six of the 8 Cys residues identified as
palmitoylated in SERCA 1A (ATP2A1) are conserved in SERCA
2 (ATP2A2) and SERCA 3 (ATP2A3); the exceptions are
Cys-12 and Cys-674. Thus, the principal proteins that govern
SR Ca2� flux are subject to S-palmitoylation, and there exists
the potential for extensive cross-talk between S-palmitoylation
and alternative Cys-based post-translational modifications of
RyR1.

Functional Effects of Diminished S-Palmitoylation—To
assess a possible role for S-palmitoylation in regulation of RyR1
activity, we compared the activity of RyR1 in native SR vesicles
with the activity in vesicles treated with neutral hydroxylamine
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to remove thioester-linked palmitate. Treatment of SR vesicles
with hydroxylamine (0.5 M, 2 h) reduced RyR1 activity by �62%
as assessed by assay of [3H]ryanodine binding (Fig. 3A). Ryano-
dine binds to RyR1 in the active state in which the Ca2� pore is
open, and the [3H]ryanodine binding assay therefore provides a
direct indication of channel open probability (po). To verify that
treatment with hydroxylamine depalmitoylated RyR1, we fur-
ther purified RyR1 from CHAPS-solubilized untreated and
hydroxylamine-treated SR vesicles in which free thiols had
been labeled with the fluorescent thiol reporter MBB, employ-
ing density gradient centrifugation followed by SDS-PAGE of
RyR1-enriched gradient fractions to complete the purification.
The band corresponding to RyR1 was excised and subjected to

trypsin digest followed by assay of MBB fluorescence. The aver-
age hydroxylamine-treated to untreated ratio of MBB fluores-
cence was 1.45 (�0.22 S.D.) (Fig. 3B). We (4) and others (21)
have previously reported that RyR1 possesses an average of
approximately 35 free thiols/RyR1 monomer under similar
conditions (room air) as assessed by MBB assay. Thus, the 45%
increase in MBB fluorescence following hydroxylamine treat-
ment (measured within the linear range of the MBB assay) rep-
resents a gain of 16 thiols/RyR1 monomer on average, consis-
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SPRY1 domain, as well as hot spot regions implicated in malignant hypothermia/central core disease (MH, CCD), are delineated on the basis of the human RyR1
sequence (reviewed recently in Ref. 39).

TABLE 1
Conservation in RyR2 and RyR3 of Cys residues identified as sites of
palmitoylation in RyR1
X � conserved Cys.

RyR1 RyR2 RyR3

24 X X
36 X X
120 X X
253
305
537 X X
1040
1674 X X
2021 X X
2237 X X
2326
2363 X X
2555 X X
2565 X X
3170 X
3193 X X
3402 X
3635 X X
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FIGURE 3. Suppression of RyR1 activity by depalmitoylation with hydroxyl-
amine (NH2OH). A, at left, depalmitoylation by treatment with hydroxyla-
mine diminishes RyR1 activity in SR vesicles as assessed by [3H]ryanodine
binding (n � 3 separate experiments; *, p � 0.05). At right, hydroxylamine
treatment diminishes the activity of RyR1 purified from untreated SR vesicles
versus SR vesicles treated with hydroxylamine prior to assay (n � 4 separate
experiments; *, p � 0.05). B, assay of free thiols by MBB fluorescence in RyR1
purified from untreated or hydroxylamine-treated SR vesicles demonstrates
hydroxylamine-dependent generation of free thiols, indicative of depalmi-
toylation (n � 4 separate experiments; *, p � 0.05). In A and B, error bars
indicate S.E.
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tent with our identification of 18 Cys residues within RyR1 that
are subject to S-palmitoylation. Our analysis does not allow us
to deduce the stoichiometry of S-palmitoylation of individual
Cys residues, and it should be noted that the magnitude of the
increase in free thiols following treatment with hydroxylamine
will reflect the fact that, as noted above, 7 of the Cys we identi-
fied as S-palmitoylated were identified previously as subject to
(hydroxylamine-insensitive) substoichiometric S-oxidation
under similar conditions (5) and that an additional palmitoy-
lated Cys residue (Cys-3635) is subject to activity- and pO2-de-
pendent S-nitrosylation (2) (we detect S-nitrosylation of RyR1
in SR vesicles under basal conditions by SNO-RAC (Ref. 8 and
data not shown).

In addition, we assayed RyR1 activity by [3H]ryanodine bind-
ing after further purification of RyR1 from untreated and
hydroxylamine-treated SR vesicles by the well established
method of density gradient centrifugation following CHAPS
solubilization. Hydroxylamine treatment decreased the activity
of RyR1 in RyR1-enriched gradient fractions by �72% (Fig. 3A),
which is closely comparable with the decrease observed in
intact SR vesicles. These findings are consistent with the con-
clusion that depalmitoylation of RyR1 suppresses RyR1 activity
at least in part through a direct effect on channel configuration.

We next examined in cultured myofibers (derived from the
flexor digitorum brevis muscle of mice) the effects of inhibiting
S-palmitoylation with 2-BP on stimulus-coupled intracellular
Ca2� release through RyR1, induced by electrical depolariza-
tion (pacing at 1 Hz) and assessed by Fluo 3-AM fluorescence. If
palmitate turns over on one or more Cys residues within RyR1
(and/or other SR proteins) under basal conditions, then incu-
bation with 2-BP, which would prevent palmitoylation, would
result in a time-dependent decrease in palmitoylation state that
would reach a plateau after an interval determined by the half-
life of palmitate turnover. We found that incubation of myofi-
bers with 2-BP (1 �M) prior to assessment of intracellular Ca2�

release decreased the magnitude of release by �44% and that
the suppressive effect of 2-BP increased with increasing incu-
bation interval and plateaued within 2 h (Fig. 4, A and B). Met-
abolic labeling (2 h) with the �-alkynyl-palmitate analog
17-ODYA followed by bio-orthogonal click chemistry with bio-
tin-azide (18 –20) demonstrated directly turnover of palmitate
on RyR1 under basal conditions, which was greatly diminished
by co-incubation with 2-BP (1 �M) (Fig. 4C). Finally, we verified
that, as reported previously (4), depolarization-induced Ca2�

release in cultured myofibers as assessed by Fluo 3-AM fluores-
cence was largely dependent upon RyR1 because it was rapidly
eliminated by incubation with ryanodine, to selectively inhibit
RyR1 (Fig. 4D). Thus, our results indicate that depalmitoyla-
tion, likely of RyR1, substantially diminishes stimulus-coupled
Ca2� release through RyR1.

DISCUSSION

The continuously expanding list of mammalian proteins
shown to be modified by S-palmitoylation now exceeds several
hundred substrates. Although the nicotinic cholinergic recep-
tor localized to the skeletal muscle sarcolemma was identified
early on as a substrate for S-palmitoylation (22), S-palmitoyla-
tion of skeletal muscle membrane proteins localized to internal,

SR, and T-tubule membranes has not been reported previously.
Our identification of RyR1, SERCA 1A (localized to the SR), and
the �1S subunit of CaV1.1 (localized to T-tubules) as substrates
for S-palmitoylation indicates that S-palmitoylation modifies
the principal governors of Ca2� release that mediate excitation-
contraction coupling in skeletal muscle.

RyR1, SERCA 1A, and the �1S subunit of CaV1.1 are all pre-
viously unidentified substrates of S-palmitoylation. RyR1 rep-
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FIGURE 4. Treatment with 2-BP diminishes electrically induced Ca2�

release through RyR1 and turnover of palmitate on RyR1 in cultured
myofibers. A, representative records of electrically induced (pacing at 1 Hz)
intracellular Ca2� release in a control myofiber and a myofiber treated with
2-BP (1 �M, 2 h), as assessed by Fluo 3-AM fluorescence. B, effects on electri-
cally induced Ca2� release of treatment with 2-BP (1 �M) for the indicated
times (n � 4 separate experiments, 8 –10 control and 8 –10 2-BP-treated myo-
fibers imaged per experiment; *, p � 0.05 with respect to control). Error bars
indicate S.E. C, top, metabolic labeling with the �-alkynyl-palmitate analog
17-octadecynoic acid (2 h) followed by detection of incorporated analog by
bio-orthogonal click chemistry with biotin-azide demonstrating dynamic
palmitoylation of at least some sites within RyR1 under basal conditions,
which is greatly diminished by co-incubation with 2-BP (1 �M). Hydroxyla-
mine (NH2OH)-sensitivity verifies that labeling represents thioester-linked
palmitoylation. Bottom, quantification of the degree of RyR1 palmitoylation
(normalized for RyR1 content of samples) demonstrating a decrease of
approximately 85% in analog incorporation into RyR1 by co-incubation with
2-BP (*, p � 0.01; n � 4 separate experiments). Error bars indicate S.E. D,
electrically induced Ca2� release rapidly suppressed by inhibiting RyR1 with
ryanodine (1 �M). Tracings shown are representative of three separate
experiments.
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resents the first example of S-palmitoylation of an intracellular
Ca2�-release channel; the �1S subunit of CaV1.1, the prototyp-
ical voltage-gated Ca2� channel, represents the first example of
S-palmitoylation of a pore-forming �-subunit of CaV channels;
SERCA 1A, the prototype of the family of ion-transporting
P-type ATPases, represents the first verified example of
S-palmitoylation of a member of the Ca2�-ATPase subfamily
(although large scale proteomic screening has identified
ATP2A2 and ATP2A3 as candidate S-palmitoylated substrates
(23)). It may be anticipated that S-palmitoylation of additional
isoforms of RyR, CaV �-subunits, and SERCA will regulate
Ca2� flux in multiple cell types in addition to skeletal muscle.

We identified 18 sites of S-palmitoylation within RyR1,
which are clustered in multiple functional domains including
those implicated in the activity-governing protein-protein
interactions of RyR1 with CaV1.1, calmodulin, and FKBP12, as
well as in hot spot regions containing sites of mutations impli-
cated in malignant hyperthermia and central core disease.
There is precedent for multisite S-palmitoylation of both volt-
age- and ligand-gated channels (localized to the plasma mem-
brane) that results in site-specific effects on channel function,
in the cases respectively of the large conductance Ca2�-acti-
vated potassium (BK) channels that contain the stress-axis-reg-
ulated exon (STREX) splice variant (24 –26) and the GluN2A/B
subunits of the neuronal N-methyl-D-aspartate glutamate
receptor/ion channel (27). However, modification of a single
protein by as many as 18 palmitoyl groups is unprecedented.
The direct interaction between RyR1 and CaV1.1 is the princi-
pal determinant of RyR1 activation, whereas the interaction of
RyR1 with FKBP12 (calstabin1) is thought to stabilize the
closed conformation of the channel (28). It has recently been
reported (29) that FKBP12, a cis-trans-prolyl isomerase, binds
the small G protein H-Ras, dependent upon H-Ras palmitoyla-
tion, and promotes depalmitoylation that is dependent upon a
Pro residue proximal to the S-palmitoylated Cys residues
within H-Ras (179PGCMSC184). It is of interest that, although
Pro residues are not found proximal to S-palmitoylated Cys in
the N-terminal cluster of S-palmitoylated Cys that are localized
to a predicted FKBP-binding domain within RyR1, Pro residues
are found proximal to the two S-palmitoylated Cys that are
located adjacent to the predicted C-terminal FKBP-binding
domain (2325PCG2327 and 2361PECF2364; see Fig. 2). Thus,
although speculative, altered palmitoylation of RyRs might play
a role in the multiple striated muscle pathophysiologies that are
reported to be associated with altered FKBP12-RyR binding
(30).

S-Palmitoylation of various ion channels has been shown to
control surface expression, localization to membrane sub-
domains, internalization and intracellular trafficking, as well as
protein-protein interactions (31, 32). These functions have
been demonstrated in some cases to reflect the regulation by
S-palmitoylation of other post-translational modifications of
ion channels, in particular phosphorylation and ubiquitination,
which may be exerted through effects of S-palmitoylation on
channel subunit configuration (31, 32). However, in addition to
possible allosteric regulation, signaling cross-talk between
S-palmitoylation and other Cys-based post-translational mod-
ification may directly reflect the mutual exclusivity of alterna-

tive forms of modification of Cys thiols (33). Our findings indi-
cate substantial overlap between Cys residues identified as sites
of S-palmitoylation and those shown previously to be subject to
physiological S-oxidation and S-nitrosylation (1, 2, 5). It is pos-
sible that a given Cys residue may be preferentially subject to
only one modification, but it seems more likely that modifica-
tion of at least some sites by S-palmitoylation will be antiphasic
to modification by S-oxidation or S-nitrosylation, and thus that
the state of RyR1 S-palmitoylation will reflect a balance
between S-palmitoylation and alternative, redox-based modifi-
cations. In addition, to the extent that they occur, interactions
between S-palmitoylation and alternative, Cys-based RyR1
modifications might reflect allosteric regulation, as in the case
of gating of S-nitrosylation by S-oxidation (1).

Our finding that depalmitoylation of RyR1 substantially sup-
presses basal channel activity as assessed by [3H]ryanodine
binding in both intact SR vesicles and isolated RyR1 suggests
that S-palmitoylation of at least some sites within RyR1 influ-
ences channel configuration. There are precedents for effects of
S-palmitoylation on the gating and activation/inactivation of
ion channels, although correlated effects on structural confor-
mation have not been established directly (34 –38). Our finding
that inhibiting palmitoylation with 2-BP in intact myofibers
results in depalmitoylation of at least some Cys residues within
RyR1 and also substantially diminishes voltage-triggered Ca2�

release through RyR1 is consistent with the results of chemical
depalmitoylation; however, the effects of 2-BP may also reflect
depalmitoylation of other proteins that play a role in Ca2�

mobilization through RyR1 (e.g. SERCA 1A and CaV1.1). We
conclude that S-palmitoylation is a significant regulator of
Ca2� release from SR stores in skeletal muscle that mediates
excitation-contraction coupling and may be expected to play a
similar role in RyR-mediated Ca2� release in the multiple, addi-
tional cell types in which one or more forms of RyR operate.
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