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Abstract Stromal interaction molecule 1 (STIM1) mediates
Ca2+ movements from the extracellular space to the cytosol
through a store-operated Ca2+ entry (SOCE) mechanism in
various cells including skeletal muscle cells. In the present
study, to reveal the unidentified functional role of the STIM1
C terminus from 449 to 671 amino acids in skeletal muscle,
binding assays and quadrupole time-of-flight mass spectrom-
etry were used to identify proteins binding in this region along
with proteins that mediate skeletal muscle contraction and
relaxation. STIM1 binds to sarcoplasmic/endoplasmic reticu-
lum Ca2+-ATPase 1a (SERCA1a) via this region (called
STIM1-SBR). The binding was confirmed in endogenous
full-length STIM1 in rabbit skeletal muscle and mouse prima-
ry skeletal myotubes via co-immunoprecipitation assay and
immunocytochemistry. STIM1 knockdown in mouse primary
skeletal myotubes decreased Ca2+ uptake from the cytosol to
the sarcoplasmic reticulum (SR) through SERCA1a only at
micromolar cytosolic Ca2+ concentrations, suggesting that
STIM1 could be required for the full activity of SERCA1a
possibly during the relaxation of skeletal muscle. Various
Ca2+ imaging experiments using myotubes expressing
STIM1-SBR suggest that STIM1 is involved in intracellular
Ca2+ distributions between the SR and the cytosol via regu-
lating SERCA1a activity without affecting SOCE. Therefore,

in skeletal muscle, STIM1 could play an important role in
regulating Ca2+ movements between the SR and the cytosol.
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Abbreviations
STIM1 Stromal interaction molecule 1
STIM1-SBR SERCA1a-binding region in STIM1
ECC Excitation–contraction coupling
SOCE Store-operated Ca2+ entry
SR Sarcoplasmic reticulum
ER Endoplasmic reticulum
SERCA Sarcoplasmic/endoplasmic reticulum Ca2+-

ATPase
RyR Ryanodine receptor
DHPR Dihydropyridine receptor
t-Tubule Transverse tubule
SAM Sterile α-motif
SOAR STIM1-Orai1-activating region
CRAC Ca2+ release-activated Ca2+

CAD CRAC-activating domain
CICR Ca2+-induced Ca2+ release
MG53 Mitsugumin 53

Introduction

The main processes that must occur in skeletal muscle are
muscle contraction and relaxation, and Ca2+ from the sarcoplas-
mic reticulum (SR) is the main source of Ca2+ for these pro-
cesses [26, 70]. Spatial and temporal distribution of intracellular
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Ca2+ between the SR and the cytosol is the key factor for the
cycling of skeletal muscle contraction and relaxation [26, 70].
Ryanodine receptor 1 (RyR1) and sarcoplasmic/endoplasmic
reticulum Ca2+-ATPase 1a (SERCA1a) are the main proteins
responsible for the distribution of Ca2+, as follows [26, 27, 50].
During the excitation of skeletal myotubes, RyR1 (an internal
Ca2+-releasing channel in the SR membrane) is activated by
dihydropyridine receptor (DHPR, a membrane voltage-sensing
protein in the transverse (t)-tubule membrane) via physical
interaction, which allows Ca2+ releases from the SR to the
cytosol through RyR1, and, ultimately, evokes skeletal muscle
contraction (excitation–contraction coupling [ECC]). Sub-
micromolar Ca2+ acts as an agonist of RyR1 by triggering
Ca2+-induced Ca2+ release (CICR) through RyR1, which max-
imizes skeletal ECC [26, 27, 50]. SERCA1a, the main isoform
of adult skeletal muscle (more than 70 % in all types of skeletal
muscle fibers), is a Ca2+ pump in the SRmembrane and uptakes
Ca2+ from the cytosol into the SR to refill the SR with Ca2+

during skeletal muscle relaxation [4, 5].
Store-operated Ca2+ entry (SOCE) is a ubiquitous inside-

out signal, and stromal interaction molecule 1 (STIM1) and
Orai1 are the main proteins responsible for the SOCE, as
follows [24, 54, 55, 59]. STIM1 is a Ca2+ sensor in SR/ER
membranes, and Orai1 is a Ca2+ entry channel in t-tubule/
plasma membranes. In general, SR/ER depletion induces the
dissociation of Ca2+ from STIM1, which allows STIM1 to
relocate in the ER membranes near plasma membranes and to
interact with Orai1 (called the formation of puncta) followed
by extracellular Ca2+ entry through Orai1 [34, 52, 62–64]. In
skeletal muscle, the formation of puncta occurs naturally as a
part of differentiation that is independent of the SR depletion,
which means that SOCE in skeletal myotubes is more rapid
than in other types of cells, occurring in a matter of seconds
[14, 25, 59].

STIM1 has a single-transmembrane domain, a short
intraluminal N terminus that contains a Ca2+-sensing EF hand
and a sterile α-motif (SAM) domain [53, 68], and a cytoplas-
mic C terminus that contains various other domains [35, 53,
58]. The D76, D84, and E87 residues in the EF hand are
critical for SR/ER Ca2+-sensing [17, 30, 33, 51]. The EF-
SAM domain is responsible for the self-oligomerization and
relocalization of STIM1s to form puncta [52, 69]. Either the
SOAR (STIM1-Orai1-activating region [66]) or the CAD
(Ca2+ release-activated Ca2+ (CRAC)-activating domain
[39]) in the C terminus physically activates Orai1. The CAD
also participates in the self-oligomerization of STIM1 [10,
37]. The first coiled-coil domain participates in the oligomer-
ization of STIM1 at rest only [10]. The lys-rich domain is
responsible for the Orai1-independent plasma membrane
targeting of STIM1 [39]. The roles of the other STIM1 do-
mains, or regions, in particular the rear C terminus of STIM1
after CAD/SOAR, either have not been studied or the roles
remain a matter of controversy.

STIM1-deficient mice die from perinatal myopathy [32,
54]. Silencing STIM1 in human skeletal myoblasts hampers
myotube formation and reduces SOCE [11]. Patients with
loss-of-function mutations of STIM1 show congenital myop-
athies as well as severe combined immunodeficiency due to
the lack of SOCE [15, 16, 41]. Muscle fibers from mdx mice,
an animal model for Duchenne muscular dystrophy that is
characterized by progressive muscle weakness, show in-
creases in STIM1 expression and SOCE [3, 13]. Despite the
relevance of STIM1 to skeletal muscle diseases, the direct
involvement of STIM1 to Ca2+ movements during skeletal
muscle contraction and relaxation is not well understood.
Apart from this, the function of the rear C-terminal region of
STIM1, which includes 449 to 671 amino acids (called the
STIM1-UI region in the present study), has not been identified
even in other types of cells. In addition, the STIM1-UI region
is a variable region between STIM1 and STIM2 [19]. There-
fore, in the present study, proteins binding to the STIM1-UI
region, which are among the proteins that mediate skeletal
muscle contraction and relaxation, were searched using bio-
chemical and cellular approaches. We found that the STIM1-
UI region directly binds to SERCA1a, and we named it the
SERCA1a-binding region (STIM1-SBR). The role of STIM1-
SBR in skeletal muscle contraction and relaxation was exam-
ined by functional approaches using mouse primary skeletal
myotubes.

Methods

Cloning and expression of STIM1-UI

Using human STIM1 cDNA (GenBank accession number:
NM_003156.3, Addgene plasmid 19755) as a template, the
STIM1-UI region was cloned into pGEX-4T-1 (for GST-
fused STIM1-UI) or pMO91 mammalian expression vector
(for STIM1-SBR), and GST-fused STIM1-UI protein was
expressed in Escherichia coli (DH5α), as previously described
[29]. PCR primers for the cloning are listed in Fig. S1. The
sequences of all constructs were confirmed by sequencing both
strands using an ABI Prism 3700 DNA Sequencer (Applied
Biosystems, Foster City, CA, USA).

Preparation of a triad vesicle sample and binding assay
of GST-fused STIM1-UI protein with triad proteins

The triad vesicles were prepared from rabbit skeletal muscle
and were solubilized to make the triad vesicle sample, as
previously described [45]. All steps for surgical intervention
as well as for pre- and post-surgical animal care were provided
in accordance with the Laboratory Animals Welfare Act, the
Guide for the Care and Use of Laboratory Animals and the
Guidelines and Policies for Rodent Survival Surgery provided
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by the Institutional Animal Care and Use Committee of the
College ofMedicine at The Catholic University of Korea. The
binding assay of GST-fused STIM1-UI protein with triad
proteins was performed as described in Fig. S2a.

In-gel digestion, protein identification by quadrupole
time-of-flight mass spectrometry (qTOF MS), and a database
search

Protein bands obtained from the binding assays were subjected
to in-gel digestion with trypsin, as previously described [61].
The digested peptide solution was subjected to qTOF MS for
protein identification, and the database searches were conducted
using theMascot server (www.matrixscience.com), as described
in Fig. S2b.

Cell culture, cDNA transfection, co-immunoprecipitation
assay, immunoblot assay, immunocytochemistry,
and measurement of the width of myotubes

Mouse primary skeletal myoblasts were derived from the skel-
etal muscles of mice, then allowed to proliferate and differen-
tiate to myotubes (i.e., myotube formation), as previously
described [43, 60]. Reagents and materials for the cell culture
were conducted as previously described [59]. For the cDNA
transfection of wild-type STIM1 (Addgene plasmid 19755) or
STIM1-SBR, after 3 days of culture in the differentiation
medium, the immature myotubes were transfected with the
cDNA of wild-type STIM1 or STIM1-SBR (with a mixture
of 30 μl of FuGENE6 transfection reagent (Promega, Madison,
WI, USA) and 20μg of cDNA per 10-cm dish or the same ratio
of the components in the wells of 96-well plates). On differen-
tiation day 5 (at 38 h post-transfection), the fully differentiated
myotubes were subjected to further experiments. The success-
ful expression of each protein was confirmed using immuno-
cytochemistry (approximately 40 %). For the immunoblot
assay, the fully differentiated myotubes were solubilized as
previously described [61]. The experimental procedures for
co-immunoprecipitation assay, immunoblot assay, and immu-
nocytochemistry are presented in Fig. S2c. For the width
measurement of myotubes that were transfected with either
one of the STIM1 constructs or with the #2 siRNA, images
of fully differentiated myotubes on D5 were captured using the
monochrome camera, and the width of the thickest part in each
myotube was measured using the Image J program [8].

STIM1-knockdown and quantitative real-time PCR (qPCR)

Two different sequences of small interference RNAs
(siRNAs) for mouse STIM1 (GenBank accession number:
NM_009287.4) were selected using siRNA design software
(siDirect, Dharmacon RNAi Technologies, Lafayette, CO,
USA) (Fig. S3). Transfection of the siRNAs to the immature

myotubes on differentiation day 3 and qPCR were performed
as previously described [30].

Oxalate-supported 45Ca2+-uptake experiment using
STIM1-knockdown myotube homogenate

The STIM1-knockdown myotubes were homogenated in a
buffer (50 mM KH2PO4, 10 mM NaF, 1 mM EDTA, 0.3 M
sucrose, protease inhibitor cocktail (Roche, Switzerland), and
0.5mMDTTat pH 7.0) with a homogenizer for 15 s at speed 5
(IKA T10basic Ultra-turrax, Wilmington, NC, USA). Then,
250 μg of the myotube homogenate was subjected to the
oxalate-supported 45Ca2+-uptake experiment. Briefly, the re-
action buffer was composed of 40 mM imidazole, 100 mM
KCl, 5 mM MgCl2, 5 mM NaN3, and 0.5 mM EGTA at
pH 7.0. The washing buffer was composed of 100 mM KCl
and 20 mMMOPS at pH 7.0. The uptake reaction was begun
by the rapid sequential addition of 5 mM MgATP, 5 mM K-
oxalate, and either 70 nM or 1 μM of free 45Ca2+ (Perkin-
Elmer, Waltham, MA, USA). The rate of 45Ca2+ uptake was
calculated from the linear regression of 45Ca2+ uptake at 0, 1,
2, 3, and 4 min.

Single myotube Ca2+ imaging experiment: measurement
of resting cytosolic Ca2+ level, caffeine or KCl response,
releasable Ca2+ from the SR, and SOCE

Myotubes were loaded with 5 μM of fluo-4, fura-2 (for the
measurement of the resting cytosolic Ca2+ level), or fluo-5 N
(for the measurement of the releasable Ca2+ from the SR) in an
imaging solution (125 mMNaCl, 5 mMKCl, 2 mMKH2PO4,
2 mM CaCl2, 25 mM HEPES, 6 mM glucose, 1.2 mM
MgSO4, 0.05 % BSA (fraction V), and pH 7.4.) at 37 °C for
45 min. The loaded myotubes were subjected to single
myotube Ca2+ imaging experiments, as previously described
[30, 59]. Either KCl or caffeine was dissolved in the imaging
solution and applied via an auto-perfusion system (AutoMate
Scientific, Berkeley, CA, USA). To measure the releasable
Ca2+ from the SR, the SR was depleted by incubating the
myotubes in the imaging solution with zero Ca2+ for 5 min
followed by treatment with either thapsigargin (TG; dissolved
in Me2SO, <0.05 %) or caffeine. Me2SO (0.05 %) alone had
no effect on the Ca2+ release from the SR. For the measure-
ment of SOCE, the SRwas depleted with TG in the absence of
extracellular Ca2+, and once the cytosolic Ca2+ level returned
to the baseline, the imaging solution with 2 mM Ca2+ was
added to myotubes to measure SOCE. To analyze the Ca2+

release, values for both the peak amplitude and the area under
the curve, which exhibited similar increases and decreases,
were considered. For relatively long-term release of Ca2+

(more than 10 min of recording), the areas under the curves
were analyzed. All reagents for Ca2+ imaging experiments
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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In silico approaches

A comparison of amino acid sequences was conducted using
Jpred3 [7] and BLAST 2.0 [65]. The secondary structure was
predicted using Jpred3 and 3D-JIGSAW 3.0 [1]. The three-
dimensional (3D) structure was predicted using RaptorX [20]
and was presented using RasMol [48]. The possible phosphor-
ylation sites were predicted using NetPhos [2].

Statistical analysis

The results are presented as the means ± SE for the number of
myotubes shown in parentheses in Table 2. The values were
normalized to the mean value from the corresponding con-
trols. The significant differences were analyzed using a paired
t -test (significant at p <0.05, GraphPad InStat, v2.04;
GraphPad Software, La Jolla, CA, USA). The graphs were
prepared using Origin v7 software (Origin Lab, Northampton,
MA, USA).

Results

STIM1 binds to SERCA1a via the STIM1-UI region
(STIM1-SBR) in skeletal muscle

To search for the proteins that could possibly interact with the
STIM1-UI (223 amino acids from 449 to 671 of STIM1), the
cDNA for a GST-fused STIM1-UI protein was constructed
(Fig. 1a and Fig. S1). The GST-fused STIM1-UI protein was
expressed in E . coli , the bacterial lysate was separated on a
SDS-PAGE gel, and the gel was stained with Coomassie Blue
(Fig. 1b). The GST-fused STIM1-UI protein was successfully
expressed. For binding assays, immobilized GST-fused
STIM1-UI proteins on GST beads (Fig. 1c) were incubated
with the solubilized triad vesicle sample from rabbit skeletal
muscle. The triad vesicle sample is composed of junctional
SRs and t-tubules that are enriched portions with triad proteins
mediating the contraction and relaxation of skeletal muscle
[26, 27, 61]. The proteins that were bound to the affinity beads
were separated on a SDS-PAGE gel and stained with
Coomassie Blue in order to evaluate the proteins that were
specifically bound to the GST-fused STIM1-UI protein
(Fig. 1d). The bands for the proteins bound to the GST itself
were excluded from consideration. Four bands appeared as
proteins that were specifically bound to the GST-fused
STIM1-UI protein, and were subjected to in-gel digestion with
trypsin, qTOF MS, and database searches for protein identifi-
cation. Figure S4 and Table 1 show the results of the qTOFMS
and database searches. For band 1, there was no matching
signal in the known databases. Band 2 was identified as a
SERCA1a that originated from rabbit skeletal muscle,
suggesting that the STIM1-UI region could bind to SERCA1a.

Bands 3 and 4 were identified as non-specifically bound pro-
teins that originated from the E . coli lysate during the binding
assays.

The binding of endogenous full-length STIM1 to SERCA1a
was accessed using a triad vesicle sample from rabbit skeletal
muscle by co-immunoprecipitation assay with either anti-
STIM1 or anti-SERCA1a antibody. SERCA1a was co-
immunoprecipitated with STIM1 in both cases (Fig. 2a). Im-
munocytochemistry using mouse primary skeletal myotubes
with anti-STIM1 and anti-SERCA1a antibodies showed the
co-localization of STIM1 and SERCA1a near the nucleus
(Fig. 2b, indicated by arrowheads in the merged and enlarged
image). Therefore, based on the three different approaches,
binding assay and qTOP MS, co-immunoprecipitation assay,
and immunocytochemistry, the STIM1-UI region participated
in the binding to SERCA1a in skeletal muscle and was named
STIM1-SBR (SERCA1a-binding region).

STIM1 is required for the full activity of SERCA1a in skeletal
myotubes

To examine how STIM1 is functionally related to SERCA1a
activity in skeletal muscle, STIM1 was knocked down in
mouse primary skeletal myotubes by siRNA transfection to
the immature myotubes. The results of qPCR using the fully
differentiated myotubes showed that the siRNA transfection
knocked down STIM1 efficiently (84.5±7.4 % reduction in
mRNA, adopted from our previous study [30]; Fig. S3). Im-
munoblot assay using the lysate of STIM1-knockdown
myotubes with anti-STIM1 or anti-SERCA1a antibody
showed that STIM1 expression was reduced by up to 95 %
by the STIM1-knockdown, and that there was no significant
change in the expression level of SERCA1a (Fig. 3a). To rule
out the possibility that any changes were due to the consider-
able differences in the sizes of the myotubes (i.e., the degree of
differentiation), the widths of the myotubes were measured.
There were no considerable differences in the widths of the
myotubes transfected with #2 siRNA compared with those of
untransfected myotubes [30]. In addition, the myotube forma-
tions were not significantly affected by the STIM1-
knockdown compared with either untransfected or scrambled
siRNA-transfected controls (Fig. 3b). Therefore, STIM1 was
successfully knocked down in mouse primary skeletal
myotubes without affecting either SERCA1a expression or
myotube formation.

Because it is important for skeletal muscle relaxation, Ca2+

uptake from the cytosol to the SR by SERCA1a was examined
in the STIM1-knockdown myotubes using an oxalate-
supported 45Ca2+-uptake assay. At a resting cytosolic Ca2+

concentration (70 nM of free 45Ca2+ [59, 60]), the Ca2+-uptake
activity of SERCA1a was unchanged (Fig. 3c, left-hand panel).
At a higher cytosolic Ca2+ concentration, such as that during
the transition from skeletal muscle contraction to relaxation
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(1 μM of free 45Ca2+ [26, 47]), the Ca2+-uptake activity of
SERCA1a was significantly decreased (Fig. 3c, right-hand
panel; almost 50 % decrease compared with the untransfected
control). Therefore, STIM1 is required for the full activity of
SERCA1a by increasing SERCA1a activity during skeletal
muscle relaxation but not during the resting state.

STIM1-SBR decreases RyR1 activity in skeletal myotubes

To examine the possible role of STIM1-SBR in skeletal ECC,
STIM1-SBR was expressed in mouse primary skeletal
myotubes. Myotube formation was not significantly affected
by the expression of STIM1-SBR (Fig. 4a). KCl was applied

Fig. 1 Schematic primary sequences of STIM1 and STIM1-UI, and
binding assays of GST-fused STIM1-UI protein with triad proteins. a .
The position and/or function of each domain in STIM1 is presented
according to previous reports: the overall diagram [19], EF [69], EF-
SAM [52], OL [10], CAD [39], SOAR [66], L [39], C1 [10], and T [21].
Numbers indicate the sequence of amino acids. b . Bacterial lysate ex-
pressing GST-fused STIM1-UI protein was separated on a 10 % SDS-
PAGE gel and the gel was stained with Coomassie Blue. GST and GST-
fused STIM1-UI proteins are indicated by asterisks. c . Immobilized GST-
fused STIM1-UI proteins on GST beads were separated on a 10 % SDS-

PAGE gel and the gel was stained with Coomassie Blue. d . The bound
proteins obtained from the binding assays of GST-fused STIM1-UI
protein with the triad proteins from rabbit skeletal muscle were separated
on a 10 % SDS-PAGE gel and the gel was stained with Coomassie Blue.
GST was used as a negative control. GST or GST-fused STIM1-UI
proteins are indicated by white asterisks . The four specifically bound
proteins to the GST-fused STIM1-UI protein compared with the GST
control are indicated by white dashes on the right side of lane 4 (SR +
STIM1-UI) and were named bands 1 to 4

Table 1 List of proteins identified by qTOP MS and database searches

Band # Protein name Mascot # Mass (Da) Species Matching score Matching peptides

1 No matching signal

2 SERCA1a gi│18159010 110,654 Rabbit 100 781.3 VGEATETALTTLVEK

3 Chain A, chaperonin groel gi│1421648 57,202 E . coli 95 801.3 ANDAAGDGTTTATVLAQAIITEGLK

4 Chain A, Ompf porin mutant D74a gi│6729727 37,018 E . coli 124 909.7; 1102.0 NSNFFGLVDGLNFAVQYLGK
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to the myotubes expressing STIM1-SBR. KCl depolarizes t-
tubule membranes, activates DHPR, and induces the subse-
quent Ca2+ release from the SR to the cytosol via RyR1, which
ultimately results in skeletal ECC (i.e., the response to KCl
reflects ECC) [26, 27, 50]. As expected [30], wild-type
STIM1 induced a significant decrease in the Ca2+ release from
the SR in response to KCl compared with the control vector
(Fig. 4b and Table 2). Similar to wild-type STIM1, STIM1-
SBR also induced a decrease in the Ca2+ release from the SR
in response to KCl (Fig. 4b and Table 2). There are two
possible explanations for the decreased Ca2+ release in re-
sponse to KCl by STIM1-SBR. STIM1-SBR attenuates either
DHPR activity directly, the same as wild-type STIM1 [30], or
attenuates RyR1 activity without affecting DHPR activity. To
test these possibilities, RyR1 activity was assessed by apply-
ing a direct agonist of RyR1, caffeine, to myotubes expressing
STIM1-SBR. Unlike wild-type STIM1, STIM1-SBR induced
a decrease in Ca2+ release through RyR1 in response to
caffeine (Fig. 4c, Table 2), suggesting that RyR1 activity is

reduced by STIM1-SBR, and that the decreased Ca2+ release
in response to KCl by STIM1-SBR could be primarily due to
the reduced RyR1 activity but not due to the changed DHPR
activity itself. In addition, considering the facts that STIM1-
SBR is a part of STIM1 and that, however, the full-length
wild-type STIM1 did not change RyR1 activity, the function
of STIM1-SBR in the full-length STIM1 could be masked
either by other parts of STIM1 or by other proteins. To rule out
the possibility that changes in the responses to either KCl or
caffeine were due to considerable differences in the size of the
myotubes (i.e., the degree of differentiation), the widths of the
myotubes weremeasured (Fig. 5a). There was no considerable
difference between the widths of the myotubes expressing
wild-type STIM1 or STIM1-SBR compared with those of
myotubes transfected with the control vector. In addition, to
rule out the possibility that the functional changes were due to
considerable differences in the expression levels of either
DHPR or RyR1, the expression levels of DHPR and RyR1
were examined using an immunoblot assay with anti-DHPR

Fig. 2 Co-immunoprecipitation and co-localization of endogenous full-
length STIM1 with SERCA1a. a . Co-immunoprecipitation assay of
endogenous full-length STIM1 with SERCA1a was conducted using a
triad vesicle sample from rabbit skeletal muscle with either anti-STIM1
(left-hand panel) or anti-SERCA1a antibody (right-hand panel). STIM1
and SERCA1a were co-immunoprecipitated in both cases. The control
was the triad vesicle sample alone. Three independent experiments were

conducted and a representative result is presented. b . Mouse primary
skeletal myotubes were double-stained with anti-STIM1 and anti-
SERCA1a antibodies. The boxed area in the merged image is enlarged
in the right-hand panel . The merged image shows the co-localization of
STIM1 with SERCA1a near the nucleus (indicated by arrowheads in the
enlarged image). DIC differential interference contrast microscopy
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or anti-RyR1 antibody, which showed no significant changes
in expression levels (Fig. 5b).

The reduced RyR1 activity by STIM1-SBR is possibly due
to the increased SERCA1a activity

The reduced RyR1 activity in myotubes expressing STIM1-
SBR is mediated by either STIM1-SBR directly or via other
proteins. Direct mediation is not plausible because STIM1

does not bind to RyR1 [30]. On the other hand, RyR1 is also
activated by sub-micromolar Ca2+ through the CICR mecha-
nism although RyR1 is the channel for Ca2+ movement, and
cytosolic Ca2+ makes RyR1 more sensitive to RyR1 agonists
such as caffeine [26, 27, 70]. To establish how the reduced
RyR1 activity by STIM1-SBR might be due to a decrease in
Ca2+ levels, first, the cytosolic Ca2+ level at rest was measured
in the myotubes. It was noteworthy that STIM1-SBR signif-
icantly decreased cytosolic Ca2+ levels at rest compared with

Fig. 3 Knockdown of STIM1 in mouse primary skeletal myotubes and
45Ca2+ uptake into the SR in the STIM1-knockdown myotubes. a . The
lysate of the STIM1-knockdown myotubes (50 μg of total protein) was
subjected to immunoblot assay with anti-STIM1 or anti-SERCA1a
antibody. α-actin and gels stained with Coomassie Blue were loading
controls. Untransfected or scrambled siRNA-transfected myotubes were
used as negative controls. The expression of STIM1 protein was
significantly reduced by up to 95 % by the STIM1-knockdown. The
expression level of SERCA1a was not significantly changed by the
STIM1-knockdown. Three independent experiments were conducted
and a representative result was presented. b . The image of STIM1-

knockdown myotubes is presented. STIM1-knockdown myotubes
showed no significant change in myotube formations compared with
controls. Bar represents 150 μm. c . Oxalate-supported 45Ca2+ uptake
into the SR using the homogenate of the STIM1-knockdown myotubes
was measured at a low or high concentration of free 45Ca2+ (70 nM or
1 μM, respectively). The STIM1-knockdown myotubes showed a sig-
nificantly decreased 45Ca2+ uptake only at the high concentration of
free 45Ca2+. The results are presented as the mean ± SE of three
independent experiments. *Significant difference compared with
untransfected controls (p<0.05)

Pflugers Arch - Eur J Physiol (2014) 466:987–1001 993



the control vector (Fig. 5c, Table 2). Therefore, the decreased
cytosolic Ca2+ level would be the cause of the reduced RyR1
activity. In addition, considering that cytosolic Ca2+ levels at
rest are decreased, it is possible that SERCA1a activity is
increased by STIM1-SBR and that SR-stored Ca2+ levels also
are subsequently increased. To test this possibility, SR-stored
Ca2+ levels in the myotubes were accessed indirectly by

depleting the SR with TG in the absence of extracellular
Ca2+ and then measuring the released Ca2+ from the SR
(Fig. 5d, Table 2). STIM1-SBR increased the releasable
Ca2+ from the SR compared with the control vector. Similar
results were obtained from the myotubes, which were loaded
with fluo-5 N (which detects higher levels of Ca2+ ranging
from μM tomM) and then treated with caffeine in the absence

Fig. 4 The response of myotubes expressing wild-type STIM1 or
STIM1-SBR to KCl or caffeine. a . Myotubes expressing wild-type
STIM1 or STIM1-SBR were stained with anti-CFP antibodies. Bar
represents 100 μm. Each protein was successfully expressed in the
myotubes without affecting myotube formation. b . KCl was applied to
the myotubes. A representative trace for each group is shown in the left-
hand panel . Histograms of the peak amplitude normalized to the mean

value of those from the control vectors are shown in the right-hand panel .
Wild-type STIM1 or STIM1-SBR significantly decreased Ca2+ release
from the SR in response to KCl compared with the control vector. c .
Following caffeine administration, only STIM1-SBR significantly de-
creased Ca2+ release from the SR compared with the control vector.
*Significant difference compared with the control vector (p <0.05,
Table 2)
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of extracellular Ca2+ (Fig. S5). The possible change in the
expression level of SERCA1a was examined using immuno-
blot assay, which showed no significant change in SERCA1a
expression (Fig. 5b). Therefore, STIM1-SBR would reduce
RyR1 activity indirectly by increasing SERCA1a activity.

STIM1-SBR is irrelevant to SOCE in skeletal myotubes

The role of STIM1-SBR in SOCE was examined because
STIM1 is one of two major SOCE-mediating proteins in skel-
etal muscle. Myotubes expressing wild-type STIM1 or STIM1-
SBR were treated with TG in order to deplete the SR; then,
2 mM of extracellular Ca2+ was applied to the myotubes
(Fig. 6). As expected [30], wild-type STIM1 increased SOCE
compared with the control vector (approximately 47 %,
Table 2). However, STIM1-SBR did not change SOCE,
suggesting that STIM1-SBR had no effect on SOCE and is
irrelevant to SOCE in skeletal myotubes. Therefore, the effects
of STIM1-SBR on SERCA1a activity, and its subsequent effect
on RyR1 activity, in skeletal myotubes must be related to the
'intracellular Ca2+ movements' rather than to SOCE.

Discussion

In the present study, to reveal the unidentified functional role of
the STIM1 C terminus, from 449 to 671 amino acids in skeletal
muscle and the proteins binding to the region were searched
along with proteins that mediate skeletal muscle contraction
and relaxation. In skeletal muscle, STIM1 binds to SERCA1a
via this region (called STIM1-SBR). The binding was con-
firmed in endogenous full-length STIM1 in the skeletal muscle
of rabbits and in the primary skeletal myotubes of mice.
STIM1-knockdown in mouse primary skeletal myotubes de-
creases SERCA1a activity (almost 50 %) only at a micromolar
cytosolic Ca2+ concentration, suggesting that STIM1 is re-
quired for the full activity of SERCA1a by increasing
SERCA1a activity possibly during skeletal muscle relaxation.
STIM1-SBR in mouse primary skeletal myotubes reduces
RyR1 activity possibly by increasing SERCA1a activity, and
STIM1-SBR is irrelevant to SOCE in skeletal muscle.

STIM1 could increase SERCA1a activity in skeletal
myotubes at a higher cytosolic Ca2+ concentration

In our previous report [30], STIM1-knockdown in skeletal
myotubes did not induce a change in neither the releasable
Ca2+ from the SR to cytosol, nor in the resting cytosolic Ca2+

level. Therefore, it was expected that STIM1-knockdown had
no effect on SERCA1a activity at resting cytosolic Ca2+ levels
(Fig. 3c, left-hand panel). These results suggest that, at resting
cytosolic Ca2+ levels, SERCA1a activity does not depend on
the presence of STIM1. On the other hand, during the differ-
entiation process of skeletal myoblasts to myotubes, resting
cytosolic Ca2+ level is increased via extracellular Ca2+ entry,
which is one of the critical requirements for differentiation [12,
42, 49]. Considering that the cDNA of STIM1-SBR was
transfected to the immature myotubes in the middle of the
differentiation and that STIM1 could increase SERCA1a activ-
ity only at micromolar cytosolic Ca2+ concentration (Fig. 3c,
right-hand panel), it is possible that STIM1-SBR could increase
SERCA1a activity by the increased resting cytosolic Ca2+ level
during differentiation and could result in a decrease in resting
cytosolic Ca2+ level and/or in an increase in SR-stored Ca2+ in
the differentiated myotubes. Indeed, myotubes expressing
STIM1-SBR showed a decreased resting cytosolic Ca2+ level
and an increase in the releasable Ca2+ from the SR to cytosol
(Fig. 5c and d), empathizing again that STIM1 increases
SERCA1a activity at a higher cytosolic Ca2+ concentration.

STIM1 could play an ambidextrous role in regulating Ca2+

distributions of skeletal myotubes

The plasma membrane Ca2+-ATPase (PMCA) in Jurkat T-
cells plays an important role in cytosolic Ca2+ clearance after
they are activated [31], and STIM1 attenuates PMCA-
mediated Ca2+ clearance and results in sustained cytosolic
Ca2+ elevation without affecting SOCE [23, 44]. On the other
hand, STIM1 binds to SERCA2a (cardiac isoform of
SRCA1a) either directly [46] or indirectly via the POST in
heterologous expression systems [23], but in both cases the
functional role of STIM1 in SERCA2 activity has not been
addressed. In the present study, we found that STIM1 directly

Table 2 Properties of myotubes expressing wild-type STIM1 or STIM1-
SBR. The values, except for those of resting Ca2+ levels, were normalized
to the mean value of those from control vectors. The values are presented

as the mean ± S.E. for the number of myotubes shown in parentheses.
*Significant difference compared with the control vector (p<0.05)

Control vector Wild-type STIM1 STIM1-SBR

KCl response 1.00±0.18 (108) 0.72±0.09 * (129) 0.65±0.16 * (151)

Caffeine response 1.00±0.15 (108) 1.04±0.11(129) 0.69±0.13 * (151)

Resting [Ca2+]cytosol (nM) 86.48±7.93 (159) 84.00±8.69 (153) 67.60±7.09 * (187)

Releasable Ca2+ from the SR 1.00±0.11 (181) 0.97±0.14 (189) 1.38±0.20 * (194)

SOCE 1.00±0.20 (111) 1.47±0.17 * (136) 1.06±0.16 (168)
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binds to SERCA1a via STIM1-SBR and is required for the
full activity of SERCA1a without affecting SOCE possibly
during skeletal muscle relaxation. Taken together, it is a pos-
sible scenario that the eventual role of STIM1 in skeletal
muscle relaxation could be to refill the SR sufficiently both
by attenuating PMCA in order not to allow it to extrude too
much Ca2+ to the extracellular space, and by maintaining

SERCA1a activity at full strength to maximize Ca2+ uptake
to the SR. This is a plausible assumption because, in skeletal
muscle contraction, Ca2+ from the SR is the main source of
Ca2+ for the contraction, and Ca2+ entry from the extracellular
space to the cytosol through DHPR is traceable [26, 27].

Myotubes expressing STIM1-SBR show a decrease in
resting cytosolic Ca2+ levels and an increase in SR-stored

Fig. 5 Myotube width, expression levels of RyR1, DHPR, and
SERCA1a, resting cytosolic Ca2+ level, and releasable Ca2+ from the
SR in myotubes expressing wild-type STIM1 or STIM1-SBR. a . To
measure the width of the myotubes, the thickest part of the myotubes
expressing either wild-type STIM1 or STIM1-SBR was measured. Width
values were normalized to themean value of those from the control vector
and are presented as histograms. The results are presented as the mean ±
SE for 50 myotubes per each group. There was no considerable change in
the width of myotubes according to the expressions. b . The lysate of the
myotubes expressing wild-type STIM1 or STIM1-SBR (50 μg of total
protein) was subjected to immunoblot assay with anti-RyR1, anti-DHPR,
or anti-SERCA1a antibody. α-Actin was a loading control. The expres-
sion levels of RyR1, DHPR, or SERCA1a were not significantly changed

by the expression. Three independent experiments were conducted and a
representative result is presented. c . Resting cytosolic Ca2+ levels in the
myotubes were measured. Resting cytosolic Ca2+ levels were significant-
ly decreased by STIM1-SBR. d . To measure the releasable Ca2+ from the
SR to the cytosol, TG was applied to the myotubes in the absence of
extracellular Ca2+. A representative trace for each group is shown (left).
The releasable Ca2+ from the SR is summarized as histograms in the
right-hand panel (the area under the curve was normalized to the mean
value of those from the control vectors). The releasable Ca2+ from SR to
the cytosol was significantly increased by STIM1-SBR. *Significant
difference compared with the control vector (p <0.05, Table 2)
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Ca2+ levels (Fig. 5), and STIM1 knockdownmyotubes show a
decrease in SERCA1a activity (Fig. 3c). Therefore, STIM1
could be involved in the intracellular Ca2+ distribution bet-
ween the SR and the cytosol in skeletal muscle. Considering
that STIM1 is involved in both SOCE via 'its N-terminal EF
hand (one hand)' by sensing SR Ca2+ levels [24, 54] and in
ECC via 'its C-terminal STIM1-SBR (the other hand)' by
regulating SERCA1a activity (in the present study), STIM1
plays an ambidextrous role in regulating Ca2+ movements in
skeletal muscle.

STIM1-SBR shares homologies in appearance with other
SERCA-binding proteins

The homology of mouse STIM1-SBR with other proteins in an
amino acid sequence was searched using Jpred [7] and BLAST
2.0 [65]. Only hypothetical or uncharacterized proteins from
chicks, xenopus, zebafish, or puffefish have high homologies
with STIM1-SBR. In addition, there is no known domain or
motif in STIM1-SBR, suggesting the possibility that STIM1-
SBR is an intrinsically disordered region by lacking a stable 3D
structure. The secondary structure of mouse STIM1-SBR was
predicted using Jpred3 [7] and 3D-JIGSAW 3.0 [1]. Three
alpha helixes (I, II, and III) were predicted with a high degree
of confidence, and it was predicted that the C-terminal one-third
of the STIM1-SBR would be disordered (Fig. 7a). In some
cases of intrinsically disordered proteins, they can adopt a fixed
3D structure after binding to other proteins such as binding
partners, i.e., a coupled folding [18]. Therefore, it is possible
that the STIM1-SBR is a coupled folding region when it binds
to a binding partner, such as SERCA1a. Predominance of

protein phosphorylation in intrinsically disordered proteins
has been reported [9]. Many amino acids of STIM1-SBR were
predicted to be possible phosphorylation sites using NetPhos
[2] (12.5 %, including 25 serines and three threonines; Fig. S6).

In order to predict the possible 3D structure in the coupled
folding state of mouse STIM1-SBR, first, the homologies of
the amino acid sequences were searched using RaptorX, which
is a prediction server for the 3D structure of proteins and
searches the homologies in amino acid sequences with other
proteins with the 3D structures that are deposited in the Protein
Data Bank (PDB) [20]. A homology between the STIM1-SBR
and heme-dependent catalase HPII or one of its mutants (PDB
ID: 1gg9, 1gge, 1ggj, 1p80, 1p81 or 1qws) was found (Fig. S7).
Based on the 3D structure of HPII and its mutants, the 3D
structure of the STIM1-SBR was predicted to be a tri-wing
boomerang with four alpha helixes (Fig. 7b). The helix I and
helix III in the predicted secondary structure in Fig. 7a was
accurately predicted in the 3D structure prediction, although the
helix III was predicted to be divided into two shorter helixes.

Sarcolipin or MG53 binds to and attenuates SERCA1a
activity in skeletal muscle, but there has been no report on the
counteracting protein against sarcolipin or MG53, although
sarcalumenin increases SERCA1a activity [6, 26, 28, 38, 70].
It seems that an alpha-helix in sarcolipin or MG53 participates
in the binding to SERCA1a [28, 36]. The predicted helixes in
mouse STIM1-SBR in Fig. 7 may play a role in SERCA1a
regulation, as does the alpha-helix in sarcolipin or MG53. In
addition, there are two phosphorable serines in the predicted
helix I of the STIM1-SBR (Fig. 7a, indicated by dots, and
Fig. S6). In cardiac and slow-twitch skeletal muscle,
phospholamban binds to SERCA2a, which is themajor isoform

Fig. 6 SOCE in myotubes expressing wild-type STIM1 or STIM1-SBR.
After the SR of the myotubes was depleted by the treatment of TG in the
absence of extracellular Ca2+, 2 mM of extracellular Ca2+ was applied to
the myotubes to induce SOCE. A representative trace for each group is
shown in the left-hand panel. Only wild-type STIM1 significantly

increased SOCE. The SOCE is summarized in the histograms (the area
under the curve was normalized to the mean value of the control vectors).
*Significant difference compared with the control vectors (p <0.05,
Table 2)
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of SERCA in the muscles [6], and SERCA2a activity depends
on the phosphorylation state of phospholamban [22]. There-
fore, it is possible that the binding of STIM1 to SERCA1a via
STIM1-SBR could be mediated by methods of binding that
are similar to that of other SERCA-binding proteins, and
STIM1 could antagonize the attenuating effects of sarcolipin
or MG53 on SERCA1a activity via these similarities in
appearance.

SOCE operation could be dependent on the relative degree
of SR depletion

SR depletion turns on SOCE [24, 54, 55, 59], but it seems that
the size, larger or smaller, of the released Ca2+ from the SR
during SR depletion is not a factor on the stimulation of SOCE
in skeletal muscle, because myotubes expressing STIM1-SBR
show no change in SOCE, although they do show an increase
in the releasable Ca2+ from the SR (Figs. 5d and 6). Therefore,
rather than the absolute amount of releasable Ca2+ from the

SR in skeletal muscle, the relative amount of releasable Ca2+

to the total Ca2+ stored in the SR might be more important for
SOCE operation.

Previously, we reported that the cytoplasmic C terminus of
STIM1 (from 235 to 685 amino acids) covering STIM1-SBR
is involved in the negative regulation of DHPR during ECC in
skeletal myotubes [30]. In the present study, STIM1-SBR did
not considerably change DHPR activity itself (Fig. 4b and c).
These results suggest that STIM1-SBR does not participate
in the negative regulation of DHPR by STIM1, and that with
the exception of STIM1-SBR, the remaining C terminus,
such as coiled-coil 1 or CAD/SOAR, could be responsible
for the DHPR regulation in skeletal myotubes. In other
words, by the present study, the critical region(s) participat-
ing in DHPR regulation was narrowed down to coiled-coil 1
or CAD/SOAR. Indeed, in both vascular smooth muscle cell
lines and in rat cortical neurons, CAD/SOAR is known to
suppress the activity of Cav1.2 (cardiac isoform of DHPR)
[40, 57].

Fig. 7 Secondary or 3D structure prediction of mouse STIM1-SBR. a .
Secondary structure of mouse STIM1-SBR was predicted using 3D-JIG-
SAW 3.0 [1] and Jpred3 [7]. H (red), E (blue), or C (black) represents
alpha-helix, beta-strand, or random coil, respectively. Confidence scores
ranging from 0 to 9 indicate low to high confidence for the prediction,
respectively.Numbers indicate the sequence of amino acids. Three dashed
boxes indicate three predicted helixes with high confidence scores. D
(yellow) or O (green) indicates whether the corresponding amino acid
exists in the disordered or ordered state, respectively. The predicted

phosphorylation sites in helix I (Fig. S6) are indicated by dots . b . The
3D structure of mouse STIM1-SBRwas predicted using RaptorX [20] and
presented as a ribbon diagram using RasMol [48]. The alpha-helix, beta-
strand, and connecting loop are presented as red, yellow, and white ,
respectively. N or C means N or C terminus, respectively. The predicted
3D structure of the STIM1-SBR in the right-hand panel resembles a tri-
wing boomerang. The left image is the 90° rotation along the vertical axis
of the view of the right image . The helix I and helix III in the predicted
secondary structure in a . are indicated in the predicted 3D structure
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STIM1 could be a novel candidate for the treatment of patients
with skeletal muscle diseases

Patients with Brody syndrome, an inherited myopathy due to a
reduction in SERCA1a activity with no mutation in the
SERCA1a gene, suffer from exercise-induced muscle stiffness
and delayed muscle relaxation [56, 67]. Likewise, STIM1-
knockdown in skeletal myotubes decreased SERCA1a activity
with no mutation in the SERCA1a gene in the present study,
and patients with loss-of-function mutations of STIM1 show
congenital myopathies [15, 16, 41]. On the other hand, most
skeletal muscle diseases involve increases in RyR1 activity
and/or cytosolic Ca2+ levels [26, 70]. On the contrary, it is
interesting that the myotubes expressing STIM1-SBR in the
present study showed decreases in both RyR1 activity and
cytosolic Ca2+ levels. Therefore, the regulation of STIM1
expression is a novel candidate for the treatment of patients
with skeletal muscle diseases that accompany changes in RyR1
activity, in SERCA1a activity, and/or in cytosolic Ca2+ levels.
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