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Calcium influx through the Ca2þ release-activated Ca2þ (CRAC)
channel is an essential process in many types of cells. Upon store
depletion, the calcium sensor in the endoplasmic reticulum, STIM1,
activates Orai1, a CRAC channel in the plasma membrane. We have
determined the structures of SOAR from Homo sapiens (hSOAR),
which is part of STIM1 and is capable of constitutively activating
Orai1, and the entire coiled coil region of STIM1 from Caenorhab-
ditis elegans (ceSTIM1-CCR) in an inactive state. Our studies reveal
that the formation of a SOAR dimer is necessary to activate the
Orai1 channel. Mutations that disrupt SOAR dimerization or re-
move the cluster of positive residues abolish STIM1 activation of
Orai1. We identified a possible inhibitory helix within the structure
of ceSTIM1-CCR that tightly interactswith SOAR. Functional studies
suggest that the inhibitory helix may keep the C-terminus of STIM1
in an inactive state. Our data allowed us to propose a model for
STIM1 activation.
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Calcium signaling plays an essential role in many biological
processes (1). Store-operated Ca2þ entry (SOCE) is a critical

cellular signaling pathway in immune cells (2, 3). The molecular
mechanism underlying SOCE remained elusive for more than two
decades until the recent discovery of two key components, the
Stromal interaction molecule (STIM) (4, 5) and Orai, a Ca2þ-
release-activated Ca2þ (CRAC) channel (6–8). The binding of
extracellular ligands to receptors on the plasma membrane (PM)
initiates a series of signaling events and stimulates the production
of inositol-1,4,5-triphosphate, leading to Ca2þ release from the
endoplasmic reticulum (ER) (9–11). The depletion of Ca2þ from
the ER causes the oligomerization of STIM1 and further triggers
the opening of Orai1. Influx of Ca2þ through the CRAC channel
regulates the biological function of numerous targets and even-
tually leads to various cellular responses (2, 3, 12). Consequently,
mutations in STIM1 directly result in hereditary immunodeficien-
cies in humans (2).

Besides acting as a calcium stress sensor, STIM1 has recently
been reported to be a sensor of oxidative stress (13) and tempera-
ture variation stress (14), indicating that STIM1 may act as a gen-
eral stress sensor that orchestrates calcium signaling in the cell
(15). Human STIM1 has 685 amino acids and consists of an ap-
proximately 22 kDa N-terminal portion (STIM1-N) located in the
ER lumen, a single transmembrane segment and an approximately
51 kDa C-terminal portion (STIM1-C) in the cytoplasm (2). The
STIM1-N can be further divided into tandem EF-hand and sterile
alpha motif domains (16), whereas the STIM1-C encompasses two
coiled-coil domains, a Pro/Ser-rich domain and a Lys-rich domain
(17). Structural investigation and biochemical evidence revealed
that STIM1-N alone was capable of promoting the transition of
itself from a monomer to an oligomer upon release of Ca2þ from
the first EF-hand of STIM1-N; this release is thought to be an
initiation event for capacitive Ca2þ entry (16, 18). STIM1-C is re-
sponsible for the relocalization of STIM1 oligomers to the ER-PM
junctions and directly binds to Orai1 (19–21, 23). Although the
entire STIM-C poorly activates Orai1, previous studies have iden-
tified cytosolic regions within STIM1-C, defined as the STIM1

Orai1-activating region (SOAR, amino acids 344–442 ) or theCRAC
activation domain (CAD, amino acids 342–448) or coiled-coil
domain containing region b9 (CCb9, amino acids 339–444), that
are essential for oligomerization (11) and capable of constitutively
activating Orai1 (22–24). Therefore, STIM1-C presumably remains
inactive in a resting state and adopts conformational changes to
become active. Indeed, several studies have proposed that intramo-
lecular inhibition in STIM1 prevents the expose of the SOAR (25,
26). However, the absence of structural data has hindered further
understanding of this crucial process.

Here, we describe the atomic structures of both the SOAR
from Homo sapiens (hSOAR) and the entire coiled-coil region of
STIM1-C from Caenorhabditis elegans (ceSTIM1-CCR). Our re-
sults elucidate the molecular basis for STIM1 activation.

Results
Overall Structure of hSOAR. Wild-type hSOAR is notoriously diffi-
cult to purify. Thus, a series of hSOAR mutants were expressed,
purified and subjected to crystallization trials. One hSOAR mu-
tant (amino acids 345–444 with three mutations L374M, V419A,
and C437T, designated as hSOAR-MAT) yielded good-quality
crystals that diffracted to high resolution. These MAT mutations
do not affect the biological function of hSOAR or full-length
human STIM1 (hSTIM1) in terms of colocalization with human
Orai1 (hOrai1) or Cav1.2 channels and SOCE (Fig. S1). The
structure of hSOAR-MATwas determined with single wavelength
anomalous dispersion (SAD). The entire structure resembles the
capital letter “R” (Fig. 1 A and B). It consists of a total of four
α-helices, with two long α-helices in the N-and C-terminal regions
and two short α-helices in the middle. Sequence alignment of
SOAR from various species shows that the amino acids are highly
conserved (Fig. S2), indicating potential conservation in both the
three-dimensional structure and biological function. One asym-
metric unit cell consists of four molecules of hSOAR. Two of
the molecules are fully defined, whereas a lack of electron density
prevents modeling the last C-terminal residue in the other two
molecules. Overall, the four molecules in the asymmetric unit
are highly similar with a root-mean-square deviation (r.m.s.d.) of
less than 0.95 Å for 99 pairwise C-alpha atoms.

Packing of the hSOAR Dimer. A previous report showed that a con-
struct of hSTIM1 (residues 336–485), which is longer than
hSOAR, exists as a dimer in solution (22). Accordingly, we also
found by analytical ultracentrifugation (Fig. S3) that wild-type
hSOAR exists mainly as a dimer and partially as a tetramer in
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solution, whereas the hSOAR-MATmutant only forms a dimer in
solution. These results differ from a previous report that the
CAD fragment of hSTIM1 exists primarily as a tetramer in solu-
tion (23). Structural analysis shows that four molecules of
hSOAR in one asymmetric unit can be assembled into three types
of dimers (red-blue, red-green, and red-cyan; Fig. S4). The buried
surface area calculated by AREAIMOL (27) is 910.2 Å2 for the
red-blue dimer, 1775.9 Å2 for the red-green dimer, and 825.9 Å2

for the red-cyan dimer. Thus, the red-green dimer is the most
stable packing unit among the three dimers and may represent
the physiological dimer (Fig. 1C). Each of the blue and cyan
molecules can also form a red-green dimer by a twofold noncrys-
tallographic axis.

The red-green dimer has a V-shape, and the two monomers
are packed by a 2-fold noncrystallographic axis (Fig. 1D, Left).
At the dimer interface, the N- and C-termini from one monomer
form a coiled-coil interaction with the C- and N-termini, respec-
tively, from the other monomer (Fig. 1D, Right). First, residues
Leu347, Trp350, and Leu351 from the red monomer form multi-
ple hydrophobic interactions with residues Leu436, Ile433, and
Trp430 from the green monomer. Second, residue Thr354 from

the red monomer forms a hydrogen bond with residue Arg429
from the green monomer. Third, residue Tyr361 from the red
monomer forms a stacking interaction with the same residue from
the green monomer. All of these interactions occur vice versa.
Moreover, all residues involved in interactions at the interface,
except Tyr361 and Leu436, are identical in various species
(Fig. S2), suggesting the evolutionary stability of this dimer.

To verify the physiological relevance of the red-green dimer,
we made two mutants (L347A-W350A-L351A, referred to as
N2A, andW430A-I433A-L436A, referred to as C2A) by mutating
residues at the dimer interface to interfere with dimer formation.
When coexpressed with hOrai1, wild-type hSOAR and its mutant
hSOAR-MAT coimmunoprecipitate with hOrai1 (Fig. 1E) and
colocalize with hOrai1 at the PM (Fig. S5). By contrast, the
mutants (hSOAR-N2A and hSOAR-C2A) localize diffusely
throughout the cytoplasm. When they are coexpressed with
hOrai1, they neither coimmunoprecipitate (Fig. 1E) nor coloca-
lize with hOrai1 at the plasma membrane (Fig. S5). These data
indicate that correct assembly of the hSOAR dimer is crucial for
binding with hOrai1. A recent study has demonstrated that N-and
C-terminal truncated constructs of hSOAR do not bind hOrai1

Fig. 1. SOAR dimer. (A) Schematic drawing of hSOAR. (B, C) Cartoon representation of the overall structure of the hSOAR monomer and the red-green hSOAR
dimer. (D) Stereoview of the detailed interactions between the two monomers. The oxygen and nitrogen atoms are colored red and blue, respectively.
Hydrogen bonds are shown by magenta dotted lines. (E) Western blots of coimmunoprecipitated wild-type and mutant hSOAR with the hOrai1 channel.
(F) Localization of wild-type and mutant hSTIM1 transfected alone (first image in each row) and cotransfected with hOrai1. All hSTIM1 constructs were
C-terminally tagged with EGFP and all hOrai1 constructs were N-terminally tagged with mCherry. Scale bars are 10 μm. (G) Fura-2 Ca2þ measurements of
HeLa cells expressing hOrai1 alone or hOrai1 with wild-type or mutant hSTIM1. Inset, immunoblotting with anti-STIM1 antibody.
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(22). Furthermore, mutation of residues Leu347 and Gln348 in
the N-terminal region of hSOAR also disrupts binding of hSOAR
to hOrai1 (22). Our data are consistent with these findings.

We then created the same mutations on full-length hSTIM1
(hSTIM1-N2A and hSTIM1-C2A) and tested them for colocali-
zation with hOrai1. Similar to the hSOAR results, wild-type
hSTIM1 colocalizes with hOrai1 after TG treatment while
hSTIM1-N2A and hSTIM1-C2A do not (Fig. 1F). To determine
whether these two mutants affect SOCE in cells, we measured
intracellular [Ca2þ] in HeLa cells expressing wild-type or mutant

hSTIM1 and hOrai1. Wild-type hSTIM1 exhibits normal SOCE
whereas both hSTIM1-N2A and hSTIM1-C2A mutants abolish
SOCE (Fig. 1G). These results suggest that the hSOAR dimer
observed in our structure most likely represents the correct as-
sembly of full-length hSTIM1.

Cluster of Positively Charged Residues. To further address which
part of hSOAR is necessary for binding of hSTIM1 to the hOrai1
channel, we calculated the electric potential distribution on the
surface of the hSOAR dimer and found a positively charged patch
at the C-terminus of helix α1 (Fig. 2A). This patch consists of five
positively charged residues: Lys382, Lys384, Lys385, Lys386, and
Arg387. A previous report showed that residues Lys384-386 of
hSTIM1 are necessary for activating SOCE to gate Ca2þ influx
by directly interacting with the negatively charged region of the
C-terminal helix of hOrai1 (25, 28). Therefore, we hypothesized
that these positive residues are crucial for binding of hSOAR to
hOrai1. To verify this hypothesis, we made two hSOAR mutants
to test their colocalization with hOrai1: one mutant replaced
three lysine residues (Lys384-386) with alanines (referred to as
K2A), and five positive residues (Lys382, Lys384-Arg387) were
replaced with alanines (referred to as KR2A) in the other mutant.
We then monitored the distribution of wild-type or mutant
EGFP-hSOAR and mCherry-hOrai1 in HEK293Tcells (Fig. S5).
When coexpressed with hOrai1, these two mutants do not coim-
munoprecipitate (Fig. 2B) or colocalize with hOrai1 at the plasma
membrane (Fig. S5), indicating that the removal of this cluster of
positive residues disrupts the interaction of hSOAR with hOrai1.
As for the full-length hSTIM1, the wild-type protein colocalizes
with hOrai1 and maintains normal SOCE, whereas the mutants
hSTIM1-K2A and hSTIM1-KR2A do not (Fig. 2 C and D). Our
data indicate that the cluster of positively charged residues lo-
cated at the tip of the hSOAR dimer is necessary for binding
of full-length hSTIM1 to the hOrai1 channel.

Overall Structure of ceSTIM1-CCR.As previously shown, the segment
comprising residues 238–343 is the main inhibitory region that
maintains hSOAR in an inactive state (25). To elucidate the me-
chanism of inhibition, we screened several constructs covering
this inhibitory region plus different lengths of hSOAR (residues
238–444) from various sources. One of the constructs from
C. elegans (Fig. 3A) produced a crystal that diffracted to 2.55 Å.
The structure of ceSTIM1-CCR was solved by SAD methodology.
The overall structure consists of three helices (αA-αC) (Fig. 3B).
Two long helices (αB and αC) form a unit that is very similar to the
hSOAR structure (Fig. S6A). There are two monomers in the
asymmetric unit of ceSTIM1-CCR, and they pack into a dimer that
is similar to the hSOAR dimer described above (Fig. 3C and
Fig. S6). The ceSTIM1-CCRexists as a dimer in solution, as shown
by an analytical ultracentrifugation (Fig. S7A). Unexpectedly,
some of the N-terminal residues of ceSTIM1-CCR could not be
modeled in the structure presumably due to a flexible conforma-
tion, as the dissolved crystal did not show any signs of degradation
(Fig. S7B). Residues 257–279 of ceSTIM1-CCR, adjacent to
SOAR from C. elegans (ceSOAR), form the αA helix (designated
as the inhibitory helix) in the final structure (Fig. 3B). This inhi-
bitory helix interacts with ceSOAR (Fig. 3D) in three ways. First,
residues Glu264 and Asn265 of the inhibitory helix form several
hydrogen bonds with residues Arg295 and Gln291 of the αB helix.
Second, the side chains of residues Gln269, Glu272, and Arg276
from the inhibitory helix form hydrogen bonds with the main chain
carbonyl groups of residues Leu288 and Ala286 from the αB helix
and residues Gly383 and Cys382 from the αC helix. Third, residue
Val268 from the inhibitory helix has a hydrophobic interaction with
residue Pro385 from the αC helix. These interactions suggest that
the inhibitory helix can tightly bind ceSOAR.

Fig. 2. Cluster of positive residues in hSOAR. (A) Electrostatic surface repre-
sentation of the hSOAR dimer. The surface is colored as follows: negative,
red; positive, blue; and neutral, white. The two monomers in the dimer are
related by twofold noncrystallographic symmetry. For example, the Arg387
residue is located on the back of the left monomer and thus labeled on the
surface of the right monomer. Two lysine residues (Lys384 and Lys385) are
only displayed on the surface of the left monomer. (B) Western blots of
hSOAR coimmunoprecipitated with the hOrai1 channel. (C) Localization of
wild-type and mutant hSTIM1 tagged with EGFP transfected alone (first im-
age in each row) and cotransfected with hOrai1 tagged with mCherry. Scale
bars are 10 μm. (D) Fura-2 Ca2þ measurements of HeLa cells expressing hOrai1
alone or hOrai1 with wild-type or mutant hSTIM1. Inset, immunoblotting
with anti-STIM1 antibody.
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hSTIM1-CCR is in a Closed Conformation State. Functional studies
have shown that C. elegans STIM1 (ceSTIM1) has a similar bio-
logical function to its human counterpart in terms of colocaliza-
tion with the C. elegans Orai1 (ceOrai1) channel and a normal
SOCE (Fig. S8), consistent with previous reports (29). In addi-
tion, there is high sequence homology between human and worm
STIM1 (Fig. S9). Thus, we hypothesized that residues 310–337
of human STIM1-CCR, corresponding to the inhibitory helix
of C. elegans, may act as an inhibitory unit to keep hSTIM1 in an
inactive resting state.

To test this hypothesis, we constructed a hSTIM1 mutant
lacking the inhibitory helix (referred to as Del-IH, Fig. 4A), which
should keep hSTIM1 constitutively active independently of cal-
cium store depletion. Indeed, Del-IH colocalizes with hOrai1
without TG treatment (Fig. 4B) and is constitutively active
according to intracellular calcium measurements (Fig. 4C). Kor-
zeniowski and coworkers have reported that a hSTIM1 mutant
with four Glu to Ala mutations (E318A-E319A-E320A-E322A)
is a constitutively active mutant (25). We found that the Glu264
residue in ceSTIM1, which corresponds to Glu322 in hSTIM1, is
located in the inhibitory helix and is involved in the interaction
with ceSOAR (Fig. 3D, and Fig. S9). Our experiments suggest
that the inhibitory helix keeps hSTIM1 inactive.

Discussion
The present study describes the atomic structure of the hSOAR
domain of hSTIM1, revealing that the hSOAR dimer is most
likely a necessary unit for biological functions. Mutations that
interfere with the formation of the hSOAR dimer or remove the
positively charged cluster in the hSOAR dimer abolish the ability
of hSOAR to activate the Orai1 channel. Similar mutations in
full-length hSTIM1 abolish normal SOCE after calcium store de-
pletion. Consistent with our results, the hSTIM1 construct (ami-

no acids 233–420) that did not encompass the entire hSOAR
domain in hSTIM1-C is clearly a monomer in solution and
neither localizes to the PM nor homomerizes when coexpressed
with hOrai1 (30). Previous researchers have reported that the
functional hOrai1 channel exists as a tetramer (31). Ji and cow-
orkers reported that the CRAC channel complex consists of
four hOrai1 molecules and two hSTIM1 molecules (32). Recent
research has shown that maximal hOrai1 channel activity requires
binding of one hSTIM1 dimer to each of the four sites of the func-
tional hOrai1 channel (33, 34). Therefore, we think the hSOAR
dimer observed in our structure most likely represents the correct
assembly of the hSTIM1 dimer. Upon activating the hOrai1 chan-
nel, hSTIM1 further packs into a higher order oligomer using a
dimer as a basic unit (11).

In a resting state, hSTIM1 may exist mostly as dimers (31). A
purified wild-type hSTIM1 construct (residues 234–491) exists as
a dimer in solution (26). Consistent with these findings, our crys-
tallographic and solution data suggest that hSTIM1 is mainly a
dimer in its inactive state. Our structural and functional data also
show a possible inhibitory helix that interacts tightly with the
hSOAR dimer and thus keeps hSTIM1 inactive. This inhibitory
helix may undergo conformational changes to release the hSOAR
dimer upon hSTIM1 activation and the structure of SOAR may
change to be favorable for interacting with Orai1. Our findings
differ from the previous electrostatic model in which the acidic
segment in the first coiled-coil domain of hSTIM1 mediates an
intramolecular interaction with the polybasic segment in the
hSOAR domain to keep hSTIM1 inactive (25, 35). Our crystal
structures suggest that the polybasic and acidic segments are less
likely to interact with each other because the polybasic segment is
located on the tip of the V-shaped hSOAR dimer while the acidic
segment is partially involved in the interaction with the bottom
part of the V-shaped hSOAR dimer.

Our results, together with those of previous studies, allowed us
to develop a working model for the activation of the C-terminus

Fig. 4. The inhibitory helix maintains hSTIM1 in an inactive state. (A) Sche-
matic drawing of wild-type and mutant STIM1 from H. sapiens. (B) Localiza-
tion of hSTIM1 mutants transfected alone (first image in each row) and
cotransfected with hOrai1 without TG treatment. Scale bars are 10 μm.
(C) Fura-2 Ca2þ measurements of HeLa cells expressing hOrai1 alone or hOr-
ai1 with wild-type or mutant hSTIM1. Inset, immunoblotting with anti-STIM1
antibody.

Fig. 3. Structure of ceSTIM1-CCR. (A) Schematic drawing of STIM1 from
C. elegans. The ceSTIM1-CCR construct is shown in red. Overall structure
of the ceSTIM1-CCR monomer (B) and dimer (C). Helix αA is named the inhi-
bitory helix in this paper. (D) Stereoview of the detailed interactions between
αA (green) and ceSOAR (helices αB and αC, magenta). The oxygen and nitro-
gen atoms are colored red and blue, respectively. Hydrogen bonds are shown
by orange dotted lines.
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of hSTIM1 (Fig. 5). In a resting state, hSTIM1may exist mostly as
dimers. The hSOAR dimer is possibly occluded by the inhibitory
helix. One region of the hSTIM1 molecule (residues 486–685)
may inhibit hSOAR dimer formation by steric hindrance (22,
25, 36). Calcium-bound hSTIM1-N within the ER remains mono-
meric (16). At this stage, the entire hSTIM1-C region forms a
compact conformational state, called the “inactive” state. After
calcium store depletion, hSTIM1-N releases bound calcium and
dimerizes or oligomerizes (16). This oligomerization causes
conformational changes, leading residues 238–343 to form an
elongated coiled coil and thus release hSOAR from the inhibitory
helix, as supported by Förster resonance energy transfer (FRET)
studies of the OASF segment (YFP-233-474-CFP). Indeed,
OASF undergoes a conformational change from a compact to an
extended conformation when coexpressed with hOrai1 (26). The
hSOAR dimer can then change the conformation. The extended
conformation of hSTIM1-C may induce binding of the poly-Lys
region (672–685) at the carboxyl end of hSTIM1-C to membrane
phospholipids (11), further exposing the hSOAR dimer. The
K/R-rich region (365–387) of hSTIM1 may facilitate movement
of the hSOAR dimer towards the PM to look for the hOrai1 chan-
nel. Covington et al. reported that this positively charged region
possibly interacts with the PM because STIM1-CAD (1–448)
localizes to ER-PM junctions after depletion when expressed
alone (11). At this stage, the entire hSTIM1-C is in an extended
conformational state, designated as the “active” state. The
hSTIM1-C uses the exposed hSOAR dimer to bind to the hOrai1
channel on the PM and to induce cooperative binding of more
hSTIM1 dimers to the hOrai1 channel, which causes opening
of the hOrai1 channel (33, 34). However, hSTIM1-C in the
“active” state may oligomerize with other hSTIM1 molecules
due to aggregation of hSTIM1-N.

The activation of hSTIM1-C is a complicated process and may
be regulated by other effectors. For example, CRACR2A closely
interacts with hSTIM1-C and hOrai1 and may be an important
regulator (37). In addition to its role as an ER calcium sensor,
hSTIM1 has recently been recognized as a sensor of oxidative

stress (13) and temperature variation (14). The trigger of
hSTIM1-N oligomerization may be different, but hSTIM1-C
seems to share a conserved molecular mechanism to activate the
hOrai1 channel (35). Our model may represent a basic process
for the activation of hSTIM1-C. Other effectors may modulate
this process to fulfill the complicated task of store-operated cal-
cium entry.

Materials and Methods
Protein purification and structure determination. Human SOAR (residues
345–444) and C. elegans STIM1 (residues 212–410) were expressed in Escher-
ichia coli and purified by chromatographic methods. Structures of hSOAR and
ceSTIM1-CCR were determined by SAD methodology. The experimental
methods are described in full in the Supporting Information. Detailed data
collection and refinement statistics are summarized in Table S1. Representa-
tive electron density maps are shown in Fig. S10.

Cell Culture and Transfection. HEK293T and HeLa cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented
with 10% v∕v fetal bovine serum (FBS, HyClone Thermo Fisher Scientific).
Cells were maintained in a 95% air and 5% CO2 environment at 37 °C. Gene
fragments corresponding to the full-length hSTIM1 and ceSTIM1 were cloned
into a pEGFP-N1 vector (Clontech). The mutants (K2A, KR2A, N2A, C2A, and
Del-IH) were made using a standard PCR-based mutagenesis method and
confirmed by DNA sequencing. Gene fragments of hSOAR were cloned into
pEGFP-N1 and pmCherry-C1 vectors (Clontech). hOrai1 was cloned into
pmCherry-C1, pCMV-myc, and pECFP-N1 vectors (Clontech). ceOrai1 was
cloned into the pmCherry-C1 vector. The YFP-HA-CaV1.2 construct was a gift
from Ricardo Dolmetsch (Stanford University).

Confocal Imaging. Cells were cultured on glass coverslips in a 24-well plate
format and transfected at 70% confluency with 0.5 μg of DNA per well using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Cells were imaged in 2 mM Ca2þ Ringer’s solution containing 145 mM
NaCl, 1 mM MgCl2, 4.5 mM KCl, 10 mM D-glucose, 20 mM Hepes pH 7.4 and
2 mM CaCl2. For store depletion, cells were perfused with Ca2þ-free Ringer’s
solution prepared with 1 μM thapsigargin (TG; Sigma-Aldrich), 145 mM NaCl,
1 mM MgCl2, 1 mM EGTA, 4.5 mM KCl, 10 mM D-glucose and 20 mM Hepes
pH 7.4.

The cells were fixed with 4% paraformaldehyde and mounted onto
microscope slides. EGFP, mCherry, and YFP were excited at 488, 543, and
514 nm, respectively, on a Leica TCS SP5 inverted confocal microscope. Fluor-
escence emission was detected at 510–570 nm (EGFP), 590–650 nm (mCherry),
and 525–575 (YFP).

Coimmunoprecipitation and Western Blotting. Transfected HEK293T cells were
collected in PBS. Cells were lysed in buffer containing 20 mM Tris-HCl, pH 7.5,
2 mM EDTA, 100 mM NaCl, 10% glycerol, 0.5% Triton X-100, and protease
inhibitor cocktail (Roche) and centrifuged at 16;000 × g for 1 h. Anti-c-Myc
antibody (1 μg) was added to the cell extract (300 μL) and incubated for 1 h at
4 °C. Fifty microliters of a 1∶1 slurry of protein A/G Agarose (Pierce) was
added to the antibody-extract mixture, which was incubated for an addi-
tional hour at 4 °C. The beads were washed three times for 10 min with bind-
ing buffer, followed by addition of 40 μL of SDS-loading buffer. Then, 10 μL of
the solution was loaded onto a 12% SDS-PAGE gel and transferred onto a
PVDF membrane for western blot analysis. Immunoblot analysis was carried
out with mouse anti-GFP as a primary antibody and HRP-conjugated goat
anti-mouse IgG as a secondary antibody. The protein/antibody complexes
were detected by enhanced chemiluminescence.

Intracellular Calcium Measurement. HeLa cells were plated onto a 24-well
plate (Costar) and transfected at 90% confluency with 0.7 μg DNA per well
using Lipofectamine 2000. Transfected cells were loaded with 1 μM Fura-2
AM (Sigma-Aldrich) in DMEMwith 10% FBS for 30min at 37 °C. After loading,
the cells were rinsed in 2 mM Ca2þ Ringer’s solution containing 145 mMNaCl,
1 mM MgCl2, 4.5 mM KCl, 10 mM glucose, 20 mM Hepes pH 7.4 and 2 mM
CaCl2 for 20 min. Excitation at 340 nm and 380 nm, emissioned at 508 nm and
monitored using a Synergy4 spectrometer (BioTek). Data representing rela-
tive intracellular Ca2þ concentrations are reported as 340∕380 ratios.
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Fig. 5. Model of STIM1 activation. In the resting state, the STIM1 molecule
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helices and the region consisting of amino acids 486–685. Calcium depletion
from the ER store induces dimerization or oligomerization of STIM1-N, caus-
ing conformational changes of inhibitory helices and thus release of dimeric
SOAR. The STIM1 dimer in the active state may directly couple to and activate
the Orai1 channel on the PM. Alternatively, STIM1 molecules may oligomer-
ize due to aggregation of STIM1-N and then activate the Orai1 channel.
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