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Abstract. Store-operated Ca®* entry (SOCE) is a ubiquitous Ca®* entry pathway in non-excitable
cells. It is activated by the depletion of Ca** from intracellular Ca*" stores, notably the endoplasmic
reticulum (ER). In the past 9 years, it has been established that two key proteins, stromal interacting
molecule 1 (STIM1) and Orail, play critical roles in SOCE. STIM1 is a single-pass transmembrane
protein located predominantly in the ER that serves as a Ca®* sensor within the ER, while Orail is
a tetraspanning plasma membrane (PM) protein that functions as the pore-forming subunit of
store-operated Ca®* channels. A decrease in the ER Ca*" concentration induces translocation of
STIM1 into puncta close to the PM. STIM1 oligomers directly interact with Orail channels and
activates them. This review summarizes the molecular basis of the interaction between STIM1 and
Orail in SOCE. Further, we describe current findings on additional regulatory proteins, such as
Ca’' release—activated Ca®" regulator 2A and septin, novel roles of STIM1, and modulation of

SOCE by protein phosphorylation.
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1. Introduction

Activation of phospholipase-coupled receptors induces
Ca® release from intracellular Ca*" stores, mainly the
endoplasmic reticulum (ER), and Ca®" entry across the
plasma membrane (PM). Inositol 1,4,5-trisphosphate
(IP5) generated by phosphoinositide breakdown is a key
messenger of Ca®* release from the ER, while the Ca**
entry into cells is activated by the depletion of Ca**
stored in the ER. The concept of this store-dependent
Ca*" influx mechanism was originally described by J. W.
Putney (1) in 1986, based on the observations that Ca*"
influx induced by muscarinic agonists was closely linked
to the emptiness of the ER. It was initially termed the
“capacitative Ca®" entry”, but today “store-operated Ca*"
entry” (SOCE) is the more popular term in the field of
cellular Ca*" signaling.

Since the first description by Putney (1), SOCE has
been accepted as a ubiquitous and major Ca®" entry
pathway, not only in non-excitable cell types but also
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in some excitable cell types. Despite numerous studies
focusing on SOCE, two major questions remained
unresolved until recently. One question is how the
message that Ca®* stores are depleted is conveyed to the
store-operated Ca?* (SOC) channels in the PM. A variety
of hypothetic mechanisms have been proposed to explain
the signal from the ER to the PM. Among them, the idea
of a diffusible messenger released into the cytoplasm
from depleted Ca®" stores was extensively studied.
Randriamampita and Tsien (2) first reported a diffusible
messenger partially isolated from store-depleted Jurkat
T-cells and named it “calcium influx factor” (CIF);
however, the molecular identity of CIF is still unknown.
By contrast, Irvine (3) proposed a conformational
coupling model analogous to the interaction between
dihydropyridine receptors and ryanodine receptors in
skeletal muscle. In this model, the IP; receptors (IPsR)
directly interact with SOC channels in the ER-PM
junctions. Although this model is an attractive idea, there
is little or no critical evidence for the direct coupling of
SOC channels with IP;R.

The second question is that of the identity of the
endogenous SOC channels mediating SOCE. The tran-
sient receptor potential (TRP) channels, especially the
TRPC family, have been focused on as a candidate for
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Current model of store-operated Ca** entry. A) Domain structure of STIM1. The N-terminus of STIM1 includes a canonical

Ca*-binding EF-hand (cEF), a hidden EF-hand (hEF), and a sterile a motif (SAM), followed by the transmembrane domain (TM).
The SAM domain contributes to STIM1 oligomerization. The C-terminus includes three coiled-coil domains (CC1-3), a serine/proline-
rich domain (S/P), and a lysine-rich domain (K). CC2 and CC3 are part of the STIM-Orai activating region (SOAR), which is involved

in the activation of Orai channels (24). B) Coupling between

STIM1 and Orail. Depletion of Ca®* in the ER causes Ca*" dissocia-

tion from the STIM1 N-terminal cEF-hand, resulting in STIM1 oligomerization and translocation to ER-PM junctions. There, the
STIM1 oligomers interact with diffusible Orail tetramers in the PM and activate Orail channels, leading to Ca®* entry.

the SOC channels. However, the role of the TRPC family
in SOCE remains controversial, because TRPC channels
have relatively low selectivity for Ca** and often exhibit
distinct properties from Ca”" release—activated Ca*" (CRAC)
current, which is the electrophysiological current associated
with SOCE (4).

In the past 9 years, two key molecules playing crucial
roles in SOCE regulation were discovered: the Ca®'-
sensor protein STIM1 (stromal interacting molecule 1)
in the ER, and the SOC channel component Orail. The
discoveries of these proteins were the major break-
throughs in our understandings of the molecular
mechanism of the SOCE pathway. In this review, we
summarize the molecular basis of the interaction between
STIMI and Orail and the roles of these two proteins in
SOCE. Further, we describe current studies on additional
regulatory proteins and modulation of SOCE by
phosphorylation.

2. STIM1

STIMI1 is a protein identified originally as a membrane
molecule in stromal cells, and it is widely expressed from
Drosophila to mammalian cells. In 2005, on the basis of
limited RNA interference (RNAIi) screens in Drosophila
S2 cells (5) or human HeLa cells (6), two laboratories
almost simultaneously reported that STIM1 is an essential
protein to trigger SOCE. Mammalian cells have STIM1
and its homologue STIM2, while Drosophila has a single
STIM gene. Since the knockdown of STIMI1, but not
that of STIM2, strongly reduced SOCE (5), a large
number of studies have focused on STIM1.

STIM1 is a single-pass transmembrane protein located
predominantly in the ER, although a small fraction of
STIMI1 is located in the PM (7). STIM1 contains two
EF-hand domains, a canonical EF-hand domain (cEF),
and a non-Ca’" binding hidden EF-hand domain (hEF),
and an adjacent sterile o motif (SAM) in the N-terminus
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Fig. 2. Rearrangement of STIMI and Orail following store deple-
tion. In panel A, HSY cells expressing YFP-STIM1 were stimulated
with ATP in Ca*'-free medium. In panel B, COS-7 cells expressing
Venus-Orail were stimulated with cyclopiazonic acid (CPA), an ER
Ca® pump inhibitor, in Ca®*-free medium. Modified from Ref. 38
with permission.

located in the lumen of the ER (Fig. 1A). Ca® binds only
to the cEF-hand domain. The N-terminus of STIMI
functions as the sensor of Ca®* concentration in the ER.
When Ca®" stores are full in resting status, STIMI is
uniformly distributed throughout the ER membrane.
Depletion of Ca** stores by Ca®* release induces dissocia-
tion of Ca®* from the cEF-hand domain of STIM1, resulting
in the unfolding of the EF-SAM domain and in a confor-
mational change in STIMI1. This leads to rapid oligo-
merization of STIM1 molecules through interaction of
their SAM domains. The STIM1 oligomers migrate to
the periphery of the cells, accumulate into punctate
structures at ER-PM junctions, and activate SOC (Orail)
channels in the PM (Fig. 1B). This rearrangement of
STIM1 has been observed by confocal microscopy in
cells expressing YFP-STIM1 (Fig. 2A). The oligomer-
ization is reversible: refilling with Ca®" restores the
diffuse localization of STIM1 and results in termination
of SOCE (8, 9). Mutation of the crucial cEF-hand acidic
residues results in loss of Ca®" binding and causes the
same oligomerization as reducing the ER Ca*" concentra-
tion, constitutively activating CRAC channels without
store depletion (6, 10).

STIM2 is also a single transmembrane protein located
exclusively in the ER, but its physiological significance
is poorly understood. STIM2 can translocate to ER-PM
junctions with only small decreases in ER Ca’" concen-
tration (11), and its over-expression results in constitutive
Ca®" entry and CRAC channel activity (12, 13). Since

STIM2 is more sensitive to small changes in Ca** levels,
Brandman et al. (11) suggest that STIM2 may play a role
in regulating basal cytosolic and ER Ca*" concentrations
by finely modulating SOCE.

3. Orais

In 2006, Feske et al. (14) discovered the SOC channel
molecule Orail using a combination of gene mapping of
a family with a severe combined immunodeficiency
(SCID) due to a defect in SOCE and whole genome
RNAI screen in Drosophila S2 cells. Soon thereafter,
two other laboratories also reported the same molecule
using whole genome RNA1 screens (15, 16). Although
the molecule was initially called either of Orail or
CRACMI1 (CRAC modulator 1), today the term Orail
is more extensively accepted. The SCID patients are
homozygous for a single missense mutation, whereby
a conserved arginine (R) residue is replaced with a
tryptophan (W) at position 91 (14) (Fig. 1B). Cells from
SCID patients were defective in SOCE and CRAC
current. Expression of wild-type Orail in T-cells and
fibroblasts from SCID patients restored SOCE and
CRAC current, establishing that Orail plays a critical
role in the regulation of SOCE.

In addition to Orail, mammalian cells have genes for
two additional homologs, Orai2 and Orai3. All three Orai
proteins are tetraspanning PM channels with intracellular
N- and C-termini and two extracellular loop regions
(Fig. 1B). Mutation of conserved acidic residues (E106D
and E190Q) in Orail or RNAi knockdown of Orail
completely eliminates SOCE and CRAC current (16, 17),
indicating that Orail is a predominant type forming a
pore of CRAC channels. However, when over-expressed
in a cultured cell line, Orai2 and Orai3 can also form
pore subunits of CRAC channels (18), and it is likely that
Orai2 and/or Orai3 may play a role as compensative
types for the lack of Orail.

Endogenous Orai channels have been thought to be
formed by a tetramer of Orai subunits. A recent study
reported that the crystals of the purified full-length Orai
protein from Dorosophila display a hexameric channel
structure (19). However, it is unclear whether the
Drosophila Orai protein assembles into a channel in the
same manner as its mammalian homolog. Thompson and
Shuttleworth (20) showed that the tetrameric Drosophila
Orai channel displays highly Ca**-selective conductance
properties consistent with endogenous CRAC channels,
whereas the hexameric construct forms a non-selective
cation channel. This suggests that endogenous Orail
channels have a constant tetrametic structure.
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4. Interaction between STIM1 and Orail

The Orail protein is located uniformly in the PM in
resting cells but rapidly forms clusters after store deple-
tion (Fig. 2B) and becomes co-localized with STIM1
puncta (21, 22), indicating a direct interaction between
STIM1 and Orail. Although over-expression of STIM1
alone elicits only a poor increase in SOCE, its over-
expression together with Orail dramatically increases
SOCE or CRAC current (12, 18). This finding has been
interpreted as an indication that the STIM1 and Orail
proteins might be the essential and sufficient constituents
of SOCE. Zhou et al. (23) reported that recombinant
STIMI cytoplasmic fragments directly gate the Orail
channel in vitro. In this study, human Orail was
expressed in yeast cells, and sealed membrane vesicles
containing functional Orail channels were isolated from
the cells. In vitro Ca®* flux assays clearly showed that the
STIMI fragments induced a release of Ca*" through the
Orail channels of the isolated membrane vesicles. The
STIMI1 fragments did not elicit Ca®* release from vesicles
containing mutant Orail. This elegant study by Zhou
et al. (23) strongly suggests that STIM1 can gate Orail
directly without the participation of any other proteins.
It has been reported that all Orai channels are activated
via a STIM—Orai activating region (SOAR) contained in
the cytoplasmic domain of STIM1 (24) (Fig. 1A).

Nonetheless, the possibility that additional proteins
may modulate the function of the Orail-STIM1 interac-
tion is not excluded. Varnai et al. (25) suggest that Orail
is part of a larger macromolecular complex with a protru-
sion into the cytoplasm. This indicates the presence of
additional molecular components within the STIM1-Orail
complex. Further, CRAC regulator 2A (CRACR2A),
a novel EF-hand protein, was identified as an important
component of the Orail-STIM1 complex (26). CRA-
CR2A seems to act as a stabilizer of the interaction
between Orail and STIMI1. A recent study using a
genome-wide RNAI screen in HeLa cells found that
filamentous septin proteins function as crucial regulators
of SOCE (27). The knockdown of septins with siRNA
resulted in a significant reduction in SOCE and CRAC
current and strongly inhibited the NFAT nuclear trans-
location induced by SOCE. The reorganization of
phosphatidylinositol-4,5-bisphosphate (PIP,) associated
with the rearrangement of septin filaments appears
to contribute to the stabilization of the STIM1-Orail
complexes in puncta. This study suggests that septins
may play a role in modulating Orai distribution in the
PM and in clearing PIP, from ER—PM junctional sites.

5. Regulation of other channels by STIM1

STIMI1 can interact with certain TRPC channels (28),
implying that TRPCs function as STIMI-regulated
channels. Zeng et al. (29) demonstrated that the gating
of TRPC channels by STIM1 occurs through electrostatic
interactions between positively charged lysine residues
in STIM1 and negatively charged aspartate residues in
TRPCs. They suggested that STIM1 gates Orail and
TRPC channels by two distinct mechanisms and that
TRPCs might form a different type of SOC channel with
different properties from CRAC channels. However, this
idea is controversial. A number of laboratories have failed
to observe activation of TRPC channels by store deple-
tion (4). In addition, it has been demonstrated that TRPC
channels are activated by mechanisms dependent on
phospholipase C, but not dependent on STIM1 and Orail
(30). Further studies are required to conclude whether
STIM1 is involved in the activation of TRPC channels.

The arachidonic acid-regulated Ca®* channel (ARC
channel), which is a Ca*" store-independent pathway for
agonist-activated Ca®" entry, has been described in various
cell types (31). ARC channels display many features in
common with CRAC channels but are activated without
store depletion. Recently, Shuttleworth (31) proposed a
unique model for the activation of ARC channels. In
the model, regulation of ARC channel activity involves
the discrete population of STIM1 that is constitutively
present in the PM, but not the oligomerization of STIM1
in the ER upon store depletion. In addition, the pore
of ARC channels is comprised of both Orail and Orai3
subunits, and arachidonic acid generation is assumed to
induce the interaction between the PM STIM1 and ARC
channel. However, it is unclear how the STIMI in the
PM can activate ARC channels.

We previously found a unique La’’-resistant, non-
capacitative Ca”" entry in DT40 cells induced by low
concentrations of anti-IgM antibodies, and we named
it B-cell receptor—-mediated SOC (B-SOC) (32). The
B-SOC was in contrast with thapsigargin-induced Ca**
entry, which is highly sensitive to La**, an inhibitor of
SOC channels. Interestingly, La**-resistant Ca®* entry
was completely abolished in STIM1-deficient cells and
restored by over-expression of STIMI1, while double
knockdown of Orail and Orai2 had no effect. Orai3 is
not expressed in DT40 cells. Therefore, the B-SOC
pathway may be mediated by STIMI-dependent Ca*"
channels distinct from Orai channels.

6. Other target proteins of STIM1

STIMI1 interacts with the plasma membrane Ca** pump
(PMCP) and attenuates the cytosolic Ca*" clearance
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mediated by PMCP during T-cell activation (33). This
interaction may occur through a conformational coupling
mechanism analogous to that between STIMI1 and
Orail. Recently, we found that over-expression of
STIM1 in rat submandibular acinar cells increased the
resting cytosolic Ca®* concentration and increased ago-
nist-induced Ca”" release from stores (34). This alteration
of the Ca?" response may be explained by the inhibition
of Ca*" clearance resulting from the interaction of
over-expressed STIM1 with PMCP. Although the
effect of over-expression should be carefully interpreted,
it seems likely that STIMI1 also interacts with major
regulatory proteins other than CRAC channels at the
ER-PM junctions.

Csutora et al. (35) reported a novel role for STIMI1 as
a trigger of CIF production in the ER following Ca**
store depletion. They suggest that after Ca*" dissociation
from the STIM1 EF-hand, the STIM1 SAM domain
may change conformation to interact with and activate
the CIF-producing machinery via glycosylation sites
in the SAM domain. In their hypothetical model, Ca**-
independent phospholipase A, (iPLA,) is a PM target
of CIF, and the activated iPLA, activates SOC channels
through generation of lysophospholipids. They demon-
strated that knockdown or over-expression of STIMI1
results in impairment or increase of CIF production.
However, the molecular identity of CIF remains mystery,
and the precise molecular mechanism by which STIM1
triggers CIF production is unclear.

7. Regulation of SOCE by phosphorylation/dephos-
phorylation

Some studies suggest that phosphorylation of STIM1
or Orail is associated with regulation of SOCE. We pre-
viously reported that the kinase inhibitor staurosporine
(ST) increased SOCE without affecting Ca** release from
the ER in rat parotid cells, whereas serine/threonine
phosphatase inhibitors, such as okadaic acid and calycu-
line A, attenuated SOCE (36, 37). Since the increase in
Ca®' entry by ST was inhibited by phosphatase inhibitors
(37), our studies suggest a phosphorylation-dependent
regulation of SOCE. Further, we recently found that ST
maintains the activation of SOCE even after the refilling
of Ca®* stores in COS-7 cells (38). Since this study sug-
gested that in ST-treated cells the STIM1-Orail complex
did not completely dissociate even after the refilling of
Ca’* stores, we assume that ST may stabilize the interac-
tion between Orail and STIMI1 through inhibition of
phosphorylation.

Kawasaki et al. (39) showed that Orail is a target of
phosphorylation by protein kinase C (PKC). PKCp
phosphorylated the N-terminal serine residues (S27 and

S30) of Orail and suppressed SOCE and CRAC channel
function. Substitution of endogenous Orail with a S27A/
S30A mutant resulted in increased SOCE and CRAC
currents. The paper suggests that PKC-mediated phos-
phorylation may be an important mechanism in the
modulation of SOCE. In addition, Smyth et al. (40) found
that SOCE and CRAC current are strongly suppressed
during cell division. This suppression of SOCE is directly
associated with the phosphorylation of STIMI1. Two
serine residues (S486 and S668) in the C-terminus of
STIM1 are phosphorylated during cell division, resulting
in inhibition of STIM1 rearrangement and in suppression
of SOCE. The molecular mechanisms of SOCE modula-
tion by phosphorylation/dephosphorylation should be
investigated in the future studies.

8. Conclusion

This review described the molecular basis of the two
key components, STIM1 and Orail, mediating the SOCE
pathway. STIM1 and Orail serve as ER Ca*" sensors and
SOC channels, respectively. Direct interaction between
STIM1 and Orail at the ER-PM junction is a major
mechanism for conveying ER information to the SOC
channels. The molecular characteristics of STIM1-Orail
coupling are becoming clearer by information of the
crystallographic structures. Additional proteins, such as
septin and CRACR2A, have been identified as a stabi-
lizer and a modulator of the STIM1-Orail interaction,
but the precise molecular mechanisms by which they
regulate the STIM1-Orail interaction are not fully un-
derstood. Studies suggest that ion channels or membrane
components other than Orais are regulated by STIMI,
but further information is required to assess the physio-
logical significance of their interaction with STIM1. It
has been suggested that phosphorylation/dephosphoryla-
tion is important for the regulation of SOCE, but the
molecular basis of STIM1 and Orail phosphorylation and
the mechanism underlying phosphorylation-dependent
regulation remain to be elucidated.

The SOCE pathway plays a crucial role in a variety
of biological functions, including immune responses,
platelet activation, gene expression, and cell migration
and proliferation. Patients with impaired SOCE due
to STIM1 or Orail deficiency have severe clinical
phenotypes, including immunodeficiency, myopathy,
and ectodermal dysplasia (41). Further clarification of
STIMI1 and Orail functions in vivo will provide new
strategies for the development of novel drugs to aid in
the treatment of human diseases.
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