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Abstract: The activation of Ca2+ entry through store-operated channels by agonists that deplete Ca2+ from the endoplasmic
reticulum (ER) is a ubiquitous signaling mechanism, the molecular basis of which has remained elusive for the past two decades.
Store-operated Ca2+-release-activated Ca2+ (CRAC) channels constitute the sole pathway for Ca2+ entry following antigen-receptor
engagement. In a set of breakthrough studies over the past two years, stromal interaction molecule 1 (STIM1, the ER Ca2+ sensor)
and Orai1 (a pore-forming subunit of the CRAC channel) have been identified. Here we review these recent studies and the insights
they provide into the mechanism of store-operated Ca2+ channels (SOCCs).
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INTRODUCTION
Ca2+ signals control a vast number of cellular
functions ranging from short-term responses, such as
contraction and secretion, to longer-term regulation
of transcription, growth and cell division (Jiang et al.,
2006). Eukaryotic cells can increase their cytoplasmic
Ca2+ concentration in either of two ways: release from
intracellular stores or Ca2+ influx into the cell (Bugaj
et al., 2005). Endoplasmic reticulum (ER) serves to
store the intracellular pool of Ca2+, but it is limited in
its capacity to store and needs to be refilled when
depleted. However, many key processes require sustained increases in intracellular Ca2+ and this is accomplished through Ca2+ entry into the cell. A variety
of different Ca2+-permeable channels have been
found to coexist in the plasma membrane (PM) (He et
al., 2007; Demaurex et al., 2002). Voltage-gated Ca2+
channels are found in excitable cells like nerve and
muscle but are largely excluded from non-excitable
cells (Felix, 2005). Receptor-operated channels are
‡
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also preponderant in excitable cells. As Fig.1 indicates, stimulation of diverse PM receptors converges
on the activation of phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2] hydrolysis, which results in
the generation of diacylglycerol (DAG) and inositol
(1,4,5)-trisphosphate [Ins(1,4,5)P3] and the subsequent activation of Ca2+ release from the ER via
Ins(1,4,5)P3 receptors and Ca2+ influx across the PM.
Depletion of ER Ca2+ activates PM-localized Ca2+
influx channels known as store-operated Ca2+ channels (SOCCs) (Parekh, 2003). SOCC apparently exists in all eukaryotes from yeast to humans (Liu et al.,
2005; Mueller et al., 2007). A major function of this
Ca2+ entry pathway is believed to be the maintenance
of ER Ca2+ levels that are necessary for proper protein
synthesis and folding. However, it has now been
firmly established that store-operated Ca2+ entry
(SOCE) is central to the physiology of eukaryotic
cells. SOCE serves as the sole Ca2+ entry mechanism
in a variety of non-excitable cells and plays an indispensable role in Ca2+ signaling and many other
cellular processes ranging from proliferation to
apoptosis.

592

Guo et al. / J Zhejiang Univ Sci B 2008 9(8):591-601

STORE-OPERATED Ca2+ ENTRY (SOCE)

Fig.1 Model for the activation mechanism of storeoperated Ca2+ channels (SOCCs)
SOCCs are a family of Ca2+ permeable ion channels expressed by most cells. The signal for the activation of these
ion channels is a decrease in the Ca2+ concentration in the
endoplasmic reticulum (ER). Stimulation of diverse
plasma membrane (PM) receptors converges on the activation of phosphatidylinositol (4,5)-bisphosphate [PtdIns
(4,5)P2] hydrolysis, which results in the generation of
diacylglycerol (DAG) and inositol (1,4,5)-trisphosphate
[Ins(1,4,5)P3], and the subsequent activation of Ca2+ release from the ER via Ins(1,4,5)P3 receptor and Ca2+ influx
across the PM. Depletion of ER Ca2+ activates PM-localized Ca2+ influx channels known as SOCCs

Although several biophysically distinct SOCCs
have been reported, the best characterized are the Ca2+
release-activated Ca2+ (CRAC) channels. Over the
years many genes have been claimed to code for the
CRAC channel (Winslow et al., 2003; Prakriya et al.,
2006). Recently two key players have been identified:
stromal interaction molecule 1 (STIM1, the ER Ca2+
sensor) and Orai1 (the pore-forming CRAC channel
subunit) (Huang et al., 2006; Yeromin et al., 2006). An
RNAi-based screening approach has revealed a novel
single membrane-spanning protein named STIM1 to
be required for activation of SOCC. STIM1 is found to
be dispersed on the ER membrane in a quiescent
situation. Ca2+ store depletion stimulates redistribution
of STIM1 to the PM. The redistribution is thought to
transmit a store depletion signal to the CRAC channels
in the PM. In addition, it has been suggested that Orai1
could function either as a component or a regulator of
the CRAC channel (Gwack et al., 2007). Hence,
SOCC is the product STIM1-mediated sensing of ER
Ca2+ content leading to activation of PM-localized
Orai1 channels. The following sections describe details
of the discovery and functional elucidation of the
mechanisms involved in this signaling pathway.

The concept of SOCE was proposed in 1986.
This idea originated from a series of experiments in
parotid acinar cells investigating the relationships
between Ca2+ release from internal stores, Ca2+ entry
and store refilling. On the basis of this work it was
suggested that the amount of Ca2+ in the stores controlled the extent of Ca2+ influx in non-excitable cells,
a process originally called capacitate Ca2+ entry
(Vanden Abeele et al., 2003). When stores were full,
Ca2+ influx did not occur but, as the stores emptied,
Ca2+ entry developed. It is important to note that
SOCE does not necessarily refer to a single mechanism of Ca2+ entry, nor does store-operated entry
necessarily refer to a single Ca2+ entry channel; instead, any channel that can be shown to exhibit Ca2+
store-dependent activity can be referred to as an
SOCC. The most studied and best characterized
SOCC current is the CRAC, which was first characterized in human T cells (Lewis and Cahalan, 1989)
and mast cells (Hoth and Penner, 1992).
CRAC is non-voltage activated, inwardly rectifying and remarkably selective for Ca2+. Other SOCE
currents that have been characterized generally exhibit less stringent ionic selectivity (Vig et al., 2006).
The mechanism by which CRAC is activated, including the molecular identity of the CRAC channel,
has long been the most sought after signaling paradigm in the store-operated entry field. Whether via
CRAC channel or another SOCC, SOCE accomplishes several critical functions within the cell. First,
Ca2+ that enters the cell via the SOCC pathway replenishes the ER Ca2+ stores following a release event,
thus maintaining the ability of the ER to release Ca2+
into the cytoplasm in response to subsequent Ca2+
releasing stimuli. This is most notable in cells that
respond to activation of the PtdIns(4,5)P2 pathway
with Ca2+ influs oscillations, since ablation of Ca2+
entry by removing extracellular Ca2+ or by other
pharmacological or molecular means will oftentimes
preclude a cell’s ability to maintain Ca2+ influs oscillations (Parekh, 2003). Second, Ca2+ concentrations within the ER must be maintained at sufficient
levels in order for the organelle to carry out many of
its fundamental functions (Laporte et al., 2004). Thus,
chronic depletion of ER Ca2+, as would occur in the
absence of SOCE, can influence ER-dependent
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processes such as protein folding and trafficking, the
ER stress response and apoptosis. Third, it should be
noted that Ca2+ that enters the cell via the
store-operated pathway first accesses the cytoplasm
before entering the ER and, in many cases, results in
sustained elevation in Ca2+ influs levels, which is
significant for some signaling events, in particular
T-lymphocyte activation (Aires et al., 2004). It is the
increase in cytoplasmic Ca2+ resulting from SOCC, as
opposed to that resulting from Ca2+ released from the
ER, that is responsible for signaling. Thus, SOCE can
influence many aspects of cell biology. It is vital that
we understand the molecular compositions of all
forms of SOCE so that we may fully appreciate its
contribution to normal physiological as well as
pathophysiological states of human health.
Now the quest to uncover the molecular identity
of the CRAC channel and its mechanism of activation
has reached a new important turning point with the
recent discoveries that two proteins, STIM1 and
Orai1, play obligatory roles in the activation of
CRAC channel. Accumulating evidence indicates that
STIM1 acts as a sensor of ER store content, while
Orai1 may be the CRAC channel itself (Mignen et al.,
2007; Gwack et al., 2007).
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Furthermore, there is clear evidence that TRPCs have
a role in mediating agonist-stimulated SOCE and
non-SOCE mechanisms. Furthermore, it is important
to note that TRPCs may function in certain physiological contexts as SOCC, despite the fact that this
activity is distinct from CRAC channels.
The TRPC family contains the mammalian
genes most closely related to the Drosophila trp gene
(Liu et al., 2007). Fig.2 indicates the quaternary
structure of TRPC. The mammalian canonical TRPC
family of cation channels consists of seven members
(TRPC1~TRPC7) and the seven family members can
be subdivided into subfamilies on the basis of their
amino acid similarity (Fleming et al., 2007). While
TRPC1 and TRPC2 are almost unique, TRPC4 and
TRPC5 share about 64% amino acid identity. TRPC3,
TRPC6 and TRPC7 form a structural and functional
subfamily displaying 65%~78% identity at the amino
acid level. All TRPC family members harbor an invariant sequence in the C-terminal tail, called the
transient receptor potential (TRP) box (amino acid
sequence: EWKFAR), as well as 3~4 NH2-terminal
ankyrin repeats (Lepage and Boulay, 2007; Pigozzi et
al., 2006).

TRANSIENT RECEPTOR POTENTIAL CHANNELS (TRPCS) AND SOCCS
For some time now, a significant effort has been
made to determine whether or not members of the
TRPC family of ion channels are molecular components of the CRAC channel, just because it has been
shown that TRPCs are activated in response to agonist-stimulated PtdIns(4,5)P2 hydrolysis in a variety
of tissues. However, no TRPC has the same electrophysiological and pharmacological properties as
CRAC channel. Although the exact function of
TRPCs and how they are regulated have not been
established, increasing data suggest that they are localized and regulated within Ca2+ signaling microdomains (Worley et al., 2007; Huang et al., 2006).
TRPC monomers generate a wide variety of cation
channels via homomeric and heteromeric interactions.
In addition, interaction of TRPCs with regulatory and
scaffolding proteins contributes to the diversity and
segregation of the channels (Bollimuntha et al., 2005).

Fig.2 Quaternary structure of TRPC
All members of the TRPC family are believed to share a
common topology. The cytoplasmic N-terminus and
C-terminus are separated by six predicted transmembrane
domains (TM1~TM6), including a putative pore region
(P) between TM5 and TM6. However, there is uncertainty
as to the exact assignment of the first’s two transmembrane segments. The N-terminus is composed of three to
four ankyrin (A) repeats, a predicted coiled-coil region
and a putative caveolin binding region. The cytoplasmic
C-terminus includes the TRP signature motif (EWKFAR),
a highly conserved proline rich motif
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TRPC1 is currently the strongest candidate
component of SOCCs. Endogenous TRPC1 contributes to SOCE in several different cell types, including
the salivary glands, smooth muscle, DT40 (a chicken
B lymphocyte cell line) and endothelial cells
(Homann et al., 2006; Venkatachalam et al., 2003).
By contrast, heterologously expressed TRPC1 displays store-independent regulation of Ca2+ entry in
some studies. Meanwhile, the notion that TRPC1 and
TRPC4 may form or be part of SOCC is supported
mainly by two different lines of experimental evidence. First, ectopic expression of TRPC1 or TRPC4
in several cell lines increases endogenous store-operated entry induced by either PLC-dependent or
pharmacologically-induced depletion of ER Ca2+
stores (Alfonso et al., 2008). Second, the use of antisense constructs directed against TRPC1 or TRPC4,
as well as genetic disruption of the corresponding
genes, has efficiently reduced store-operated entry in
a variety of cell types. In some instances, those
protocols produced a significant reduction of the
archetypical CRAC, leading to the conclusion that
TRPC1 or TRPC4 is part of native CRAC channels
(Ambudkar et al., 2007).

STIM PROTEINS AND SOCC
Roos et al.(2005) performed a large scale RNAi
screen in drosophila S2 cells by targeting any protein
with a transmembrane domain, including the TRPC
family, as well as any protein that had been previously
described as playing a role in SOCE. Of 170 genes
targeted, only STIM was found to be needed for
SOCE and activation of CRAC channel in S2 cells. In
a parallel study, Liou et al.(2005) targeted a total of
2304 proteins. They identified two mammalian STIM
homologues, STIM1 and STIM2, whose knockdown
reduced store-operated entry. It should be noted that
when Roos et al.(2005) applied siRNAs against
STIM1 and STIM2 in Jurkat cells, STIM1 was essential for SOCE whereas loss of STIM2 had no effect.
The STIM protein was originally recognized and
named STIM from a novel screening of cell surface
expressed proteins on stromal cells by using a signal-sequence trap method to identify membrane proteins. This protein is identified as a type-1 (sin-

gle-spanning) cell surface membrane protein and
contains several conserved domains, including a
sterile-alpha motif (SAM), a coiled-coil region, and
an EF-hand domain (Ross et al., 2007). The gene is
mapped to human chromosome 11p15.5 (Stathopulos
et al., 2006). The STIM1 protein is proposed as a
“sensor” of Ca2+ within stores; this sensor’s function
is mediated via a single EF-hand Ca2+ binding motif
located in its N-terminal ER luminal domain. STIM2
is the close mammalian homolog of STIM1. STIM1
and STIM2 are widely expressed and have almost
identical EF-hand-containing N-terminal domains
and trans-membrane sequences. The cytoplasmic
C-terminal domains contain nearly identical coiledcoil regions; thereafter, their sequences deviate toward the C terminus (Soboloff et al., 2006a).
STIM1 is the Ca2+ sensor
It was clear that suppressed STIM1 expression
prevents SOCE and eliminates the store-dependent
activation of CRAC channels. Some reports showed
that the STIM1 is a component of the Ca2+ influx
channel (Soboloff et al., 2006b; Huang et al., 2006).
In support of this opinion, Drosophila genome-wide
search identified numerous potential ion channel
genes as well as Ca2+-binding proteins with transmembrane domains, yet only STIM had a detectable
effect on SOCE. Moreover, over-expression of
STIM1 by nearly 100-fold in HEK293 cells enhanced
SOCC influx by only 17% and did not induce detectable SOCC current, arguing that STIM1 is
probably not the channel itself. A recent report concluded that STIM1 functions as a component that
would facilitate assembly and regulate activity of
SOCCs in different tissues, serving as an essential
subunit (Spassova et al., 2006). Mechanistically
STIM1 might function as a Ca2+ sensor or a coupler
linking store depletion to activation of SOCCs, as
shown in Fig.3. Some more recent study showed this
function being mediated via the EF-hand
Ca2+-binding domain on the N-terminal ER luminal
portion of STIM1 (Hewavitharana et al., 2007; Li et
al., 2007). Decreased ER Ca2+ results in a profound
intracellular redistribution of STIM1 from a uniform
ER pattern to spatially discrete areas termed puncta.
Mutations in acidic residues within the Ca2+-binding
pocket of the EF-hand domain of STIM1, which
presumably lower the affinity for Ca2+, produce
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Fig.3 Model of STIM1 function
Upon store depletion, STIM1 located in the ER unbinds
Ca2+ and translocates to the plasma membrane to activate
CRAC channel subunits that are already in the plasma
membrane (left), form junctions between the Ca2+ store and
the plasma membrane (middle) or assemble to form functional CRAC channels (right) (Zhang et al., 2005)

constitutive Ca2+ entry that is independent of store
depletion. The EF-hand-mutated STIM1 protein is
already distributed in puncta, exactly mimicking the
store-depleted mode. These results are highly consistent with the premise that the EF-hand is indeed the
luminal Ca2+ sensor for SOCCs (Baba et al., 2006;
Luik et al., 2006). However, without physical evidence of actual Ca2+-binding, it must be considered
that the EF-hand domain of STIM1 might not bind
Ca2+ and could serve another purpose.
The precise location of STIM1 after store depletion is crucial in understanding its role in the
SOCC process. One hypothesis is that STIM1 is
transported to and inserted into the PM upon Ca2+
store depletion (Zhang et al., 2005). In contrast, others have suggested that STIM1 may aggregate underneath the PM without being inserted into the
membrane (Wu et al., 2006). A recent study reinforced this argument by reporting little surface
staining of EYFP (enhanced yellow fluorescent protein) antibody using an immunofluorescence method
in HEK293 cells transfected with EYFP-STIM1
(Smyth et al., 2007). However, the result would be
hard to reconcile with the electrophysiological experiments showing that extracellular application of
antibody against the N-terminus of STIM1 blocks
SOCE in HEK293 cells (Spassova et al., 2006). Although a most recent report concluded that STIM1
puncta formed in the ER near the PM (Spassova et al.,
2006), quantitative comparisons of STIM1 fractions
in the ER have not been made between, before and
after store depletion.
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Three preliminary models have been proposed to
explain how STIM1 might work based upon its cellular localization patterns. All the three models have
in common the fact that STIM1 is located in the ER
membrane prior to store depletion. The first model
suggests that STIM1 in the ER is combined with
STIM1 in the PM following store depletion. This
model of course requires that some STIM1 is found in
the PM and that this pool of STIM1 is necessary for
activation of CRAC channel (Luik et al., 2006). The
second model contends that most or all STIM1 is
confined to the ER membrane prior to store depletion.
After store depletion, however, STIM1 is somehow
transported to and inserted into the PM. It is not clear
what mechanism would be involved in the transport
of STIM1 to the PM, as accumulating evidence suggests that the most likely mechanism, vesicle trafficking, is not involved in CRAC channel. Both the
first and second models are supported by cell surface
biotinylation experiments that detected STIM1.
However, these data must be interpreted with caution
since STIM1 may have been co-precipitated with a
cell surface protein such as the channel itself rather
than being directly biotinylated. In studies employing
transfection of HEK293 cells with STIM1 and Orai1
(discussed in the following section), no STIM1 was
detected in the PM by antibody binding, despite the
generation of huge STIM1- and Orai1-dependent
CRAC-like currents. These latter findings favor a
third model which places STIM1 only in the ER
membrane. Following store depletion, the puncta
would be very close to the cell surface, but not actually inserted into the PM. In this scenario the STIM1
would interact with additional components of the
CRAC pathway, such as the channels themselves,
when brought into the puncta. This model does not
exclude the possibility that STIM1 under certain
circumstances can be found in the PM. It does indicate, however, that this putative PM pool of STIM1 is
not essential for activation of CRAC channel and
SOCE (Wu et al., 2006).
STIM2 is an inhibitor of STIM1
STIM1 and STIM2 are clearly closely related to
each other with respect to their primary amino acid
sequence and their predicted secondary structure and
domain organization. Both proteins are predicted to
be single-pass transmembrane proteins, with an
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exoplasmic N-terminal region and a cytoplasmic
C-terminal region. The sequences of the two STIM
proteins diverge significantly from C-terminal region
to the coiled-coils region; STIM1 and STIM2 contain
unique proline-rich regions that include serine/threonine residues. Human STIM2 maps to
chromosome 4p15.1 (Soboloff et al., 2006b; Wissenbach et al., 2007). While STIM1 is expressed in
both the ER and PM, STIM2 is expressed only
intracellularly (Wissenbach et al., 2007).
Despite sharing close structural homology with
STIM1, STIM2 has a very different role in the control
of Ca2+ entry. The effects of over-expressed STIM1
and STIM2 on SOCC were compared by using stably
expressing clonal HEK293 lines. STIM2 expression
in HEK293 cells results in almost complete inhibition
in SOCE, with good correlation between STIM2 expression and suppression of SOCC. The recent study
revealed that expression of STIM2 has a powerful
inhibitory effect on SOCC activation in other cells,
including PC12 pheochromocytoma cells, A7r5
smooth muscle cells and Jurkat T cells (Soboloff et al.,
2006b).
There are two models for STIM1-mediated
SOCC activation involving: (1) “insertion” of STIM1
into the PM after store depletion and (2) “interaction”
of the ER STIM1 with the PM to activate the channel.
In an insertion model, binding of STIM1 to STIM2
could prevent STIM1 transfer into the PM. The
N-terminal half of the cytoplasmic region of both
STIM molecules is predicted to be almost exclusively
a-helical, most of which is predicted to form
coiled-coils. The homotypic and heterotypic interactions between STIM proteins are mediated by these
cytoplasmic coiled-coil regions (Dziadek and Johnstone, 2007). SOCC activation involving ER-PM interactions is compatible with the “conformational-coupling” model supported by evidence that
close interactions, but not ER-PM fusion, are involved in SOCC activation. In the store-replete resting state, SOCCs are closed and STIM proteins are
distributed throughout the ER. STIM1 is also present
in the PM, where it is required for SOCC activation.
The effect of STIM2 is depicted as dependent on its
ratio with STIM1 (Soboloff et al., 2006b). After store
emptying, STIM1 and STIM2 become aggregated
and organized within puncta close to the PM. When
the STIM2/STIM1 ratio is low, functional coupling to

activate SOCC occurs; this is depicted as C-terminal
interactions between ER STIM1 and PM STIM1
associated with the channel. When the STIM2/STIM1
ratio is high, puncta contains more STIM2 depicted as
interfering with successful conformational coupling
to activate SOCC. Thus, expression and localization
of STIM2 within puncta may be a key regulatory
control process in the activation of SOCC. STIM2
may exert an important level of control over the activation of SOCC and hence the mediation of
longer-term Ca2+ signals regulating transcription, cell
growth and proliferation.

ORAI PROTEINS AND SOCC
Recently the second protein component of CRAC
channel has been identified and named as Orai (in
Greek mythology, the Orai is the keeper of the gate of
heaven), which is a PM four-transmembrane spanning
protein (Feske et al., 2006). This revelation came from
a combination of elegant studies including genome
wide RNAi screening (drosophila genome wide RNA
interference screen) and modified linkage analysis
identifying (a modified linkage analysis with single-nucleotide polymorphism arrays in the cells from
patients with one form of hereditary severe combined
immune deficiency (SCID) syndrome, who are defective in SOCE and CRAC channel function). The
naturally occurring mutation in Orai1 led to elimination of CRAC, as did Orai1 knockdown. Expression of
wild type Orai1 restored CRAC channel activity to
normal levels in cells taken from immune-deficient
patients. Initially the Orai1 protein was not recognized
as being related to other known channel proteins, and
hence it was unclear whether it was the channel moiety of SOCC or whether it was yet another protein
involved in coupling or regulating of SOCCs. In 2006,
by using site-directed mutagenesis, Dr. Cahalan’s
group showed that a point mutation (E180D) in the
conserved S1-S2 loop of drosophila Orai (olf186-F)
transforms the ion selectivity properties of CRAC
from being Ca2+-selective with inward rectification to
being selective for monovalent cations and outwardly
rectifying (Yeromin et al., 2006). Moreover, Dr. Rao’s
group proved that mutations within putative pore regions of human Orai1 also change the biophysical
properties of SOCE (Prakriya et al., 2006). All these
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results suggest that human Orai1 and drosophila
homologue Orai are essential pore-forming subunits
of the SOCC. It is now clear that the Orai1 protein
fulfills all the criteria of being the SOCC moiety itself.
Unlike STIM1, Orai1 apparently resides only at the
PM, the N-terminus and C-terminus of the tetra spanning membrane protein both exist within the cytoplasm (Gwack et al., 2007). In addition to Orai1 there
are two other Orai family members, Orai2 and Orai3,
expressed in mammals (DeHaven et al., 2007). Hence,
heteromeric combinations of these proteins may result
in channels with distinct regulatory and/or coupling
processes.
Orai1 co-expressed with STIM1 is sufficient to
reconstitute SOCC
Orai1, like STIM1, is an essential part of the
signaling sequence that links empty stores to activation of SOCE, but where does it fit? Orai1 is predicted
to have four membrane spanning regions (M1~M4)
and is incorporated into the PM with its M3-M4 loop
in the extracellular space and its N-terminus and
C-terminus in the cytosol (Gwack et al., 2007; Vig et
al., 2006). Orai1 has no obvious similarity to any
known channel, but CRAC is also an unusual current;
so, is Orai1 the missing SOCE channel? Recently,
two independent groups have indicated this to be the
case by demonstrating that mutations within putative
pore regions of Orai or Orai1 change the biophysical
properties of SOCE (Yeromin et al., 2006; Feske et
al., 2006). In addition, several reports have demonstrated that Orai1 co-expressed in STIM1-expressing
cells resulted in a massive and rapid increase in
SOCC (Hewavitharana et al., 2007; Takahashi et al.,
2007). This increase is not seen when STIM1 alone is
transfected into cells. However, when Orai1 alone is
transfected, there is a clear inhibition of CRAC in
Jurkat, RBL cells and HEK293 cells (Prakriya et al.,
2006; DeHaven et al., 2007). These findings illustrate
several important points: (1) They demonstrate that
STIM1 and Orai1 are the only components necessary
to produce large CRAC currents when over-expressed,
indicating that there are no other rate-limiting components of the system. Interestingly the CRAC currents observed when STIM1 and Orai1 are
co-expressed do not completely recapitulate all of the
canonical characteristics of CRAC; (2) A significant
question is why over-expression of Orai1 results in
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substantially lower SOCC in HEK293 cells or decreased CRAC channel activity in RBL cells. Some
report (Hewavitharana et al., 2007; Prakriya et al.,
2006) explained that over-expression of Orai1 alters
coupling stoichiometry, consistent with theories previously presented by Putney (2005). Thus, this inhibitory action of Orai1 provides potentially useful
information on the functional coupling stoichiometry
that exists between the two proteins; (3) The observation that over-expression of these two proteins produces such a dramatic increase in CRAC current density argues that Orai1 may be the CRAC pore-forming
unit. If Orai1 was merely another part of the activation
machinery, then over-expression of STIM1 plus Orai1
might result in a small increase in current density, but
only to the point at which the endogenous channels are
all in the open state. Especially in HEK293 cells which
have nearly undetectable endogenous CRAC, the likelihood of the cells expressing enough endogenous
channels to accommodate such large increases in current density seems unlikely (Gwack et al., 2007; Vig et
al., 2006).
How does Ca2+ dissociation from the EF-hand of
STIM1 cause the pore of Orai1 to open? Co-immunoprecipitation experiments suggest that association of
the two proteins is promoted by Ca2+ release from
intracellular stores (Yeromin et al., 2006). A study is
to resolve whether STIM1 acts only from within the
ER membrane or whether it also becomes incorporated into the PM where, with Orai1, it might contribute to the formation of the channel. The latter
might explain the ability of extracellular antibodies to
the N-terminus of STIM1 to attenuate SOCE (Li et al.,
2007). For now, the most parsimonious mechanism
suggests that STIM1 anchored within the ER membrane interacts, after store depletion, with N-terminus
of Orai1 in the PM, as shown in Fig.4 (Lewis, 2007).
Which region of the Orai1 N-terminus participates in
SOCE? The N-terminal cytosolic domain of Orai1
has several unique features, including five positively
charged arginine residues and two proline-rich domains. Huang et al.(2006) showed that the STIM1
C-terminus, especially the ezrin-radixin-moesin
(ERM) domain, activates native SOCC. ERM domains bind with positively charged amino acid clusters in the juxta-membrane cytoplasmic domains of
CD44, CD43 and ICAM-2. Moreover, proline-rich
domains serve as binding sites in various types of
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proteins. For example, the proline-rich domain in
Group 1 metabotropic glutamate receptors mediates
the interaction with Homer proteins. Thus, the
proline-rich domain of the Orai1 N-terminus may
participate in SOCE (Takahashi et al., 2007).

Fig.4 N-terminus of Orai1 anchored with STIM1 activates SOCE
STIM1 is localized primarily in the ER membrane, with a
small fraction in the plasma membrane. The organization of
the major predicted domains is shown, including an unpaired EF-hand and sterile-alpha motif (SAM) domains on
the ER luminal side, and overlapping coiled-coil (CC) and
ezrin-radixin-moesin (ERM) domains, and serine-prolinerich (S/P) and lysine-rich (K) domains on the cytosolic side.
Orai1 is a plasma membrane protein with four membrane-spanning regions and intracellular N-terminus and
C-terminus. It is impossible that the N-terminus of Orai1,
anchored with ezrin-radixin-moesin (ERM) domain of
STIM1 C-terminus, activates SOCE (Lewis, 2007)

As discussed above, STIM1 and STIM2 are
close in structure but STIM2 has an opposing inhibitory action on SOCC-mediated Ca2+ entry. Orai1
and STIM2 co-expression resulted in a substantial
increase in constitutive Ca2+ entry. STIM2 expressed
alone does not visibly change its ER distribution in
response to store depletion (Soboloff et al., 2006b).
However, some experts suspect that a many-fold
increase in STIM2 expressed throughout the ER
might lead to the presence of some STIM2 in puncta,
independently of altered luminal Ca2+ (Lewis, 2007).
Thus, at high levels of STIM2 expression, while it is
normally an inhibitor of SOCC, STIM2 may mimic
the action of STIM1 and, through interaction with

over-expressed Orai1, result in significant constitutive SOCC activation (Hewavitharana et al., 2007).
Orai2, Orai3 and SOCCs
Mercer et al.(2006) reported that Orai2 exhibits
properties similar to Orai1; over-expression of Orai2
alone resulted in inhibition of SOCE in HEK293 cells,
whereas its co-expression with STIM1 resulted in
significantly augmented entry and CRAC. The magnitude of the currents with Orai2 was somewhat less
than that with Orai1. Orai3, on the other hand, did not
synergistically enhance Ca2+ entry when co-expressed
with STIM1 (Mercer et al., 2006; Gross et al., 2007).
However, Orai3 was shown to restore Ca2+ entry in
cells in which entry was reduced due to RNAi mediated knockdown of endogenous Orai1, demonstrating
that Orai3 is able to function in the Ca2+ permeation
pathway (Gwack et al., 2007). Thus, in transient
transfection experiments, the rank order of efficacy of
Orai family members appeared to be Orai1>Orai2>
Orai3. However, some report demonstrated that
co-expression of Orai2 or Orai3 with STIM1 produced only a marginal effect on SOCC (Mercer et al.,
2006; DeHaven et al., 2007).

CONCLUSION
From the new information on the function of the
STIM and Orai proteins, we can now rather definitively conclude that the two proteins are both necessary and sufficient to mediate the process of
store-operated channel function. STIM1 is a sensor of
ER Ca2+, a transduction of this signal to the PM, and a
opening of a highly selective channel located in the
PM, and Orai1 co-expressed with STIM1 is sufficient
to reconstitute SOCC. While these revelations answer
the basic questions on store-operated channel function, there are many other questions that arise. For
example, recent information indicates that the STIM1
protein can interact with and cause the activation of
TRPC1 channels (López et al., 2006; Huang et al.,
2006). However, the relationship between the three
Orai proteins and the six mammalian TRPCs will be
an interesting one to examine. Does STIM1 function
as a universal Ca2+ sensor, capable of activating
mechanisms of store-operated entry other than CRAC?
And whether Orai1 is indeed the CRAC channel, then
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how do molecular determinants within the protein
sequence explain the electrophysiological properties
of CRAC, such as permeation and ionic selectivity?
Answers to these questions and many more will significantly enhance our understanding of cellular Ca2+
signaling and its contribution to normal human health
and disease.
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