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Abstract

The most ubiquitous pathway for regulated calcium (Ca2*) entry into the cells is the store-operated
Ca?* (SOC) entry pathway (also called capacitative Ca2* entry) that is conserved from lower
organisms such as yeast, worms, and flies to man. The SOC concept was proposed over two decades
ago, and SOC channels are defined by their activation in response to depletion of the internal Ca2*
stores. Influx through SOC channels is necessary for the replenishment of the Ca2* stores and is also
involved in cell signaling to the nucleus. Despite intensive investigations, most of which are focusing
on transient receptor potential (TRP) channels as molecular candidates for SOC channels, the
mechanisms of activation and the identity of the key molecular players participating in this signaling
pathway have long remained elusive. In the last 2-3 years, however, the improvements of RNA
silencing protocols combined with high throughput platforms have yielded significant breakthroughs,
with the identification of Stim1 as the Ca2* store sensor and Orail (CRACM1) as the pore-forming
subunit of the archetypical SOC channel, CRAC. This review summarizes the recent advances in the
mechanisms of activation of SOC channels and their molecular composition, with emphasis on the
roles of Stim, Orai, and TRP proteins.

Keywords

Calcium signaling; SOC channels; CRAC channels; Orail; Stim1; TRPC channels

Introduction

Cytosolic calcium (Ca2*) signals control many cellular functions from short-term responses
such as contraction and secretion to long-term regulation of transcription, growth, and cell
division [11,12]. The receptor-evoked Ca2* signal entails Ca2* release from the internal stores,
namely the endoplasmic reticulum (ER) and activation of Ca2* influx channels at the plasma

membrane (PM). The action of an agonist on its specific receptor typically activates isoforms

of the phosphoinositide-specific phospholipase C (PLC). PLC breaks down the

phosphatidylinositol 4,5 bisphosphate (PIP,) to generate two second messengers, the inositol
1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). DAG is known to activate protein kinase

C (PKC) isoforms but can also regulate ion channels in a PKC-independent manner [29,50,
70]. 1P5 is responsible for Ca2* release from the ER into the cytoplasm [9] by its action on the
IP3 receptor (IP3R).
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The PLC pathway and CaZ?* entry channels

The activation of the PLC pathway leads to increased Ca2* entry from the extracellular space
through two major mechanisms. The first involves direct activation of PM Ca2* entry channels
by second messengers such as DAG, P, arachidonic acid, and Ca?* itself; these channels are
commonly referred to as receptor-operated channels (ROC) or second messenger-operated
channels (SMOC) [7,13]. Second, as a result of the fall of the Ca2* concentration within the
lumen of the ER that follows IP3-induced Ca2* release, a concomitant activation of another
type of CaZ* entry channels at the PM takes place. These channels are termed store-operated
Ca%* (SOC) channels and the processes which was originally proposed [56] and later refined
[57] by Putney is named capacitative Ca2* entry or store-operated Ca2* entry (SOCE). The
arrival on the scene of thapsigargin, a specific inhibitor of the sarcoplasmic/endoplasmic
reticulum Ca?* ATPase pump that activates SOC entry by causing passive Ca2* release without
raising IP3 levels [68] along with the successful measurement of the first SOC current in mast
cells [30] catapulted SOC entry from a curious phenomenon to a bona fide signaling pathway.
The first and best characterized SOC channel is found in hematopoietic cells and conducts a
highly Ca2*-selective, non voltage-gated, inwardly rectifying current first described by Hoth
and Penner in RBL mast cells and termed the Ca2* release activated Ca2* current (CRAC)
[30]. Ever since, however, a number of less CaZ*-selective or completely non-selective Ca2*
entry pathways seemingly activated by store depletion have been described in a variety of cells
from different tissue origins [52].

Proposed mechanisms of activation for SOC entry

Two major questions have remained enigmatic in the SOC field for almost 20 years: (1) the
molecular identity of the SOC channels and (2) the exact mechanisms that signal the depletion
of internal Ca2* stores to open SOC channels at the PM. These two questions are clearly
intertwined; solving either would solve the other in the process. Regarding the latter question,
two general hypotheses have been advanced to account for the communication between internal
stores and SOC channels at the PM. The first involves the action of a diffusible messenger or
Ca2" influx factor (CIF) that is released from the ER as a result of store depletion to activate
plasma membrane SOC channels. The CIF idea was first implied by Takemura et al. [68], while
in recent years, this concept has been championed by Bolotina and colleagues [15]. Although
CIF has yet to be purified and identified, experimental evidence supporting the existence of
such messenger was first presented by Randriamampita and Tsien [59] who successfully
isolated an acid-extractable factor from thapsigargin-treated lymphocytes. Csutora et al.
subsequently showed that this extract can activate CRAC currents more rapidly than when
IP3 was included in the patch pipette, hinting that CIF production is downstream of CaZ* release
[19]. The second major hypothesis for SOC activation is referred to as “conformational
coupling”; this idea, first introduced by Irvine [31] and later refined by Berridge [10] calls for
direct protein—protein interaction upon store depletion between the SOC channel at the PM
and the IP3R in the ER, by analogy to excitation—contraction coupling in skeletal muscle where
L-type Ca?* channels at the PM directly couple with the ryanodine receptor in the sarcoplasmic
reticulum. It makes implicit sense however that this hypothesis is difficult to test experimentally
without a clear molecular candidate for SOC channels and as such studies investigating the
conformational coupling hypothesis focused on transient receptor potential (TRP) channels as
candidates for SOC channels [14].

Molecular candidates for SOC channels

The discovery of the product of Drosophila trp gene as a light-sensitive Ca2* permeable
channel-activated downstream of PLC during phototransduction in the eye of the fruit fly
[47,72] has led Hardie and Minke to suggest mammalian TRP homologs as molecular correlates
for SOC channels [27]. For over a decade, the hunt for the molecule (s) that make up SOC
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channels have focused predominantly on the TRP superfamily of ion channels and particularly
on the canonical TRP family (TRPC) by virtue of their activation downstream of PLC.
However, the resultant literature is plagued with controversy with some laboratories providing
evidence for TRPC involvement as components of SOC channels while others refuting such
involvement (for a thorough review, see [52,63]).

The last 2 years however brought about significant insights into the molecular composition
and the activation mechanisms of SOC and had a remarkable impact on our understanding of
the SOC pathway. Using RNA interference (RNAI)-based high throughput screens, four
independent laboratories clearly identified two conserved genes that are required for
thapsigargin-induced SOC entry, Stim1 and Orail [22,37,60,75,81]. Stim1, a single EF-hand
containing protein resident in the ER, is the long-sought Ca?* sensor capable of oligomerization
and reorganization into puncta upon store depletion to somehow signal the activation of Orail,
the pore-forming subunit of the SOC channel at the PM.

Mammals have two Stim proteins, Stim 1 and 2, and three Orai proteins, Orail, Orai2, and
Orai3, which are ubiquitously expressed in different cell types [76]. This review will cover
recent advances in the mechanisms of activation of SOC entry as of the spring of 2008 with
emphasis on Stim and Orai proteins and will attempt to reconcile their role in SOC entry with
the involvement of old players such as TRPC and CIF.

Stim1, Orail, and their role in the SOC pathway

Stim1

Stim1 is a type | transmembrane protein residing primarily in the ER but can be found to a
limited extend in the PM [28,41]. Stim1 protein contains multiple discrete regions (Fig. 1),
including an EF-hand and a sterile a-motif domain (SAM) in the N-terminus directed towards
the lumen of the ER. In addition to a transmembrane region, Stim1 also contains a coiled-coil
domain, a serine—proline region, and a lysine-rich region in the C-terminus facing the
cytoplasmic side.

In 2005, using a high throughput RNAi-based screen in Drosophila S2 cells where 170 genes
were targeted for their involvement in SOC entry, Roos et al. were the first to identify
Drosophila Stim as an important player in SOC entry [60]. This was in part possible by the
improvement of RNAI targeting in recent years and by the relative simplicity of RNAi in S2
cells; the uptake of double-stranded RNA by S2 cells occurs naturally and does not require
transfection reagents or electroporation [17]. Patch-clamp recordings revealed nearly complete
suppression of the S2 CRAC current that has biophysical characteristics similar to human
CRAC currents in hematopoietic cells. Similarly, knockdown of the human homologue Stim1
significantly reduced CRAC channel activity in Jurkat T cells, as well as thapsigargin- and
agonist-mediated Ca?* entry in HEK293 cells, as measured by Fura-2 imaging. Shortly after,
Liou et al. published data identifying Stim1 as an essential protein for SOC entry by using a
similar high throughput RNAi knockdown strategy against 2,304 human genes in Hela cells
[37]. The same authors were first to show that Ca?* store depletion leads to translocation of
Stim1 into puncta that accumulated near, but not in, the PM. Stim1 puncta vary in size and are
believed to be the product of protein oligomerization, although the minimum number of
oligomers necessary for SOC activation is still unknown [36]. Biochemical studies on EF-SAM
domain of Stim1 shows a low affinity for binding to Ca2*, with a Kd in the 200 to 600 M
range [67], consistent with values proposed for ER Ca?* content [21]. In fact, a point mutation
of aspartate to alanine in the EF-hand Ca2* binding domain of Stim1 (D76A) resulted in
constitutive localization of Stim1 in puncta and constitutively activated SOC entry, as D76A
Stim1 is “fooled” into sensing nonexistent store depletion [37]. The same year, Zhang et al.
confirmed the results regarding the EF-hand mutant of Stim1 but provided evidence based on
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membrane biotinylation experiments that Stim1 translocates to the PM upon store depletion,
while a study by Gill and coworkers concluded that PM Stim1 plays a role in SOC entry based
on extracellular Stim1 antibody blockade of SOC entry [66]. However, based on evidence
presented by different laboratories [5,37,40,43,77], it is fair to conclude that plasma membrane
Stim1, although present, does not play an obligatory role in SOC entry and that Ca2* store
depletion leads to translocation of the Stim1 molecules resident in the ER into discrete ER
areas closely associated with the PM but not to the PM per se (for review, see [58]).

In resting cells, Stim1 tagged with the yellow fluorescent protein (Stim1-YFP) appears to be
in fibrillar structures reminiscent of microtubule staining. Upon store depletion, Stim1
oligomers move on average 2 um to reach the ER—PM junctions [36], and Smyth et al. presented
pharmacological evidence pointing towards a facillatory role of the microtubule cytoskeleton
in SOC entry by optimizing the localization of Stim1 for Ca?* sensing and/or communication
with Orail [62]. Recently, Grigoriev et al. described a role of Stim1 in ER extension and
remodeling through the microtubule “tip attachment complex” mechanism and showed that
Stim1 directly binds to the microtubule-plus-end-tracking protein EB1 and forms EB1-
dependent comet-like structures at the sites of contact between microtubule ends and ER
network, suggesting that the tubulovesicular motility of Stim1 is not motor-based but rather a
wave of diffusion in the ER membrane [24]. The redistribution of Stim1 into puncta upon store
depletion appears to be the initiator for SOC entry, as Wu et al. showed that puncta formation
precedes CRAC channel activation by 6-10 s [77]. Furthermore, another study demonstrated
using live-cell imaging that Stim1 forms oligomers within 5 s after store depletion and that
Stim1 oligomerization precedes its translocation [36]. Taken together, these studies have
provided solid evidence clearly establishing Stim1 as the Ca2* store sensor in the SOC entry
pathway.

Using gene mapping on lymphocyte cell lines established from a family with a severe combined
immunodeficiency syndrome (SCID) due to the lack of CRAC current combined with a
genome-wide RNAI screen of Drosophila S2 cells, a hypothetical protein was first identified
as another essential component of the SOC pathway and termed Orail [22]. Orail is a four-
transmembrane protein present in the PM with intracellular N- and C-termini and shows no
homology to any known protein (Fig. 1). A single Orail mutation of arginine to tryptophan
(R91W) in immunodeficient lymphocytes was shown to be responsible for the loss of CRAC
channel function [22]. Within the same year, two separate groups used a similar genome-wide
RNA.i screen on S2 cells and independently identified Orail (called CRACML1 by Vig et al.
[75]) as necessary for SOC entry and CRAC currents [75,81]. Mutagenesis studies showed
that mutation of a glutamate to alanine in position 106 in human Orail (EL06A) generated a
dead channel, while a more conservative mutation of the same residue to aspartate (E106D)
yielded a functional channel that exhibited reduced selectivity to Ca2* [55,73,78]. These data
strongly argue that Orail is the pore-forming subunit of the CRAC channel. Using
overexpression of preassembled tandems containing different number of Orail subunits co-
expressed with or without a “titrating” dominant-negative Orail mutant, Mignen et al.
published results suggesting that the functional CRAC channel pore is formed by Orail
tetramers [46]. However, thorough biochemical and structural studies on purified Orail
proteins are needed to unequivocally determine the exact oligomeric state of Orail.

Functional interaction between Stim1 and Orail

Orail and Stim1 interact functionally and together can recapitulate most of the
electrophysiological properties of CRAC currents. Four separate laboratories have
independently demonstrated that ectopic co-expression of either human Orail and Stim1 or
Drosophila Orai and Stim generate huge (up to 100-fold of native CRAC) CRAC-like currents
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[43,54,65,81]. These CRAC-like currents exhibit a similar time course of activation, selectivity
for Ca2*, Na* currents in divalent free bath solutions, sensitivity to 2-APB, and the same
inwardly rectifying 1/V relationship as the well-characterized CRAC current [54]. At first
glance, these results imply that Stim1 and Orail are both necessary and limiting for SOC entry
and that any additional interacting partners in the cell are either not functionally required or
constitutively present in non-limiting quantities. However, when Ca2* was substituted with
either Sr2* or Ba2*, the large CRAC-like currents generated by co-expression of Stim1 and
Orail seem smaller than those described for native CRAC. This difference in divalent
permeation could be explained by either the requirement of either scaffolding proteins or
additional interacting partners that are limiting within the cell, such as Stim2, other Orai
isoforms, or possibly TRP proteins.

Strong evidence suggests that upon store depletion, Stim1 aggregates in sub-regions of the ER
that are close to the PM. Lewis and colleagues have demonstrated that Stim1 accumulates in
specialized regions of junctional ER that are located within 10-25 nm of the PM [77]. An
elegant study by the same group showed that open CRAC channels in T cells, as detected by
hot spots of local Ca2* increase, are tightly restricted to sub-regions of the PM that are in close
proximity to Stim1-containing junctional ER [40]. While Baba et al. provided evidence
supporting a role of the SAM domain of Stim1 in puncta formation [5], a study reported that
amutant Stim1 lacking the C-terminal polybasic motif, which has been shown in other proteins
to function as a PM-targeting motif, formed oligomers after store depletion but failed to
translocate to ER-PM junctions [36]. A subsequent report by Li et al. determined that amino
acids 425-671, which correspond to the serine-proline-rich region of Stim1, are important for
the correct targeting of Stim1 puncta to ER-PM junctions upon store depletion, while the
polybasic C-terminal motif plays a facillatory but not essential role in Stim1 targeting [33].
The same authors reported that the C-terminal coiled-coil domain of Stim1 is necessary for
Stim1 aggregation and that Orail C-terminus is required for functional interaction with Stim1
[33]. Work from Muik et al. identified a putative coiled-coil region in the C-terminus of Orail
(amino acids 263-285) as necessary for the functional interaction between Stim1 and Orail,
while Orail N-terminus along with the arginine residue found to be mutated in SCID patients
(R91W) are critical for Orail gating [48].

Based on the aforementioned studies, it is reasonable to conclude that Stim1 interacts
functionally with Orail to activate SOC entry, but does Stim1 convey information to Orail
channels via direct protein—protein interaction or through intermediary proteins? And how does
the CIF and TRP fit with these new players? The answer to the former question is beginning
to unravel albeit not without some controversy. Using co-immunoprecipitation, Yeromin et al.
showed that Drosophila Stim and Orai associate and that store depletion enhanced their
association, arguing for a direct Stim—Orai interaction as the necessary signal for SOC
activation [78]. Co-immunoprecipitation of ectopically expressed human Stim1 and Orail was
also reported by Vig et al; the effect of store depletion on this association was not reported in
this study. However, studies from a different laboratory failed to detect any association between
human Stim1 and Orail in co-immunoprecipitation and glycerol gradient centrifugation
experiments [22,26]. In vitro pull-down experiments using the C-terminus of Stim1, which
constitutively activates Orail, showed that the C-terminal domain of Stim1 can associate with
Orail in cell-free conditions, arguing for a direct Stim1-Orail interaction [48]. The same
authors showed a close interaction (within <10 nm range) between tagged Orail and Stim1
expressed in HEK293 cells using FRET microscopy and speculated about direct protein—
protein interactions between the respective coiled-coil domains in the C-termini of Orail and
Stim1 [48].

An innovative strategy by Balla and colleagues that controlled for the distance between the
PM and the ER with the use of chemically inducible bridges showed that Orail requires a larger
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space than Stim1 in the ER-PM junctions; Orail was proposed to be part of a large
macromolecular complex, with an estimated protrusion to the cytoplasm that is larger than 8-
9 nm but smaller than 12-14 nm, while the cytoplasmic domain of Stim1 could fit in a space
of approximately 4-6 nm [71], estimates that are in agreement with other studies [48,77].
Although these results are not incompatible with direct Stim1-Orail interactions, they point
towards the involvement of auxiliary proteins in SOC activation and raise the possibility that
these proteins might act as intermediates in Stim1-Orail interaction.

These auxiliary proteins might well be formed in part by components of the CIF pathway,
namely the Ca2*-independent iPLA2 and calmodulin proposed by Bolotina and colleagues
[61]. For CIF to co-exist with the Stim1-Orail paradigm, it has to be formed and act
downstream of Stim1 reorganization, as SOC activation occurs with the D76A mutant and the
C-terminal fragment of Stim1 without store depletion. This is exactly what a recent report is
suggesting; CIF production was reported to be tightly coupled with stim1 expression as
knockdown or overexpression of Stim1 resulted in corresponding impairment or amplification
of CIF production [18]. These authors showed that the glycosylation sites in ER-resident SAM
domain of Stim1 were required for the initiation of CIF production [18].

It is plausible to imagine a scenario where stim1 movement and organization into puncta is
followed by recruitment of a macromolecular complex (containing membrane and/or
cytoplasmic proteins) in the vicinity of Orail channels and in situ CIF synthesis. Under this
scheme, CIF would act in a similar fashion to a neurotransmitter and the necessary recycling
machinery or enzymes that synthesize and hydrolyze CIF under store depletion/repletion might
be either part of this protein complex or contained within the areas of close PM-ER junctions.
Figure 2 summarizes the different possibilities discussed here as to how ER Stim1 might
convey store depletion to Orail at the PM.

Role of TRP channels in SOC entry

The mammalian TRP superfamily of proteins comprise cation channel members with varying
permeabilities to Ca2* ions and, over the past 13 years, have been the focus of intensive
investigations aimed at implicating them in the SOC pathway. Many of these studies have
focused on the canonical TRP members (TRPC), which comprises seven channel proteins
(TRPC1-7), by virtue of their activation by mechanisms downstream of the PLC pathway. The
evidence for a role of TRPC in the SOC pathway have been discussed in detail elsewhere
[63,69], and as of this writing, the involvement of TRPC proteins in SOC remains a highly
controversial topic. It is quite revealing to contrast the failure to reach a consensus in over a
decade of research on the role of TRPC proteins in SOC entry, with the clear establishment in
less than 2 years of Orail and Stim1 as central players in the SOC pathway. Namely, ectopic
TRPC expression consistently failed to recapitulate the electrophysiological and
pharmacological characteristics of the archetypical CRAC current. While several laboratories
reported that knockdown protocols targeting TRPC channels in several cell types inhibited
SOC entry, others laboratories failed to reproduce these results; this is true for T cells, B cells,
and particularly for the widely studied HEK293 cells (see [52] and references therein).
However, as we argued elsewhere [63,69], while CRAC is the first discovered SOC current
and the most intensely studied, SOC currents are quite heterogeneous in terms of
pharmacological profile and ion selectivity patterns in different cell types (for extensive review,
see [52], and references therein). Thus, it is conceivable that these SOC channels are made up
of heteromultimers from a heterogeneous group of ion channel with different ion selectivities.
Under these conditions, the native SOC channel could be formed by a combination of different
TRPC isoforms and additional accessory molecules, conditions that are not easily recapitulated
during ectopic expression. The SOC entry mediated by TRPC1 either in human salivary gland
cells [3,4] or in vascular smooth muscle cells [1,8] is an example of such pathway.
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Interestingly, a recent report suggested that the association of Stim1 with TRPC1 favors the
insertion of TRPC1 into lipid rafts and converts it from a ROC to a SOC channel [2], and an
increasing number of studies from different laboratories are reporting interactions between
Stim1 and TRPC isoforms [79] or ternary complex formation between Stim1, Orail, and TRPC
[51], as revealed by co-immunoprecipitation experiments. A role of TRPC proteins as a subunit
of SOC channels and the possibility that Orail could mediate Stim1-dependent activation of
non-selective SOC channels containing TRPC molecules as their pore-forming subunits cannot
be ruled out at this stage. Similarly, the involvement of Stim and Orai proteins in SOC in all
cell types remains to be demonstrated.

Based on co-expression studies of unusually small cDNA quantities (60 ng as opposed to
microgram) of Orail in HEK293 cells stably expressing TRPC proteins, the Birnbaumer group
have proposed an alternative model whereby TRPC are the pore-forming unit of the CRAC
channel and Orailproteins regulatory subunits that interact with TRPC to mediate their Stim1-
dependent activation [34,35]. To reconcile their model with published evidence from several
laboratories showing mutations of residue E106 in the putative pore region of Orail either
yields a dead channel or changes the ion selectivity of the CRAC channel [55,73,78],
Birnbaumer and coworkers [35] have drawn an analogy between Orail and KCNE1 (minK),
the regulatory B-subunit of the K* channel KCNQ1. KCNE1 neither lines the pore of the
KCNQ1 channel nor forms part of its voltage-regulated gate yet point mutations in KCNE1
transmembrane domain-altered KCNQ1 current voltage dependency and ion selectivity [42].
However, it is worth mentioning that in all the RNAI screens discussed herein, which clearly
implicated Stim1 and Orail in SOC entry, not asingle TRP channel gave a hit. The Birnbaumer
model is also difficult to reconcile with established data demonstrating that co-expression of
Stim1and Orail in HEK293 cells generates huge CRAC-like currents [43,54,65,81]; it assumes
that under native conditions, TRPC proteins are not limiting. Furthermore, it is not clear how
Orail interaction with a non-selective TRPC channel would endow the latter sub-unit with
high Ca2* selectivity. Clearly, additional studies are needed to understand the dynamics of
Stim/Orai/TRPC interactions in mammalian cells and their role in shaping native Ca2* entry
pathways.

Stim?2 and Orai2/3

Stim2

In vertebrates, Stim1 has a closely related homologue, Stim2. Stim2 is also a type |
transmembrane protein and contains 833 amino acids but is only found in the ER (Fig. 1). The
two molecules share similar domain architecture, with the N-terminal EF-hand and SAM
domains in the ER lumen and the C-terminal domains in the cytoplasm [28,82]. In their original
screen mentioned above, Liou et al. reported a slight reduction in SOC entry after knock-down
of Stim2 [37]. Soboloff et al. showed by using immunoprecipitations that Stim1 and Stim2
interact and provided evidence, suggesting an inhibitory role of Stim2 on Stim1-mediated SOC
activation when expressed in various cell lines such as HEK293, PC12, A7r5, and Jurkat T
cells [64]. Interestingly, when Stim2 is co-expressed with Orail, it resulted in a substantial
increase in constitutive SOC entry [64]. The ability of Stim2 to increase the SOC entry implies
that under certain conditions, Stim2 function might overlap with that of Stim1 in regulating
the SOC pathway. In fact, an elegant study by Brandman et al. has shed light into the role of
Stim2; using an RNA. screen, these authors provided compelling evidence implicating Stim2
as a powerful regulator of basal cytoplasmic Ca2* concentrations. Unlike Stim1, Stim2 is active
at basal ER Ca?* concentrations and can further activate CaZ* influx through Orail upon
smaller decrease in ER Ca2* content [16]. In addition to this store-operated mode, another
store-independent mode of CRAC channel activation by Stim2 have been described; in this
case, Stim2 action on CRAC channels was shown to be counteracted by calmodulin [53]. In
HEK?29 cells, Stim2 exists in at least two functional states, with most of the Stim2 molecules
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coupling to CRAC channels in a store-independent manner (constitutively coupled) and a
smaller population of stim2 molecules remaining available to activate CRAC channels after
store depletion (store coupled). The store-operated Stim2 population can be suppressed by
maintaining the stores filled with Ca2*, while the store-independent population can be revealed
by loss of cytosolic calmodulin that appears to inhibit the constitutive activity of Stim2 and its
activation of Orail [53].

Studies on knockout animals are beginning to emerge, confirming the RNAI results obtained
earlier with cultured cells. Not surprisingly, Stim1-deficient fetal liver-derived mast cells had
impaired FceRI-mediated mast cell activation and anaphylaxis; Ca2* influx mediated by the

high-affinity IgE receptor FceRI and activation of the transcription factors NF-xB and NFAT
were impaired [6]. Studies on knockout mice with conditionally targeted alleles of Stim1 and
Stim2 showed that while T cells and fibroblasts lacking Stim2 had a smaller impairment of

SOC entry compared to Stim1 mice; T cells lacking either Stim1 or Stim2 showed impaired

nuclear translocation of the transcription factor NFAT and cytokine production. T-cell-specific
knockout of both Stim1 and Stim2 resulted in a lymphoproliferative phenotype and a selective
decrease in regulatory T cell numbers [49]. This data suggest that Stim1 and Stim2 have a non-
redundant role in cell function and are consistent with previous data, suggesting that Stim2 is
active at higher ER Ca2* concentrations compared to Stim1, thus maintaining SOC entry and
NFAT nuclear localization when partial store replete conditions have inactivated Stim1 [16].

In addition to Orail, Feske et al. described two homologous genes, which were designated
Orai2 and Orai3 [22]. Mercer et al. have demonstrated in HEK293 ectopic expression
experiments that when co-expressed with Stim1, all Orai proteins augmented SOC entry with
efficacies in the order: Orail>Orai2>Orai3 [43]. Orai3 failed to produce any detectable
increase in Ca?*-selective currents, while Na* currents (in divalent free bath solutions) were
significantly larger in Orai3-expressing cells than in control cells, perhaps pointing towards
low levels of Orai3 expression [20]. However, Orai3 was capable of rescuing the knock-down
of Orail in HEK293 cells [43]. De Haven et al. showed that Orail, 2, and 3 channels are
similarly inhibited by extracellular Ca2*, but Orai3 channels appeared to differ from Orail and
2 by being to some extent resistant to the process of Ca2* depotentiation [20]. Lis et al. also
described distinct patterns of ion selectivity, pharmacological inhibition, and regulation by
intracellular Ca?* between Orail, 2, and 3 (referred to as CRACM1-3) [38]. While Orail
displayed fast and slow Ca?*-dependent inactivation, Orai2 and Orai3 showed only fast
inactivation; Orai2 appeared fairly resistant to Ca?*-induced inactivation in general, with only
a small component of fast inactivation, whereas Orai3 displayed a much greater degree of fast
inactivation. All Orai isoforms share high Ca2* selectivity and can discriminate against Na*
ions as long as Mg2* ions (2 mM) are present. However, when Ca2* is substituted by Ba2* as
the charge carrier, Orail currents are greatly reduced, while Orai2 and Orai3 maintained
significant inward currents; it appears that in the presence of Ba?*, mainly Na* ions or a mixture
of Na* and Ba?* may be carrying Orai currents. Regarding pharmacological differences
between different Orai homologs, the drug 2-APB was shown to increase Orai3 and inhibit
Orail currents [38,80]. Knock-down of endogenous Stim1 or Orail in cells overexpressing
Orai3 did not influence the 2-APB-evoked Ca?* influx, suggesting that 2-APB could sensitize
oractivate Orai3 ina Stim1- and store-depletion-independent manner [80]. Parvez et al. showed
rapid store-independent gating of CRAC channel by 2-APB that appeared to be mediated by
some close interaction between Stim2 and Orail; this rapid gating was not observed in cells
overexpressing Orail either with or without Stim1 [53]. These subtle differences in the
biophysical properties of different Orai proteins could contribute to the heterogeneity of the
SOC currents observed in different cell types. Additionally, Lis et al. suggested that Orai
proteins can form heteromultimeric complexes based on experiments, showing that the dead
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channel mutation glutamate 106 to glutamine (E106Q) in orail acts as a dominant negative for
all Orai homologs [38].

Orai2 and Orai3 may be responsible for SOC entry in different cell types of non-lymphoid
origin; this is consistent with the fact that SCID patients defective for Orail displayed only
minor alterations in other cell types. Interestingly, recent studies on Orail knockout mice
showed alteration of CRAC currents in mast cells but not in T cells [74]. This implies that
unlike human T cells where Orail is involved in SOC entry, in mice T cells, this pathway
appears to be fulfilled by Orai2 [74]. In fact, Vig et al. reported undetectable levels of Orail
in the thymic and spleenic lymphoid areas of newborn mice, and wild-type mouse thymocytes
and T cells had much higher expression of Orai2 mRNA than Orail and Orai3 mRNA [74].
The heteromultimerization of the three Orai homologs might provide further flexibility for
subtle control of Ca2* signals in different cell types and tissues. Along these lines, co-
expression of mouse Orai2 variants (S and L, for short and long N-terminus, respectively) with
Stim1 showed substantial CRAC current enhancement in HEK 293 but not in RBL 2H3 cells,
while Orail enhanced CRAC currents in both cell lines, suggesting that the capability of Orai2
to form CRAC channels depends on the cell background and the expression levels of native
Orai and Stim homologs in these cells [25]. Further work is needed to understand the molecular
interactions between different Orai and Stim proteins and their role in shaping regulated
Ca?* signals in mammalian cells from different tissues.

In addition, the involvement of Stim and Orai proteins seems to extend beyond the SOC
pathway to store-independent Ca?* entry pathways. Thus, while the levels of Orail alone
determine the magnitude of the CRAC channel currents, both Orail and Orai3 are critical for
the corresponding currents through the store-independent arachidonic acid-regulated Ca2*
(ARC) channels. Mignen et al. showed that in HEK293 cells stably expressing STIM1,
overexpression of Orail increases CRAC and ARC channels currents. While overexpression
of Orai3 alone had no effect on ARC currents, increased ARC currents were observed by co-
expression of Orai3 in cells stably expressing Orail. Expression of a dominant-negative mutant
of Orai3 (E81Q), alone or in cells expressing wild-type Orail, reduces currents through ARC
channels without affecting CRAC currents [45]. The same group reported earlier that ARC
channels are also regulated by Stim1, but unlike SOC channels, this regulation depends
exclusively on Stim1 proteins constitutively present in the plasma membrane [44].

Conclusions

The SOC pathway is one of the most ubiquitous means of regulated Ca2* entry in mammalian
cells found not only in non-excitable cells but also increasingly appreciated in electrically
excitable cells. SOC entry is not only vital for the replenishment of the ER Ca?* stores but also
plays a key role in driving important physiological processes such as lymphocyte activation
and cell proliferation [23,32,39,52]. The identification of Stim1 and Orail as key components
of this pathway have provided much needed molecular “starting points” for future
investigations on the signaling mechanisms for SOC entry and constitute a major advancement
in the SOC field. As discussed above, insights into the communication between Stim1 and
Orail are starting to emerge. Some of the obvious unanswered questions that come to mind
are the following: (1) what are the accessory proteins that are involved in this molecular
communication? (2) What is the exact in vivo oligomeric state of the CRAC channel and the
molecular make up of other non-selective SOC channels? (3) What is the contribution of Orai
isoform homo- and heteromultimerization to regulated Ca2* entry in different cell types? (4)
Does Stim2 communicate with Orai homologs in a fashion similar to that of Stim1? The answer
to these questions and many others will enhance our understanding of the signaling mechanisms
for SOC entry in different cell types, so we might in the future specifically target components
of this important pathway in therapeutic strategies of human disease.
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A schematic representation of the functional domains of Stim and Orai proteins. a Stim proteins
contain an EF-hand Ca2* binding motif, a sterile-alpha-motif (SAM), glycosylation sites, 1
transmembrane domain (TM), a coiled-coil region, an ezrin-radixin—-myosin-like domain
(ERM), a serine/proline-rich region (SP), and a polylysine rich region (Lys). b Schematic
representation of a functional STIM1 protein in the ER membrane. ¢ Functional domains of
Orai include four transmembrane domains (TM), with its N- and C-termini facing the
cytoplasmic side. In addition, Orail includes a proline-rich domain in its N-terminus and a
reported coiled-coil sequence in the C-terminus [48]. d Schematic representation of a subunit
protein of Orail in the PM. The functional Orail protein channel might be an association of
four subunits to form tetramers
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i) Direct Stim1-Orai1 interaction

Hydrolysis /|
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Fig. 2.

Possible scenarios for coupling between Stim1 and Orail in SOC activation. a Activation of
membrane receptors causes IP3-mediated store depletion followed by Stim1 reorganization
into puncta. The decrease in luminal ER Ca2* causes dissociation of bound CaZ* from the low
affinity EF-hand in the N-terminus of Stim1. This Ca2* dissociation causes Stim1 molecules
to aggregate (puncta formation) and to diffuse into regions of ER in close proximity with the
plasma membrane (PM) within 10-25 nm. b Stim1 oligomers then interact functionally with
Orail channels in the PM. Three coupling models are proposed: (i) a model involving direct
protein—protein interaction between the C-terminal domain of Stim1 in the ER and the C-
terminal region of Orail in the PM. (ii) An alternative physical coupling model in which the
Stim1-Orail interaction is mediated via accessory membrane and/or cytoplasmic proteins,
either constitutively present or recruited to the tight spaces of ER-PM junctions upon store
depletion. (iii) A coupling model involving a diffusible calcium influx factor (CIF) produced
or released within the ER—PM junctions to activate Orail
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