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Store-operated calcium entry is a central mechanism in cellular calcium signalling and in maintaining
cellular calcium balance. This review traces the history of research on store-operated calcium entry, the
discovery of STIM and ORAI as central players in calcium entry, and the role of STIM and ORAI in biology
and human disease. It describes current knowledge of the basic mechanism of STIM-ORAI signalling and

Keyv_vords-' of the varied mechanisms by which STIM-ORAI signalling can be modulated.
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1. Introduction
1.1. Store-operated calcium entry

The idea of store-operated calcium entry developed from
studies of calcium signalling in the 1970s and 1980s. The field built
on a considerable body of unsung work, but its progress can be
traced in a few prominent papers [1—4]. Several conclusions had
been firmly established by the early 1980s— that cells possess in-
ternal calcium stores, that calcium is released from internal stores
in response to certain physiological agonists, that this mobilization
of calcium leads to calcium efflux from the cell, and that therefore,
over time, external calcium is needed to refill cellular calcium
stores. Importantly, it was recognized that cells can be primed for
uptake of calcium by the same physiological agonist that releases
calcium from internal stores, and that continuing occupancy of the
receptor is not needed for calcium uptake. The demonstration that
the second messenger inositol 1,4,5-trisphosphate (IP3) releases
calcium from ER stores [5] delineated the initial part of the calcium
signalling pathway, from receptor through phospholipase C
through production of IP3 and calcium release. Revisiting the
earlier experiments with this pathway in mind, and with use of the
newly available calcium indicator Fura-2, established that
enhanced calcium uptake is independent not only of receptor oc-
cupancy but also of residual IP3, until internal calcium stores are
refilled [6]. The accumulated evidence set the stage for wide
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acceptance of a model that sensing of store content controls a
plasma membrane calcium influx mechanism [7,8].

1.2. CRAC current

The proposed store-operated calcium entry mechanism rapidly
gained experimental support with the electrophysiological
demonstration of the calcium release-activated calcium (CRAC)
current in mast cells and T cells [9—11]. Further work reinforced the
direct connection of CRAC current to Fce receptor or T cell receptor
engagement and to ER calcium store depletion [12—16]. The CRAC
current is characterized inter alia by its responsiveness to store
depletion, its small whole-cell current densities, its very small
single-channel current, and its extreme selectivity for calcium un-
der physiological conditions. CRAC current is not restricted to mast
cells and T cells, though it was more readily detected there, in part
because the cells have fewer interfering currents and in part
because of dedicated experimentation. A current with the same
characteristics has since been detected in many cell types. It is
worth noting specifically the identification of CRAC current in
Drosophila S2 cells [17] because of their role in RNA interference
(RNAI) screens described below. Despite the distinctive electro-
physiological fingerprint, the basis of the classical CRAC current in
STIM and ORAI proteins was not identified for many years.

1.3. Less selective channels

This review focuses on the calcium-selective STIM-ORAI-
dependent CRAC current. However, the STIM-ORAI pathway is not
the only source of calcium for refilling of ER stores. It has long been
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recognized that other less selective calcium channels are activated
upon depletion of ER calcium stores in some cell types [18], and
particular attention has been given to the possible role of TRPC
channels. This has been a controversial area, since it is clear that
TRPC channels are not directly controlled by store depletion under
many conditions of stimulation [19]. Nonetheless, there is now
evidence that STIM controls the activation of certain TRPC channels
[20,21] and that STIM-ORAI signalling controls insertion of TRPC1
channels into the plasma membrane in salivary gland cells [22]. The
contribution of TRPC channels to store-operated calcium entry has
been reviewed recently in Ref. [23].

2. Discovery of STIM and ORAI
2.1. RNAi screens

RNAI technology opened the way to the next major advances in
the field. In 2005, two RNAI screens in Drosophila S2 cells and hu-
man Hela cells focused on subsets of candidate genes and, using
the cytoplasmic calcium signal as a readout, discovered the
essential role of STIM proteins in store-operated calcium entry
[24,25]. RNAI technology had developed at that time to the point
that Drosophila cells could be used in genome-wide RNAi screening.
In 2006, three genome-wide screens in Drosophila S2 cells, with
either calcium entry or sustained signalling to the calcium-
dependent transcription factor NFAT as readout, identified ORAI
proteins as essential to store-operated calcium entry [26—28].
Drosophila has only a single Orai protein, whereas humans have
three, and the NFAT-based screen in Drosophila cells was supported
by parallel genetic mapping to human ORAI1 of a SCID mutation
that impairs calcium influx in T cells [26].

2.2. Required for CRAC current

CRAC current had been defined originally in T cells and mast
cells, and therefore it is important that several reports verified that
STIM1 and ORAI1 were essential contributors to the classical CRAC
current in T cells and mast cells. RNAi-mediated knockdown of
STIM1 reduced store-operated calcium entry and CRAC current in
human Jurkat T cells [24,25], and Stim1 deficiency impaired cal-
cium influx in mouse mast cells and CRAC current in mouse T cells
[29,30]. In the latter cases, calcium influx was restored by expres-
sion of Stim1 [29,30]. The strongest evidence linking ORAI1 to CRAC
current was the absence of CRAC current in T cells of human SCID
patients homozygous for the ORAI1(R91W) mutation, and resto-
ration of the current by expression of wildtype ORAI1 in those cells
[26]. Likewise, differentiated Orail~/~ T cells and Orail~/~ mast
cells from mice had greatly reduced CRAC currents compared to
wildtype controls [31,32], and normal T cell calcium influx was
restored by expressing Orail [32]. Consistent with the broad
expression of CRAC current, calcium signalling was also affected by
Stim1 or Orail deficiency in other cell types in mice [32—36]. The
fact that not all the cell types that have CRAC current showed a
detectable impairment attests to the redundancy of STIM and ORAI
proteins or to compensation by other calcium channels.

2.3. Pathology

Additional evidence on the role of STIM-ORAI calcium signalling
in immunity has accumulated from a few human kindreds where
STIM1 or ORAI1 loss-of-function mutations cause immunodefi-
ciency [reviewed in Ref. [37]]. In one specific instance, a human
patient with STIM1-related immunodeficiency also exhibited a
detectable impairment of platelet function [38]. Other heritable
alterations in STIM1 or ORAI1 present themselves as dominant,

gain-of-function mutations. The first reported dominant mutation
in STIM or ORAI— aside from mutations intentionally engineered
into the proteins— was in a line of mice derived after chemical
mutagenesis with N-ethyl-N-nitrosourea [39]. The heterozygous
mice exhibited abnormal platelet function, interpreted as due to a
partial constitutive activation of Stim1. Subsequently, various
dominant mutations in human STIM1 and human ORAI1 have been
shown to cause tubular aggregate myopathy, with one family
having the same dominant STIM1 D84G mutation identified in the
mice [40—43], and a separate dominant STIM1 R304W mutation
has been shown to underlie Stormorken syndrome [41,44,45].

3. STIM and ORAI proteins
3.1. STIM proteins

There are two human STIM proteins, STIM1 and STIM2
[reviewed in [46]]. Both are predominantly located in the ER,
though a minor amount of STIM1 is expressed at the cell surface
[25,47—49]. ER-localized STIM controls CRAC channel gating
[25,50—53]. STIM1 and STIM2 are similar in overall architecture,
with an N-terminal domain in the ER lumen, a single trans-
membrane segment anchoring the protein in the ER, and a C-ter-
minal cytoplasmic domain. Key subregions of the cytoplasmic
domain— CC1, SOAR/CAD, and a polybasic segment at the C-
terminus— are indicated in [Fig. 1] and discussed later. The isolated
recombinant STIM1 cytoplasmic domain is a dimer [54], as are its
functional fragments that include the SOAR/CAD domain [55—58],
and full-length STIM is believed to exist as a dimer in unstimulated
cells [46,59]. Some insight has been obtained into the structure of
specific STIM regions. NMR structures have been reported for the
isolated ER-luminal domains of both STIM1 and STIM2 with cal-
cium bound to an EF-hand [60,61]. A crystal structure of the SOAR/
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Fig. 1. Cartoon view of STIM1 in an extended conformation, bridging the distance from
ER to plasma membrane. For clarity, a single STIM monomer is shown, but the active
extended form in cells is oligomeric. Functional regions of STIM discussed in the text
are the calcium-sensing EF-SAM domain in the ER lumen, the cytoplasmic CC1 region
that both stabilizes inactive STIM and transmits the activating conformational change
upon ER calcium store depletion, the SOAR/CAD domain that recruits and gates ORAI
channels, and the polybasic tail that interacts with plasma membrane
phosphoinositides.
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CAD fragment of the STIM1 cytoplasmic domain— which was
defined as the minimal fragment able to activate the ORAI channel
[56,62,63]— and an NMR structure of a separate overlapping
fragment represent two different conformations of this part of the
STIM protein [58,64].

3.2. ORAI proteins

There are three human ORAI proteins, ORAI1—3 [reviewed in
Refs. [65—68]]. Each ORAI monomer has four transmembrane heli-
ces, with 81—87% pairwise sequence identity between human ORAI-
family proteins in the transmembrane portions, and complete
sequence identity in the functionally critical transmembrane helix 1
(TM1) [Fig. 2]. The cytoplasmic N- and C-terminal portions of the
human ORAI proteins [27,69] also exhibit considerable sequence
conservation in the segments concerned with direct STIM-ORAI
interaction. The basis of STIM-ORAI signalling is discussed in more
detail below. A crystal structure of the closed Drosophila Orai
channel shows thatitis hexameric [70]. The close similarity between
the transmembrane sequences of Drosophila Orai and human ORAI1
proteins suggests that the human CRAC channel also assembles as a
hexamer, although there has been some support for the view that it
is a tetramer [reviewed in Ref. [71]].

3.3. Cell biology

The cell biology of STIM-ORAI signalling is straightforward.
Upon calcium store depletion, STIM moves within the ER to ER-
plasma membrane junctions [25,48,50—52,72]. Targeting of STIM
to these sites, observed as ‘puncta’ by light microscopy, is inde-
pendent of ORAI [25,48,50,52,62]. STIM then rapidly recruits ORAI
to these ER-plasma membrane junctions [52,73,74], where the two
proteins are in close contact as indicated by STIM-ORAI FRET using
appropriate labels [75—78]. The development of CRAC current lags
behind the movement of STIM by a few seconds when examined at
high time resolution [50], probably reflecting the additional slow
step of recruiting ORAI channels. The relocalization of STIM and
ORAI correlates in time with CRAC current and in space with cal-
cium influx [25,50,73]. Overexpression of human STIM and ORAI in
mammalian cells or of Drosophila Stim and Orai in insect cells re-
sults in large CRAC currents upon store depletion [28,51,79,80],
indicating that only STIM and ORAI are limiting for CRAC current.

plasma membrane

C-terminal segment

N-terminal segment

Fig. 2. Cartoon view of the ORAI1 channel. Only two subunits of the hexameric
channel are depicted. Labelled are the pore-lining transmembrane helices (TM1), the
E106 residues that form a calcium-binding site, the nonpolar region of the pore that
constitutes the main barrier to ion flux, and the C- and N-terminal cytoplasmic seg-
ments that interact with STIM proteins.

3.4. Definitive functions of STIM

The established functions of STIM proteins are sensing calcium in
the ER lumen and communicating store depletion to other proteins,
including ORA], in the plasma membrane. A simple demonstration of
calcium sensing is that D76A, E87Q, and other replacements in the
calcium-binding STIM1 EF-hand that lower its affinity for calcium
result in a movement of STIM to ER-plasma membrane junctions
resembling that elicited by store depletion and in constitutive cal-
cium influx [25,48,51,81]. On more detailed investigation, STIM
relocalization to puncta displays a steep dependence on ER calcium
concentration, occurring in the concentration range 100—300 pM
for STIM1 and 200—400 uM for STIM2 [82,83]. The evidence that
STIM1 communicates a signal to ORAI is equally compelling. The
earliest detectable effect of store depletion on STIM1 is a confor-
mational change or ‘oligomerization’ [72,75] that correlates closely
with CRAC current [82]. Artificial oligomerization of STIM1 also
elicits STIM1 movement to ER-plasma membrane junctions and
gating of CRAC channels [82]. Expression of the STIM1 cytoplasmic
domain, physically uncoupled from ER and from control by ER-
luminal calcium, activates endogenous CRAC current constitutively
in Jurkat T cells, RBL cells, and Stim1 =1~ mouse T cells [20,54,55,84].
The overall conclusion is that STIM1 is a calcium-regulated activator
of the CRAC channel. STIM2 functions in a similar way to STIM1, with
the differences that STIM2 is particularly sensitive to changes in
calcium concentration near basal ER calcium levels [83], and that
STIM2 is less effective than STIM1 in activating calcium influx
[85,86]. Its cellular functions are to regulate basal cytoplasmic and
ER calcium levels and to contribute in some cases to receptor-
initiated signalling [30,83,87,88].

3.5. Definitive functions of ORAI

ORAI proteins are the monomeric channel subunits of the CRAC
channel and other calcium channels. This characterization was first
supported by the finding that an E106D replacement in the ORAI1
pore, or a corresponding replacement in the Drosophila Orai pore,
alters ion selectivity [89—91]. It gained further strong support from
the demonstration that ORAI1 expressed in the yeast S cerevisiae
and isolated in sealed membrane vesicles can be gated by recom-
binant STIM C terminus to release calcium from the vesicles [54]. S
cerevisiae has no ER-based calcium signalling or STIM-ORAI sig-
nalling, and hence the implication is that no other dedicated
mammalian plasma membrane protein is required for channel
function. Later a purified Drosophila Orai(V174A) channel, corre-
sponding to the human ORAI1(V102A) mutant that conducts both
sodium and calcium constitutively, was reconstituted into lipo-
somes and shown to support sodium efflux from the liposomes
[70]. Finally, purified human ORAI1 has been reconstituted into li-
posomes and supports calcium efflux when gated with recombi-
nant STIM1 C terminus [92]. This latter experiment is the definitive
demonstration that channel function needs only ORAI1 and gating
by STIM1. All three ORAI proteins can function as STIM-operated
channels when coexpressed with STIM1 in mammalian cells
[51,93—96]. Native ORAI3 homomeric channels that are gated by
STIM have been described [97,98], although it is not clear that they
represent a major component of calcium signalling in most cells.
Native ORAI1/ORAI3 heteromeric channels, gated by arachidonic
acid or leukotriene C4, may be widespread [99—104]. STIM1 is
required for function of the arachidonic acid/leukotriene-gated
channels, but they are not store-operated. The physiological func-
tion of ORAI2 remains unclear. A systematic analysis of cytoplasmic
calcium regulation in resting cells detected a contribution of ORAI2
to ER calcium leak and attributed it to nascent ORAI2 channels in
the ER destined for the plasma membrane [105]. This need not
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reflect the major role of ORAI2 channels in cells, since the experi-
ments were designed to examine calcium balance in resting cells
and calcium influx after treatment with thapsigargin, and hence it
is possible that the normal physiological stimulus for ORAI2 was
not provided.

4. STIM activation
4.1. Calcium sensing

Structures of the calcium-bound forms of STIM1 and STIM2
luminal domains have been reported [60,61]. Each consists of a pair
of EF-hands, only one of which binds calcium, and a sterile alpha
motif (SAM) domain tightly interacting with the broad nonpolar
surface presented by the ‘open’ EF-hands. The relative affinities of
the STIM1 and STIM2 EF-SAM domains for calcium correlate with
the relative responsiveness of STIM1 and STIM2 in cells to ER calcium
store depletion [61]. The isolated STIM1 and STIM2 EF-SAM domains
undergo a substantial loss of secondary structure, exposure of
nonpolar surface, and aggregation upon dissociation of calcium
[106—108]; and, partly for this reason, no structure of a calcium-free
EF-SAM domain has been obtained thus far. The isolated EF-SAM
domains of the two proteins do not behave identically, in that loss
of secondary structure and aggregation are appreciably slower in the
case of STIM2 [107]. Aggregation may be an artifact of detaching the
EF-SAM domain from its linkage to the ER, and is probably not a
direct correlate of the conformational change and oligomerization
observed in cells, since other work suggests that physiological
oligomerization is largely due to the cytoplasmic domain of STIM
[55,59,109]. Besides protein aggregates, dimers of the STIM1 EF-SAM
domain are observed in the absence of calcium [60,106], and under
certain conditions are the predominant form [110]. STIM luminal
domain dimers may be significant for the activating conformational
change described below.

4.2. Conformational change

The similarity between the STIM C-terminal polybasic segment
and PIP2-binding segments in other proteins led to an early pro-
posal that STIM targeting to ER-plasma membrane junctions is
driven by STIM oligomerization and a consequent increased avidity
for plasma membrane polyphosphoinositides [72]. The notion that
STIM proteins can bind polyphosphoinositides proved correct
[111—114], and increased avidity probably promotes STIM targeting
to ER-plasma membrane junctions at native levels of STIM and
ORAI. However, accumulating evidence also indicated that the first
step in activation is a conformational change [57,115]. The re-
placements L248S or L251S in the STIM1 CC1 region led to a
conformational change or physical extension of the cytoplasmic
domain fragment STIM1(233—474) and resulted in more effective
interaction with ORAI1 [57]. Lesser, but still appreciable, changes
were observed with certain single-residue replacements within the
SOAR/CAD domain, or with the combined replacements
318EEELE3?2 > AAALA within CC1 [57]. The latter engineered STIM]1,
termed E4A [115], calls attention to a part of the STIM1 linear
sequence where the Y316A replacement also causes constitutive
activation [116] and the R304W mutation causes Stormorken syn-
drome [41,44,45]. The variety of replacements that reduce the
stability of the STIM1 inactive state points to extensive changes in
buried surface in the transition from resting to active STIM, but not
necessarily to strong intramolecular interactions. Both the L251S
and E4A replacements lead to a specific conformational change
measurable in the STIM C-terminal cytoplasmic domain,
STIM1(233—685), as a physical extension from 3 to 4 nm to >9 nm
[113]. Analysis of wildtype, L251S, and related engineered STIM1

proteins provided the connection between ER-luminal calcium
sensing and physiological activation of STIM1— STIM1 luminal
domain dimerization buries a surface containing L251, and thereby
releases the polybasic tail of STIM1 to interact with plasma mem-
brane lipids, releases the SOAR/CAD domain to interact with ORAI,
and changes the preferred conformation of the STIM1 cytoplasmic
domain to extended [113]. Additional critical evidence on intra-
molecular interactions within the STIM1 cytoplasmic domain, from
FRET assays in cells [59], has permitted a more detailed interpre-
tation. The inactive conformation of STIM is maintained principally
through a CC1,;—CC3 interaction, which both retains the functional
regions of STIM1 near the ER and away from their targets in plasma
membrane and masks the regions needed for STIM oligomerization
[59,113]. ER calcium store depletion initiates activation by the
dimerization of paired luminal domains, which favors burial of the
CC1,; surface that engages CC3 in the inactive conformation,
releasing the regions that will interact with the plasma membrane
and ORAI and priming the STIM cytoplasmic region for further
oligomerization through CC3—CC3 interactions [59,113].

4.3. Relocalization

Relocalization of STIM to ER-plasma membrane junctions is the
visible consequence of conformational change. The relocalization
proceeds in parallel with further oligomerization of STIM through
the SOAR/CAD domain [55,59], which will support STIM targeting to
the plasma membrane [72]. The ease of STIM1 activation in the
absence of a stimulus, on STIM overexpression, suggests that STIM is
poised for the activating conformational change even at rest. Indeed,
one interpretation of the distance measurements made with STIM1
cytoplasmic domain is that STIM monomers are constantly sampling
the extended conformation with low probability [113]. In this case,
STIM1 overexpression may drive oligomerization by increasing the
probability that STIM1 dimers in which both monomers are coin-
cidentally transiently active will encounter another active STIM1
dimer before reverting to the inactive state. Relocalization to the ER-
plasma membrane junction is a local process that occurs by diffusion
of STIM in the ER membrane [72,117]. The effectiveness of local store
depletion in activating STIM-ORAI signalling has important impli-
cations for physiological signalling. STIM is targeted both to plasma
membrane lipids and to ORAI— in the absence of ORAI or at low
levels of ORAlI relative to STIM, the STIM polybasic tail is required for
relocalization to puncta [62,72], presumably reflecting the interac-
tion of the polybasic tail with PIP2 [111—114]. Single-molecule
tracking shows that, at low levels of ORAI, diffusing STIM1 is effec-
tively trapped by this interaction with the plasma membrane [118].
Formation of STIM puncta is further stabilized by interaction of STIM
with ORAI [62,118].

5. ORAI activation
5.1. Recruitment to ER-plasma membrane junctions

ORAI1 is recruited upon calcium store depletion into clusters
that overlap STIM1 puncta [50,52,73]. ORAI moves to these sites by
diffusion in the plasma membrane and becomes ‘trapped’ revers-
ibly by its interaction with STIM [118,119]. An intact ORAI C ter-
minus is required for STIM-dependent relocalization of ORAI
[62,74,75]. The physical basis of ORAI recruitment has been
directly demonstrated in the binding of an ORAI1 C-terminal pep-
tide to STIM1 [54,62,75], and the role of the binding interaction in
ORAI recruitment has been substantiated by the effects of point
mutations in this region of ORAI [75,76,120]. The NMR structure of a
STIM fragment-ORAI C terminal peptide complex has two ORAI C-
terminal peptides binding across a STIM fragment dimer in a way
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that explains the effects of the previously reported point mutations
[64]. Comparison of that STIM-ORAI peptide NMR structure with
the earlier SOAR/CAD domain crystal structure [58] indicates that
the STIM1 SOAR/CAD domain helices— freed by the activating
conformational change in STIM1— rearrange to a conformation
that can engage the ORAI C-terminal helices [59,64].

5.1.1. Gating

ORAI clustering in itself is not sufficient for gating. Channels
missing the N-terminal cytoplasmic portion of ORAI1 are recruited
into clusters in cells but fail to conduct current [74,75]. Extensive
mapping of the N-terminal region necessary for gating in ORAI1
and ORAI3 has implicated the segments ORAI1(74—91) and
ORAI3(48—65) [56,74,75,121—123]. The role of the STIM-ORAI N
terminus interaction in gating in cells has been well documented
[92,124—126]. There is further evidence that STIM binding to the
ORAI C terminus orients STIM for productive binding to the N ter-
minus [124]. The basis for the gating interaction has been
demonstrated in direct binding of recombinant STIM1 to the
expressed ORAI1 N-terminal fragment or to a synthetic ORAI N-
terminal peptide [54,62,92]. The STIM-dependent gating confor-
mational change has been recapitulated in vitro with purified
STIM1 and ORAI1, and— consistent with the experiments in cells—
the gating conformational change in vitro is prevented by muta-
tions that impair STIM1-ORAI1 peptide binding and is competed by
synthetic ORAI N-terminal peptide [92]. The effects of a series of
STIM1(F394X) replacements on STIM1-ORAI1 interaction and
gating may suggest that the ORAI N-terminal peptides occupy part
of a composite site on STIM1 adjacent to the pocket occupied by
ORAI C-terminal peptides [86], but the structure of the STIM
complex with ORAI N-terminal peptide remains to be determined,
and the STIM-ORAI stoichiometry in a productive interaction is
unknown. The literature on ORAI recruitment and gating has been
reviewed in detail [127,128].

5.1.2. Conductance pathway

The pore calcium-binding site was first defined electrophysio-
logically based on the effects of mutations at E106 in human ORAI1
or corresponding mutations in Drosophila Orai [89—91,129,130]. The
picture of the pore was refined by targeted introduction of cysteine
residues, and examination of either block of the ORAI1 current by
cadmium [131] or oxidative crosslinking of the introduced cyste-
ines [132]. The conclusion from these studies was that the ORAI1
pore is lined along its entire length by the conserved TM1 helices, in
agreement with the packing of TM1 helices later observed in the
Drosophila Orai structure [70]. In brief, the conductance pathway
consists of an external vestibule, the calcium-binding site at E106, a
nonpolar region lined by the section of the TM1 helices immedi-
ately internal to the calcium-binding site, and a more flexible inner
region of the TM1 helices [70,131,132]. The state-dependent
accessibility of the engineered cysteine in ORAI1(G98C/E106D)
indicated the presence of an external gate near V102 [133], and this
conclusion has been strengthened by the findings that the nonpolar
region of the pore containing V102 constitutes a barrier to ion
permeation and that gating of purified ORAI1 by recombinant
STIM1 induces movement near V102 and E106 [92]. The latter
finding may explain the previously noted close coupling of gating
and ion selectivity [129,133]. Since STIM must bind the cytoplasmic
regions ORAI1(66—91) to initiate gating, these segments may
function in parallel as an internal gate [70,134], although a barrier
function for this part of the ORAI1 channel has not yet been
demonstrated.

6. STIM-ORAI modulation
6.1. Membrane potential

Although ORAI channel gating is indifferent to membrane po-
tential, the inward calcium current through open channels shows a
steep dependence on membrane potential under physiological
conditions. In experimental studies of calcium influx into intact
cells, depolarization with elevated potassium is sometimes used to
remove this variable. A practical implication is that calcium influx
through ORAI channels can be modulated by physiological activa-
tion of nonselective cation channels, such as TRPM4 channels
[135,136], or by closure of potassium channels [137]. This feature of
ORAI channels has raised the possibility of therapeutic use of po-
tassium channel inhibitors [138—141].

6.2. Calcium

Calcium-dependent negative feedback was noted in the earliest
electrophysiological studies of the CRAC channel [12]. This negative
feedback is generally parsed into two forms, fast calcium-
dependent inactivation occurring on a time course of tens to hun-
dreds of milliseconds, and slow calcium-dependent inactivation, on
a time course tens to hundreds of seconds [142—145]. In fast
inactivation, calcium entering through a CRAC channel has a highly
local action, negatively regulating the same channel [142]. Fast
inactivation depends on calmodulin and on a segment of STIM
cytoplasmic domain adjacent to, but not part of, the SOAR/CAD
domain that is essential for channel gating [146]. The presence or
absence of fast calcium-dependent inactivation has also been
shown to depend on the relative levels of STIM and ORAI expressed
in a cell [147]. Slow calcium-dependent inactivation reflects both
refilling of ER calcium stores and other processes [143,144]. The first
insights into one such process have come with the discovery that
the STIM-associated protein SARAF facilitates slow calcium-
dependent inactivation [148,149].

6.3. pH

ORAI1 channels are inhibited by mildly acidic pH, with very
substantial block of the current at pH 6.0-6.5 [150—152].
Conversely, some increase in current is seen with mild alkaliniza-
tion. This sensitivity to pH changes in the physiological range may
alter calcium signalling at tissue sites where pH is lowered, for
example in inflammation, ischemia, or the tumor microenviron-
ment, or in the normal functioning of the kidney. In an interesting
sidelight, one distinguishing feature of the heteromeric ORAI1/
ORAI3 ARC channel is that it is substantially less sensitive than the
CRAC channel to a reduction in pH from 7.4 to 6.7 [99].

6.4. Phosphorylation

STIM1 was shown to be a phosphoprotein long before its role in
store-operated calcium entry was defined. Only a few studies have
defined phosphorylation sites by mass spectrometry of endogenous
STIM1, however; instead, phosphorylation sites and physiological
outcomes have been investigated primarily through analysis of
cells expressing mutant STIM1 with various nonphosphorylatable
serine-to-alanine or phosphomimetic serine-to-glutamate sub-
stitutions. The best-characterized sites are present at the C-termi-
nus of STIM1, occur in a Ser/Thr—Pro sequence context, and are
phosphorylated by proline-directed kinases such as ERK1/2, p38
MAPK, and mitotic kinases [[153]; reviewed in Refs. [154,155]].
STIM1 is phosphorylated during store depletion by thapsigargin as
well as in response to physiological stimulation, and this is
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generally thought to be an inhibitory modification. Reported
physiological outcomes include the suppression of store-operated
calcium entry by phospho-STIM1, most notably during mitosis;
and dissociation of phospho-STIM1 from the plus-end microtubule
tracking protein EB1, a process that appears to be required for
exclusion of endoplasmic reticulum membranes from the mitotic
spindle and for cell migration [reviewed in [154,155]]. One study
also suggested that tyrosine phosphorylation of STIM1 in platelets
was important for store-operated calcium entry, but the conclu-
sions relied mainly on the use of Src-family kinase inhibitors and
the tyrosine phosphorylation sites on STIM1 have not yet been
identified [156].

A recent study showed that STIM1 with an alanine substitution
at a specific threonine residue, Thr389, was unable to activate
arachidonic acid-activated “ARC” channels — heteromultimers of
ORAI1 and ORAI3 in the plasma membrane — while remaining
capable of activating ORAI1 CRAC channels that are responsive to
store depletion [157]. Thr389 lies in a consensus sequence for
phosphorylation by the cyclic AMP-activated protein kinase A
(PKA), and overexpression of a phosphomimetic version, STIM1
T389E, permitted (although it did not increase) arachidonic acid-
activated ARC channel activity while diminishing CRAC channel
activity. These are intriguing data, which should be extended by
determining (i) the mechanism by which Thr389-phosphorylated
STIM1 selectively activates ARC channels and (ii) the actual phos-
phorylation status of STIM1 in resting, store-depleted and arach-
idonic acid-activated cells and in cells in which cAMP levels are
pharmacologically elevated. ARC and CRAC channels are activated
by plasma membrane-localised and ER-resident STIM1 respec-
tively, and the authors provide evidence for an interesting mech-
anism that involves the reversible phosphorylation of plasma
membrane STIM1 via anchoring of PKA and its counter-enzyme, the
phosphatase calcineurin, to the A kinase-anchor protein AKAP79 at
the plasma membrane [157].

The protein kinase C (PKC) family member, PKCB1, was shown to
phosphorylate two N-terminal residues (527 and S30) of ORAI1 in a
calcium-dependent manner, based on the fact that serine-to-
alanine substitutions at these positions diminished the phosphor-
ylation of recombinant ORAI1 fragments by PKCB1 in vitro as well
the phosphorylation level of full-length ORAI1 in cells [158]. As
observed for STIM1 C-terminal phosphorylations, ORAI1 phos-
phorylation at these N-terminal residues also appears to be an
inhibitory modification, based on the fact that PKC inhibition, RNAIi-
mediated depletion of PKCB1, and overexpression of the ORAI1
S$27,30A mutant in cells depleted of endogenous ORAI1 all increase
store-operated calcium entry [[158]; reviewed in Ref. [159]]. It is
likely, though not yet proven formally, that these inhibitory phos-
phorylations of STIM1 and ORAI1 represent normal inhibitory
feedback mechanisms that operate in physiologically stimulated
cells.

6.5. Oxidative modifications

In the DT40 chicken B cell line as well as in mouse embryonic
fibroblasts, induction of oxidative stress by treatment with
hydrogen peroxide, or depletion of glutathione with an inhibitor of
gamma-glutamyl synthetase (the rate-limiting enzyme for gluta-
thione synthesis), resulted in an increased influx of extracellular
calcium that was dependent on STIM1-ORAI1 signalling since it
was not observed in cells lacking STIM1 [160]. Under these condi-
tions, STIM1 became modified by S-glutathionylation at cysteine-
56. Notably (and surprisingly), an alanine substitution at Cys-56
mimicked the effect of oxidative stress. Because Cys-56 is located
just N-terminal to the ER-luminal EF hand, the authors suggest that
both S-glutathionylation and alanine substitution decrease the

affinity of STIM1 for calcium in the ER lumen, thus mimicking the
effect of store depletion. In fact, both oxidative stress and the C56A
mutation caused STIM1 to reorganize into puncta and colocalize
with ORAI1 at ER-plasma membrane junctions, thus explaining the
enhancement of basal and stimulated calcium influx.

In contrast, acute induction of oxidative stress by preincubation
with hydrogen peroxide was shown to decrease thapsigargin-
induced STIM1-ORAI1 signalling in transfected HEK cells as well
as in Jurkat T cells [161]. STIM1-ORAI3 signalling was far less
affected, and the authors traced the difference to the presence of a
cysteine residue (Cys-195) near the C-terminal end of the third
transmembrane segment in ORAI1 that is absent in ORAI3. It re-
mains to be determined whether the opposing effects of oxidative
stress on STIM1 and ORAI1 signalling are observed simultaneously
in the same cell types, and if so, to what extent they balance each
other out under different stimulation conditions.

6.6. Protein—protein interactions

This topic has been comprehensively covered in recent reviews
[reviewed in Refs. [159,162]], and so only a few selected interactors
will be described briefly here. (i) CRACR2A was identified, through
affinity purification of overexpressed FLAG-tagged ORAI1, as an EF
hand-containing protein that associated with ORAI1 following ER
Ca®* store depletion and potentiated store-operated Ca** entry
[163]. CRACR2A interacts with the same ORAI N-terminal peptide
segment as does STIM1, and also itself binds STIM1. Depletion of
CRACR2A diminished store-operated Ca?* entry, whereas over-
expression of an EF-hand mutant of CRACR2A incapable of binding
Ca?* caused STIM1 to form puncta and enhanced Ca** influx [163].
The authors provide evidence suggesting that CRACR2A stabilizes
ORAI1-STIM1 complexes at low intracellular Ca®>* concentrations,
thus transiently enhancing STIM-ORAI interaction, but dissociates
from the ORAI-STIM complex at high Ca’+ concentrations
(ii) SPCA2, a secretory pathway Ca®*-ATPase, regulates the
sequestration of Ca®* in the Golgi lumen and is overexpressed in
many breast cancers [164]. Depletion of SPCA2 in cell lines
decreased, whereas overexpression of SPCA2 increased, basal
intracellular concentrations of Ca%*, which correlated strongly with
cell proliferation. The authors showed that a fraction of plasma
membrane-localized SPCA2 bound directly to ORAI1 and mediated
Ca®* entry in a manner independent of STIM1 and ER Ca?* store
depletion. The exact mechanism by which this occurs remains to be
elucidated. (iii) SARAF (TMEMG66), a single-pass transmembrane
protein in the ER membrane, colocalizes with STIM at ER-plasma
membrane junctions and inhibits STIM-ORAI communication
[148]. Depletion of SARAF increased, whereas SARAF over-
expression decreased, basal Ca®>* levels, and store-operated Ca®*
entry after store depletion. Electrophysiological studies in cells
depleted of or overexpressing SARAF point to an involvement in
slow Ca®*-dependent inactivation.

6.7. Membrane nanodomains

A new and enticing element in STIM-ORAI signalling is the
involvement of plasma membrane nanodomains. One thread of this
story emerged in the observation that delivery of phosphatidyli-
nositol 5-phosphatase to ‘ordered lipid regions’ inhibited STIM-
ORAI signalling, whereas delivery of the phosphatase to ‘disor-
dered lipid regions’ did not [165]. At a minimum, this result—
paired with the divergent effects of overexpressing the PI4P 5-
kinases If and Iy on STIM1-ORAI1 association in response to store
depletion— implicated local phosphoinositide levels in controlling
STIM-ORAI interaction and function. A second thread is that rear-
rangement of septin scaffold proteins and PIP2 at ER-plasma
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membrane junctions is an early consequence of store depletion and
is necessary for efficient STIM-ORAI interaction [166]. The specific
roles of septins and PIP2 at ER-plasma membrane junctions have
not been sorted out, nor have other proteins and lipids at the
junctions been examined in the same way, so the appropriate
tentative conclusion is that the observed rearrangements may be
an indication of a broader local reorganization of proteins and
lipids. The most recent piece of this developing story is evidence
that physically distinct nanodomains control productive STIM-ORAI
interaction and the slow calcium-dependent inactivation involving
SARAF [149].

7. Conclusion

This review has focused on the process of store-operated cal-
cium entry. It has introduced STIM and ORAI proteins as a concrete
basis for this process, and explored the cellular and biochemical
mechanisms through which STIM and ORAI sense and respond to
ER calcium store depletion, and some of the ways that STIM-ORAI
signalling is modulated. Inevitably, a number of important papers
have not found a place in this brief narrative, but the papers cited
will serve as a solid framework for further reading in this area.
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