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Orai3 – the ‘exceptional’ Orai?
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Abstract The field of agonist-activated Ca2+ entry in non-excitable cells underwent a revolution
some 5 years ago with the discovery of the Orai proteins as the essential pore-forming components
of the low-conductance, highly Ca2+-selective CRAC channels whose activation is dependent on
depletion of intracellular stores. Mammals possess three distinct Orai proteins (Orai1, 2 and 3)
of which Orai3 is unique to this class, apparently evolving from Orai1. However, the sequence of
Orai3 shows marked differences from that of Orai1, particularly in those regions of the protein
outside of the essential pore-forming domains. Correspondingly, studies from several different
groups have indicated that the inclusion of Orai3 is associated with the appearance of conductances
that display unique features in their gating, selectivity, regulation and mode of activation. In this
Topical Review, these features are discussed with the purpose of proposing that the evolutionary
appearance of Orai3 in mammals, and the consequent development of conductances displaying
novel properties – whether formed by Orai3 alone or in conjunction with the other Orai proteins
– is associated with the specific role of this member of the Orai family in a unique range of distinct
cellular activities.
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From the Oxford English Dictionary – ‘Exceptional (adj.)
– of the nature of or forming an exception; out of the
ordinary course, unusual, special.’

The discovery of Orai proteins and the evolution
of Orai3

Although the essential biophysical properties of the Ca2+

release-activated Ca2+ (CRAC) channels had been known
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gradually transitioned to become focused on cellular mechanisms of agonist-activated calcium entry in non-excitable cells,
culminating in the discovery of a novel store-independent, arachidonic acid-regulated calcium channel (the ARC channel).
Like the store-operated CRAC channels, ARC channels are formed by members of the recently discovered Orai protein
family, but they display a unique heteropentameric stoichiometry comprising two Orai3 subunits and three Orai1 subunits,
and their activation relies exclusively on the pool of STIM1 that is constitutively resident in the plasma membrane.

since the early 1990s (Lewis & Cahalan, 1989; Hoth
& Penner, 1992, 1993; Zweifach & Lewis, 1993), the
molecular identity of the key proteins involved in the
formation of the channel, and its activation as a result
of the depletion of the endoplasmic reticulum (ER) Ca2+

stores, remained unclear for almost another 15 years.
The eventual breakthrough came as a result of studies
using RNAi-based screens designed to reveal proteins
involved in the store-operated entry of Ca2+ via the
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CRAC channel. First, STIM1 was identified as the protein
that senses the depletion of Ca2+ from the ER, and
induces the activation of the Ca2+ entry channels (Liou
et al. 2005; Roos et al. 2005). Subsequently, similar
RNAi-based screens resulted in the discovery of the Orai
proteins as the molecular components that formed the
channel itself (Feske et al. 2006; Vig et al. 2006b; Zhang
et al. 2006). In one particularly compelling study, these
screening approaches were coupled with parallel studies
using linkage analysis of patients suffering from severe
combined immunodeficiency (SCID) (Feske et al. 2006),
on the basis that store-operated Ca2+ entry was known to
represent a critical step in the activation of T lymphocytes
during immune responses (Lewis, 2001). Both approaches
independently converged on a single gene product that
was named Orai1. Critically, expression of Orai1 in T cells
obtained from the SCID patients fully restored normal
store-operated Ca2+ entry and typical CRAC-like Ca2+

currents in these cells. Two additional homologues of
this gene in humans were found, and their respective
products named Orai2 and Orai3 (Feske et al. 2006).
Although Orai1 appeared to be a plasma membrane
protein containing four transmembrane domains, its
sequence showed no obvious homology with any other
known ion channel. Consequently, it was not certain
whether Orai1 was the protein that actually formed
the CRAC channel itself or was a regulator of that
channel. Indeed, another group who identified the same
protein around the same time, also using a Drosophila
RNAi screening approach, named it CRACM1 for ‘CRAC
modulator 1’ (Vig et al. 2006b). However, several groups
subsequently showed that co-expression of Orai1 along
with STIM1 resulted in the appearance of greatly increased
CRAC-like store-operated currents (Mercer et al. 2006;
Peinelt et al. 2006; Soboloff et al. 2006; Lis et al. 2007),
and similar data were obtained with Drosophila Orai
(Zhang et al. 2006). More specifically, studies involving
the demonstration that certain point mutations in a pre-
dicted pore region of the Orai1 sequence markedly affected
ion selectivity confirmed that it represented the genuine
channel-forming protein (Prakriya et al. 2006; Vig et al.
2006a; Yeromin et al. 2006).

Although it soon became clear that genes encoding
highly conserved homologues of Orai proteins were pre-
sent in organisms ranging from Caenorhabditis elegans to
humans (Zhang et al. 2006), the first really comprehensive
phylogenetic analysis of the Orai protein family was done
by Cai (2007) who screened available whole-genome
and protein databases to identify a putative evolutionary
pattern of Orai protein development. This analysis
revealed the presence of just a single Orai in most
invertebrates (C. elegans, Drosophila, Aedes). The same
single Orai was also seen in those invertebrates closest to
the vertebrate line, such as sea urchins and the invertebrate
urochordates (tunicates). The transition to the vertebrate
lineage was associated with the first appearance of two
distinct Orai genes (Orai1 and Orai2), whilst Orai3
does not appear until the mammals, apparently evolving
from Orai1 rather than Orai2 (Fig. 1). Consequently, in
evolutionary terms, Orai3 is the ‘newest’ Orai family
member. As noted by Cai (2007), ‘Lineage specific
expansion of protein families is believed to be one of the
primary means of adaptation and bringing new biological
functions in organisms subject to diverse environmental
selective pressures’. Consistent with this is the increasing
realization that Orai3 possesses unique properties, and
behaves in unique ways, that are distinct from either Orai1
or Orai2. Consequently, this ‘late arrival’ of Orai3 raises
the possibility that its evolution might be associated with
a critical involvement in distinct activities within the cell.
It is this thesis that will be explored in this review.

Structural distinctions

As noted above, the discovery of the Orai proteins, and
the determination of their amino acid sequences, showed
that they had no obvious relationship with any other
known ion channel. This is perhaps not surprising, as
it is now known that these proteins form channels with
rather unique biophysical properties. Consistent with
the shared fundamental features of the Orai channels
– including their small overall whole-cell currents, very
high selectivity for Ca2+, and predicted very small single
channel conductance – the pore-forming transmembrane

Figure 1. The evolution of Orai proteins – based
on Cai (2007)
Invertebrates, including the invertebrate chordates,
possess only a single Orai. The appearance of the
Vertebrates is associated with the evolution of two Orai
proteins – Orai1 and Orai2. Orai3 only appears in the
mammals, apparently arising from Orai1. See text for
details.
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domains of all three Orai proteins show a high degree
(∼82%) of conservation. However, simple examination
of the overall sequences of these proteins reveals several
regions where there are clear, often rather profound,
differences. This is particularly so in the case of Orai3
(Fig. 2). Thus, compared to Orai1, major differences in
sequence are seen in the cytosolic N- and C-termini
(sequence identity of 34% and 46%, respectively), and in
the extracellular loop between transmembrane domains 3
and 4 (21% sequence identity). As will be discussed later,
of particular interest is the cytosolic N-terminus domain.
In Orai1, this region is composed of ∼90 amino acids and
contains clusters of prolines and arginines, particularly
in the most distal parts of this domain. In contrast, the
N-terminus of Orai3 comprises only ∼65 amino acids
and has none of the clusters of prolines and arginines seen
in Orai1. Only in the group of 22 residues immediately
prior to the first transmembrane domain (H69–R91 in
Orai1, H44–R66 in Orai3) is there obvious high sequence
conservation between Orai1 and Orai3. Similarly, the
extracellular loop linking transmembrane domains 3 and
4 is some 72 amino acids long in Orai3, compared to

only 38 amino acids in Orai1. The net result is that
the overall amino acid sequence identity between human
Orai1 and Orai3 is approximately 57%. Together, the pre-
sence of obvious marked differences in the sequences
of the ‘non-pore forming’ regions of the protein raises
the possibility that they may impart unique properties
to the respective channels, particularly in their modes
of regulation and/or modulation. Of course, an obvious
caveat to this is that simple sequence comparisons can
often be a rather poor predictor of functional differences,
as is clearly illustrated in those examples where a single
point mutation in even large proteins can result in
dramatic functional effects – such as the �508 mutation
of the CFTR protein causing cystic fibrosis, and the E6V
mutation in the haemoglobin sequence that gives rise to
sickle-cell anaemia.

Channel properties

As already noted, the discovery of Orai1 was based
on its critical role in the store-operated entry of

Figure 2. Structural comparison of the
sequences of Orai1 and Orai3
A, diagram illustrating the overall structural
differences between Orai1 and Orai3, based on
their respective protein sequences. Note the
shorter N-terminus, the extended second
extracellular loop, and the stronger probability
of the two C-terminus coiled-coil domains in
Orai3. B, protein sequence alignment of Orai1
(black) and Orai3 (red). Predicted conserved
residues are highlighted (blue). C, graphical
illustration of the degree of conservation in the
protein sequences of the various regions of
Orai1 and Orai3. Cytosolic domains are in red,
transmembrane domains (TM-1-4) in black, and
extracellular domains are in green.
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Ca2+. Consequently, the realization that Orai3 displayed
properties that were distinct from those of Orai1 (and
Orai2) began with studies showing that co-expression
of Orai3 together with STIM1 failed to generate any
measurable increase in either store-operated Ca2+ entry,
or store-operated Ca2+-selective (CRAC-like) currents
(Fig. 3A) (Mercer et al. 2006; DeHaven et al. 2007;
Takahashi et al. 2007; Zhang et al. 2008). Similarly, whilst
the siRNA-induced knockdown of Orai1 significantly
reduced store-operated Ca2+ entry in cells expressing
STIM1, the corresponding siRNA knockdown of Orai3
failed to affect such entry (Mercer et al. 2006). As a
possible caveat to these knockdown data, it has been
shown, at least in some cases, that the knockdown of
Orai3 is accompanied by a significant increase in Orai1

Figure 3. Examples of the biophysical differences between
Orai1 and Orai3
A, store-operated currents recorded in HEK293 cells following
expression of DNA encoding the proteins indicated. Note that
expression of STIM1 with either Orai1 or Orai2 results in greatly
increased inward store-operated currents, whilst the corresponding
expression of STIM1 with Orai3 fails to induce any significant
store-operated currents. Data taken from DeHaven et al. (2007) with
permission from The American Society for Biochemistry and
Molecular Biology, C© 2007. B, store-operated currents recorded in
HEK293 cells following more extensive overexpression of STIM1 and
the relevant Orai. Note that such overexpression now reveals
store-operated currents with expression of STIM1+Orai3, but this
still only represents approximately 30% of that seen with
STIM1+Orai1. Data taken from Lis et al. (2007) with permission from
Elsevier. C, fast inactivation of store-operated Ca2+ currents
recorded during brief pulses to the negative potentials indicated, in
STIM1-expressing cells transiently overexpressing Orai1 (left), or
Orai3 (right). Note the much more pronounced and more rapid
inactivation the cells expressing Orai3. Data taken from Lis et al.
(2007) with permission from Elsevier.

expression (Gwack et al. 2007). Such an effect clearly could
have obscured any Orai3-knockdown effect. Nevertheless,
these early studies generally indicated that it was unlikely
that Orai3 had a significant role in store-operated Ca2+

entry. However, contradicting these apparently negative
results were studies showing that expression of Orai3
was able to rescue normal store-operated Ca2+ entry in
cells in which such entry had been markedly reduced
by the siRNA-induced knockdown of Orai1 (Mercer
et al. 2006; DeHaven et al. 2007). Consistent with this,
by using a more potent expression vector, Lis et al.
(2007) were able to demonstrate that expression of
Orai3 (CRACM3) in cells stably expressing STIM1 did
indeed result in a modest increase in InsP3-induced
store-operated CRAC-like currents (Fig. 3B). However,
the magnitude of this effect was equivalent to only
approximately 30% of that seen with a corresponding
expression of Orai1 (CRACM1). Similar data were sub-
sequently obtained by other groups (see, for example,
DeHaven et al. 2007; 2008; Bogeski et al. 2010). Overall, the
general consensus from these studies is that, like Orai1, the
expression of Orai3 is capable of inducing a store-operated
conductance, but its magnitude is considerably smaller
than that seen with Orai1. As to the basis for this difference,
it was known that the cytosolic N-terminal domain of
Orai1 was essential for the activation of store-operated
currents (Li et al. 2007; Takahashi et al. 2007; Muik et al.
2008; Park et al. 2009). Based on this, Lis et al. (2010),
again using their more potent expression vector, showed
that replacing the N-terminal cytosolic domain of Orai3
with the corresponding domain of Orai1 resulted in an
approximate doubling in the magnitude of the measured
store-operated Ca2+ currents, whilst the reverse exchange
virtually eliminated all such currents. N-terminal deletion
experiments narrowed the critical region down to amino
acids 67–87 in Orai1 and 42–62 in Orai3. Although
additional experiments showed that the appearance of
significant store-operated currents depended on a single
specific lysine residue in this domain (K85 in Orai1, and
K60 in Orai3), the conservation of this residue in Orai1
and Orai3 cannot explain the differences in magnitude
of store-operated Ca2+ currents between these two Orai
family members. Alternatively, Bergsmann et al. (2011)
have recently shown that N-terminal deletions to residues
between W51 and Y55 significantly increase store-operated
Orai3-dependent currents. The only sequence difference
between Orai1 and Orai3 in this region is the substitution
of a lysine in Orai1 for an arginine at position 53 in
Orai3. Whether an R53K mutation in Orai3 would result
in increased store-operated currents to levels similar to
those seen with Orai1 has not been examined.

Apart from their magnitude, the store-operated
currents induced by the overexpression of Orai3 displayed
additional differences from those seen with Orai1. One
of the defining characteristics of native CRAC channels is
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their high selectivity for Ca2+ ions, and low permeability
to monovalent cations such as Cs+ (Hoth & Penner,
1993; Zweifach & Lewis, 1996; Bakowski & Parekh,
2002; Kozak et al. 2002). Such selectivity properties
are responsible for the marked inwardly rectifying
current–voltage relationship, and very positive reversal
potential, shown by these channels. Consistent with the
evidence that native CRAC channels are formed by Orai1
subunits, the currents seen on overexpression of Orai1
together with STIM1 display a similar high selectivity
for Ca2+ ions, and the consequent inwardly rectifying
current–voltage relationship and very positive reversal
potential (Prakriya et al. 2006; Vig et al. 2006a; Yeromin
et al. 2006; Zhang et al. 2008). Essentially similar Ca2+

selectivity properties were indicated for the currents seen
on expression of STIM1 with Orai3 (DeHaven et al. 2007;
Lis et al. 2007). However, Lis et al. (2007) did report that,
compared to those seen with Orai1, the Orai3 currents
displayed a significantly increased permeability to Na+

when measured in the absence of external divalent cations,
but no such difference was seen in the studies by DeHaven
et al. (2007). This high degree of consistency in the Ca2+

selectivity of Orai1 and Orai3 is not surprising. Thus,
earlier mutagenic studies in Orai1 suggested that a series
of acidic residues in transmembrane domains 1 and 3
(E106, E190), and in the short extracellular loop between
transmembrane domains 1 and 2 (D110, D112, D114)
were critical determinants of a high Ca2+ selectivity (Vig
et al. 2006a; Yeromin et al. 2006, 2007). The corresponding
residues in Orai3 are E81 and E165 in the transmembrane
domains, and E85, D87 and E89 in the extracellular 1–2
loop. Thus, the only difference is the substitution of
glutamates for aspartates in two of the three residues in
the 1–2 loop. Perhaps more critically, subsequent studies
using a cysteine-scanning mutagenesis approach in Orai1
revealed that Ca2+ selectivity was exclusively determined
by the E106 residue alone (McNally et al. 2009), and this
is conserved (E81) in Orai3.

A unique feature of the Orai3-induced store-operated
currents first noted by Lis et al. (2007) was that activation
of the currents was significantly slower than that seen
with Orai1 (or Orai2), an effect that was suggested to
indicate possible differences in the binding or interaction
of the Orai3 with STIM1. Evidence suggests that the
initial interaction of STIM1 with the channel involves
the cytosolic C-terminal region of the Orai proteins (Li
et al. 2007; Muik et al. 2008; Frischauf et al. 2009).
In all three Orai subtypes, this region contains a pre-
dicted coiled-coil domain that is critical for interactions
with STIM1 (Muik et al. 2008). However, bioinformatic
analyses indicate that the probability of the coiled-coil
nature of this region is significantly weaker for Orai1 than
for Orai3 (Frischauf et al. 2009). Consistent with this,
a single point mutation (L273S) within this coiled-coil
domain is sufficient to result in the full inhibition of

the interaction with STIM1 and subsequent activation
of Orai1 currents, whilst the corresponding mutation in
Orai3 (L285S) results in only a partial inhibition. Full
inhibition of the Orai3-induced currents required the
incorporation of an additional mutation (L292S) in the
coiled-coil domain. Of course, precisely how this apparent
‘stronger’ interaction between STIM1 and Orai3 might
result in the slower rate of activation noted above is
difficult to envisage. Moreover, like Orai3, the predicted
probability of the coiled-coil domain in Orai2 is notably
much stronger than in Orai1 (Frischauf et al. 2009), yet
Ca2+-selective store-operated currents in cells expressing
STIM1 and Orai2 activate at a rate that is very similar to
that seen with Orai1 (Lis et al. 2007). Together, it seems
clear that the detailed interactions between STIM1 and
the Orai proteins involved in the actual gating of the
channel are complex – involving both stimulatory and
inhibitory actions of multiple domains in both STIM1 and
Orai proteins. Given this, it is perhaps not surprising that
identifying precisely which features of the Orai proteins are
responsible for such differences in the kinetics of activation
on store depletion is problematic.

Another kinetic feature of the store-operated currents
induced by Orai proteins, as well as by native CRAC
channels, is a Ca2+-dependent fast inactivation seen
during brief pulses to hyperpolarizing potentials. In this
context, Lis et al. (2007) showed that the expression of
Orai3 resulted in a significantly more pronounced, and
more rapid, fast inactivation than that seen on expression
of Orai1 (Fig. 3C). A subsequent study has suggested that
this effect is dependent on the presence of three conserved
glutamates (E281, E283, E284) in the C-terminal region
of Orai3 (Lee et al. 2009). However, these glutamates are
fully conserved in Orai2 (E233, E235, E236), and cells
expressing STIM1 and Orai2 show a Ca2+-dependent
fast inactivation that is significantly slower than that
seen with Orai3. In contrast to these findings, Yamashita
et al. (2007) have suggested that fast inactivation in
Orai1 is determined by the same key acidic residues that
were originally proposed to be involved in determining
Ca2+ selectivity (see above). As already noted, the only
difference in the corresponding residues in Orai3 is that
the two aspartate residues D110 and D114 in Orai1 are
glutamates in the corresponding Orai3 sequence (E85
and E89). Alternatively, based on an early study that
had suggested that Ca2+-dependent fast inactivation may
be calmodulin dependent (Litjens et al. 2004), a region
in the cytosolic N-terminal domain of Orai1 (E68-R91)
that binds calmodulin in a Ca2+-dependent manner
was identified (Mullins et al. 2009). Mutations in this
region that eliminate the ability of this domain to bind
Ca2+–CaM also result in the inhibition of Ca2+-dependent
fast inactivation. Comparison of the relevant critical
CaM-binding sequence in Orai1 (S70-K87) with that
in Orai3 (S45-K62) reveals just three differences –
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a Met–Leu change at position 2 in the sequence, a
Gln–Arg at position 3, and a Lys–Arg at position 9.
Whether these differences can account for the distinct
rates of fast inactivation displayed by Orai1 and Orai3
remains to be examined. More recently, Srikanth et al.
(2010) identified a short sequence in the intracellular
loop connecting transmembrane domains 2 and 3 of
Orai1 (151VSNV154) where mutation of the residues
to alanines led to the complete loss of Ca2+-dependent
fast inactivation. It was proposed that this loop acts
as an ‘inactivation particle’ that may interact with the
N-terminal CaM-binding region in Orai1 to modulate
Ca2+-dependent fast inactivation. Once again, the only
difference between this sequence in Orai1 and the
corresponding sequence in Orai3 is that the final valine in
Orai1 is an isoleucine in Orai3, theoretically representing
only a modest increase in hydrophobicity. Finally, to make
things even more complex, Scrimgeour et al. (2009) have
shown that the rate and extent of fast inactivation is also
highly dependent on the ratio of expressed STIM1 to Orai1
protein. Therefore simple differences in expression levels
between transfected Orai1 and Orai3 constructs might
significantly impact the rate of fast inactivation.

Channel pharmacology

Generally speaking, to date, there is no really specific
pharmacology for Orai channels. Because they form highly
Ca2+ selective conductances, they are subject to block by
lanthanides such as La3+ (50–100 μM) and Gd3+ (1–5 μM),
but these are essentially generic blockers of Ca2+ entry
channels and certainly cannot be considered as diagnostic
for the involvement of Orai proteins in such channels.
Additional non-specific blockers include SKF96365, the
myosin light chain kinase inhibitor ML-9 (Smyth et al.
2008), and the bistrifluoromethyl-pyrazole derivative
BTP2 (Zitt et al. 2004). Undoubtedly, the one compound
that has attracted most attention, and its effects most
extensively studied, is 2-aminoethoxydiphenyl borate
(2-APB). This compound was originally characterized as
an inhibitor of InsP3 receptors (Maruyama et al. 1997;
Bilmen & Michelangeli, 2002), but was subsequently
shown to have multiple diverse effects including both the
inhibition and activation of various different members of
the TRP channel family (Voets et al. 2001; Trebak et al.
2002; Chung et al. 2004; Hu et al. 2004; Li et al. 2006;
Juvin et al. 2007), and the inhibition of SERCA pumps
(Missiaen et al. 2001; Peppiatt et al. 2003), as well as
to effect store-operated Ca2+ entry via CRAC channels
(Gregory et al. 2001; Iwasaki et al. 2001; Prakriya &
Lewis, 2001). Regarding its effects on CRAC channels, early
studies showed that it displayed a bifunctional effect that
was dependent on the concentration used. Store-operated
Ca2+ entry and native CRAC channel currents are
enhanced by concentrations of 2-APB below 10–20 μM,

but are profoundly inhibited at higher concentrations
(above 30 μM) (Prakriya & Lewis, 2001). Essentially
similar data were seen in cells expressing STIM1 and Orai1
(Peinelt et al. 2006; Lis et al. 2007; DeHaven et al. 2008;
Peinelt et al. 2008). Importantly, all these stimulating
and inhibitory effects on native CRAC channels and on
expressed Orai1 did not involve any obvious changes in the
ion selectivity of the channels, at least as evaluated by the
current–voltage relationship. In marked contrast to this,
in cells expressing STIM1 and Orai3, high concentrations
of 2-APB were shown to induce a slowly developing,
but ultimately rather profound, increase in store-operated
currents (Lis et al. 2007; DeHaven et al. 2008; Peinelt et al.
2008; Schindl et al. 2008). In addition, this 2-APB induced
enhancement of store-operated currents in the Orai3
expressing cells was accompanied by marked changes in
ion selectivity resulting in a current–voltage relationship
displaying clear double rectification, with large outward
currents above +50 mV (DeHaven et al. 2008; Peinelt et al.
2008). In marked contrast, Zhang et al. (2008) reported
that 50 μM 2-APB had no effect on store-operated Ca2+

entry in cells expressing both Orai3 and STIM1. The
reason for this discrepancy is not clear.

Store-independent activation of Orai3 channels

The above data certainly indicate a potential for a unique
response of store-operated Orai3 currents to the higher
concentrations of 2-APB. Perhaps more surprisingly,
several studies have demonstrated that Orai3 can be
directly activated by similar concentrations of 2-APB, in
a manner that is independent of any store depletion,
and even of any involvement of STIM1 (DeHaven et al.
2008; Peinelt et al. 2008; Schindl et al. 2008; Zhang et al.
2008; Wang et al. 2009). These direct 2-APB induced
currents display large inward and outward currents (i.e.
they show double rectification) and a leftward shift in
the reversal potential (Fig. 4) – features that indicate a
marked reduction in Ca2+ selectivity, and an increased
permeability to monovalent cations (DeHaven et al. 2008;
Peinelt et al. 2008; Schindl et al. 2008; Zhang et al. 2008).
Interestingly, both Peinelt et al. (2008) and DeHaven et al.
(2008) noted that a similar, although very much smaller,
direct effect of 2-APB could also be detected with Orai1
channels. The importance of this will become clear below.

As to the molecular basis for these effects, in a series
of experiments using chimeric constructs of Orai1 and
Orai3, Zhang et al. (2008) concluded that transmembrane
domains 2 and 3, together with the linking intracellular
loop, were required for 2-APB to directly activate Orai3
channels to admit cations in a relatively non-selective
way. Peinelt et al. (2008) used a rather different approach
involving single-point mutations of putative critical amino
acids in the selectivity filter of the Orai1 pore (E106D
and E190A) to show that such mutations enabled 2-APB
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to directly gate the channels in a STIM1-independent
manner. However, these residues are entirely conserved
in the Orai3 sequence, so precisely why the effect of
2-APB should be so much more pronounced in the
Orai3-induced currents was unclear. Nevertheless, these
findings do suggest that 2-APB exerts its direct effects
on Orai3 channels by inducing changes in the pore
architecture. This was supported by direct evaluation of
the pore size, as assayed by the permeation of methylated
derivates of ammonium (Schindl et al. 2008). These
authors showed that exposure to 2-APB increased the
minimum pore size from a value of ∼3.8 Å to greater
than 5.3 Å, an effect that was apparently dependent on the
E165 residue of Orai3 that lies in the third transmembrane
domain. However, as noted above, this residue is conserved
in Orai1 (E190), so the basis for the different responses of
Orai1 and Orai3 to 2-APB remained unresolved.

A more recent detailed analysis of the effects of
2-APB on Orai3 channel function by Yamashita et al.
(2011) has, perhaps, helped to resolve these apparent
differences. These authors showed that, like Orai1,
store-operated Orai3 currents are potentiated by 2-APB
at low concentrations (<10 μM) without affecting ion
selectivity. This effect requires the presence of STIM1,
and is strictly dependent on store depletion as it is
not seen in cells whose store content is maintained.
In addition, and contrary to the previous reports, they
showed that 2-APB also inhibits the same store-operated
currents at higher 2-APB concentrations (>20 μM). It
was suggested that this inhibition of store-operated
Orai3 currents by higher 2-APB concentrations may have
been obscured in the earlier studies by the concomitant
development of the 2-APB-induced store-independent

mode of activity. Critically, this switch to a direct
2-APB-induced activity is associated with a corresponding
reduction in ion selectivity, and is delayed in the pre-
sence of STIM1. Consistent with certain earlier reports
noted above (DeHaven et al. 2008; Peinelt et al. 2008),
the store-independent mode of activation by high
concentrations of 2-APB in the absence of STIM1 was
also seen in Orai1. However, the magnitude of the effect
was equivalent to only about 5–6% of that seen with
the Orai3 currents, and was lost in the presence of
STIM1. The data indicated that both the store-dependent
activation and the 2-APB-dependent potentiation seen
at low 2-APB concentrations were associated with an
increased binding of STIM1 to the channel. As for the
direct store-independent gating of the Orai channels seen
at higher concentrations of 2-APB, several lines of evidence
pointed to this involving a functional uncoupling of
STIM1 from the channel, with Orai1 being significantly
more resistant than Orai3 to such uncoupling. The over-
all responses can therefore be explained by a mechanism
in which 2-APB must first disengage STIM1 before it
can directly gate the Orai3 channels. However, precisely
why Orai1 should be more resistant than Orai3 to the
uncoupling of STIM1 from the respective channel remains
unclear.

Of course this store-independent activation of Orai3
channels by 2-APB represents a strictly pharmacological
phenomenon. However, store-independent activation
of channels containing Orai3 has also been shown
under more physiologically relevant conditions. Thus,
Orai3 has been shown to be an essential component
of the store-independent, arachidonic acid activated,
Ca2+-selective ARC channels (Mignen & Shuttleworth,

Figure 4. Direct, store-independent activation of
currents by 2-APB in cells expressing either Orai1
or Orai3
A, the effects of application of 2-APB (50 μM) on
currents in HEK293 cells expressing Orai1. The top
figure shows the inward (at −80 mV) and outward (at
+80 mV) currents, whilst the bottom figure shows the
relevant current–voltage relationships obtained at the
time points indicated. B, the corresponding effects of
2-APB (50 μM) on inward (at −80 mV) and outward (at
+80 mV) currents, and their current–voltage
relationship in HEK293 cells expressing Orai3. Note that
the scale for the measured currents in the
Orai3-expressing cells is 40 times larger than for the
Orai1 expressing cells. Data taken from Peinelt et al.
(2008) with permission from John Willey and Sons.
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2000; Mignen et al. 2008a). These channels are found
in a variety of different cell types, frequently co-existing
with store-operated CRAC channels (Yoo et al. 2000;
Mignen et al. 2003; Mignen et al. 2005; Li et al. 2008;
Yeung-Yam-Wah et al. 2010), and display very similar
basic biophysical properties. Interestingly, despite their
insensitivity to store depletion, studies showed that
activation of the ARC channels was absolutely dependent
on the presence of STIM1, just like the CRAC channels
(Mignen et al. 2007). However, although STIM1 was
identified in 2005 as the sensor of ER Ca2+ store depletion,
it was originally discovered almost 10 years earlier (Oritani
& Kincade, 1996; Parker et al. 1996) as a plasma membrane
protein with apparent functions in the suppression of
tumour cell growth (Sabbioni et al. 1997; Manji et al.
2000; Williams et al. 2001, 2002). Evidence indicates that
typically ∼15–25% of the total cell STIM1 is constitutively
resident in the plasma membrane and, critically, it is this
pool of STIM1 that is responsible for the activation of the
ARC channels. The close biophysical similarities shown
by CRAC and ARC channel currents, together with their
co-dependence on STIM1 for activation, suggested that
Orai proteins might also form these store-independent
ARC channels. Subsequently, the specific involvement of
Orai3 in these channels was revealed in studies with a
HEK293 cell line stably expressing the m3 muscarinic
receptor, where co-expression of STIM1 with either
Orai1 or Orai3, but not Orai2, resulted in markedly
increased (1.5- to 2-fold) arachidonic acid-activated
store-independent ARC channel currents (Mignen et al.
2008a). Apart from their unique mode of activation,
these currents could be readily distinguished from the
co-existing CRAC channel currents by their complete
additivity to the currents induced by store depletion,
and the absence of any detectible fast inactivation.
In cells stably expressing STIM1, the expression of
Orai1 markedly increased both store-operated CRAC
channel currents and store-independent arachidonic
acid-activated ARC channel currents. However, whilst
expression of a dominant-negative mutant of Orai3
(E81Q) had no effect on store-operated CRAC channel
currents, the same expression reduced currents through
the store-independent ARC channels to negligible levels
(Mignen et al. 2008a). Together, these data indicated that
the currents recorded for the arachidonic acid-activated
ARC channels were likely to reflect the activity of
heteromeric Orai1/Orai3 channels. The specific properties
of these, and other potential heteromeric channels
containing Orai3, will be discussed in the following
section.

Orai3 in heteromeric channels

Essentially, the above reports describing the features
of currents recorded following overexpression of just

Orai3, either with or without STIM1, carry the implied
assumption that the properties identified represent those
of ‘Orai3 channels’. However, this essentially ignores the
possibility of interactions and/or combinations with end-
ogenous Orai proteins. The only exceptions to this general
approach are those cases where the Orai3 construct
was transfected into cells in which endogenous Orai1
had been reduced by siRNA treatment (Mercer et al.
2006; DeHaven et al. 2007). However, because early
studies indicated that expression of Orai3, along with
STIM1, failed to induce clearly detectible increases in
store-operated currents (Mercer et al. 2006; Takahashi
et al. 2007; Zhang et al. 2008), subsequent studies typically
utilized fairly extensive overexpression of the protein,
often resulting in currents that were up to 50–60 times
larger than native store-operated currents in the same cell.
Consequently, it is probably not unreasonable to assume
that, under these conditions, monomeric Orai3 channels
predominated in these studies. Nevertheless, the ability
of Orai proteins to naturally form heteromeric assemblies
was recognized even in some of the earliest studies on
these proteins (Gwack et al. 2007; Lis et al. 2007; Zhang
et al. 2008). Particularly convincing in this regard was
the demonstration that overexpression of Orai3 together
with an equal amount of a non-conducting pore mutant
of Orai1 (E106Q), resulted in the complete abrogation
of the increased store-operated currents seen on over-
expression of Orai3 alone (Lis et al. 2007). Given the
widespread expression of both Orai1 and Orai3 in most
tissues (Gross et al. 2007; Gwack et al. 2007; Takahashi
et al. 2007), naturally occurring Orai1/Orai3 heteromeric
channels would certainly seem likely, raising the possibility
that such combinations of Orai proteins might operate in
unique ways in the cell (Mercer et al. 2006).

With regard to the potential properties of such
heteromeric channels when activated by store depletion,
Schindl et al. (2009) noted that, in contrast to the usual
highly Ca2+ selective store-operated currents seen on
expression of STIM1 with either Orai1 or Orai3, the
currents seen on co-expression of STIM1 with both Orai1
and Orai3 together displayed small outward currents
and a left-shifted reversal potential (∼+30 mV) – an
effect apparently reflecting an increased permeability to
Cs+ ions. As the authors noted, a problem of such
a simple co-expression approach is that the resulting
currents are likely to represent a mixture of those
originating from homomeric and heteromeric channels.
To address this, they examined the effect of expressing an
Orai3–Orai1 dimer construct. As with the co-expression
of the monomers, the store-operated currents resulting
from expression of this Orai3–Orai1 dimer displayed
marked inward rectification, along with significant
outward currents and a reversal potential of ∼+26 mV.
Again, the evidence indicated that this resulted from
an increased permeability to Cs+. Interestingly, in the
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above study, FRET analysis following combined expression
of differently tagged versions of the Orai3–Orai1 dimer
indicated that they assembled to give functional tetrameric
channels. Given this, it is curious that the properties
reported above by Schindl et al. (2009) are very
different from those seen on expression of the equivalent
tetramers as concatenated constructs containing the
appropriate pairs of Orai1 and Orai3 subunits, in
either an Orai3–Orai1–Orai3–Orai1 conformation or an
Orai3–Orai1–Orai1–Orai3 conformation (Mignen et al.
2009). As will be discussed below, these constructs
gave store-operated currents displaying marked inward
rectification, and no indication of any outward currents at
least at voltages up to +60 mV. The reason for this obvious
difference is not clear.

The same authors also examined the effects of 2-APB
(75 μM) on these store-operated Orai3–Orai1 currents,
and showed that the initial action of the drug was to
modestly increase inward currents in a STIM1-dependent
fashion (Schindl et al. 2009). Subsequently, this
inward current declined somewhat, with a simultaneous
development of significant outward currents at membrane
potentials above +40 mV, resulting in a current–voltage
relationship displaying clear double-rectification. As such,
these effects are very similar to those generated on
expression of Orai3 alone and were thought to result from
the replacement of two glutamates in the first extracellular
loop of Orai1 with aspartates in Orai3 (Schindl et al. 2009).
However, as already discussed, other studies have shown
that this region of the protein is actually highly flexible
and essentially non-selective (McNally et al. 2009).

As noted above, studies had shown that the
store-independent arachidonic acid-activated ARC
channel currents required the presence of both Orai1
and Orai3 (Mignen et al. 2008a), indicating that the
functional ARC channel was heteromeric in nature.
Given the evidence that the functional CRAC channel
was formed by a tetrameric assembly of Orai1 sub-
units (Ji et al. 2008; Mignen et al. 2008b; Penna et al.
2008; Maruyama et al. 2009), it seemed reasonable to
assume that the ARC channel might also be a tetramer,
but one formed from both Orai1 and Orai3 subunits.
Indeed, expression of concatenated tetrameric constructs
containing either one or two Orai3 subunits along with
the appropriate Orai1 subunits in cells stably expressing
STIM1, all resulted in significant (3- to 4-fold) increases in
arachidonic acid-activated currents (Mignen et al. 2009).
Only a heterotetramer containing three Orai3 subunits
failed to give significantly increased currents. However,
further examination revealed that expression of these
same concatenated heterotetramers resulted in a similar
3- to 4-fold increase in store-operated CRAC-like currents
(Fig. 5). Because endogenous ARC channel currents are
entirely independent of store depletion, it was clear that the
channels formed on expression of these heterotetrameric

constructs were not equivalent to those of the native ARC
channels. Subsequent experiments eventually revealed
that conductances whose properties matched, in every
respect, those of the endogenous ARC channels were
exclusively formed by pentameric constructs comprising
two Orai3 subunits and three Orai1 subunits (Fig. 5).
The essential ARC channel properties duplicated by
expression of such constructs included the characteristic
markedly inwardly rectifying current–voltage relationship,
with an absence of any significant outward currents at
voltages up to +100 mV, activation by the same low
concentrations (2–8 μM) of arachidonic acid, insensitivity
to 2-APB, and an absolute dependence on the pool
of STIM1 residing in the plasma membrane for their
activation (Mignen et al. 2009). Additional experiments
involving co-expression of the concatenated pentamer
with dominant-negative Orai1 or Orai3 monomers,
or incorporation of such dominant-negative subunits
into the concatenated construct, indicated that it was
unlikely that either additional subunits were required
to form the functional channel, or that individual sub-
units were being ‘excluded’ in the final channel assembly.
Finally, the same specific arachidonic acid-activated
currents could also be generated by the co-expression of
appropriate combinations of either tetramers and mono-
mers, or trimers and dimers, further demonstrating the
validity of this admittedly unexpected heteropentameric
conformation (Mignen et al. 2009).

Figure 5. Store-operated and arachidonic acid-activated
currents in HEK293 cells stably expressing STIM1, and in the
same cells expressing various concatenated heteromeric
Orai1/Orai3 constructs
Expression of Orai1/Orai3 heterotetramers in various configurations
and stoichiometries induces both increased store-operated
(CRAC-like) currents (grey bars) and arachidonic acid-activated
(ARC-like) currents (red bars). Only the 3–1–3–3 heterotetramer
failed to induce any significantly increased currents. Expression of an
Orai1/Orai3 heteropentameric construct containing two Orai3
subunits failed to increase store-operated currents, but induced large
arachidonic acid-activated currents that displayed all the
characteristic features of endogenous ARC channels. See text for
details.
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Table 1. Orai3-dependent physiological actions (see text for details)

Physiological activity Cell type Channel involved

Store-operated Ca2+ entry Breast cancer cells Orai3 channels?
Store-operated Ca2+ entry Effector T-helper cells Orai3 channels?
(specifically under highly or Orai3/Orail channels?
oxidizing conditions)
Cell proliferation Breast cancer cells Orai3 channels?
Agonist-induced Ca2+ HEK293 cells ARC channels
oscillations Parotid and pancreatic (Oral + Orai3)

acinar cells
Agonist-induced and Pancreatic β cells ARC channels
glucose-induced insulin (Orail +Orai3)
secretion

The specific requirement for Orai3 subunits in the
ARC channel for it to be sensitive to activation by
low concentrations of arachidonic acid was certainly
intriguing. Examination of the basis for this effect showed
that it required the presence of two, but no more than
two, Orai3 subunits within the pentamer, and that the
switch to a specific arachidonic acid sensitivity for channel
activation was dependent exclusively on the cytosolic
N-terminal domain of Orai3 (Thompson et al. 2010).
However, it is important to note that this does not
necessarily imply that this region of Orai3 is where
arachidonic acid itself is acting, as it is not yet known
whether the ARC channels are activated directly by
arachidonic acid, or whether such activation involves
some arachidonic acid-dependent regulator. Moreover, as
already pointed out, activation of the ARC channels by
arachidonic acid differs from store-operated Orai channels
in that it specifically requires the presence of STIM1 in the
plasma membrane (Mignen et al. 2007). Thus activation
of the channel may involve an action of arachidonic acid
on this pool of STIM1, either alone or in a pre-assembled
complex with the channel, or it may drive the formation
of such a complex. In addition, the data suggest that the
acquisition of selective activation by arachidonic acid is
not simply achieved by the presence of two Orai3 sub-
units alone. Thus, as noted above, tetrameric constructs
containing two such subunits display an approximately
equal sensitivity to activation by arachidonic acid and
by store depletion (Mignen et al. 2009). Consequently,
it would seem that the number of Orai1 subunits (i.e.
three in the heteropentamer that forms the functional
ARC channel), or the formation of Orai subunits into
a pentameric channel structure, is also playing some role
in determining the selectivity for activation by arachidonic
acid.

Functional roles (Table 1)

To date, examination of the potential functional roles
of Orai channels has been dominated by studies on

Orai1, largely because of its critical role in CRAC channel
function in several types of immune cells (Feske, 2009;
Hogan et al. 2010). Yet, Orai3 expression displays a tissue
distribution at least as wide as that of Orai1 (Gross
et al. 2007; Gwack et al. 2007; Takahashi et al. 2007),
suggesting the likelihood that important functional roles
for this Orai family member exist, either alone or in
combination with Orai1 (or Orai2). Unfortunately, in
many studies, the simple demonstration that a particular
cellular function or activity is impacted by the knockdown,
or overexpression, of Orai1 is assumed to indicate that
this implies the involvement of a classic store-operated
CRAC-like conductance. Such an assumption clearly over-
looks the possibility of any involvement of heteromeric
Orai channels, such as those involving both Orai1 and
Orai3.

Obviously, the demonstration of a role of Orai3 in
any particular cellular function requires specific tools
to identify such an activity. Examination of the simple
overexpression of Orai3, either with or without STIM1,
is an unreliable assay for identifying potential physio-
logical roles of this protein as it is uncertain that the
resulting channels will function, or be regulated, in
the same way as they do when existing at endogenous
expression levels. Much information about the important
role of Orai1, particularly in immunological responses,
has come from studies of patients carrying a critical
mutation (R91W) in Orai1 (Feske, 2009), or from Orai1
knockout mice (Gwack et al. 2008; Vig et al. 2008; Braun
et al. 2009). Unfortunately, the successful development of
the corresponding Orai3 knockout mouse has yet to be
achieved. Consequently, the most widely used approach
to date has involved examination of the effect of 2-APB
on the associated currents or entry of Ca2+, relying on
the reported ability of higher concentrations of the drug
(typically 50–100 μM) to increase such activity. However,
the complex nature of the effects of 2-APB on STIM1
and Orai proteins (DeHaven et al. 2008), along with its
obvious promiscuous effects on other molecules critical to
cellular signalling activities, undoubtedly raises concerns

C© 2012 The Author. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 590.2 Orai3 – the ‘exceptional’ Orai? 251

as to the specificity and reliability of such an assay. A better
approach might be the expression of a dominant-negative
mutant of Orai3, such as the E81Q mutation, whose
incorporation into the channel structure results in a
non-conducting channel pore. Of course, the disadvantage
of this approach is that it requires the transfection and
expression of this mutant construct, something that it not
always possible in native cells.

Orai3 and store-operated Ca2+ entry

Despite the well-established role of Orai1 in store-operated
Ca2+ entry, there are indications that this feature may
not be exclusive to the Orai1 protein. For example,
McCarl et al. (2009) noted that, although clinically
serious, the effects of deficiencies in Orai1 function in
patients bearing various functionally relevant mutations
in the gene were curiously limited in their range of
targets – being essentially restricted to effects on T-cell
activation, ectodermal dysplasia, and some skeletal muscle
function and differentiation. As these authors noted,
such a narrow range of effects is difficult to reconcile
with the widespread expression of Orai1 throughout the
body tissues, and the apparent universal presence of
store-operated Ca2+ entry in cells. As an explanation,
it was suggested that this might reflect an ability of
other Orai family members (Orai2 and/or Orai3) to
functionally replace Orai1 in store-operated Ca2+ entry
in the unaffected tissues. However, as already noted,
the original studies involving modest overexpression of
Orai3 or siRNA-induced knockdown of endogenous Orai3
indicated that any such activity would likely be minimal,
at best (Mercer et al. 2006; DeHaven et al. 2007; Takahashi
et al. 2007; Zhang et al. 2008). Consistent with this are
findings showing that, despite being expressed at normal
levels and being efficiently delivered and inserted into the
plasma membrane, expression of either Orai2 or Orai3
failed to rescue appreciable store-operated Ca2+ entry in T
cells and fibroblasts obtained from SCID patients bearing
the R91W mutant Orai1, which lacks any CRAC channel
activity (Gwack et al. 2007). Clearly, at least for these cell
types, store-operated Ca2+ entry is exclusively dependent
on Orai1.

However, a recent study of certain cancerous and
non-cancerous breast cell lines has demonstrated the
existence of an endogenous store-operated Ca2+ entry
pathway that is mediated by Orai3 (Motiani et al. 2010).
This revealed that, in such cell lines that are negative
for the oestrogen receptor (ER− lines), store-operated
Ca2+ entry occurs via the ‘classic’ Orai1-dependent
pathway. In contrast, store-operated Ca2+ entry in ER+

cell lines was mediated via an Orai3-dependent pathway.
This specific involvement of Orai3 was demonstrated
by the potentiating effect of 30–50 μM 2-APB on

store-operated Ca2+ signals and on the associated currents,
the full replication of the biophysical properties of
such 2-APB-potentiated Orai3 channel currents (doubly
rectifying current–voltage relationship and leftward shift
in reversal potential), and the direct activation of currents
by 2-APB in the absence of store depletion. In addition,
whilst siRNA knockdown of Orai1, but not of either Orai2
or Orai3, virtually eliminated store-operated Ca2+ entry
in the ER− cells, only the siRNA knockdown of Orai3
was effective in both markedly reducing store-operated
Ca2+ entry and inhibiting the 2-APB induced potentiating
effect on store-operated currents in the ER+ cells. These
data suggest that, in these ER+ breast cancer cell lines,
store-operated Ca2+ entry is being mediated by channels
formed exclusively by Orai3. As such, this represents the
first clear example of a native store-operated Ca2+ entry
pathway mediated by Orai3. As to the functional role of this
pathway, a recent study has shown that it probably plays
a key role in the proliferation and survival of the breast
cancer cells. Thus, siRNA knockdown of Orai3 results in
the inhibition of cell proliferation, an arrested cell cycle
progression, and an increase in apoptosis in such cells
(Faouzi et al. 2011).

The siRNA data described above would seem to indicate
that these channels are formed exclusively by Orai3 – i.e.
they are genuine ‘Orai3 channels’. Whether similar such
Orai3-mediated store-operated Ca2+ entry pathways exist
in other cell types remains an interesting, and as yet largely
unexplored, question. In this context, a comment in the
report by Yamashita et al. (2011) is worth noting. In this,
the authors point out that, because the ability of 2-APB
to directly gate Orai3 channels is subject to inhibition
by the level of functional STIM1 in the cell, an exclusive
reliance on assays based on this feature as a ‘marker’ for
such Orai3-dependent conductances could result in many
false negatives, particularly when the endogenous STIM1
levels are high, or Orai3 levels are relatively low. In much
the same way, the demonstration in some cell types that
siRNA-induced knockdown of Orai3 is associated with a
significant increase in Orai1 expression could also result in
potential Orai3-dependent store-operated pathways being
overlooked. Clearly, any comprehensive search for such
conductances must involve the simultaneous application
of multiple types of assay.

An additional novel role for Orai3 has recently been
identified in the differentiation of naive T-helper (TH) cells
into effector cells (Bogeski et al. 2010). This differentiation
is associated with a reduced redox sensitivity, which is
critical for allowing the cells to proliferate, differentiate,
and function in the highly oxidizing environment typical
of sites of inflammation. It was shown that, unlike Orai1
channels, store-operated channels formed on expression
of Orai3 are not inhibited by oxidation by hydrogen
peroxide – an effect associated with the absence of
a critical reactive cysteine residue (C195) in Orai3.
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Correspondingly, it was shown that the decreased redox
sensitivity of effector TH cells is associated with an
increased expression of Orai3, along with increased levels
of intracellular antioxidants, whilst siRNA knockdown of
Orai3 in the effector TH cells rendered them significantly
more redox sensitive. Presumably, this Orai3-dependent
decreased sensitivity to reactive oxygen species will allow
the Ca2+ signalling essential for effective cell proliferation
and cytokine production to operate under conditions
where the normal CRAC-like Orai1 channels would be
unable to function (Bogeski et al. 2010). As the authors
note, whether these redox-resistant Orai3-dependent
channels seen in the effector TH cells represent mono-
meric Orai3 or heteromeric Orai1/Orai3 channels has yet
to be resolved.

Orai3 and store-independent Ca2+ entry

Perhaps the most obvious unique property of channels
involving Orai3 is their ability to be activated
independently of store depletion, either pharmacologically
by 2-APB or, more physiologically, by agonist-generated
levels of intracellular arachidonic acid. With regards to
the latter, the essential role of Orai3 along with Orai1 in
forming the functional arachidonic acid-regulated Ca2+

selective ARC channel has already been discussed. As
noted, the currents resulting from the activity of these
channels, whilst superficially similar to those of the
Orai1 CRAC channel, can be readily distinguished by
several unique characteristics. These include the absence
of any obvious Ca2+-dependent fast inactivation, a lack of
inhibition by reductions in extracellular pH, insensitivity
to either inhibitory or stimulatory effects of 2-APB, a
specific dependence on STIM1 resident in the plasma
membrane and, of course, their complete additivity
with co-existing store-operated currents (Mignen &
Shuttleworth, 2000; Mignen et al. 2003, 2007). In addition,
it is now becoming increasingly clear that these ARC
channels are found in a wide variety of different cell types,
frequently coexisting with CRAC channels or other forms
of store-operated channels (e.g. TRPC channels).

Of course, compared to the extensively studied CRAC
channels, the store-independent ARC channels are relative
‘newcomers’ to the field, and their possible physio-
logical roles have only recently begun to be explored.
One particularly interesting feature is their apparent
specific activation at low, physiologically relevant agonist
concentrations, a property that has been demonstrated
both in cell lines and in native cells (Mignen et al.
2001; Mignen et al. 2005). It has long been known that
the Ca2+ signals induced by such agonist concentrations
typically take the form of repetitive spikes or oscillations
in cytosolic Ca2+ (Berridge & Galione, 1988; Berridge,
1990; Jacob, 1990; Thomas et al. 1991). Such oscillatory
Ca2+ signals are thought to play a key role in providing

a relatively low noise signal of almost infinite band-
width, features that seem critical in the ability of the
cell to selectively induce the appropriate response from
the multitude of intracellular effectors that are known
to respond to increases in cytosolic Ca2+ – i.e. different
effectors selectively respond to different frequencies of
agonist-induced Ca2+ oscillations (Hajnoczky et al. 1995;
De Koninck & Schulman, 1998; Dolmetsch et al. 1998).
In addition to agonist concentration, a key determinant
of the frequency of these oscillatory Ca2+ signals is the
rate of agonist-activated Ca2+ entry (Rooney et al. 1989;
Martin & Shuttleworth, 1994; Bootman et al. 1996).
Exactly how the entering Ca2+ acts to modulate the
frequency of the oscillations, which themselves reflect
the repetitive release and re-uptake of Ca2+ from intra-
cellular Ca2+ stores (essentially the ER), has long been
a subject of debate. Effects on the refilling of the stores
between each oscillation, and direct effects on the activity
of the InsP3 receptors responsible for the release, have
generally predominated in these discussions. However, we
have recently described a novel mechanism by which Ca2+

entering specifically via the ARC channels can modulate
oscillation frequency as a result of a direct activation of a
phosopholipase C-δ (PLCδ) (Thompson & Shuttleworth,
2011). This activation occurs in a highly localized manner,
and is entirely unaffected by a similar entry of Ca2+

via the co-existing CRAC channels. The assumption is
that the InsP3 generated by this Ca2+ entry-dependent
PLCδ activity will add to that resulting from the ‘classic’
receptor-stimulated PLCβ (or PLCγ) activity, to increase
the frequency of Ca2+ oscillations. In confirmation of
this, partial inhibition of this effect by the expression of
either a dominant-negative Orai3 mutant, or a catalytically
impaired PLCδ mutant, resulted in the clear reduction in
agonist-induced Ca2+ oscillation frequency (Thompson &
Shuttleworth, 2011).

Finally, a recent study has also indicated another,
potentially clinically relevant, role of these ARC channels
in insulin secretion by pancreatic β cells (Yeung-Yam-Wah
et al. 2010). In this, it was shown that the known ability of
glucose, as well as various insulin secretagogues including
acetylcholine and cholecystokinin, to induce increases in
cellular arachidonic acid results in the activation of ARC
channels in the β cells, increasing cytosolic Ca2+ levels and
enhancing the subsequent secretion of insulin.

Conclusions

Together, the data presented indicate that Orai3 differs
significantly in its sequence and structural features
from other Orai proteins, and it displays several
unique properties. Moreover, there is increasing evidence
suggesting that the involvement of Orai3 is critical for
certain specific, distinct roles in cells. As noted, an
important contribution to our understanding of the role of
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Orai1, and indeed its initial identification, came from the
study of patients carrying functionally critical mutations
in this gene. To date, no equivalent identification of
patients bearing similar mutations in Orai3 have been
identified. Consequently, we are still at an early stage
of essentially cataloguing the differences and unique
properties and roles of the conductances in which Orai3
is involved and, in most cases, our understanding of
their precise molecular bases is generally far from clear.
This inevitably raises some problems for the appropriate
interpretation of the physiological relevance of any such
effects identified. Perhaps most notably in this context are
the findings reporting the properties of the conductances
induced by, often quite extensive, overexpression of Orai3.
Generally, these properties are described as representing
those of monomeric ‘Orai3 channels’ and, at the levels
of expression often used, this is probably a valid
characterization. However, whilst the examination of the
biophysical properties of such channels may be revealing,
any potential physiological implications would depend
on whether these channels can be shown to exist end-
ogenously in the appropriate native cells. Moreover, it is
clear that the three Orai proteins have at least some level
of affinity for each other, and are potentially capable of
forming heteromeric channels. As already noted, this has
significant implications for the appropriate interpretation
of data obtained by experiments involving the simple
knockdown of just a single member of the Orai family. It
also raises problems for claims proposing the therapeutic
potential of targeting just such a single Orai member.
More immediately, given that most expression studies are
done without deletion or knockdown of the endogenous
Orai proteins in the cells, the formation of heteromeric
channels of unknown, potentially multiple, configurations
is clearly possible. Consequently, evaluation of genuine
physiological relevance would seem to require the
definitive identification, characterization and, ultimately,
replication of the properties of those Orai channels that
can be shown to form at endogenous levels of expression.
An obvious technical difficulty in achieving this is that such
endogenous conductances typically present as only very
small whole-cell currents. Nevertheless, there are cases
where the nature of endogenous Orai channels in various
cell types has been established, the best example of which
is obviously the store-operated CRAC channel which is
formed exclusively by Orai1 subunits. Correspondingly,
there are examples of endogenous channels that, at least,
contain Orai3 subunits. Here, the store-independent ARC
channels are the most obvious example, and these are
formed by a heteropentamer composed of two Orai3 sub-
units and three Orai1 subunits. In addition, the recent
evidence of conductances in certain breast epithelial cells
and cell lines that appear to display properties consistent
with those seen on overexpression of Orai3 alone is
particularly interesting.

Analysis of genomic and proteomic sequences clearly
indicates that Orai3 first appeared as a discrete entity in
mammals, apparently evolving from Orai1 (Cai, 2007).
However, it is always important to remember that such
classifications are essentially a human invention, and
that Nature typically does not partition things into such
neat, distinct categories. Consequently, examination of
the available sequences of various ‘pre-mammalian’ Orai1
proteins shows several, potentially critical, differences
from that seen in mammalian Orai1. For example, the
cytosolic N-terminus of chicken Orai1 is extremely short,
comprising just the 28 residues immediately prior to
the first transmembrane domain, and without any of
the proline-rich and arginine-rich sequences seen in
mammalian Orai1. The N-terminus of Xenopus Orai1 is
intermediate in length between that of the chicken and
the mammalian Orai1s, but again does not show any
proline-rich and arginine-rich sequences. Such variations
in sequence at least raise the possibility that some of these
pre-mammalian Orai1 proteins might possess properties
that display the beginnings of those ultimately more
profoundly displayed in Orai3, and that Orai3 itself
evolved in mammals to optimize, or maximize, these
properties and their associated functions in cells.

In conclusion, although the study of Orai proteins,
and the various channels that they can form, is still very
much in its infancy, the evidence does suggest that Orai3,
either alone or as part of a complex with other Orai
family members, imparts certain unique features to the
properties and regulation of the resulting conductances.
This, alone, raises the possibility of its involvement in
distinct roles within the cell, some of which are already
being revealed (see Table 1). Consequently, it seems that
Orai3 successfully fulfils the definition of an ‘exceptional’
Orai – one that is unusual, or special, and distinct from
the perceived norm.
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