
J Physiol 586.1 (2008) pp 185–195 185
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arachidonate-regulated Ca2+-selective (ARC) channels
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Agonist-activated Ca2+ signals in non-excitable cells are profoundly influenced by calcium entry

via both store-operated and store-independent conductances. Recent studies have demonstrated

that STIM1 plays a key role in the activation of store-operated conductances including the

Ca2+-release-activated Ca2+ (CRAC) channels, and that Orai1 comprises the pore-forming

component of these channels. We recently demonstrated that STIM1 also regulates the activity

of the store-independent, arachidonic acid-regulated Ca2+ (ARC) channels, but does so in a

manner entirely distinct from its regulation of the CRAC channels. This shared ability to be

regulated by STIM1, together with their similar biophysical properties, suggested that these

two distinct conductances may be molecularly related. Here, we report that whilst the levels

of Orai1 alone determine the magnitude of the CRAC channel currents, both Orai1 and the

closely related Orai3 are critical for the corresponding currents through ARC channels. Thus, in

cells stably expressing STIM1, overexpression of Orai1 increases both CRAC and ARC channel

currents. Whilst similar overexpression of Orai3 alone has no effect, ARC channel currents

are specifically increased by expression of Orai3 in cells stably expressing Orai1. Moreover,

expression of a dominant-negative mutant Orai3, either alone or in cells expressing wild-type

Orai1, profoundly and specifically reduces currents through the ARC channels without affecting

those through the CRAC channels, and siRNA-mediated knockdown of either Orai1 or Orai3

markedly inhibits ARC channel currents. Importantly, our data also show that the precise effects

observed critically depend on which of the three proteins necessary for effective ARC channel

activity (STIM1, Orai1 and Orai3) are rate limiting under the specific conditions employed.
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In non-excitable cells, the agonist-activated entry of
Ca2+ influences the intracellular Ca2+ signals generated
at all levels of stimulation. Typically, although not
exclusively, such entry occurs via highly Ca2+-selective
conductances. At high agonist concentrations where
sustained depletion of intracellular Ca2+ stores occurs,
entry via capacitative or store-operated channels, such as
the Ca2+-release-activated Ca2+ channel (CRAC channel)
and its close relatives, acts to modulate the amplitude
of the resulting elevated Ca2+ signals (Hoth & Penner,
1992, 1993; Zweifach & Lewis, 1993; Parekh & Penner,
1997; Parekh & Putney, 2005). In contrast, during the
oscillatory Ca2+ signals seen at low agonist concentrations
where emptying of the stores is only partial and transient
(Park et al. 2000), store-independent pathways for Ca2+

entry are indicated (Shuttleworth & Thompson, 1996;
Shuttleworth, 1999, 2004). Perhaps the most extensively
characterized of these store-independent pathways is that
mediated by the arachidonic acid-regulated Ca2+-selective

channel (ARC channel) (Mignen & Shuttleworth, 2000;
Shuttleworth et al. 2004). These channels have been shown
to be present in a variety of different cell types including
acutely dissociated acinar cells of the exocrine pancreas
and parotid gland, as well as in several cell lines (Mignen
et al. 2003, 2005). Importantly, evidence indicates that
these channels appear to have a major role in providing
the predominant mode of Ca2+ entry at the low agonist
concentrations that induce oscillatory Ca2+ signals, where
they act to modulate the frequency of these oscillations
(Mignen et al. 2001; Mignen et al. 2005).

Although it is clear that the CRAC and ARC channels are
entirely distinct entities, their basic biophysical properties
display many similarities – features that largely reflect the
fact that they are both highly Ca2+-selective conductances.
Recently, these similarities have been shown to extend to
the role of STIM1 in their regulation. STIM1 is a member
of the stromal interacting molecule family of proteins and
was demonstrated to play a critical role in the regulation of
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store-operated conductances such as CRAC channels. In
this, STIM1 appears to act as the sensor for the depletion
of intracellular stores via an N-terminal Ca2+-binding
EF-hand that is located in the lumen of the endoplasmic
reticulum (Roos et al. 2005; Liou et al. 2005; Zhang et al.
2005; Spassova et al. 2006). However, STIM1 also regulates
the activity of the ARC channels, but does so via an
entirely distinct mechanism (Mignen et al. 2007). Thus,
the STIM1-dependent regulation of the ARC channels
does not involve store depletion, or any subsequent
translocation of STIM1 to sites close the plasma
membrane, and is independent of the Ca2+-binding
function of the N-terminal EF-hand in STIM1. Instead, the
regulation of the ARC channels is specifically dependent
on the pool of STIM1 that constitutively resides in the
plasma membrane (Mignen et al. 2007). Despite these clear
differences in the precise mechanism of their regulation
by STIM1, the shared ability of these two conductances to
be regulated by the same protein, along with their overall
similarity in basic biophysical properties, suggested that
they may be, in some way, molecularly related.

Recently, understanding of the molecular nature of the
CRAC channels has undergone a major advance with
the identification of members of the Orai proteins as
a critical component of the channels themselves (Feske
et al. 2006; Vig et al. 2006a,b; Zhang et al. 2006; Prakriya
et al. 2006; Yeromin et al. 2006). The Orai proteins
comprise a family of highly conserved proteins of which
three discrete homologs are expressed in mammalian cells
(Feske et al. 2006; Zhang et al. 2006; Gwack et al. 2007).
Currently, the evidence suggests that only Orai1 (or Orai
in Drosophila) is required for the formation of functional
CRAC channels (Feske et al. 2006; Zhang et al. 2006;
Peinelt et al. 2006; Soboloff et al. 2006; Mercer et al.
2006; Prakriya et al. 2006). However, the presence of
additional Orai family members raises the possibility that
these other proteins may comprise key components of
the ARC channels. Given the importance of oscillatory
[Ca2+]i signals for the appropriate regulation of a variety
of cellular responses in a frequency-dependent manner,
and the demonstrated specific role of the ARC channels
in modulating this frequency, the possibility of identifying
the key molecular components that make up the channel
would represent a powerful tool in understanding the
function and regulation of these important channels at
a molecular level. Here, for the first time, we present
evidence demonstrating that both Orai1 and the closely
related protein Orai3 are essential components of the ARC
channels.

Methods

Cell lines and constructs

Maintenance of the HEK293 cell line stably transfected
with the human m3 muscarinic receptor (m3-HEK

cells) used in this study was as previously described
(Mignen & Shuttleworth, 2000), and the cell line stably
expressing STIM1 (STIM1-stable) was generated using
the Flp-In(tm)-293 system (Invitrogen) following the
manufacturers’ instructions. Briefly, this system involves
the introduction of a Flp recombination target site into
the genome of the cell, followed by the incorporation
of an expression vector containing the gene of interest
(STIM1) at this site via Flp recombinase-mediated
DNA recombination, and subsequent selection with
hygromycin B. The Orai1, Orai2 and Orai3 constructs
each bearing a C-terminal FLAG tag were as described by
Gwack et al. (2007). The Orai1 R91W SCID mutant was
subcloned from the original MO7O vector into pBSII
SK+ and mutated using QuikChange II (Stratagene). The
construct was confirmed by complete sequencing and
then returned to the MO7O vector for transfection.
The STIM1-stable cell line stably expressing either
Orai1 or Orai3 were generated by transfection with
the appropriate construct, followed by selection using
5 μg ml−1 puromycin. In experiments involving transient
expression, cells were transfected with 0.5 or 1 μg DNA of
the selected construct, together with 0.25 μg of an EYFP
construct using a Amaxa Nucleofector II following the
manufacturers’ guidelines.

Electrophysiology

Cells were patch-clamped 42–50 h after transfection using
the EYFP fluorescence as a marker for transfected cells.
Whole-cell recordings of currents through CRAC and ARC
channels were made as previously described (Mignen et al.
2007), using alternating 250 ms voltage pulses to −80 mV
and +60 mV delivered every 2 s from a holding potential
of 0 mV. Current–voltage relationships were recorded
using 150 ms voltage ramps from −100 to +60 mV. The
standard extracellular (bath) solution contained (mm):
NaCl 140, MgCl2 1.2, CaCl2 10, CsCl 5, d-glucose 30,
Hepes 10 (pH 7.4). Standard pipette solutions for the
recording of ARC channel currents contained (mm) Cs+

acetate 140, NaCl 10, MgCl2 3.72, EGTA 10, 3.5 Ca2+,
Hepes 10 (pH 7.2). Calculated free [Ca2+] and [Mg2+] in
this solution were 100 nm, and 3 mm, respectively. This
concentration of free Mg2+ was designed to inhibit the
activation of MIC/MagNum currents. As an additional
sensitive check for the activation of these conductances,
currents were monitoring at +60 mV, and experiments
were terminated on occasions when significant changes in
the currents at this voltage were observed. For recording
CRAC channel currents, this solution was modified by
removing all calcium, and adding 2 μm of the potent InsP3

receptor agonist adenophostin A. Currents were sampled
at 20 kHz during the voltage steps and digitally filtered
off-line at 1 kHz. Initial current–voltage relationships
obtained before activation of either the CRAC channel
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or ARC channel currents, were averaged and used for leak
subtraction of subsequent current recordings. In addition,
where possible, La3+ (100 μm) was added at the end of the
experiment to inhibit the currents through the activated
CRAC or ARC channels, and the resulting values compared
with those recorded initially on achieving the whole-cell
condition. This was particularly critical for the CRAC
channel recordings as a check that the adenophostin A
had not begun to activate the CRAC channels immediately
on going whole-cell. The experiments using the cells
stably expressing Orai1 resulted in unusually large currents
(> 150 pA) raising the possibility of saturating the
intracellular buffers with the entering Ca2+. Because of
this we monitored the developing current by pulsing
to −40 mV rather than the usual −80 mV. Once the
developing currents had fully stabilized, we obtained their
magnitude at −80 mV to allow direct comparison with
the other data. No obvious differences in the relationships
between the different currents were observed at −40 mV
versus −80 mV. All experiments were carried out at
room temperature (20–22◦C). All data are presented as
mean ± s.e.m. Where appropriate, statistical significance
was determined using Student’s t test, with a value of
P < 0.05 taken as significant.

Western blotting

After resolving on 7% SDS-PAGE gels, proteins were
transferred onto nitrocellulose, and analysed by Western
blotting using the appropriate primary antibody, and goat
anti-mouse HRP secondary antibodies (1 : 2000 dilution).
Labelled bands were visualized by chemiluminescence
(Western Lightning, Pierce) and exposure to Biomax XAR
film. GOK/STIM1 mouse primary antibodies targeted to
an N-terminal domain (BD Bioscience) were used at 1 : 250
dilution. Loading controls used monoclonal β-actin
antibodies (Sigma) at a 1 : 5000 dilution.

RT-PCR

m3-HEK cells were transfected (Amaxa Nucleofector II)
with either the STIM1 construct alone, or STIM1 plus
the relevant Orai1, Orai2 or Orai3 construct. Total RNA
was extracted 48 h later using RNAeasy (Qiagen). To
ensure removal of any contaminating DNA, the total
RNA was treated with DNA-free (Ambion) following
the manufacturers’ protocol. RT-PCR was performed
using Superscript One-Step RT-PCR (Invitrogen) using
a 1 μg template RNA for each sample. All samples
were probed with the appropriate primers (0.2 μm)
for STIM1, Orai 1, Orai2 and Orai3 as follows:
STIM1-S (5′-GCGGGAGGGTACTGAG-3′), STIM1-AS
(5′-TCCATGTCATCCACGTCGTCA-3′), Orai1-S (5′-CA-
ACTCGGTCAAGGA GTCCC-3′), Orai1-AS (5′-GTG-

AGCGGTAGAAGTGGACGG-3′), Orai2-S (5′-CACC-
TCTAA CCACCACTCGG-3′), Orai2-AS (5′-GAACTTG-
ATCCAGCAGAGCAG-3′), Orai3-S (5′-GAG TGACCA-
CGAGTACCCACC-3′), and Orai3-AS (5′-GGGTA-
CCATGATGGCTGTGG-3′). In addition, ‘no RT’
control reactions were performed omitting the reverse
transcriptase to confirm the absence of genomic DNA.
cDNA synthesis was performed at 50◦C for 30 min,
and denaturation temperature was 94◦C for 3 min. For
amplification, denaturation was 94◦C for 30 s per cycle,
annealing temperature was 55◦C for 30 s per cycle and
extension temperature 72◦C for 1 min per cycle. The
final extension temperature was 72◦C for 10 min. The
Orai1 primer samples were amplified for 22 cycles, the
Orai2 for 27 cycles, the Orai 3 and Stim1 for 25 cycles,
with each being compared to its own control (STIM1
alone). Quantitative RT-PCR was used to assess the
effectiveness of siRNA knockdown. For this, m3-HEK
cells were transfected as above, with 1 μm of either an
Alexa Fluor 546 tagged negative control siRNA (Qiagen),
or similarly tagged siRNA targeting Orai1, Orai2 or
Orai 3 as appropriate. Constructs were identical to those
used by Gwack et al. (2007). Total RNA was extracted
24 h later using RNAeasy (Qiagen). The integrity of the
RNA was confirmed (Bioanalyser, Agilent), and reverse
transcribed prior to real-time PCR analysis using an
Applied Biosystems 7900HT Sequence Detection System,
and predesigned (Applied Biosystems) primer pairs for
Orai1, Orai2 and Orai3. Data were normalized to β-actin.
Percentate changes in RNA levels relative to the controls
were calculated using the 2−��C

T method (Livak &
Schmittgen, 2001).

Results

Effects of transient overexpression of STIM1 and Orai
proteins ARC channel activities

We began by examining the effects of overexpression of
each of the three known mammalian members of the
Orai family of proteins on ARC channel activities in the
m3-HEK cell line. In previous studies, we have extensively
characterized the biophysical properties, and regulation, of
the coexisting CRAC conductances and ARC conductances
in these cells (Mignen & Shuttleworth, 2000; Mignen &
Shuttleworth, 2001; Mignen et al. 2001), and we recently
demonstrated that the activities of both these channels
were profoundly influenced by the levels of STIM1
expression (Mignen et al. 2007). The key importance
of adequate STIM1 levels is emphasized by reports
from several groups who have found that expression of
Orai1 only induces an increase in store-operated Ca2+

entry and/or CRAC channel activity when coexpressed
with STIM1, and that when expressed alone Orai1 can
actually result in an inhibition of these parameters (Peinelt
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et al. 2006; Soboloff et al. 2006; Mercer et al. 2006).
We therefore chose to examine the effects of each of
the individual Orai proteins cotransfected with STIM1
on the ARC channel currents in these cells. Levels of
each of the different Orai transcripts were examined by
RT-PCR analysis of the translated mRNA levels (Fig. 1A),
which indicated a specific, 2- to 3-fold increase in each
of the relevant transcript level compared with their
respective controls. The ARC channels were activated as
previously described (Mignen et al. 2001) by exposure to
exogenous arachidonic acid (8 μm) – a concentration that
maximally activates these conductances, without causing
any of the non-specific affects on membrane integrity
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Figure 1. Effect of expression of STIM1, and the different Orai
proteins, on ARC channel currents in the m3-HEK cells
A, RT-PCR analysis of the overexpression of Orai1, 2 and 3 in m3-HEK
cells. RT-PCR analyses were performed on cells transfected with a
STIM1 construct alone (S) as an internal control, or along with
constructs encoding Orai1 (+1), Orai2 (+2) or Orai3 (+3). Each of
these was then probed with appropriate primers for STIM1, Orai1,
Orai2 or Orai3, as indicated. B, cells were transfected with 0.6 μg DNA
(STIM1) either alone, or with 0.2 μg of the relevant Orai DNA. Values
are mean inward currents, + S.E.M. (n, numbers in parentheses),
measured at −80 mV following activation by addition of 8 μm
exogenous arachidonic acid. C, mean (± S.E.M.) current–voltage
relationships of the maximally activated ARC channel currents in cells
expressing STIM1 alone, or STIM1 plus each of the different Orai
proteins, as indicated. n, numbers in parentheses.

that are routinely seen when using higher concentrations
(> 20 μm). Previously, we have shown that the expression
STIM1 alone in the m3-HEK cells results in an increase
in inward currents through the ARC channels from a
value of 0.33 ± 0.02 pA pF−1 (n = 13) at −80 mV, to
0.6 ± 0.03 pA pF−1 (n = 32) (Mignen et al. 2007). The
simultaneous expression of Orai1 and STIM1 in these cells
resulted in an approximate doubling of these currents to
reach a value of 1.19 ± 0.16 pA pF−1 (n = 4) at −80 mV
(Fig. 1A). Similarly, expression of Orai3 with STIM1
increased ARC channel currents by almost 50% (to a
mean value of 0.88 ± 0.06 pA pF−1, n = 18, at−80 mV). In
contrast, expression of Orai2 along with STIM1 resulted
in an inward current at −80 mV of 0.47 ± 0.10 pA pF−1

(n = 10), a value that is not significantly different from
that seen in the cells expressing STIM1 alone (P = 0.12).
Together, these data suggest that both Orai1 and Orai3,
but probably not Orai2, might be involved in the makeup
of the ARC channels.

CRAC and ARC channel currents in cells stably
expressing STIM1

If both Orai1 and Orai3 are important for ARC channel
function, then further experiments would probably
require the transient overexpression of up to three different
proteins (STIM1, Orai1 and Orai3), the levels of each of
which appeared to have the potential to markedly influence
the magnitude of the recorded currents. We therefore chose
to develop a HEK293 cell line in which at least one of
these proteins, namely STIM1, was being stably expressed
at a constant level (STIM1-stable cells). In the particular
system utilized (Flp-InTM-293), the STIM1 construct is
actually integrated into a single specific location in the
genome and is therefore expressed at a predicted constant
level in all cells, i.e. the STIM1-stable cells are isogenic.

Overexpression of STIM1 in this STIM1-stable cell
line was confirmed by Western blot (Fig. 2A). Maximal
depletion of intracellular Ca2+ stores using a Ca2+-free
pipette solution containing the potent InsP3 receptor
agonist adenophostin A (2 μm) (Mignen et al. 2001),
resulted in the development of a current displaying
marked inward rectification, and a reversal potential of
> 60 mV, and which was completely inhibited by La3+

(100 μm) (Fig. 2B and C). These features are consistent
with this current reflecting the activity of the endo-
genous store-operated CRAC channels (Mignen et al.
2001, 2007). Mean values of the inward CRAC channel
currents measured in this way were 0.87 ± 0.06 pA pF−1

at −80 mV (n = 29). In separate experiments, the
arachidonic acid-regulated conductance in these cells
was activated, as before, by exposure to exogenous
arachidonic acid (8 μm). Importantly, as previously
demonstrated for the m3-HEK cells (Mignen et al. 2001),
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preliminary studies confirmed that this concentration fails
to induce any detectible release of intracellular Ca2+ in the
STIM1-stable cells. Addition of arachidonic acid induced
the appearance of currents consistent with the activation
of the endogenous Ca2+-selective ARC channels (Fig. 2D
and E), again displaying marked inward rectification,
a reversal potential of > 60 mV, and inhibition by
La3+ (100 μm). Inward currents through these ARC
channels measured at −80 mV were 0.95 ± 0.06 pA pF−1

(n = 26). In both cases, the values recorded represent an
approximate doubling of the magnitude of the respective
currents recorded in the parental Flp-InTM-293 cells
without stable expression of STIM1 (inward currents
at −80 mV equal to 0.42 ± 0.04 pA pF−1, n = 5, and
0.41 ± 0.03 pA pF−1, n = 6, respectively). In addition to
their entirely distinct modes of activation, these two
currents could be distinguished by examination of
their kinetics during brief pulses to negative voltages
(Mignen & Shuttleworth, 2000). Thus, the store-operated
conductance displayed a characteristic fast inactivation
during such brief hyperpolarizing pulses, the magnitude
of which was clearly voltage dependent, reaching values
greater than 30% at −120 mV (Fig. 2F). In contrast,
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Figure 2. Activation of CRAC and ARC currents in
cells stably expressing STIM1
A, representative Western blot showing STIM1 protein
levels in control cells (lane 1) and in cells stably
expressing STIM1 (STIM1-stable cells, lanes 2 and 3).
Gels were stripped and reprobed with β-actin as a
loading control. B, representative trace showing the
activation of CRAC channel currents in a STIM1-stable
cell. CRAC channels were maximally activated by use of
a Ca2+-free pipette solution containing adenophostin
(2 μm), and traces show the leak-subtracted inward
currents measured at −80 mV. La3+ (100 μM) was
added as indicated (arrow). C, mean current–voltage
relationship (± S.E.M., n = 17) of the maximally
activated CRAC channel currents. D, representative
trace showing the activation of ARC channel currents in
a STIM1-stable cell. ARC channels were maximally
activated by addition where indicated (arrow) of
exogenous arachidonic acid (8 μm). Traces show the
leak-subtracted inward currents measured at −80 mV.
E, mean current–voltage relationship (± S.E.M., n = 16)
of the maximally activated ARC channel currents. F,
mean (± S.E.M.) per cent fast-inactivation shown by
CRAC channel current ( �), and ARC channel currents
(•) in STIM1-stable cells during brief pulses to the
voltages indicated.

rapid time-dependent changes in the magnitude of the
arachidonate-activated conductance during such pulses
were smaller (< 15%), and showed no voltage dependence.
These features conform to those reported for the endo-
genous CRAC and ARC channels in HEK293 cells and,
together with their specific modes of activation, confirm
that the currents observed in these STIM1-stable cells
represent the activities of these two distinct, yet coexisting,
conductances.

Expression of Orai1 and Orai3 in the
STIM1-stable cells

Transient overexpression of an Orai1 construct in these
STIM1-stable cells resulted in marked increases in the
recorded currents through both the CRAC channels and
the ARC channels. Thus, depletion of internal Ca2+ stores
in these cells resulted in the development of large inward
currents at −80 mV that measured 3.93 ± 0.61 pA pF−1

(n = 23). In a similar way, addition of exogenous
arachidonic acid (8 μm) also induced the activation
of large inward currents measuring 4.35 ± 0.73 pA pF−1
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at −80 mV (n = 15). Both these values represent an
approximate 4.5-fold increase over the corresponding
currents recorded in the untransfected STIM1-stable cells
(Fig. 3A). The demonstration that overexpression of Orai1
induces a clear increase in the measured currents through
the CRAC channels is consistent with several previous
reports (Zhang et al. 2006; Peinelt et al. 2006; Soboloff
et al. 2006; Mercer et al. 2006; Prakriya et al. 2006; Gross
et al. 2007). However, our data show that Orai1 is also
an essential component for the functional integrity of the
store-independent ARC channels.

We next examined the possible requirement for Orai3
for the formation of functional ARC channels, as suggested
by the data obtained in the m3-HEK cells. Transient
overexpression of Orai3 in the STIM1-stable cells
resulted in mean inward currents through the CRAC
channels of 0.59 ± 0.09 pA pF−1 (n = 6) at −80 mV. The
corresponding measured inward currents through the
ARC channels were 0.71 ± 0.09 pA pF−1 (n = 6). These
data indicate that overexpression of Orai3 actually induced
small, but significant, decreases (P = 0.02 and 0.03,
respectively) in the currents through both the CRAC
and ARC channels, compared with the corresponding
currents in the untransfected STIM1-stable cells. The
decline in the CRAC channel currents could be due
to the transfected Orai3 interacting with endogenous
Orai1 to effect a reduction in the available Orai1 for the
formation of homomeric CRAC channels. However, the
decrease in ARC channel currents is more difficult to
explain, especially given the clear increase induced by a
similar transfection of Orai3 (along with STIM1) in the
m3-HEK cells (Fig. 1). Increasing the concentration of
DNA transfected (from 0.5 μg to 1.0 μg) failed to induce
any significant change in the recorded currents through
either the CRAC or ARC channels (data not shown).
As this same construct has previously been shown to
express effectively in the plasma membrane of HEK293
cells (Gwack et al. 2007), it is unlikely that this could
account for the failure of Orai3 to affect these currents.
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Figure 3. The effect of overexpression of Orai1 on
CRAC and ARC channel currents in the STIM1-stable
cells
A, mean inward currents at −80 mV (+ S.E.M.) were
recorded in STIM1-stable cells (open bars) and following
transfection with an Orai1 construct (1 μg DNA – filled
bars). n, numbers in parentheses. B, mean (± S.E.M.)
current–voltage relationship of the currents through the
CRAC channels (•, n = 16), and the ARC channels
( �, n = 17) in STIM1-stable cells overexpressing Orai1.

Finally, to eliminate the possibility that the failure of
the expression of Orai3 to induce any increase in ARC
channel currents might result from non-specific negative
effects of the transient expression of the protein, we
chose to develop a cell line that stably expressed both
STIM1 and Orai3 together. In these cells, measured inward
currents at −80 mV were 0.74 ± 0.12 pA pF−1 (n = 7) for
the CRAC channels and 1.16 ± 0.10 pA pF−1 (n = 9) for
the ARC channels (Fig. 4A). Neither of these values were
significantly different from the corresponding currents
recorded in the parental STIM1-stable cells (P = 0.18 and
0.05, respectively).

Clearly, these data from the overexpression of Orai3
in the STIM1-stable cells are inconsistent with those
observed in the m3-HEK cells, where overexpression of
Orai3 and STIM1 induced an approximate 50% increase
in the ARC channel currents (Fig. 1). To try and resolve
this discrepancy, we considered the alternative approach
of examining the effect of expressing a dominant-negative
mutant of Orai3 in the cells stably expressing STIM1.
Previous studies have shown that changing the glutamate
at position 106 to a glutamine in Orai1 (or the equivalent
mutation at position 178 in the Drosophila Orai) acts as
a dominant negative and profoundly inhibits both CRAC
channel activity and store-operated Ca2+ entry (Prakriya
et al. 2006; Vig et al. 2006a; Yeromin et al. 2006; Gwack
et al. 2007). The corresponding residue in Orai3 is the
glutamate at position 81 (Prakriya et al. 2006; Gwack et al.
2007). Expression of the E81Q-mutant of Orai3 in the
STIM1-stable cells resulted in inward currents through the
CRAC channels of 0.84 ± 0.19 pA pF−1 (n = 5) at −80 mV
(Fig. 4B), a value that was not significantly different from
that seen following expression of the wild-type Orai3
(see above, P = 0.14). In contrast, expression of the same
E81Q-mutant Orai3 markedly reduced ARC channel
currents in the STIM1-stable cells, with inward currents
through these channels equal to 0.20 ± 0.06 pA pF−1

(n = 4) at−80 mV (Fig. 4B), representing a 72% reduction
compared with the values seen on expression of the
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Figure 4. The effect of Orai3 on CRAC and ARC
channel currents in the STIM1-stable cells
A, effect of stable expression of Orai3 on currents through
the CRAC and ARC channels in the STIM1-stable cells.
Mean inward currents at −80 mV (+ S.E.M.) were recorded
in STIM1-stable cells (open bars) and in same cells stably
expressing Orai3 (filled bars). n, numbers in parentheses. B,
the effect of transient overexpression (0.5 μg DNA) of
wild-type Orai3 (open bars) and the E81Q mutant Orai3
(filled bars) in STIM1-stable cells on currents through CRAC
channels and ARC channels. Values represent mean inward
currents at −80 mV (+ S.E.M.). n, numbers in parentheses.

wild-type Orai3 (see above, P < 0.001). These data
indicate that, despite the inability of overexpression of
Orai3 to induce an increase in the currents through the
ARC channels, the presence of functional Orai3 protein is
clearly essential for the activity of these channels.

Effects of Orai3 in cells stably expressing Orai1

Given that the above data indicate that Oria3 is an essential
component for functional ARC channel activity, the fact
that profound increases in currents through the ARC
channels are seen on overexpression of Orai1 alone (see
above) suggests that endogenous levels of Orai1 in the
STIM1-stable cells must be limiting for ARC channel
activity. This limitation would be absent, or at least largely
mitigated, in the presence of overexpressed Orai1. We
therefore considered that the large ARC channel currents
seen in the cells overexpressing Orai1 might be used to
reveal more clearly the effect of Orai3 on these currents. To
examine this, we developed a cell line that stably expressed
both STIM1 and Orai1 together. As seen in the cells
transiently expressing Orai1, activation of store-operated
CRAC channels by depletion of internal Ca2+ stores in
these Orai1-stable cells resulted in the development of
large inward currents measuring 13.91 ± 0.57 pA pF−1

(n = 5) at −80 mV (Fig. 5A). Similarly, activation of the
ARC channels by addition of exogenous arachidonic
acid (8 μm) also induced the development of large
inward currents measuring 9.71 ± 1.57 pA pF−1 (n = 13)
at −80 mV (Fig. 5A).

Transient expression of Orai3 in these Orai1-stable cells
resulted in the appearance of inward currents through
the CRAC channels of 15.19 ± 1.35 pA pF−1 (n = 5) at
−80 mV, a value that was not significantly different
from that recorded in the untransfected Orai1-stable cells
(P = 0.07) (Fig. 5A). Similar overexpression of Orai3 in
these cells resulted in inward currents through the ARC
channels of 13.74 ± 0.66 pA pF−1 at −80 mV (n = 5),
representing a significant increase of more than 40%

over the same currents measured in the untransfected
cells stably expressing Orai1 (P = 0.02) (Fig. 5A). We
next compared these effects of expressing the wild-type
Orai3 in the Orai1-stable cells with those seen on
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Figure 5. The effect of Orai3 on CRAC and ARC channel currents
in STIM1-stable cells stably expressing Orai1
A, mean inward (+ S.E.M.) currents through the CRAC channels and
the ARC channels recorded at −80 mV in the STIM1-stable cells stably
expressing Orai1 (open bars), and in the same cells following
transfection (1 μg DNA) with either wild-type Orai3 (black bars), or the
E81Q mutant Orai3 (grey bars). n, numbers in parentheses. B, mean
(± S.E.M.) current–voltage relationships of CRAC channels following
transfection with wild-type Orai3 (black circles, n = 5) or the E81Q
mutant Orai3 (grey circles, n = 9). C, mean (± S.E.M.) current–voltage
relationships of ARC channels following transfection with wild-type
Orai3 (black circles, n = 5) or the E81Q mutant Orai3 (grey circles,
n = 4).
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transfection of the dominant-negative E81Q-mutant of
Orai3. Transient overexpression of the E81Q-mutant
Orai3 resulted in inward currents through the CRAC
channels of 12.79 ± 1.30 pA pF−1 (n = 9) at −80 mV, a
value that was not significantly different from that recorded
in the same cells expressing the wild-type Orai3 (see
above, P = 0.11) (Fig. 5A and B). In marked contrast,
expression of the E81Q-mutant Orai3 in the Orai1-stable
cells essentially eliminated the large inward currents at
−80 mV through the ARC channels, reducing them to a
value of only 0.19 ± 0.06 pA pF−1 (n = 4), a reduction of
almost 99% compared with the same currents measured
in the Orai1-stable cells expressing the wild-type Orai3
(Fig. 5A and C).

Clearly then, the large increases in ARC channel currents
induced by expression of Orai1 are critically dependent
on the presence of functional Orai3, whilst this has no
effect on the corresponding increase in CRAC channel
currents induced by expression of Orai1. This supports our
contention that endogenous levels of Orai1 are a limiting
factor for ARC channel activity in the STIM1-stable
cells and, importantly, confirms the essential and specific
requirement of Orai3 for ARC channel activity.

Effects of reducing Orai levels on ARC
channel activities

The above experiments have clearly indicated that both
Orai1 and Orai3 are required for the development of
functional ARC channel activity. However, a possible
concern is that all these studies have relied on the
overexpression of the relevant constructs (either in their
wild-type form, or as dominant-negative mutants). An
alternative approach is to reduce endogenous levels of these
proteins by transfection of appropriate siRNA duplexes.
We therefore examined the effect of transfection of siRNA
duplexes targeting either Orai1 or Orai3 on ARC channel
currents in the m3-HEK cells. Quantitative RT-PCR was
used to examine the effectiveness of the corresponding
siRNA duplexes to reduce the relevant Orai transcripts,
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Figure 6. The effect of siRNA against Orai1 and
Orai3 on ARC channel currents in m3-HEK cells
A, effect of transfection of siRNA constructs against
Orai1 (left panel) and Orai3 (right panel) on Orai protein
levels. Values are means of duplicate assays and are
expressed as the percentage change in RNA levels of
Orai1 (grey), Orai2 (white), and Orai3 (black), as
assessed by quantitative RT-PCR. B, mean (+ S.E.M.)
inward ARC channel currents measured at −80 mV in
cells transfected with a control siRNA, or with siRNAs
against Orai1, or Orai3 as indicated. n, numbers in
parentheses.

and indicated an approximate 30–35% reduction in each
case (Fig. 6A). Despite this relatively modest reduction in
transcript levels, inward currents from the endo-
genous ARC channels were reduced from a value
of 0.42 ± 0.03 pA pF−1 (n = 8) at −80 mV in
control cells transfected with a scrambled siRNA, to
0.26 ± 0.02 pA pF−1 (n = 19) in cells transfected with
the Orai1 siRNA construct – a reduction of almost 40%
(Fig. 6B). Similar transfection with an siRNA duplex
targeting Orai3 reduced the corresponding currents by
more than 60% to a value of only 0.16 ± 0.01 pA pF−1

(n = 14) (Fig. 6B). Both of these reductions were highly
significant (P = 0.0004 and 1.04 × 10−5, respectively).
Together, these data are entirely consistent with our
demonstrated requirement of both Orai1 and Orai3 for
functional ARC channel activity. However, it should be
noted that the quantitative PCR data indicate a rather
complex response to these duplexes. Thus, the apparent
reduction of approximately 15–20% in Orai3 in the
cells transfected with the Orai1 siRNA (Fig. 6A) means
that the observed reduction in ARC channel currents
cannot be unequivocally assigned to an effect of Orai1
levels alone, as the observed changes in both Orai1 and
Orai3 would be predicted to result in an inhibition of
these currents. In contrast, transfection with the siRNA
targeting Orai3 resulted in an unexpected small increase
in Orai1 transcript levels. Interestingly a similar effect,
although of much greater magnitude, was also seen in
the data of Gwack et al. (2007). Based on our previous
data, such an increase would be predicted to increase
ARC channel currents, which means that the observed
decrease in the currents recorded in these cells only serves
to emphasize the essential requirement for Orai3 for the
activity of these channels.

Discussion

Recent studies have shown that the protein Orai1 is
an essential component for the functional activity of
the store-operated CRAC channels (Feske et al. 2006;
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Vig et al. 2006b; Zhang et al. 2006). Moreover, the
effects of mutations of specific acidic residues in the
putative transmembrane domains 1 and 3 in this protein
indicated that Orai1 is an essential pore subunit of these
channels (Prakriya et al. 2006; Vig et al. 2006a; Yeromin
et al. 2006). The overall basic biophysical similarities
shown by CRAC channels, and the store-independent,
arachidonic acid-activated ARC channels, together with
the demonstration that they are both critically regulated
by the protein STIM1, albeit in an entirely distinct way,
suggested that these two channels may be molecularly
related. Based on this, we have examined the possibility
that members of the Orai family of proteins may also be
involved in forming functional ARC channels.

Here, we have demonstrated that overexpression of
wild-type Orai1 along with STIM1 not only induced
large increases in the recorded CRAC channel currents, as
previously reported (Peinelt et al. 2006; Soboloff et al. 2006;
Mercer et al. 2006; Gross et al. 2007; DeHaven et al. 2007),
but also produced similar increases in currents through
the ARC channels. Similar overexpression of Orai3 with
STIM1 significantly increased ARC channel currents in the
m3-HEK cells, but failed to do so in the STIM1-stable cells.
However, further examination revealed that expression of
a dominant-negative mutant Orai3 in the STIM1-stable
cells profoundly, and specifically, reduced ARC channel
currents without affecting the currents through the
coexisting CRAC channels. More dramatically, expression
of the same dominant-negative Orai3 mutant in cells stably
expressing Orai1 essentially eliminated the large ARC
channel currents recorded in these cells, whilst having no
significant effect on currents through the CRAC channels.
Finally, consistent with the above findings, we showed
that siRNA knockdown or either Orai1 or Orai3 resulted
in the significant inhibition of endogenous ARC channel
currents in the m3-HEK cells. Based on these data, we
conclude that Orai3, along with Orai1, does indeed play
a critical, and specific, role in determining the activity of
the ARC channels.

Why, then, did the overexpression of Orai3 fail to
affect the ARC channels currents in the STIM1-stable
cells, whilst this same procedure induced a clear increase
in the m3-HEK cells? The evidence suggests that this
results from the fact that constitutive levels of Orai1
in the STIM1-stable cells act as a limiting factor for
functional ARC channel activity. Consistent with this,
we showed that simple overexpression of Orai1 alone
in these cells was sufficient to induce large increases in
ARC channel currents. Moreover, in the presence of stably
overexpressed Orai1, expression of Orai3 did indeed result
in a significant increase in the ARC channel currents.
Importantly however, the effects of overexpression of
Orai1 on these currents are essentially obliterated by
expression of a dominant-negative Orai3 mutant. We
conclude therefore that both Orai1 and Orai3 are required

essential components for the expression of functional
ARC channels. Such an interacting combination of Orai1
and Orai3 is certainly feasible, as it has been shown that
Orai1, in addition to forming homomultimers, can also
form heteromultimers with Orai3 (Gwack et al. 2007),
and both Orai1 and Orai3 are known to be expressed
together in a wide variety of different tissues (Gwack et al.
2007).

Consistent with the majority of studies published to
date, we could find no requirement for Orai3 in influencing
the activity of the store-operated CRAC channels, which
appear to depend on Orai1 alone (Mercer et al. 2006;
Takahashi et al. 2007; Dehaven et al. 2007). Indeed, where
studied, the other Orai family members have generally
been reported as being variably much less effective,
non-effective or even inhibitory to the activation of
store-operated Ca2+ entry and CRAC channel activity
(Mercer et al. 2006; Lis et al. 2007; Gross et al. 2007;
Gwack et al. 2007). However, it has been reported that
that coexpression of STIM1 and Orai3 at high levels was
able to rescue store-operated Ca2+ entry in HEK293 cells
pretreated with siRNA to Orai1 (Mercer et al. 2006), and
that the combined overexpression of Orai3 and STIM1
was able, at least partially, to reconstitute Ca2+ influx in
fibroblasts obtained from homozygous members of the
SCID pedigree (Gwack et al. 2007). It seems, however,
that these effects of Orai3 are, in some way, unique to the
specific ‘rescue’ protocols used in these studies as the same
reports note that overexpression of Orai3, either alone or
with STIM1, failed to affect store-operated Ca2+ entry
or CRAC-like currents in normal HEK293 cells (Feske
et al. 2006), and knockdown of Orai3 had no effect on
store-operated Ca2+ entry in cells not expressing the SCID
mutation (Gwack et al. 2007). In addition, Lis et al. (2007)
have recently reported that overexpression of Orai3 in
STIM1-expressing HEK293 cells resulted in a 15- to 20-fold
increase in store-operated channel currents. However,
these authors make clear that the effect they describe
was entirely dependent on the use of a specific vector
and, using the same vector, the corresponding currents
seen on overexpression of Orai1 were some 60-fold larger
than those recorded in control STIM1-expressing cells (see
also Peinelt et al. 2006). Moreover, as these authors note,
many of the biophysical and pharmacological properties
of the store-operated currents obtained under these
conditions do not correspond with those of the endo-
genous CRAC channel currents (Lis et al. 2007). The
potential problems of interpretation of data obtained
from experiments involving excessive overexpression
of proteins are well-known, and can be further
exacerbated when the system under study involves essential
interactions between multiple components, as is the
case in the regulation of both store-operated and
store-independent modes of Ca2+ entry. For this reason,
in the studies reported here, we deliberately chose to use a
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system where the maximum currents recorded in any over-
expression experiment were no more than 10- to 15-fold
larger than the currents seen in untransfected cells, similar
to the approach previously used by Zhang et al. (2006).

Our finding that ARC channel activity is dependent,
not only on STIM1, but also on both Orai1 and Orai3 has
certain important implications. First, as was previously
shown for STIM1 (Mignen et al. 2007), the requirement
of Orai1 for ARC channel activity means that simply
demonstrating that a Ca2+ entry pathway displays a
dependence on the presence of this protein does not, by
definition, imply that such a pathway involves the CRAC
channels or, indeed, store-operated pathways in general.
Such conclusions would obviously require a precise
characterization of the specific conductance involved.
Secondly, as noted above, the requirement for three
distinct proteins for normal functional activity of these
channels can lead to significant complications in the
interpretation of experiments involving simple over-
expression and/or knockdown of any one of these
components. Such complications were evident in the
effects we observed with expression of Orai3 in the
STIM1-stable cells versus those in the m3-HEK cells, where
the nature of the resulting effects appeared to depend on
the corresponding levels of Orai1 in each case.

In conclusion, we have shown that members of the
Orai family of proteins are essential components of
the store-independent ARC channels as well as the
store-operated CRAC channels, although they differ in
their precise composition. This, together with their shared
ability to be regulated by STIM1 albeit via entirely
distinct mechanisms (Mignen et al. 2007), indicates that
ARC and CRAC channels are evolutionarily related.
However, as demonstrated previously (Mignen et al. 2001;
Shuttleworth et al. 2004), functional studies show that
by adopting unique modes of activation they evolved to
operate under different specific conditions of stimulation
and to serve distinct roles in the overall regulation of
agonist-activated Ca2+ signals.
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