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Receptor-operated Ca2� entry (ROCE) and store-operated Ca2�

entry (SOCE) into cells are functions performed by all higher
eukaryotic cells, and their impairment is life-threatening. The main
molecular components of this pathway appear to be known.
However, the molecular make-up of channels mediating ROCE and
SOCE is largely unknown. One hypothesis proposes SOCE channels
to be formed solely by Orai proteins. Another proposes SOCE
channels to be composed of both Orai and C-type transient recep-
tor potential (TRPC) proteins. Both hypotheses propose that the
channels are activated by STIM1, a sensor of the filling state of
the Ca2� stores that activates Ca2� entry when stores are depleted.
The role of Orai in SOCE has been proven. Here we show the
TRPC-dependent reconstitution of Icrac, the electrophysiological
correlate to SOCE, by expression of Orai1; we also show that
R91W-Orai1 can inhibit SOCE and ROCE and that Orai1 and STIM1
expression leads to functional expression of Gd-resistant ROCE.
Because channels that mediate ROCE are accepted to be formed
with the participation of TRPCs, our data show functional interac-
tion between ROCE and SOCE components. We propose that
SOCE/Icrac channels are composed of heteromeric complexes that
include TRPCs and Orai proteins.

capacitative calcium entry � signal transduction � store depletion

Reported independently by three laboratories at the beginning
of 2006, Orai (also known as CRACM) proteins, especially

Orai1, have emerged as the molecular candidates for the un-
derlying structure of store-operated Ca2� entry (SOCE) chan-
nels responsible for the store-depletion activated Ca2� current,
Icrac, without apparent role(s) for transient receptor potential
ion channels (TRPCs) (reviewed in refs. 1–3). Before the
discovery of Orai genes and their gene products, the only
candidates presumed to underlie SOCE had been the members
of the TRPC class of ion channels, of which there are seven. This
proposition was based on primary research reports from many
laboratories showing that expression of the cloned TRPCs
enhances store-depletion activated Ca2� entry (cf. table 1.3 in
ref. 4) and/or that injection of specific anti-TRPC antibodies or
genetic ablation of TRPC genes reduces SOCE and/or Icrac.
Moreover, Zagranichnaya et al. (5) showed partial reduction of
SOCE in response to siRNAs that targeted TRPC1, TRPC3, or
TRPC7, which, when combined, were partially additive. The idea
promoted in the reviews listed above that channels responsible
for SOCE and Icrac form without involvement of TRPC proteins
is especially difficult to reconcile with the total loss of Icrac in
vascular endothelial cells seen in TRPC4 knock-out mice (6) and
the 80% loss of SOCE found in submaxillary acinar cells of
TRPC1 knockout mice (7).

Based on the foregoing data, and recognizing that Orai/
CRACMs are part of SOCE/Icrac channels, we proposed that
SOCE/Icrac channels may be heteromeric complexes of TRPC
and Orai proteins (8). If this were the case, we reasoned,

expression of Orai1 in cells expressing excess TRPCs might lead
to increases in SOCE, as seen in Fura2 imaging experiments.¶
We indeed found that Orai1 increased SOCE in cells stably
expressing TRPC3 or TRPC6 but not in untransformed HEK293
cells or HEK cells that were expressing unrelated molecules,
such as the V2 or the V1a vasopressin receptors (8). In these
studies we also showed that expression of SOCE-enhancing
levels of Orai1 tends to ‘‘silence’’� spontaneous activity of
TRPC3 in cells that stably overexpress these channels. It is worth
noting that the parental HEK293 cells do not present with
spontaneously active nonselective cation currents and are devoid
of Gd3�-resistant receptor-operated Ca2� entry (ROCE), de-
spite being positive by RT-PCR analysis for the presence of
mRNA coding for TRPC3 and TRPC6 (5). Gd3� is commonly
used to assess TRPC3-, TRPC6- or TRPC7-mediated ROCE.

In contrast to SOCE and Icrac, which are molecularly defined
phenomena mediated by the SOCE/Icrac channels activated by
mere store depletion without involvement of plasma membrane
receptors or their signaling pathways, ROCE is an operational
definition describing Ca2� entry occurring through TRPC as well
as SOCE/Icrac channels activated secondarily to the stimulation
of a receptor–Gq/11–phospholipase C signaling pathway. TRPC
activities contributing to ROCE are stimulated as a consequence
of one or more of the following events: (i) Gq-coupled receptor
signaling independent of store depletion, such as the generation
of diacylglycerol, which activates TRPC3, -6, and -7 but not
TRPC1, -4, or -5 (ref. 9 and unpublished observations); (ii)
lysophospholipids, such as lysophosphatidylcholine, shown for
TRPC5 in ref. 13; (iii) conformational coupling by which the
IP3–IP3 receptor complex activates TRPCs through direct pro-
tein–protein interaction (10–12); (iv) translocation of membrane
vesicles by which TRPCs located in intracellular vesicles are
shuttled to the plasma membrane (shown for TRPC5 in ref. 14);
and (v) other as yet undefined mechanisms. SOCE/Icrac chan-
nels contributing to ROCE are activated by the store-depleting
action of IP3 generated by receptor activation. Operationally,
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¶In these types of experiments, SOCE is quantified by analyzing the Ca2� influx into cells in
which the stores are depleted by inactivation with thapsigargin (Tg) of the sarcoplasmic–
endoplasmic reticulum Ca2�-activated ATPases. ROCE is quantified by triggering store
depletion secondarily to activation of the Gq–phospholipase C� pathway, which stimu-
lates cells through an endogenous or a transfected receptor that activates the Gq/11

pathway.

�‘‘Silencing’’ is used as an operational term denoting inability to record, without connota-
tion of physical removal from the membrane.
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ROCE is triggered with agonists, hormones, neurotransmitters,
and/or growth factors, whereas SOCE/Icrac is triggered without
involvement of elements acting upstream of store depletion. The
‘‘cleanest’’ assessment of ROCE without the contribution of
SOCE is obtained when ROCE is mediated by Gd3�-resistant
channels. Under this condition SOCE/Icrac channels are
blocked by 0.5–1 �M Gd3�. Because only the C3, C6, and C7
TRPCs are resistant to inhibition by low concentrations of Gd3�,
presumably by forming homomeric multimers (15), it is believed
that Gd-resistant ROCE represents Ca2� entry mediated by
molecules that include one or more of these three TRPCs.
Mediation by these channels does not exclude participation of
additional components, including Orai/CRACM and/or other
TRPC proteins, but it does identify participation of the C3, C6,
and C7 TRPCs. Absence of measurable Gd-resistant ROCE in
native HEK293 cells is therefore likely to be a reflection of the
heteromultimerization of Gd-resistant TRPCs with Gd-sensitive
TRPCs, such as that described in ref. 14.

The experiments, reported in Results, were performed to
address the question whether expression of Orai1 at SOCE-
enhancing levels in TRPC-expressing cells is associated with
reconstitution of Icrac. In the course of these experiments, we
also tested the effects of expressing R91W-Orai1, a mutant
found in humans to be responsible for a familial form of severe
combined immunodeficiency (SCID). Unexpectedly, this mu-
tant displayed dominant negative properties affecting not only
SOCE but also ROCE.

Results
TRPC-Dependent Reconstitution of Icrac by Expression of Orai1. The
T1, T3, T6, and T7 cell lines used in this study are clonal HEK293
cell lines that stably express TRPC1, TRPC3, TRPC6, and
TRPC7, respectively. When ROCE is elicited in TRPC3- and
TRPC6-expressing cells, they develop agonist-induced whole-
cell currents with reversal potentials at or very near 0 mV, which
show no inward rectification (cf. refs. 16 and 17). This is
indicative of the activation of nonselective cation channels. On
the other hand, protocols that elicit Icrac in mast cells (e.g., ref.
18) fail, in our hands, to elicit Icrac in either HEK293 cells or in
cells stably expressing TRPCs (Fig. 1A). Thus, in the present
experiments, infusing the Ca2� chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N,N�,N�-tetraacetate (BAPTA) at 10 mM into
cells through a patch pipette to promote passive depletion of
internal Ca2� stores led either to no current development
(HEK293 cells, n � 6 of 8; untransfected TRPC-expressing cells,
n � 22 of 24) or, when developed over a 5-min time span, to
�0.25 pA/pF at �100 mV (n � 2 of 24). In contrast, transient
expression of SOCE-enhancing levels of Orai1 (60–100 ng of
expression plasmid per 60-mm dish under our transfection
conditions) elicited measurable Icrac ranging from a low of 0.3
pA/pF to a high of 3.25 pA/pF at �100 mV in 61 of 69 cells (Fig.
1A). Fig. 1B shows typical I–V relationships recorded from an
Orai1- and TRPC6-expressing cell before Icrac development,
i.e., at the time of break-in (black trace); 3 min later, after Icrac
had developed (red trace); and after the addition of 0.5 �M Gd3�

(blue trace at 5 min). Icrac, defined by the difference (green
trace) between the I–V relationships before and after Gd3�

addition, shows the typical strong inward rectification and a
reversal potential of �50 mV, which are the hallmarks of Icrac.
Fig. 1B Inset shows the time course of the development of the
inwardly rectifying Icrac and its inhibition by 0.5 �M Gd3�. Icrac
reconstituted by expression of Orai1 in TRPC-expressing cells
develops with a typical slow time course, reflecting the time
course with which store depletion develops its signal to activate
Icrac channels, i.e., to activate STIM (Fig. 1C Left), and exhibits
a characteristic pattern of ion selectivity. Thus, shifting from
Ca2�- and Mg2�-containing external solution to a divalent-free
solution, the current, now carried by monovalent ions, increased

instantaneously, followed by rapid inactivation. Shifting to stan-
dard external solution with 10 mM Ba2� instead of 10 mM Ca2�,
established a new steady-state current level at approximately
one-third of that obtained with Ca2�. Ca2�-carried Icrac was
reestablished upon return to standard solution and was inhibited
by Gd3�. Fig. 1C Right depicts I–V relationships at different
stages of the protocol shown in Fig. 1C Left. As exemplified for
a TRPC3-expressing cell, these maneuvers indicate that expres-
sion of Orai1 in cells stably expressing excess TRPCs reconsti-
tutes typical Icrac currents. Taken together, our results show

Fig. 1. Expression of Orai in TRPC-expressing cells reconstitutes Icrac. (A)
Summary of Gd3�-sensitive Icrac at �100 mV developed 3–5 min after break-in
in the various cell types transfected as shown. EV, empty vector. Shown below
each group are the nanograms of WT or mutant or Orai1-carrying expression
vector used in the standard transfection to which the analyzed cells had been
subjected. (B) I–V relationships recorded from a TRPC6-expressing cell trans-
fected with Orai1 after break-in (trace 1, black), at 180 sec before addition of
0.5 �M GdCl3 (trace 2, red) and at 500 sec after Gd3� block had set in (trace 3,
blue). The green trace indicates net Icrac (trace 2 minus blue trace 3). (Inset)
Time course of current at �100 mV during the course of the experiment. (C)
(Left) Changes in Icrac recorded from a TRPC3-expressing cell transfected with
Orai1 as seen by changing the ionic composition of the external solution from
Ca2� to divalent-free and Ba2�. (Right) I–V relations of the leak-subtracted
currents at the times indicated in Left.
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TRPC-dependent reconstitution of Icrac currents upon expres-
sion of low levels of Orai and are an indication of a functional
interaction between Orai1 and TRPCs. The results further
suggest that Orai1 expression in HEK293 cells and its TRPC-
expressing derivatives is likely to be rate-limiting.

Positive and Negative Regulation of SOCE in TRPC-Expressing Cells by
WT and Mutant Orai1. Expression of low levels of Orai (typically
between 50 and 90 ng of Orai1-carrying pcDNA3 plasmid to
transfect the cells grown to near confluence in a 60-mm dish)
leads to an enhancement of SOCE between 50% and 150% for
cells stably expressing either TRPC3 or TRPC6 (8). Orai1 also
enhances SOCE in TRPC1- and TRPC7-expressing cells (data
not shown). TRPC2, C4, and C5 have not yet been tested for their
responsiveness to Orai. When the SCID-causing mutant R91W-
Orai1 (19) was transfected into TRPC-expressing or HEK293
(see below) cells, we saw no enhancement of SOCE. Instead, and
to our surprise, SOCE was inhibited (Fig. 2A). This finding was
true also in HEK293 cells (Fig. 2E). This result was unexpected
because the mutation was reported to be recessive (19), and it
prompted us to seek a better characterization as to which of the
relevant genes is expressed in HEK cells. As seen by RT-PCR
analysis, HEK293 cells express all three Orai genes, both STIM
genes, and TRPC3 and TRPC6 (8). Upon expanding the screen
for TRPCs, we found that HEK293 cells also express TRPC1 and
TRPC4 but do not express TRPC5 or TRPC7 (Fig. 2B). Given
that coexpression of excess STIM1 and Orai1 leads to massively
enhanced SOCE and Icrac, we tested whether Orai1 expression
alters the levels of STIM1 in TRPC3-expressing cells, which we
found does not occur (Fig. 2C). Because overexpression of high
levels of Orai1, instead of being stimulatory or without effect, are
inhibitory (Fig. 3), we tested whether the inhibitory effect of
R91W-Orai1 might come about by a more efficient translation
of its cDNA as compared with that of WT Orai1. More efficient
translation or greater stability of the protein could lead to
excessive accumulation and an attendant inhibitory action. How-
ever, this also is not the case, because the accumulation of the
transfected myc-tagged WT and R91W-Orai1 proteins were
found to be about the same (Fig. 2D). Fig. 2E shows that the
same mutation introduced into Orai2 and Orai3 also creates
effective inhibitors of SOCE and that inhibition by R91W-Orai1
does not require stable coexpression of a TRPC because it was
elicited in HEK293 cells, in contrast to the stimulatory effect of
WT Orai1, which requires a stably overexpressed TRPC.

The results reported so far suggested that Orai may be limiting.
Confirming data are presented in the experiment of Fig. 3, in
which HEK293 cells were transfected with high levels of Orai1
or STIM1, i.e., levels that, when combined, generate very high
SOCE and very large Icrac. We found that transfection of 1,000
ng of STIM1 alone had no effect on SOCE (Fig. 3A) but led to
a much increased SOCE when combined with 1,000 ng of Orai1
(Fig. 3A), indicating that there is no excess of Orai1 to comple-
ment the overexpressed STIM1 and cause an enhancement of
SOCE. The inverse is also true, i.e., expression of low levels of
Orai1 would be expected to augment SOCE if there were
unpaired STIM1 molecules available, which it did not. The
experiment further shows that STIM1 and the SCID mutant of
Orai1 are able to interact (Fig. 3B), given that STIM1 rescued
SOCE from inhibition by R91W-Orai1 but was not able to
assemble or contribute to the formation of functional SOCE
channels, as evidenced by the fact that cells expressing R91W-
Orai1 and excess STIM1 exhibited SOCE indistinguishable from
that in control cells.

Not Only SOCE but Also ROCE Is Affected by Orai. A survey of the
literature shows that functions of Orai (CRACMs) have appar-
ently only been studied in the context of SOCE or Icrac and not
for potential role(s) in ROCE. However, under physiologic

conditions, SOCE is a subset of ROCE. In view of our finding
that R91W-Orai1 inhibits SOCE in HEK293 cells, we tested for
a possible effect of this mutation on ROCE in HEK293 cells. As

Fig. 2. Inhibition of SOCE by mutant Orai. (A) Representative SOCE elicited
in Fura2-loaded, TRPC3-expressing cells transfected with YFP and empty vec-
tor alone (YFP), with YFP plus Orai1, or YFP plus R91W-Orai1. In this and all
other figures, SOCE was triggered by the addition of 2 �g/ml Tg after previous
removal of Ca2� from the medium. SOCE developed after 450 sec is seen by the
rate of rise in [Ca2�]i and the extent of increase in [Ca2�]i. The time of addition
of Ca2� is indicted by the black bar. Numbers in parentheses denote numbers
of cells analyzed. (B) Survey of TRPC expression in HEK293 cells by RT-PCR.
Primer sequences are available upon request. (C) Expression of STIM1 protein
in control HEK293 and TRPC-expressing cells is unaffected by expression of
SOCE augmenting levels of Orai1 as seen by Western blot analysis of total cell
lysates. (D) Western blot analysis shows that the exogenous myc-tagged WT
and R91W-Orai1 are expressed at similar levels in transfected cells. N223A, WT
myc-tagged Orai1 in which the site for posttranslational glycosylation has
been changed from Asn to Ala. (E) Mutations cognate to R91W-Orai1 in Orai2
and Orai3 also inhibit SOCE. HEK293 cells were used.
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shown in Fig. 4A, low levels of the SCID-causing Orai1 mutant
potently inhibit ROCE. WT Orai1 does not affect ROCE in
HEK293.

As is the case with SOCE, coexpression of STIM1 prevents the
inhibitory effect of the mutant Orai1 in both native HEK293
cells and in HEK cells expressing a recombinant TRPC (Fig. 4
B and C). In contrast to SOCE, expression of STIM1 alone
augmented ROCE in HEK cells by 20–50% (Fig. 4B). In
TRPC-expressing cells, this enhancement also is seen but is
transient (shown for T3–65 cells in Fig. 4C).

Coexpression of Orai1 and STIM1 Affects Gd-Block of ROCE. In
HEK293 cells, SOCE and ROCE are inhibited by low concen-
trations of Gd3� (Fig. 5 Ai and Bi). Upon coexpression of Orai1
and STIM1, SOCE remains sensitive to Gd3� inhibition, albeit
requiring a somewhat higher concentration for full block (Fig. 5
Ai and Aii). Upon testing whether ROCE in the presence of an
inhibiting level of WT Orai1 plus a ‘‘rescuing’’ level of STIM1 is
still inhibited by 1 �M Gd3�, we unexpectedly found that it is
largely Gd3�-resistant. Gd3�-resistant ROCE appeared in
HEK293 cells only upon coexpression of STIM1 with WT Orai1
(Fig. 5Bii), and was at about half the level at 60 ng Orai1 as when
1,000 ng of Orai1 was used (Fig. 5Biii). Thus, conditions that
elicit very high SOCE and Icrac activities in HEK293 cells also
elicit an up to 2-fold increase in ROCE, which, instead of being

Fig. 3. Block of inhibition of SOCE and effects of WT and mutant Orai
coexpressed with STIM1 as seen in HEK293 cells. The results shown are from a
single representative experiment. (A) Block of the inhibitory effect of excess
WT Orai1. (B) Block of the effect of low levels of R91W-Orai1.

Fig. 4. Block of V1a receptor-triggered ROCE in TRPC3-expressing cells (A
and C) and in control HEK cells (B). (B and C) Block of the inhibition by STIM1.

Fig. 5. Development of resistance of ROCE, but not SOCE, to inhibition by
Gd3� upon coexpression of Orai1 and STIM1. (A) Gd3� block of SOCE. (Ai) SOCE
in HEK cells is blocked by 1 �M Gd3�. (Aii) SOCE induced by coexpression of
Orai1 and STIM1 also is blocked by Gd3�. (B) Gd3� block of ROCE and appear-
ance of Gd3�-resistant ROCE in cells cotransfected with Orai1 plus STIM1. (Bi)
ROCE is highly sensitive to inhibition by Gd3�. (Bii) Coexpression of Orai1 and
STIM1 leads to the appearance of Gd3�-resistant ROCE (Biii) Gd3�-resistant
ROCE requires both STIM1 and inhibitory levels of WT Orai1. The results are
from a single experiment; each trace represents the averaged changes in the
indicated number of cells.
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fully blocked by 5 �M Gd3�, is inhibited only by 15–20%
(Fig. 5Bii).

We asked whether the development of Gd3�-resistant ROCE
required Orai1 and STIM1 or only one of them. As shown in Fig.
5Biii, generation of Gd3�-resistant ROCE in HEK293 cells
requires both Orai1 and STIM1 (Fig. 5Biii, traces 2, 6, and 7 vs.
traces 8 and 9). Furthermore, the results in Fig. 5Biii illustrate
that high SOCE-inhibiting levels of WT Orai1 (Fig. 3B) also
inhibit ROCE (Fig. 5Biii, trace 3 vs. trace 5). Gd3�-resistant
ROCE, produced by coexpression of Orai1 and STIM1, was not
a leak artifact (Fig. 5Biii, trace 1 vs. trace 9).

Discussion
The data presented in this report argue strongly for functional
interaction between Orai1 and TRPCs and are difficult to
interpret with models in which Orai and TRPCs coexist in
plasma membranes independently from each other, each sub-
serving an independent regulatory role. Thus, we showed TRPC-
dependent reconstitution of Icrac upon expression of Orai1; we
showed that low levels of a mutant Orai (e.g., R91W-Orai1) are
able to almost totally inhibit endogenous ROCE, a phenomenon
commonly ascribed to TRPC-based channels; we further showed
that coexpression of Orai1 and the store’s calcium sensor STIM1
leads to the assembly and/or formation of Gd-resistant ROCE
channels, a phenomenon also commonly accepted as evidence
for participation of one of the TRPC3-family channels (TRPC3,
-6, and/or -7). These findings need to be integrated with the
finding that Orai1 enhances SOCE only if TRPCs are coex-
pressed [so far, found for TRPC1, -3, -6, and -7 and not yet tested
for TRPC4 and 5 (human TRPC2 is a pseudogene], and that
spontaneous single-channel activities seen in TRPC3-expressing
cells are silenced by low, SOCE-enhancing levels of Orai1. We
take these findings also to point toward a TRPC–Orai interaction
and possibly to be at the root of the fact that HEK cells do not
present with spontaneously active single-channel activities re-
sembling those of TRPC3 or TRPC6, despite being positive for
presence of their mRNAs.** Moreover, WT untransfected
HEK293 cells, when tested for classical Icrac, show little or no
activity of this type, despite having mRNAs coding for all of the
known players thought to contribute to ROCE and SOCE, i.e.,
four TRPCs, three Orai, and two STIMs (Fig. 2B) (8). It would
appear that Orai levels are limiting in HEK cells, because
expression of STIM led to no increase in SOCE. Expression of
Orai1 plus STIM1, on the other hand, leads to robust SOCE and
Icrac. Likewise, the steady-state levels of STIM1 also appear to
be limiting or balanced, because expression of Orai1 at levels that
in TRPC-expressing cells augment SOCE did not increase SOCE
in HEK293 cells. High levels of Orai1 also failed to increase
SOCE and, instead, inhibited it. Availability of free STIM1
would have been predicted to lead to an increase in SOCE upon
increased expression of Orai1 if one were to argue for existence
of Orai-only channels activated by STIM1.

Perhaps the most striking discovery was the fact that STIM
and Orai functionally interact with the ROCE process: inhibition
of ROCE by R91W-Orai1 and the appearance of Gd3�-resistant
ROCE. ROCE is a realm ascribed to TRPCs as a result of
expression studies in mammalian cells and of genetic ablation
studies in the Drosophila visual signal transduction system, which
led to the discovery of mammalian TRPCs. The role of TRPCs
in ROCE is predicted to operate both independently of store
depletion and in concert with the STIM signaling system. Given
that SOCE and its likely electrophysiological correlate, Icrac, are
inhibited by submicromolar Gd3� concentrations, the appear-

ance of Gd-resistant ROCE upon coexpression of Orai and
STIM argues for TRPCs being regulated by these proteins.
Appearance of Gd-resistant ROCE (and also to some extent
SOCE) argues further for a STIM–Orai-directed change in the
heteromultimerization status of TRPCs, because Gd3�-
resistance is otherwise only seen upon overexpression (transient
or stable) of C3, C6, or C7 TRPCs. These are conditions
conducive to the formation of homomeric channels.

Although it may be premature to propose a subunit structure
for the TRPC- and Orai-containing complexes regulated by
STIM, it is nevertheless tempting to lay out the scenario depicted
in Fig. 6. Based on the finding that spontaneous activity of stably
overexpressed TRPC3 channels is suppressed by Orai1 (8), we
propose that nonactivated TRPCs in unstimulated cells are
stabilized in their inactive conformation through association
with Orai molecules. Stimulation by the receptor–Gq–
phospholipase C–IP3–IP3 receptor pathway is proposed to cause
the rapid release of Orai from TRPCs with concomitant acti-
vation of TRPCs operating in a Ca2�-permeable, nonselective
cation channel mode. As Ca2� stores are depleted, the store’s
Ca2� sensor STIM1 changes conformation with activation of a
scaffolding function in its cytosolic C terminus. This promotes (i)
the gradual reorganization and migration of Orai molecules into
microdomains visible by confocal and total internal reflection
fluorescence microscopy as puncta [described by Lewis and
coworkers (20, 21)], in which STIM and Orai colocalize; and (ii)
the gradual migration of TRPCs to the same microdomains as a
consequence of interacting with STIM activated by the Ca2�

depletion process [described by Muallem, Worley, and cowork-
ers (22–24)]. TRPCs associated with STIM–Orai complexes are
proposed to be channels that operate in the SOCE/Icrac mode.
In the absence of cytosolic Ca2�, as is the case in protocols in
which Icrac is activated with BAPTA, the model views TRPCs
transitioning directly from being kept in the resting state by Orai
to operating in the SOCE/Icrac mode induced by the STIM–Orai
complex. STIM is shown to interact with both Orai and TRPC,
as could be expected from a molecule with scaffolding proper-
ties. The model does not rule out, however, that, even in the
absence of cytosolic Ca2�, TRPCs may transition to the SOCE/
Icrac- gating mode via an intermediary mode in which they are
associated with neither Orai nor STIM–Orai and gate in the
nonselective ion channel mode. R3W mutants would reduce
SOCE and ROCE by associating with and stabilizing the resting

**Presence of TRPC3 mRNA in HEK293 cells is in full agreement with the fact that the cDNA
encoding the human TRPC3 proteins was originally cloned from RNA isolated from these
cells (10, 24).

Fig. 6. Model of the interplay between TRPCs, Orai, and STIM. TRPCs are
depicted as being stabilized in an inactive state by interacting with Orai.
Receptor signaling is proposed to cause fast dissociation of Orai from TRPC,
promoting its activation. Activated TRPC gating in the nonselective cation
channel mode is then trapped by STIM–Orai complexes induced by depletion
of Ca2� from the store and dissociation of Ca2� from STIM’s luminal, Ca2�-
sensing N terminus. Clustered aggregates of STIM–Orai associate with acti-
vated TRPCs and stabilize their conformation in a state in which it operates as
an Icrac channel. Normal cells have excess of neither Orai nor STIM but do have
more TRPC molecules than Orai molecules. For further discussion of the model,
see the text.
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state and interfering with the activation process. Excess STIM
would revert this inhibition by sequestering the mutant Orai
molecules, allowing the endogenous WT Orai to work as if no
R3W mutants were present. Our experiments show that the
quantities of STIM and Orai are balanced (Figs. 3 and 5). In
contrast, the model assumes that cells express TRPC molecules
in excess of Orai and STIM. Overexpression of both STIM1 and
Orai1 would then be able to engage all of the TRPCs, which
under physiologic conditions does not happen because of subs-
toichiometric amounts of Orai and STIM compared with
TRPCs. Overexpression of either STIM or Orai has no effect
because Orai and STIM are limiting.

The proposal that TRPCs operating in the nonselective gating
mode have a transient lifetime is in agreement with experimental
findings (cf. figure 1A in ref. 14), given that, upon addition of the
muscarinic receptor agonist carbachol to T3-9 cells, the nonse-
lective current it elicited was transient.

Taken together, our results show the existence of functional
interactions between Orai1 and TRPCs under the influence of
STIM1 and do not support views of ROCE and/or SOCE being
mediated by TRPCs and Orai operating as noninteracting
pathways.

Materials and Methods
Cell and Molecular Biology. For transfections, cDNAs coding for enhanced
yellow fluorescent protein (eYFP; Clontech), V1a vasopressin receptor (V1aR),
myc-tagged Orai and mutants, and STIM1 were placed into pcDNA3 (Invitro-
gen). For expression of proteins in HEK and HEK-derived cells, cells were grown
in 60-mm dishes to �80% confluence and were transfected (Lipofectamine
method; Invitrogen) with a mixture of plasmids that included 0.1–0.5 �g of
plasmids coding for eYFP; the indicated plasmids coding for WT or mutant
Orai, STIM1, and a combination thereof; and various amounts of pcDNA3
without insert (empty vector) to give 5.0 �g of total plasmid DNA. For ROCE
measurements, 1.5 �g of V1aR plasmid was included in the transfection

mixture. For measurement of [Ca2�]i, the cells were replated 24 h after the
transfection onto polylysine-coated coverslips and allowed to recover for
another 24 h before preparing them for SOCE or ROCE measurements. Load-
ing with Fura2 was done by incubation with 2 �M Fura2AM in Hepes-buffered
saline for 30 min at 37°C. Changes in [Ca2�]i were monitored by dual excitation
fluorescence ratiometric video microscopy as described in Zhu et al. (25) and
Liao et al. (8). The materials and all other methods were as described previ-
ously (8).

Electrophysiology. Icrac currents were elicited by passive store depletion with
BAPTA in whole-cell recordings using an intracellular solution containing 120
mM Cs-glutamate, 8 mM NaCl, 10 mM Cs-BAPTA, 3 mM MgCl2, and 10 mM
Hepes (pH-adjusted to 7.2 with CsOH). The external solution consisted of 120
mM NaCl, 10 mM CsCl, 2.8 mM KCl, 2 mM MgCl2, 10 mM CaCl2 or BaCl2, 10 mM
Hepes, and 10 mM glucose [pH-adjusted to 7.2 with tetraethylammonium
hydroxide (TEA-OH)]. The divalent-free solution contained 135 mM NaCl, 10
mM CsCl, 2.8 mM KCl, 10 mM Hepes, 0.1 mM EDTA, 10 mM glucose (pH-
adjusted to 7.2 with TEA-OH). Patch electrodes were of between 2- and 3-M�

resistance and were coated with Sylgard 184 elastomer (Dow Corning) to
minimize capacitive and noise components, and currents were recorded with
an EPC-10 amplifier in combination with a PC running Pulse software (HEKA
Instruments). Icrac vs. t plots show the time course of inward current at �100
mV obtained during voltage ramps (1 V/s) from �100 mV to �100 mV from a
holding potential of 0 mV at a rate of 0.5 Hz. A 10-mV junction potential
correction was applied to all values of voltage across the membrane. I–V curves
for Icrac were determined as the difference between averaged ramps (four to
eight) during maximally activated current and after block of Icrac with 0.5 �M
Gd3�. In some cases, averaged ramps before Icrac activation were used as leak
currents. Current amplitudes are normalized to cell size and are presented
as pA/pF.
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