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Abstract

Store-operated Ca2+ entry (SOCE) is a physiologically important process that is triggered by intracellular Ca2+ depletion. Recently,
human Orai1 (the channel-forming subunit) and STIM1 (the calcium sensor) were identified as essential molecules for SOCE. Here, we
report the cloning and functional analysis of three murine orthologs of Orai1, termed Orai1, 2, and 3. Among the genes identified, Orai1
contains a distinctive proline- and arginine-rich N-terminal cytoplasmic sequence. Co-expression of STIM1 with Orai1 produced a
marked effect on SOCE, while co-expression with Orai2 or Orai3 had little effect. Expression of Orai1 without its N-terminal tail had
a marginal effect on SOCE, while chimeric Orai2 containing the Orai1 N-terminus produced a marked increase in SOCE. In addition,
a truncated version of Orai1 containing the N-terminus without the pore-forming transmembrane domain had a dominant negative effect
on SOCE. These results reveal the essential role of Orai1 and its N-terminal sequence in SOCE.
� 2007 Elsevier Inc. All rights reserved.
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Ca2+ influx is essential for many cellular functions,
including exocytosis, enzyme control, gene transcription,
cell proliferation, and apoptosis [1–3]. One ubiquitous
pathway of Ca2+ influx is store-operated Ca2+ entry
(SOCE), or capacitative Ca2+ entry [4]. Although several
biophysically distinct store-operated Ca2+ channels (SOCs)
have been reported, the best characterized are the Ca2+

release-activated Ca2+ (CRAC) channels [4,5]. Recently,
RNAi-based screening in Drosophila and mammalian cells
identified two proteins that are essential components of
store-operated Ca2+ influx: STIM1 [6,7] and Orai1 [8,9].
STIM1 senses the Ca2+ concentration in the endoplasmic
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reticulum (ER) with its EF-hand domain, while Orai1 is
thought to form Ca2+ channels in the plasma membrane
[10,11]. A recent study suggested that STIM1 interacts with
Orai1 upon depletion of Ca2+ stores at sites of close appo-
sition between the plasma membrane and the ER [12,13].
Based on these results, it has been suggested that Orai1
functions as the pore subunit of CRAC channels
[10,11,14]. Although growing evidence shows the impor-
tance of Orai1, the biological interaction or relationship
between Orai1 and STIM1 remains elusive [15,16]. Fur-
thermore, except for the human Orais, other mammalian
homologs have not been identified or characterized.

In this study, we identified three novel murine genes,
Orai1, 2, and 3, which are expressed in a wide range of
murine tissues. When co-expressed with STIM1, Orai1 pro-
duced a marked effect on SOCE. Chimeric protein expres-
sion analysis revealed the essential role of the proline- and
arginine-rich Orai1 N-terminus in STIM1-mediated SOCE.
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Materials and methods

RNA isolation and reverse transcriptase-polymerase chain reaction (RT-

PCR) analysis. Total RNA was isolated from the whole brain of a C57/
BL6 mouse using Isogen Reagent (Nippon Gene, Tokyo, Japan). Two
micrograms of the template were reverse transcribed into cDNA using the
SuperScript� First-Strand Synthesis System (Invitrogen, Carlsbad, CA,
USA). Murine Orai1, 2, and 3 cDNAs were obtained by RT-PCR using
the following primers: mOrai1S (5 0-ATGCATCCGGAGCCTGCCCC-
3 0), mOrai1AS (5 0-GGCATAGTGGGTGCCCGGTG-30), mOrai2S (5 0-
ATGAGTGCAGAGCTCAATGT-30), mOrai2AS (5 0-GGCATAGTG
GGTGCCCGGTG-30), mOrai3S (5 0-ATGAAGGGCGGCGAGGGG
GA-3 0), and mOrai3AS (5 0-CACAGCCTGCAGCTCCCCCT-30). Each
PCR product was cloned into pZero-2 (Invitrogen) and sequenced.
Human Orai1, 2, and 3 were amplified over 35 cycles using custom primers
(Fasmac, Kanagawa, Japan). To analyze the expression of each gene,
murine Orai1, 2, and 3 were amplified using mixed primers for conserved
sequences. The human and murine primer sequences were as follows:
hOrai1S (5 0-AGCAACGTGCACAATCTCAA-30), hOrai1AS (5 0-GTCT
TATGGCTAACCAGTGA-3 0), hOrai2S (5 0-CGGCCATAAGGGCATG
GATT-30), hOrai2AS (5 0-TTGTGGATGTTGCTCACGGC-30), hOrai3S
(5 0-CTCTTCCTTGCTGAAGTTGT-3 0), hOrai3AS (5 0-CGATTCAGTT
CCTCTAGTTC-3 0), mOrai1, 2, and 3S (5 0-CTTCGCCATGGTRGC
SATGG-30), and mOrai1, 2, and 3AS (5 0-ACCARGGADCGGTAGAA
RTG-3 0) (R, A + G; S, C + G; D, A + G + T).

Cell culture and transient expression analysis. Human embryonic kid-
ney 293T (HEK293T) cells were cultured in Dulbecco’s modified Eagle’s
medium with 5% fetal bovine serum. For expression analysis, HEK293T
cells were transfected with expression vectors (pIRESpuro3) carrying the
murine Orai1, 2, and 3 genes cloned into the N-terminal portion of
enhanced green fluorescent protein (EGFP; Qbiogene Inc., Carlsbad, CA,
USA). Transient expression was achieved using Effectane Reagent (Qia-
gen, Valencia, CA, USA). Two chimeras were produced by swapping the
second and third transmembrane domains of Orai1 and Orai2 at their
SphI sites. Two additional chimeras were made by replacing the cyto-
plasmic N-terminal domain of Orai1 with the corresponding segment from
Orai2 using a unique restriction site (HindIII). PCR was used to create
truncations, deletions, and chimeras within the N-terminus of ntOrai1–2
and short sequences of the Orai1 N-terminus (Fig. 3A). The mutants were
assembled in pZero-2 and verified by sequencing.

Measurement of intracellular free Ca2+ ([Ca2+]i). HEK293T cells were
loaded with the calcium indicator fura-2AM (5 lM; Dojindo Laborato-
ries, Kumamoto, Japan) in Hepes-buffered saline. Changes in [Ca2+]i in
individual cells were measured using the Aquacosmos System (Hamama-
tsu Photonics, Hamamatsu, Japan) with band-pass filters for 340 and
380 nm. We calculated the [Ca2+]i from fura-2 fluorescence ratios (F340/
F380) using linear regression between adjacent points on a calibration
curve generated by measuring F340/F380 in at least seven calibration
solutions with [Ca2+] between 0 and 854 nM. For Mn2+-quenching anal-
ysis, an excitation wavelength of 360 nm was used. SOC-mediated influx
of Ca2+ following stimulation with 1 lM Thapsigargin during the change
from Ca2+-free conditions to 2 mM Ca2+ was measured as previously
described [17].

Western blot analysis. Membrane fractions of transfected cells were
separated by SDS–PAGE on 6% gels and electrophoretically transferred
to polyvinylidene fluoride membranes. Nonspecific binding was blocked
with 1% bovine serum albumin in Tris-buffered saline and 0.1% Tween 20
for 1 h at room temperature. The membranes were then incubated with
anti-EGFP polyclonal antibodies (Cell Signaling, Santa Cruz, CA, USA)
at 4 �C for 4 h. Finally, the membranes were incubated with anti-rabbit
horseradish peroxidase-conjugated IgG for 1 h. An enhanced chemilumi-
nescence system (Promega Corporation, Madison, WI, USA) was used to
detect the bound antibody.

Immunoprecipitation. Immunoprecipitation was performed using a
Protein G Immunoprecipitation Kit (Sigma, St. Louis, MO, USA). The
cell pellet was re-suspended in 1.0 ml of lysis buffer and 1 mg/ml Complete
Protease Inhibitor Cocktail (Roche, Basel, Switzerland). The cleared
lysate was incubated with monoclonal antibodies directed against the
DsRed-tagged protein, which was inserted at the N-terminus of the
STIM1 cDNA construct. Protein G–Sepharose was then added and
the samples were incubated for 16 h at 4 �C. The eluted products were
subjected to electrophoresis followed by Western blotting using anti-
EGFP polyclonal antibodies.

siRNA. Orai1-, 2-, and 3-specific siRNA sequences and one scrambled
sequence (i.e., negative control) were designed using vector-NTI. A
BLAST search (National Center for Biotechnology Information) found no
other mRNA species containing a similar sequence. The sequences used
were: Orai1 siRNA (5 0-CGTGCACAATCTCAACTCG-3 0), Orai2 siRNA
(5 0-CCTGAACTCCATCAGCGAG-3 0), Orai3 siRNA (5 0-GCTGTGAG
CAACATCCACA-30), and scrambled siRNA (5 0-CACTGCATACTCA
AGTCAC-3 0). The siRNAs were commercially prepared by Nippon EGT
(Toyama, Japan). Cells transfected with the siRNAs were prepared fol-
lowing the manufacturer’s protocol for Effectane.

Statistical analysis. The data are presented as the means ± SEM.
Differences were evaluated using unpaired Student’s t-tests and were
considered statistically significant at p < 0.05.

Results and discussion

Identification and cloning of the full-length murine Orai

genes

We identified three murine sequences that showed signif-
icant homology with the human Orai1 gene from an EST
database. The homology was confirmed by sequencing
the full-length cDNAs of the corresponding clones. The
predicted full-length proteins displayed approximately
85% overall homology with the human Orai1 protein.
The genes were subsequently named mOrai1, mOrai2,
and mOrai3, according to their human homologs
(Fig. 1A). Alignments with the human Orai1 protein indi-
cated that the mOrai1 (912 bp), mOrai2 (750 bp), and
mOrai3 (870 bp) sequences encoded full-length proteins.
The mOrai1, mOrai2, and mOrai3 proteins were predicted
to contain 304, 250, and 290 amino acids (aa), respectively.
The murine Orais have four to seven putative protein
kinase C (PKC) phosphorylation sites (Fig. 1A, #). Orai1
has one putative protein kinase A (PKA) phosphorylation
site (Fig. 1A, residue 34 in Orai1). All three murine
sequences are predicted to contain four transmembrane
domains, similar to their human homologs (Fig. 1A, red
characters). Feske et al. [8] reported a mutation in exon 1
of human Orai1 in a hereditary severe combined immune
deficiency syndrome family. In this family, T lymphocytes
are defective in SOCE and CRAC channel function. The
mutation leads to the replacement of an arginine residue
by a tryptophan at position 91 of the protein [8]. This argi-
nine residue is conserved in murine Orai1 at position 93
and in the other Orai members (Fig. 1A, $).

Tissue distribution of the murine Orai gene family

Expression of the murine Orai1, 2, and 3 genes was
examined by RT-PCR using degenerate DNA primers,
which enabled us to amplify specific products correspond-
ing to mOrai1 (494 bp), mOrai2 (440 bp), and mOrai3
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Fig. 1. Amino acid sequences of the mouse Orai1, 2, and 3 genes and their tissue distributions. (A) Comparison of the derived amino acid sequences of the
mouse Orai1, 2, and 3 genes. The sequences are shown in the single-letter amino acid code. The amino acid positions are numbered on the right. The amino
acids in the transmembrane segments are colored red. Asterisks below the sequences indicate three identical residues in the alignment, while dashes
represent gaps in the sequences. The symbols above the amino acid sequences are as follows: putative PKC phosphorylation sites, #; putative PKA
phosphorylation sites, +; arginine-rich domain, R; proline-rich domains, P1 and P2. The bottom panel shows a phylogenic tree of the murine Orais. (B) (i)
Detection of murine Orai1 (494 bp), 2 (440 bp), and 3 (578 bp) transcripts in various tissues by RT-PCR. Ao, aorta; sk m, skeletal muscle. (ii) Human
Orai1, 2, and 3 transcripts in Jurkat T cells by RT-PCR. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this paper.)
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(578 bp; Fig. 1B, i). Strong expression of the Orai genes was
detected in the brain, kidney, and testis, while moderate
expression was detected in the heart and skeletal muscle.
Although the relative expression levels differed for each tis-
sue, the mOrai genes were expressed in a wide range of mur-
ine tissues. We also examined the expression of Orai1, 2,
and 3 in Jurkat T lymphocytes (Fig. 1B, ii). All three mem-
bers of the Orai family were expressed in this cell line.
Co-expression of Orai1 and STIM1 causes an increase in

SOCE

To study the function of the Orai genes via heterologous
expression, their cDNAs were subcloned into expression
vectors to form EGFP-fusion proteins. Using anti-EGFP
polyclonal antibodies, roughly equal amounts of the Orai1,
2, and 3 proteins were detected in membrane fractions of
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transiently transfected HEK293T cells (Fig. 2A, left panel).
The apparent molecular mass of the recombinant proteins
was 60 kDa, which is in good agreement with their pre-
dicted molecular masses (Orai1, 33.1 kDa; Orai2,
27.7 kDa; Orai3, 31.4 kDa; and EGFP, 26.9 kDa).

We then measured SOCE in the Orai-overexpressing
cells (Fig. 2A, right panel). Expression of Orai1, 2, or 3
alone had no significant effect on SOCE, which is consis-
A

B C

D

Fig. 2. SOCE in cells expressing the Orai gene family and STIM1. (A) Left pan
from EGFP-tagged Orai1-, 2-, and 3-transfected HEK293T cells are shown. R
results are based on 51 Orai1-, 49 Orai2-, and 46 Orai3-transfected HEK293T c
The results are based on 32 Orai1-, 40 Orai2-, and 36 Orai3-transfected HEK
expressing Orai1, 2, or 3 with STIM1. The statistical significance of the differe
indicated by *p < 0.01. (D) Mn2+-quenching analysis of cells transfected with O
decrease in fura-2 fluorescence compared to control cells.
tent with previous reports showing no additional increase
in SOCE with Orai overexpression, although Orai1 has
been identified as a plasma membrane protein essential
for SOCE [8–12,18,19].

Mercer et al. [20] reported a synergistic effect of Orai1
and STIM1 on SOCE; therefore, we next studied the effect
of expressing STIM1 with Orai1 (Fig. 2B and C). Expres-
sion of STIM1 alone did not affect SOCE (data not
el, immunodetection of Orai protein. Western blots of membrane proteins
ight panel, overexpression of Orai1, 2, and 3 failed to increase SOCE. The
ells. (B) Co-expression of Orai1 and STIM1 significantly increased SOCE.
293T cells. (C) Statistical analysis of SOCE in control cells and cells co-
nces between the control cells and the HEK293T cells expressing Orai1 is
rai1 and STIM1. Orai1/STIM1-co-expressing cells showed an accelerated
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shown), but co-expression of Orai1 and STIM1 resulted in
a marked increase in SOCE (Fig. 2B and C). In particular,
the initial rise in Ca2+ in cells overexpressing Orai1 and
STIM1 was much greater than in control cells. On the
other hand, co-expression of Orai2 or 3 with STIM1 pro-
duced only a marginal effect on SOCE (Fig. 2B and C).
These findings are inconsistent with a previous study [20].
There are several possible explanations for this discrep-
ancy, including racial differences in humans or mice or dif-
ferences in the amount of membrane expression between
the molecules. As shown in the left panel of Fig. 2A, the
level of expression in each experiment was roughly equal;
therefore, the latter possibility is less likely, although the
subcellular localization of the overexpressed Orai mole-
cules was not determined.

To confirm that the increase in [Ca2+]i following Thapsi-
gargin stimulation was due to a Ca2+ influx, we performed
a Mn2+-quenching assay. Mn2+ entry was significantly
greater in the cells co-expressing Orai1 and STIM1 than
in the control cells (Fig. 2D). Taken together, these results
indicate that the combined expression of mOrai1, but not
the other Orais, with STIM1 amplifies SOC function and
enhances SOCE, suggesting a specific role for Orai1 in
SOC function.

Essential role of the Orai1 N-terminus in SOCE

As only Orai1 significantly enhanced SOCE with
STIM1, we compared the predicted amino acid sequences
of the murine Orais. Although each of the predicted Orai
proteins has four transmembrane domains (Fig. 1A, red
characters), Orai1 has unique features in its cytosolic N-
terminus, with two proline-rich domains and one argi-
nine-rich domain (Fig. 1A, green characters).

To clarify whether the Orai1 N-terminus is essential for
SOCE, we made two chimeric Orai1 and Orai2 constructs
(Orai1–2 and Orai2–1) by swapping their transmembrane
domains at their SphI sites (Fig. 3A, iii and iv). Fig. 3B
shows the SOCE mediated by these two chimeras. Co-
expression of the Orai1–2 chimera containing the Orai1
N-terminus and STIM1 increased SOCE to nearly the level
seen by co-expression of Orai1 and STIM1, while co-
expression of Orai2–1 and STIM1 produced only a mar-
ginal increase in SOCE (Fig. 3B). We then made additional
chimeras focusing on the cytoplasmic N-terminal domain
of Orai1. The first construct, named ntOrai2–1, contained
the cytoplasmic N-terminal portion of Orai2 followed by
the transmembrane sequences from Orai1 (Fig. 3A, v).
The second construct, named ntOrai1–2, contained the
cytoplasmic N-terminal portion of Orai1 followed by the
transmembrane sequences from Orai2 (Fig. 3A, vi). The
third construct, named ntOrai1, contained only the cyto-
plasmic sequences from the Orai1 N-terminus without a
transmembrane domain. This third construct was expected
to affect SOC in a dominant-negative manner (Fig. 3A, vii).
As expected, ntOrai1–2 significantly increased SOCE com-
pared to the control (Fig. 3C, asterisk), while co-expression
of the ntOrai2–1 chimera with STIM1 produced only a
small effect on SOCE (Fig. 3C). In contrast, ntOrai1
decreased SOCE below the control level (Fig. 3C, arrow),
suggesting a dominant-negative effect. These results
strongly suggest that the Orai1 N-terminus is important
for STIM1-mediated activation of SOCE. Fig. 3D shows
the results of a statistical analysis of our SOCE
experiments.

Which region of the Orai1 N-terminus participates in
SOCE? The N-terminal cytosolic domain of Orai1 has sev-
eral unique features, including five positively charged argi-
nine residues (Fig. 1A, R) and two proline-rich domains
(Fig. 1A, P1 and P2). Huang et al. [21] showed that the
STIM1 C-terminus, especially the ERM domain, activates
native SOC. ERM domains bind with positively charged
amino acid clusters in the juxta-membrane cytoplasmic
domains of CD44, CD43, and ICAM-2 [22]. Moreover,
proline-rich domains serve as binding sites in various types
of proteins. For example, the proline-rich domain in group
1 metabotropic glutamate receptors mediates the interac-
tion with Homer proteins [23].

To further evaluate the structural determinants of the
STIM1–Orai interaction, DsRed-tagged STIM1 and
EGFP-tagged Orai constructs were co-expressed in
HEK293T cells, and the interaction between STIM1 and
the Orais was examined by immunoprecipitation using
anti-DsRed antibody. The immunoprecipitated products
were detected by Western blotting with anti-EGFP anti-
body. As shown in Fig. 3E, STIM1 co-immunoprecipitated
not only with Orai1 but also with the Orai1–2 chimera. In
contrast, the Orai2–1 chimera (Fig. 3E) and Orai2 showed
only weak interactions with STIM1 (data not shown).
These results emphasize the importance of the Orai1 N-ter-
minus in its interaction with STIM1. Therefore, upon store
depletion, activated STIM1 probably binds to the N-termi-
nal cytosolic domain of Orai1 to elicit SOCE. Further stud-
ies will be needed to identify the underlying mechanism and
amino acids involved in this physiologically important
event.

Knockdown effect of Orais in HEK293T cells

Our overexpression analyses revealed a fair amount of
background SOCE in HEK293T cells (Figs. 2B and 3B,
C). To clarify which Orai molecule is responsible for the
background SOCE, we used RNA-interference against
Orai1, 2, and 3 in HEK293T cells. First, we examined
whether each siRNA affected the expression of its corre-
sponding Orai. Endogenous expression of Orai1 was
clearly suppressed by siRNA against Orai1 (Fig. 4A).
The suppression of SOCE by the Orai1 siRNA could be
titrated as a function of the siRNA concentration
(Fig. 4B, red lines), suggesting that most of the background
SOCE was due to channels formed by endogenous Orai1.
In contrast, Orai2 siRNA had no effect on SOCE
(Fig. 4C, blue line). Unexpectedly, Orai3 siRNA signifi-
cantly reduced SOCE (Fig. 4C, green line), suggesting that
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Fig. 3. Effect of chimeric Orai1/Orai2 on SOCE. (A) Schematic figures of the chimeras with red for Orai1 and blue for Orai2. (B,C) HEK293T cells
cotransfected with STIM1 and Orai1 or the Orai1–Orai2 chimeras were used to measure SOCE. (D) Statistical analysis of SOCE in control cells and cells
co-expressing the Orai1–Orai2 chimera with STIM1. The statistical significance of the differences between the control cells is indicated by *p < 0.01. (E)
STIM1 coimmunoprecipitates with Orai1 and the Orai1–2 chimera in HEK293T cells. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)
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this molecule participates in SOC formation. The suppres-
sion of SOCE by Orai3 siRNA is inconsistent with our
overexpression analysis, which indicated no significant
effect of STIM1 and Orai3 co-expression on SOCE (Figs.
2B and C). The exact reason for these discrepant results
is unclear, but heteromultimeric channel formation by the
Orai molecules is one possible explanation [24,25]. Our pre-
liminary results indicated that the mOrais are capable of
binding with each other to form homo- and hetero-multi-
mers. Therefore, overexpression of Orai3 alone may lead
to the formation of homomultimers without Orai1, and
homomultimeric Orai3 channels may not function as
SOCs. Nevertheless, future studies will be needed to clarify
Orai-related SOC channel assembly.
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Fig. 4. Knockdown effect of Orai1, 2, and 3 on SOCE. (A) Detection of Orai1, 2, and 3 transcripts in HEK293T cells. siRNA knockdown effect of Orais.
Orai1, 2, and 3 siRNA (50 nM) selectively decreased the expression of each target mRNA. (B) Dose-dependent suppression of SOCE by Orai1–siRNA (10
and 50 nM). (C) Effect of Oari2 siRNA and Orai3 siRNA on SOCE. Orai3 siRNA suppressed SOCE, while no effect was observed with Orai2 siRNA.
Changes in the [Ca2+]i in individual cells were measured with fura-2, a calcium indicator. The results are based on 40 Orai1-, 38 Orai2-, and 49 Orai3-
siRNA-treated HEK293T cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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In summary, we have identified the first murine homo-
logs of Orai1, 2, and 3. Co-expression of Orai1 and STIM1
markedly enhanced SOCE, while Orai2 and 3 showed no
such effect. In chimeric cDNA expression analysis, the
cytoplasmic N-terminal portion of Orai1, which has two
proline-rich domains and an arginine-rich domain, was
found to be essential for the enhancement of SOCE by
the co-expression of Orai1 and STIM1.
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