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Abstract Store-operated Ca2+ entry (SOCE) mediated by
STIM1 and Orai1 is crucial for Ca2+ signaling and homeosta-
sis in most cell types. 2-Aminoethoxydiphenyl borate (2-
APB) is a well-described SOCE inhibitor, but its mechanisms
of action remain largely elusive. Here, we show that 2-APB
does not affect the dimeric state of STIM1, but enhances the
intramolecular coupling between the coiled-coil 1 (CC1) and
STIM-Orai-activating region (SOAR) of STIM1, with subse-
quent reduction in the formation of STIM1 puncta in the ab-
sence of Orai1 overexpression. 2-APB also inhibits Orai1
channels, directly inhibiting Ca2+ entry through the constitu-
tively active, STIM1-independent Orai1 mutants, Orai1-
P245T and Orai1-V102A. When unbound from STIM1, the
constitutively active Orai1-V102C mutant is not inhibited by
2-APB. Thus, we used Orai1-V012C as a tool to examine
whether 2-APB can also inhibit the coupling between
STIM1 and Orai1. We reveal that the functional coupling be-
tween STIM1 and Orai1-V102C is inhibited by 2-APB. This

inhibition on coupling is indirect, arising from 2-APB’s action
on STIM1, and it is most likely mediated by functional chan-
nel residues in the Orai1 N-terminus. Overall, our findings on
this two-site inhibition mediated by 2-APB provide new un-
derstanding on Orai1-activation by STIM1, important to fu-
ture drug design.
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Introduction

As a universal second messenger, Ca2+ mediates control over
a wide spectrum of cellular activities [5, 8]. In most cell types,
store-operated Ca2+ entry (SOCE) is an important Ca2+ influx
process mediating both Ca2+ signaling and homeostasis [26,
35, 46, 52]. Stromal interaction molecule (STIM) proteins and
Orai channels are the two essential and sufficient mediators of
SOCE. The endoplasmic reticulum (ER) membrane STIM
proteins function as Ca2+ sensors that can respond to de-
creased ER luminal Ca2+, and Orai channels are STIM-
targeted, highly selective Ca2+ channels in the plasma mem-
brane [16]. STIM and Orai mediate Ca2+ signals in many
immune, vascular, and contractile cell types and are implicat-
ed in a range of immune deficiency diseases and cancer [3, 35,
46, 49, 50]. Much important information regarding the molec-
ular mechanisms that lead to Orai1 activation has been obtain-
ed recently [17, 24, 34, 45, 46], yet the exact nature of its
coupling and activation process still awaits further
clarification.

Obviously, the discovery and design of pharmacological
tools targeting the STIM/Orai signaling process is crucial to
dissect the underlying molecular mechanism of SOCE and to
more thoroughly examine its physiological or pathological
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roles, in potential disease therapy. So far, many modifiers of
SOCE have been found [48]. However, most of these avail-
able inhibitors have flaws and fail in one or more of the fol-
lowing criteria: avidity, specificity, rapidity of action, and re-
versibility (reviewed in [19, 41]). One hindrance in develop-
ing better pharmacological tools is the lack of understanding
of the currently available inhibitors. As one of the most char-
acterized modulators of SOCE, 2-aminoethoxydiphenyl bo-
rate (2-APB) has been shown to enhance SOCE activity at
lower levels (5–10 μM) yet rapidly block it at 50 μM [10,
22, 25, 38, 39, 43, 53]. However, the molecular basis for its
actions on SOCE remains largely elusive.

In this study, we aim to dissect the underlying molecular
mechanisms of SOCE inhibition by 2-APB at 50 μM. Our
results show that, in addition to its direct inhibition on Orai1
channels, 2-APB can also directly inhibit the STIM1 protein
by enhancing intramolecular interactions between the CC1
and SOAR region of STIM1. This inhibition on STIM1 leads
to the reduction of STIM1 puncta formation in native
HEK293 cells with endogenous levels of Orai1. 2-APB did
not directly inhibit the coupling between STIM1 and Orai1,
while its actions on STIM1 may lead to an indirect inhibition
on STIM1-mediated gating of Orai1.

Methods

DNA constructs, cell culture, and transfection

Cyan fluorescent protein (CFP)-Orai1-V102C was generated
from CFP-Orai1 by PolePolar Biotechnology Co., Ltd
(Beijing, China). Truncations of CFP-Orai1-V102C-ΔC2
(ΔT266-A301) and CFP-Orai1-V102C-ΔN2 (ΔM1-K85)
were then correspondingly generated from CFP-Orai1-
V102C by the same company. Orai1-V102A-CFP was gener-
ated from Orai1-CFP by TransGen Biotech (Beijing, China).
Orai1-K85E-V102C-CFP, CFP-Orai1-V102A-ΔC2, and
CFP-Orai1-V102A were made by point mutations from cor-
responding Orai1 or the Orai1-V102C mutant (TransGen
Biotech, Beijing, China). Orai1-P245T-CFP was made from
Orai1-CFP using the QuikChange Lightning site-directed mu-
tagenesis kit (Agilent).

Cell culture and generation of stable cell lines, wild-type
Human embryonic kidney 293 (HEK wt) cells, were main-
tained in regular DMEM (HyClone) supplemented with
10 % FBS (Cleson Scientific) and penicillin and streptomycin
(Thermo Scientific) at 37 °C with 5 % CO2 as previously
described [14]. HEK cells stably expressing Orai1-V102C-
CFP and STIM1-yellow fluorescent protein (YFP) were gen-
erated by electroporation using the pIRES-Orai1-V102-CFP
or MO91-STIM1-YFP constructs and then selected with
100 μg/ml G418 (Invitrogen) or 2 μg/ml puromycin
(Invitrogen) correspondingly [14]. HEK stable cells co-

expressing STIM1-YFP and Orai1-CFP or Orai1-V102C-
CFP cells were generated by introducing STIM1-YFP into
Orai1-CFP or Orai1-V102C-CFP stable cells using similar
protocols. For HEK stable cells expressing Orai1 or Orai1-
V102C, they were maintained in the abovementionedmedium
supplemented with 100 μg/ml G418; for HEK STIM1-YFP
cells, the extra supplement is 2 μg/ml puromycin; for stable
cells co-expressing two proteins, both puromycin and G418
were added in the culture medium.

Trans ien t t r ans fec t ions was under taken wi th
polyethylenimine (PEI, Polysciences, Inc., cat. no. 23966)
[6] following the manufacturer’s protocol. The DNA to PEI
ratio used was 1:2, 1 day after cells were seeded on a 25-mm
round coverslip at 70 % confluence. All imaging experiments
were performed 1 or 2 days after transfection.

Single-cell intracellular Ca2+ measurements

Intracellular Ca2+ signals measured by Fura-2 indicator were
recorded using a ZEISS Observer A1 microscope equipped
with a Lambda DG-4 light source (Sutter Instruments),
BrightLine FURA2-C-000 filter set (Semrock Inc), a ×40 oil
objective (NA = 1.30), an iXon3 EMCCD camera (Oxford
Instruments), and the MetaFluor software (Molecular
Devices).

Protocols for the loading of Fura-2-acetoxymethyl ester
(AM) were similar to those described previously [24]:
HEK293 cells were first placed in the imaging solution with
1 mM CaCl2 and 2 μM Fura-2 AM for 30 min. Next, cells
were placed in Fura-2 AM free imaging solution with 1 mM
CaCl2 for another 30 min. Collection of Fura-2 signals was as
follows: emission fluorescence at 509 nm generated by 340-
nm excitation light (F340) and 380-nm light (F380) was col-
lected every 2 s, and intracellular Ca2+ levels are shown as
F340/F380 ratio.

The imaging solution consisted of 107 mM NaCl, 7.2 mM
KCl, 1.2 mMMgCl2, 11.5 mM glucose, and 20 mM HEPES-
NaOH (pH 7.2). Depending on the specific design of each
experiment, different amounts of CaCl2 and other types of
reagents were also included in the imaging solution. For cells
transfected with constructs that give rise to constitutive Ca2+

influx, either 1 mM Ca2+ with 10 μM GdCl3 , 100∼300 μM
Ca2+, or nominally Ca2+-free solution were used to keep cells
healthy. All experiments were carried out at room temperature.
Traces shown are representative of at least three independent
repeats with each including 15–60 single cells.

Fluorescence and Förster resonance energy transfer
imaging

For Förster resonance energy transfer (FRET) measurements,
necessary calibrations and off-line analysis were performed as
described before [24, 32, 58]. Briefly, raw images (FCFP, FYFP,
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and Fraw, respectively) were collected every 10 s using the
abovementioned imaging system equipped with an Optosplit
II Image Splitter (Cairn Research Ltd.) and the following three
filters: CFP (428.9 ± 5.5Ex/465 ± 32Em), YFP (502.6 ± 11.2Ex/
549 ± 21Em), and FRETraw (428.9 ± 5.5Ex/ 549 ± 21Em). After
readings from raw images were obtained, the three-channel-
corrected FRET was first calculated using this formula:
FRETc = Fraw − Fd/Dd × FCFP − Fa/Da × FYFP, where FRETc
represents the corrected total amount of energy transfer, Fd/Dd

represents measured bleed-through of CFP into the FRET
filter (0.84), and Fa/Da represents measured bleed-through of
YFP through the FRET filter (0.13). Normalized FRET (N-
FRET) was calculated by normalizing FRETc values against
donor fluorescence (FCFP) to reduce variations caused by dif-
ferences in expression levels. The system-independent appar-
ent FRET efficiency, Eapp, was calculated using the following
equation: Eapp = N-FRET / (N-FRET + G), where G (4.59) is
the system-dependent factor and was obtained with the same
protocol as described previously [58]. YFP-STIM1-D76G-
F394H-CFP expressed in HEK293 cells was used as a cali-
brator of relative expression levels of CFP- and YFP-tagged
proteins. Also, it served as a negative control in our experi-
ments, since YFP and CFP on this probe are separated by the
ER membrane with a distance more than 10 nm [7]. To min-
imize fluctuations in Eapp caused by variations in expression
ratios of donor protein to acceptor protein, only cells with
FCFP/FYFP ratio falling between 0.5 and 1 were used for data
analysis. All fluorescence images were collected and proc-
essed with MetaFluor software (Molecular Devices), and the
resulting data were further analyzed withMatlab R2012b soft-
ware and plotted with Prism5 software. Representative traces
of at least three independent experiments are shown as
mean ± SEM.

Unless specified, fluorescence images or figures showing
cellular distribution of Eapp were obtained with a ZEISS
Observer Z1 fluorescence microscope controlled by Zen
Software. CFP and YFP images were collected with a ×40
oil objective (N.A. 1.3) and corresponding Semrock
BrightLine filter sets (CFP-2432C-000, YFP-2427B-000). A
re-combination of the above filter sets was used to collect raw
FRET images, with the excitation filter from the CFP filter set,
while the dichroic and emission filters were from the YFP
filter set. Cellular Eapp images were generated by executing
a ZEISS-made macro in Zen software using the same calibra-
tion methods and the following parameters: Fd/Dd = 0.37, Fa/
Da = 0.18, and G = 2.94.

Confocal microscopy and puncta analysis

Images from some experiments examining co-localization be-
tween proteins or STIM1 puncta were taken with a ZEISS
LSM700 confocal microscope equipped with ×100 oil

objective (N.A. 1.6), 405- and 488-nm laser, controlled by
Zen software.

To calibrate bleed-through between different channels, be-
sides cells co-expressing both YFP- and CFP-tagged proteins,
fluorescence images of cells expressing only either CFP- or
YFP-tagged proteins were also collected with the same param-
eters as those used for co-expressing cells. The bleed-through
factors were calculated off-line with ImageJ software. The co-
localization images shown were bleed-through-corrected.

Puncta analysis was done with a customized macro plug-in
of ImageJ software modified from a previously published pro-
tocol [15]. Briefly, puncta images were first converted from 16
to 8 bits, and then background was subtracted using a rolling
ball with a radius larger than 15 pixels. The resulting images
were converted to binary images and then further treated with
Bwatershed^ function. Statistics of puncta were then obtained
with BAnalyze particles^ function in ImageJ. Only particles
with a size larger than 4 pixels were taken as puncta. The
macro file used for puncta analysis is available upon request.

Electrophysiology

Electrophysiological measurements were undertaken with
conventional whole-cell patch clamp using cells grown on
glass coverslips as described previously [51]. After the estab-
lishment of the whole-cell configuration, a holding potential
of 0 mV were applied. A 50-ms step to −100 mV followed by
a 50-ms ramp spanning from −100 to +100 mV were deliv-
ered at a rate of 0.5 Hz. The pipette solution contained
145 mM CsGlu, 10 mM HEPES, 10 mM EGTA, 8 mM
NaCl, 6 mM MgCl2, and 2 mM Mg-ATP (pH 7.2). Eight
millimolars of Mg2+ and ATP was used to inhibit TRPM7
current. For experiments performed in Orai1-V102C stable
cells, 3 mM CaCl2 was added into pipette solution to make
the free Ca2+ concentration at 100 nM. The extracellular so-
lutions contained 145 mMNaCl, 10 mMCaCl2, 10mMCsCl,
2 mM MgCl2, 2.8 mM KCl, 10 mM HEPES, and 10 mM
glucose (pH 7.4). A 10-mV junction potential compensation
was applied.

Results

2-APB enhances interactions between STIM1-CC1
and SOAR, which is essential and sufficient for its
inhibition on STIM1 puncta formation

When ER Ca2+ stores are full, STIM1 molecules are uniform-
ly distributed over the entire ER membrane. Upon store de-
pletion, STIM1 forms puncta and activates Orai1 channels
[46]. High concentration (50 μM) of 2-APB, a powerful
SOCE modifier, can block or reverse the formation of
STIM1 puncta, and it was proposed that such reduction of
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puncta mediated the inhibition on SOCE [10, 38]. However,
the exact mechanisms by which 2-APB affects puncta are still
not known. We addressed this question by examining the ef-
fects of 2-APB on several known critical steps involved in the
formation of STIM1 puncta.

Initially, we tested whether 2-APB has any effect on
STIM1-STIM1 interactions. Following store depletion, the
dissociation of Ca2+ ions from the EF hand within the
STIM1 ER-luminal region triggers dimerization of the lumi-
nal domain [47]. Thus, we examined FRET signals between
the C-terminally truncated STIM1-(1–237) fragment [24] con-
taining the entire ER-luminal and TM region of STIM1. Our
results revealed that 2-APB had no effect on FRET signals
between CFP- and YFP-tagged versions of these STIM1 frag-
ments, regardless of whether the ER store was full or depleted
(Fig. 1a). These results indicate that 2-APB does not affect the
dimeric state of the entire ER and TM regions of STIM1.
Next, we examined whether interactions between STIM1 cy-
tosolic fragments were affected by 2-APB. The entire cytosol-
ic C-terminal domain (STIM1ct), or just the STIM1-Orai1-
activating region (SOAR) or CRAC-activating domain
(CAD) of STIM1, each exist as cytosolic dimers when
expressed (reviewed in [46]). Indeed, the SOAR/CAD region
of STIM1 is essential for oligomerization and puncta forma-
tion of STIM1 [9, 12]. Our results show that 2-APB does not
induce any significant changes in FRET signals between
STIM1ct (Fig. 1b) or SOAR molecules (Fig. 1c), regardless
of whether FRET signals were measured when they were
Orai1-bound or free in the cytosol (Fig. 1c). Thus, 2-APB
does not directly alter cytosolic STIM1-STIM1 interactions.
2-APB also did not have any effect on FRET signals between
YFP-STIM1 and CFP-STIM1 (Fig. 1d). Together, these re-
sults indicate that 2-APB does not inhibit STIM1 puncta by
disrupting intermolecular interactions of STIM1.

We then examined whether 2-APB can block the intramo-
lecular interactions that occur during STIM1 activation using
a two-component system consisting of STIM1-(1–310)-CFP
and YFP-SOAR. This two-component system has been suc-
cessfully applied to report interactions between STIM1-CC1
and SOAR using co-localization or FRET imaging [24]. We
tested the effects of 2-APB on the coupling of STIM1-CC1
and SOAR with this system. When co-expressed in HEK
cells, STIM1-(1–310)-CFP and YFP-SOAR co-localize
(Fig. 1e, top row) and have high FRET signals at rest
(Fig. 1h). Upon store depletion with ionomycin, SOAR was
uncoupled from ER-localized STIM1-(1–310) and became
evenly distributed in the cytosol (Fig. 1e, middle row)),
resulting in diminished FRET signals (Fig. 1h). After the ap-
plication of 50 μM 2-APB, SOAR moved back to the ER and
co-localized with STIM1-CC1 again (Fig. 1e, bottom row).
As a result, the ionomycin-induced decrease in FRET signal
was partially reversed by 2-APB (Fig. 1h). These results indi-
cate that 2-APB can induce coupling between STIM1-CC1

and SOAR, and the enhanced coupling between STIM1-
CC1 and SOAR can partially recover the FRET decrease
caused by store depletion. Therefore, 2-APB can induce or
enhance interactions between STIM1-CC1 and SOAR,
locking STIM1 into its resting, inhibitory state.

To test whether those critical residues, essential for interac-
tions between STIM1-CC1 and SOAR, are also required for
2-APB’s actions on puncta, we examined 2-APB’s effects on
interactions between corresponding mutants of STIM1-(1–
310) or SOAR. Both STIM1-(1–310)-L258G or SOAR-
L416G mutations have been previously shown to disrupt in-
teractions between STIM1-CC1 and SOAR [24] (Fig. 1f, g).
When examined with co-localization imaging, 2-APB also
failed to dock SOAR-L416G back to ER-localized STIM1-
CC1 (Fig. 1f) or restore the docking of SOAR back to
STIM1-(1–310)-L258G (Fig. 1g). These mutants also
abolished 2-APB’s ability to restore FRET signals between
SOAR and STIM1-(1–310) (Fig. 1h). These results reveal that
2-APB’s actions on STIM1 require those critical residues that
are essential for the coupling between STIM1-CC1 and
SOAR.

To test whether the enhanced coupling between STIM1-
CC1 and SOAR is sufficient for the inhibition of puncta for-
mation by 2-APB, we examined the effects of 2-APB on
puncta formed by STIM1 and various mutants (Fig. 2a, b).
Similar to previous reports [10, 38], 2-APB can reduce puncta
formed by wt STIM1 after store depletion (Fig. 2a, top row).
2-APB did not significantly reduce the number of puncta
(Fig. 2b, upper); it reduced the average size of puncta instead
(Fig. 2b, lower). The D76Amutation in the EF hand of STIM1
causes the loss of Ca2+ binding, resulting in the formation of
constitutive puncta [15] (Fig. 2a, 2nd row). Application of
50 μM 2-APB could largely inhibit puncta of YFP-STIM1-
D76A. However, constitutive puncta formed by STIM1-
L258G (Fig. 2a, third panel from top) or STIM1-L416G
(Fig. 2a, bottom panel) were unaffected by 2-APB.
Therefore, 2-APB’s inhibitory effect on STIM1 puncta is de-
pendent on residues critical for interactions between STIM1-
CC1 and SOAR. The enhanced interactions between STIM1-
CC1 and SOAR (residue 344–442) are essential and sufficient
for 2-APB’s inhibition on STIM1 puncta.

2-APB’s inhibitory effect on STIM1 is not essential
for the inhibition of SOCE

2-APB inhibits SOCE at high concentrations [19, 41], and the
disruption of STIM1 puncta by 2-APB was proposed to ex-
plain its inhibition on Ca2+ influx through Orai1 channels
[38]. However, there have been some discrepancies regarding
2-APB’s ability to inhibit STIM1 puncta [10, 32, 59]. We thus
examined whether the inhibition of puncta and of SOCE rep-
resent the same mechanism or can be separated. We examined
this by comparing 2-APB’s effects on SOCE and puncta in
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HEK wt cells expressing STIM1 or mutants thereof (Fig. 2a–
c). In cells expressing either wt STIM1 or STIM1-D76A, both
of which retain intact CC1-SOAR interactions, 2-APB re-
duced the punctate area similarly (Fig. 2a, top two rows). 2-
APB did not inhibit puncta formed by the STIM1-L258G or
STIM1-L416G mutants with no CC1-SOAR interactions
(Fig. 2a, bottom two panels). However, whether STIM1

puncta were inhibited or not, SOCE was inhibited similarly
in all groups (Fig. 2c). Therefore, 2-APB’s action on STIM1
puncta and its inhibitory effect on SOCE can be separated in
HEK wt cells overexpressing STIM1 or its mutants.

We also directly compared the effects of 2-APB on STIM1
puncta and SOCE in cells with or without co-expression of
Orai1 channels. We performed these experiments with two
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SOAR-L416 abolished these effects induced by ionomycin or 2-APB. At
least three independent repeats were conducted, and typical traces or
images are shown here
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types of cells seeded on the same coverslip: cells overexpress-
ing STIM1-YFP only, or cells co-expressing both STIM1-
YFP and Orai1-CFP. In STIM1-YFP cells, 2-APB greatly
reduced the punctate area of STIM1 (Fig. 2d, Bgreen^ cell

on the left). However, in STIM1-YFP-Orai1-CFP double-
expressing cells, STIM1 puncta were unaffected by 2-APB
(Fig. 2d, Borange^ cell on the right). This result indicates that
Orai1-coupling with STIM1 can prevent the inhibitory effect
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Fig. 2 After abolishing its inhibitory effect on STIM1 or STIM1 puncta,
2-APB can still inhibit Ca2+ influxes that are mediated by various types of
STIM1/Orai1 complexes. Intracellular Ca2+ signals were measured with
Fura-2, a ratio metric Ca2+ indicator. a–c In HEK wt cells transiently
expressing wt STIM1 or its various mutants (wt STIM1, STIM1-D76A,
STIM1-L258G, or STIM1-L416G), 2-APB’s effects on ionomycin-
induced or constitutive puncta (a, b) or corresponding Ca2+ influx (c)
were examined. a Punctate images taken with confocal microscopy.
Puncta formed by wt STIM1 or STIM1-D76A were both inhibited by
2-APB, while constitutive puncta formed by STIM1-L258G or STIM1-
L416G were not significantly affected. (Scale bar 10 μm). b Statistics of
figure (a), with the control condition before adding 2APB as 100 %. Top
image: effects on puncta number (p > 0.06, paired t test, n ≥6). Bottom
image: effect of 2-APB onmean punctate area (***paired t test, p < 0.001).
c 2-APB inhibited Ca2+ influxes similarly in cells expressing wt STIM1
or different STIM1 mutants. Upper image, representative traces; lower
image, statistics showing the APB-induced inhibition relative to DMSO
controls (t test, p < 0.03, n = 3). d, e Two types of stable cells were seeded
on the same coverslip: HEK stable cells co-expressing just STIM1-YFP
(green), or both STIM1-YFP and Orai1-CFP (orange), and the effects of
2-APB on STIM1-puncta (d) or SOCE (e) were examined. d Relative to

before control (100 %), 2-APB significantly reduced the punctate area to
36.0 ± 5.5 % in STIM1 cells (p < 0.001, paired t test), while it has no
effect on punctate area in HEK STIM1-Orai1 cells (the orange cell in left
figure) (108.4 ± 5.3 %, p > 0.17, paired t test). n = 3, at least six cells were
analyzed for each repeat. Images were obtained with regular
epifluorescence microscopy. e 2-APB inhibits SOCE in both STIM1
cells and STIM1-Orai1 cells. Cells were pre-treated with 2.5 μM
ionomycin for 5 min before recording. Upper image, representative
traces; lower image, statistics showing the APB-induced inhibition
relative to DMSO controls (t test, p < 0.001, n = 3). f In HEK Orai1-
CFP cells transiently expressing YFP-SOAR-L416G, 2-APB increased
the FRET signals (left figure), but inhibited the Ca2+ entry (upper right
figure), even though both processes are mediated by these two proteins.
Lower right image, statistics showing the APB-induced inhibition relative
to DMSO controls (t test, p < 0.001, n = 3). g In HEK wt cells transiently
expressing eGFP-Orai1-SS, or its corresponding ΔN1(Δ1–73),
ΔC1(Δ277–301) mutants. Constitutive Ca2+ entry was similarly
inhibited by 2-APB. Left, typical traces; right, statistics showing the
APB-induced inhibition relative to DMSO controls (t test, p < 0.001,
n = 3). (Color figure online)
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of 2-APB on STIM1 puncta. 2-APB’s failure to inhibit STIM1
puncta in STIM1-Orai1 cells may be due to its enhancing
effects on the coupling between STIM1ct and Orai1 [53].
Even though 2-APB’s ability to reduce STIM1 puncta is
abolished in HEK STIM1-Orai1 cells, it could still greatly
inhibit SOCE (Fig. 2e). Therefore, the inhibition of SOCE
can clearly be separated from the disruption of STIM1 puncta
in cells co-expressing Orai1.

Overall, with either co-expression of Orai1 or with muta-
tions disrupting interactions between STIM1-CC1 and
SOAR, we showed that 2-APB can inhibit SOCE indepen-
dently of its effects on STIM1 puncta. Therefore, the inhibi-
tion on SOCE by 2-APB was not affected by abolishing its
effect on the coupling between STIM1-CC1 and SOAR
(Fig. 2a–c). We further examined this phenomenon using con-
structs based on the SOAR molecule as opposed to intact
STIM1. First, we examined the effects of 2-APB on constitu-
tive Ca2+ influx in HEK Orai1 cells co-expressing SOAR-
L416G. The SOAR-L416G molecule has a compromised
CC1-docking region, and its L416 residue, critical for CC1-
SOAR interaction, is mutated to a non-functional glycine and
is thereby devoid of inhibition by 2-APB. Similar to cells co-
expressing Orai1 and wild-type SOAR [14, 51], 2-APB did
not appear to physically uncouple SOAR-L416G and Orai1 as
there was no decrease in FRET signals. Instead, we observed
that 2-APB enhanced the FRET signals between Orai1 and
SOAR-L416G (Fig. 2f, left trace). Moreover, even with its
inhibitory effect on SOAR missing, 2-APB could still greatly
inhibit the constitutive Ca2+ entry (Fig. 2f, right trace).
Second, we checked the effects of 2-APB on Orai1-SS, a
construct with one Orai1 subunit fused with one SOAR
(336–485) dimer [20, 60]. The SOAR dimer also does not
have the CC1 region that is critical for the binding of
SOAR, and it is unable to form heteromers with the CC1
region of native STIM1 [24], thus it cannot be inhibited by
2-APB. We observed that 2-APB similarly inhibited the con-
stitutive Ca2+ influx in HEK cells overexpressing Orai1-SS,
Orai1-SS-ΔN1 (Δ1–73), or Orai1-SS-ΔC1 (Δ277–301) [60]
(Fig. 2g). Taken together, after the removal of 2-APB’s inhi-
bition sites, 2-APB can still inhibit constitutive Ca2+ entry
induced by these STIM1 mutants. Therefore, 2-APB’s inhib-
itory effect on STIM1, or its enhancing effect on the coupling
between STIM1-CC1 and SOAR, is not essential for the inhi-
bition of Ca2+ influx through STIM1-activated Orai1 chan-
nels. In other words, 2-APB can inhibit SOCE through sites
other than those identified in the STIM1 molecule.

2-APB modifies Ca2+ entry mediated by constitutively
active Orai1 mutants, independently of STIM1

Since SOCE is mediated by both STIM1 and Orai1, the inhi-
bition of SOCE by 2-APB could occur at the level of STIM1,
Orai1, or STIM1-Orai1 coupling. With 2-APB’s inhibitory

sites on STIM1 identified and their non-essential role in the
inhibition of SOCE established, we then examined possible
actions of 2-APB on Orai1 channels. Normally, Orai1 chan-
nels are inactive at rest (Fig. 3a), and they become active
through the coupling of STIM1. Thus, it is not possible to
dissect the inhibitory actions of 2-APB on wt Orai1 in a
STIM1-free background. However, there have been identified
Orai1 mutants that are constitutively active even without the
coupling of STIM1 [28, 33, 34]. These mutants make it pos-
sible for the direct assessment of 2-APB’s effect on Orai1
channels.

Initially, we examined the effects of 2-APB on the Ca2+

entry mediated by constitutive Ca2+ influx through the
Orai1-P245T mutant [33] and revealed that it was also
inhibited by 2-APB (Fig. 3b). Similarly, Ca2+ entry via the
Orai1-V102A mutant [28] was also inhibited by 2-APB
(Fig. 3c). Moreover, this inhibition was unaffected by either
co-expression of STIM1 or deletion of the Orai1 c-terminus
(267–301) to abolish its ability to bind STIM1 [60] (Fig. 3c).
Thus, this inhibition is independent of STIM1, indicating a
direct inhibition on Orai1 channels.

Interestingly, 2-APB totally lost its ability to inhibit Ca2+

entry through a different V102 mutant, Orai1-V102C [28]
(Fig. 3d, e). In HEK cells stably expressing Orai1-V102C,
the resulting constitutive Ca2+ entry (Fig. 3d) or whole-cell
current (Fig. 3e) was transiently enhanced by 2-APB. Similar
enhancing effects were seen in cells co-expressing STIM1 and
Orai1-V012C or in cells expressing Orai1-V102C-ΔC2, a
mutant that loses its ability to bind STIM [60] (Fig. 3f).

2-APB’s actions on STIM1 contributes to its inhibition
on SOCE

When not bound with STIM1, constitutively active Orai1-
V102C was not inhibited by 2-APB (Fig. 3d–f), making it a
perfect tool to dissect possible inhibition of 2-APB on STIM1-
Orai1 coupling. We thus examined the effects of 2-APB on
Orai1-V102C that were coupled with STIM1. After store de-
pletion, SOCE mediated by STIM1 and wt Orai1 was first
transiently activated, then rapidly inhibited by 2-APB [19,
25] (Fig. 4a). In cells co-expressing Orai1-V012C and
STIM1, when examined with Ca2+ imaging, the transient ac-
tivation phase on SOCE was greatly enhanced and prolonged.
The inhibitory effect by 2-APB was not easily visible
(Fig. 4b). However, a slight inhibition of ICRAC could be seen
when measured with whole-cell patch clamp, a more accurate
method to assess SOCE (Fig. 4c). After approximately 4 min
in 2-APB, the removal of 2-APB induced an immediate in-
crease in whole-cell current, indicating an inhibition around
25 % (Fig. 4c). However, there was no such effect in HEK
Orai1-V102C cells with fully filled stores (Fig. 3e). Therefore,
after store depletion, the binding of STIM1 to Orai1-V102C
makes it susceptible to the inhibition by 2-APB.
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This inhibition on STIM1-bound Orai1-V102C could ei-
ther be induced by 2-APB’s effects at the level of STIM1 or on
the coupling between STIM1 and Orai1-V102C.We first tried
to check 2-APB’s effects in cells co-expressing Orai1-V102C
together with various constitutively active, full-length STIM1
mutants. Our attempt failed as cells co-expressing both pro-
teins all died, probably due to the toxic effect induced by high
cytosolic Ca2+ levels. We then examined the effect of 2-APB
in HEK cells co-expressing Orai1-V102C and SOAR-L416G,

a mutant that is devoid of 2-APB’s inhibition on STIM1. The
constitutive Ca2+ entry mediated by Orai1-V102C and
SOAR-L416G was not affected by 2-APB even after 5 min
incubation (Fig. 4d). This result indicates that 2-APB’s actions
on STIM1-CC1 and SOAR are essential for its inhibition on
STIM1-bound Orai1-V102C.

To gain some insights regarding how this enhanced cou-
pling between STIM1-CC1 and SOAR could inhibit Ca2+

entry through STIM1-bound Orai1-V102C, we checked
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Fig. 3 2-APB can directly enhance or inhibit constitutive Ca2+ influx that
are mediated by Orai1 mutants. Intracellular Ca2+ signals were measured
with Fura-2. All 2-APB (50 μM) treatments were conducted when ER
Ca2+ store were full. a 2-APB did not induce Ca2+ entry in HEK Orai1 or
STIM1-Orai1 stable cells (n = 3). b Compared to DMSO controls, in
HEK cells transiently expressing Orai1-P245T-CFP, constitutive Ca2+

influxes mediated by Orai1-P245T were greatly inhibited by 2-APB
(34.7 ± 5.3 %, p < 0.001, t test, n = 3). c Compared to DMSO controls,
in HEK wt cells transiently expressing Orai1-V102A, Orai1-V102A
together with STIM1, or Orai1-V102A-ΔC2 (Δ267–301), 2-APB
similarly inhibited constitutive Ca2+ entry through Orai1-V102A. Left,
representative curve; right, statistics (p < 0.001 for all three groups,
n = 3, t test). d In HEK Orai1-V102C-CFP cells, constitutive Ca2+

influxes mediated by Orai1-V102C were greatly enhanced by 2-APB.

Overexpression of STIM1-YFP has no effect on constitutive or 2-APB-
induced Ca2+ entry (n = 4, paired t test, p > 0.65). These two types of cells
were seeded on the same coverslip, and fura-2 signals were measured
simultaneously. e In HEK Orai1-V102C cells, 2-APB enhanced whole
cell current from 2.6 ± 0.7 pA/pF to currents with a peak of 15.0 ± 3.5 pA/
pF (p = 0.008, paired t test, n = 6). Insert: typical I-V relationship
measured at time points indicated by arrows. To avoid passive store
depletion, pipette solution contained 100 nM free Ca2+ and 2 mM ATP.
f 2-APB enhanced constitutive Ca2+ influxes similarly in HEK wt cells
transiently expressing Orai1-V102C or its mutant devoid of STIM1
binding, Orai1-Δ(267–301) (n = 3, p < 0.003, t test). There was no
difference in maximal APB-induced responses between these two
groups (n = 3, p > 0.87, t test)
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whether 2-APB affects the coupling between STIM1 and
Orai1-V102C using FRET imaging. In HEK cells stably co-
expressing STIM1 and Orai1-V102C, store depletion induced
an increase in FRET signals between STIM1 and Orai1-
V102C. This FRET signal was then further increased by 2-

APB (Fig. 4e). Similar results obtained with wt Orai1 and
activated STIM1 or its cytosolic fragments were also reported
previously [14, 32, 51, 53]. This result indicates that 2-APB’s
enhancing actions on STIM1-CC1 and SOAR are not enough
to break the existing coupling between STIM1 and Orai1-
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Fig. 4 2-APB-induced inhibition of STIM1 also slowly contributes to its
inhibitory effect on SOCE. Unless specified, all other experiments were
carried out in HEK stable cells co-expressing Orai1-V102C-CFP and
STIM1-YFP. And ER Ca2+ store were depleted with 2.5 μM ionomycin
in all imaging experiments. Intracellular Ca2+ levels were shown as Fura-
2 ratio signals. Concentration of 2-APBwas 50 μM. a In HEK stable cells
co-expressing STIM1-YFP and Orai1-CFP, after a transient activation, 2-
APB quickly inhibited SOCE mediated by STIM1 and Orai1. Upper
image, typical traces; lower image, statistics showing the size of APB
responses relative to DMSO controls (t test, p < 0.001, n = 3). b In HEK
STIM1 + Orai1-V102C stable cells, ionomycin-induced Ca2+ entry was
transiently enhanced by 2-APB, while the effect of inhibitions was
minimal. Upper image, representative traces; lower image, statistics
showing the size of APB responses relative to DMSO controls (t test,
p = 0.009, n = 3). c 2-APB first transiently enhanced ICRAC mediated by
STIM1 and Orai1-V102C, and then it slowly inhibited ICRAC. Left,
development of whole-cell current in a typical cell; middle, I-V
relationships of the same cell in the left figure at various time points as
indicated by arrows. ER Ca2+ store in patched cells was passively
depleted by including 20 mM EGTA in pipette solution. Right, statistics
showing the recovery of current after the removal of 2-APB from bath

solution. Currents in the presence of 2-APB (indicated by green arrow)
were normalized against peak current after the removal of 2-APB
(indicated by blue arrow). (p = 0.02, paired t test, n = 6). d In HEK tsA
cells transiently expressing YFP-SOAR-L416G and Orai1-V102C-CFP,
5min of pre-incubation of 2-APB has no effect on Ca2+ entrymediated by
these two proteins (paired t test, p = 0.83, n = 3). e 2-APB further
increased FRET signals between STIM1 and Orai1-V102C after store
depletion. f Five minutes of pre-incubation with 2-APB slowed down
the rate of increase in FRET signals between STIM1 and Orai1-V102C
(0.0030 ± 0.0001 vs 0.0020 ± 0.0001 ΔN-FRET/s, paired t test,
p < 0.001, n = 4). g Compared to control, 5 min of pre-incubation with
2-APB slowed down the appearance of STIM1 puncta, examined with
epifluorescence imaging (n = 4). h When ER Ca2+ store is full, 5 min of
incubation with 2-APB enhanced the mean constitutive Ca2+ influx from
0.46 ± 0.08 (F340/F380) to 3.69 ± 0.30 (F340/F380), (paired t test,
p < 0.0001, n = 6). i Compared to controls treated with DMSO, 5 min
of pre-incubation with 2-APB greatly inhibited SOCE after store
depletion. When 2-APB was applied before store depletion, the
inhibitory effect (76.6 ± 5.2 %) is greater than those applied after store
depletion (57.1 ± 5.1 %). n = 3, paired t test, p = 0.002. (Color figure
online)
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V102C. We then examined whether 2-APB pre-incubation
can inhibit the development of STIM1 coupling with Orai1
during the process of store depletion. Even though it did not
reduce the maximal FRETsignals between STIM1 and Orai1-
V012C, pre-incubation with 2-APB greatly slowed down the
increasing rate of FRET signals (Fig. 4f). Similarly, pre-
incubation with 2-APB also greatly delayed the formation of
STIM1 puncta (Fig. 4g). Overall, these results indicate that the
enhanced coupling between STIM1-CC1 and SOAR induced
by 2-APB was too weak to block or disrupt the physical cou-
pling between STIM1 and Orai1-V102C (Fig. 4e–g).
However, pre-incubation with 2-APB did slow down the cou-
pling of STIM1 to Orai1-V102C (Fig. 4f, g).

Since its inhibitory effect on the coupling of STIM1 to
Orai1-V102C was more detectable when 2-APB was applied
before store depletion, we examined whether 2-APB could
inhibit SOCE in a similar manner. Indeed, even though pre-
incubation with 2-APB did not inhibit the constitutive Ca2+

entry when the ER Ca2+ store is full (Fig. 4h), it can inhibit
Ca2+ entry through Orai1-V102C after store depletion
(Fig. 4i). And if 2-APB was applied before store depletion
with ionomycin, a 5-min incubation with 2-APB inhibited
SOCE by 76.6 ± 3.2 %. However, if 2-APB was applied after
the stores were fully depleted, its inhibition on SOCE was
significantly less (57.1 ± 5.1 %, p = 0.002, t test) (Fig. 4i).
Thus, the extent of 2-APB’s inhibition on SOCE correlates
with its ability to affect the coupling between STIM1 and
Orai1-V012C.

From this, we conclude that 2-APB’s inhibition on STIM1-
bound Orai1-V102C channels is mediated by its enhanced
auto-inhibition of STIM1. Its inhibitory effect on STIM1 is
not strong enough to physically disrupt the coupling between
the STIM1 and Orai1-V102C complex (Fig. 4e). It is very
likely that this 2-APB- and STIM1-dependent inhibition is
mediated through disruption of the functional coupling be-
tween STIM1 and Orai1-V012C.

The inhibition of 2-APB on STIM1-boundOrai1-V102C is
abolished by the K85E mutation at the Orai1 N-terminus

Even though recent evidence shows that both N- and C-termi-
ni of Orai1 are involved in channel gating and coupling with
STIM1 [11, 27, 34, 42, 51, 18, 36, 61], the Orai1C-terminus is
clearly more involved in STIM1 binding [20, 31, 32, 60] and
its N-terminus has been shown to be important for channel
function and gating by STIM1 [23, 30, 46, 60]. More specif-
ically, the extended transmembrane Orai1 N-terminal (ETON,
aa73–90) region has been shown to be necessary for STIM1
binding and channel gating [11, 13]. It has been argued that
the K85 residue within this region mediates STIM1 gating of
the channel since the Orai1-K85Emutant has slightly reduced
STIM1 binding yet completely loses its ability to mediate

Ca2+ entry [11, 27, 23], although whether STIM1 binding to
this region is required for gating is presently unclear.

We therefore examined whether the K85E mutation in the
ETON region could affect the inhibition of 2-APB on SOCE
mediated by STIM1-bound Orai1-V102C. Similar to an earli-
er report [27], the double-mutant Orai1-K85E-V102C is con-
stitutively active and has some store-dependent activity
(Fig. 5a, b). As indicated by FRET measurements, STIM1
can interact with Orai1-K85E-V102C and further activate it
after store depletion (Fig. 5b, c) [27]. When 2-APB was added
after the application of Ca2+, both the constitutive Ca2+ entry
and SOCE through Orai1-K85E-V102C channels were great-
ly enhanced (Fig. 5b). When 2-APB was applied 5 min before
the addition of Ca2+, both constitutive Ca2+ influx and SOCE
were still enhanced by 2-APB (Fig. 5d, e). Thus, the K85E
mutation abolished 2-APB’s inhibition on STIM1-bound
Orai1-V102C (Fig. 5e vs Fig. 4i). Since pre-incubation with
2-APB could still slow the rate of increase in FRET signals
between STIM1 and Orai1-K85E-V102C, this indicates that
2-APB’s inhibitory effect on STIM1 is still intact (Fig. 5f).
Therefore, K85 serves as a critical link, relaying 2-APB’s
inhibitory effect on STIM1 to its actions on Orai1-V102C.
Thus, the ETON region is essential in mediating 2-APB’s
inhibition of STIM1-bound Orai1-V102C. More studies are
needed to examine whether those corresponding regions in
Orai2 or Orai3 also mediate 2-APB’s inhibition on STIM1-
bound Orai2 or Orai3.

Discussion

The store-operated Ca2+ signals mediated by STIM1 and
STIM2 proteins and the three mammalian Orai channels are
shown to be crucial in many cellular responses [29, 44, 46, 52]
and to have important physiological roles and involvements in
many disease states [44, 50]. There is a great need to develop
highly isoform- and tissue-specific inhibitors of SOCE in or-
der to better understand the exact physiological or pathologi-
cal roles of the different isoforms of STIM and Orai and even-
tually for the development of disease treatments. Even under
the guidance from the solved crystal structure of Orai1 and
SOAR [18, 57], drug development is still at its preliminary
stage, and the underlying molecular basis for most SOCE
inhibitors still remains largely undefined [19, 41]. As one of
the most used SOCE modifiers, 2-APB has complex effects,
enhancing SOCE at low concentrations and inhibiting SOCE
after a transient activation at higher concentrations [25, 39]. Its
actions on CRAC activity mediated by different subtypes of
STIM and Orai have been intensively examined [10, 19, 22,
25, 32, 37–39, 41, 43, 53]. However, current understandings
of the molecular basis of its actions are mainly constrained to
its activation of SOCE [1, 2, 4, 40, 43, 53, 55, 56], while the
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possible mechanisms of its inhibitory effects are poorly un-
derstood [19, 38, 41].

The results here reveal that 2-APB could inhibit SOCE by
directly affecting the two essential mediators of SOCE,
STIM1, and Orai1. The geometry of the Orai1 pore is critical
for the direct inhibition of 2-APB, and its fast-developing
inhibition on Orai1 channels is 90 % complete within 90 s
(Fig. 3b, c). 2-APB’s direct inhibition on STIM1 fully de-
velops within several minutes (Fig. 1h). 2-APB inhibits
STIM1 by enhancing or inducing coupling between its CC1
and SOAR region, thus locking STIM1 to its auto-inhibitory,
resting state. Aside from its direct actions on Orai1 and
STIM1, 2-APB can also indirectly inhibit the functional cou-
pling between STIM1 and Orai1 via its actions on STIM1.
This STIM1-dependent, indirect effect develops slower than
2-APB’s direct actions on STIM1 (Fig. 1h vs Fig. 4c, i). This

slower action is probably caused by the enhanced coupling
between Orai1 and STIM1 or STIM1ct [32, 53] (Fig. 4e).

Using the constitutively active Orai1-P245L mutant, we
demonstrate that 2-APB (50 μM) has direct dual effects on
open Orai1 channels: a transient potentiation followed by an
inhibition (Fig. 3b). While this potentiation may be caused by
dilating the open Orai1 channel pore [54], the molecular
mechanisms underlying the direct inhibition by 2-APB are
still unclear. We showed that the excitatory and inhibitory
effect of 2-APB can be separated by point mutations on the
V102 residue. 2-APB can directly activate, but cannot inhibit,
the V102C mutant (Fig. 3d–f) [28]. In contrast, 2-APB can
directly inhibit but cannot enhance the V102A-mediated Ca2+

entry (Fig. 3c). This lack of enhancement may be caused by
the large pore of the V102A. Its pore can pass Ca2+ ions
without any steric hindrance [54], thus 2-APB cannot enhance
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Fig. 5 The Orai1 K85E mutation abolished 2-APB’s inhibition on
STIM1-bound Orai1-V102C. Except for the first figure, all other
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transiently expressing Orai1-V102C-CFP, or its K85E mutant.
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K85E mutation (red trace) decreases the resulting constitutive Ca2+ entry

as compared to control (black trace). bWhen applied after the addition of
Ca2+, 2-APB enhanced the Ca2+ responses mediated by Orai1-K85E-
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5 min before store depletion with ionomycin, both d constitutive Ca2+
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significantly slowed
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Ca2+ entry through the V012A channels by further dilating its
pore (Fig. 3c) [54]. While the pore size of V102C falls be-
tween that of wild type and V102A [28, 54], thus the APB-
induced dilation of its pore will greatly potentiate Ca2+ current
through V102C (Fig. 3d–f). This APB-induced large potenti-
ation on Orai1-V102C channels (5∼10-fold increase, Fig. 3e
and Fig. 4h) may mask 2-APB’s weak inhibitory effect on
open Orai1 channels (30∼50 % inhibition, Fig. 3b, c),
resulting in no inhibition of Orai1-V102C by 2-APB. When
measured with Ca2+ imaging or whole-cell patch clamp, 2-
APB’s activation on Orai1-V102C may appear Btransient^
(Fig. 3d, e), and the activation may terminate in 6 min
(Fig. 3d). This transient activation on Orai1-V102C may be
an artifact caused by Ca2+-dependent inactivation (CDI). Our
data clearly showed that 2-APB’s activation of Orai1-V102C
is still intact after a 5-min incubation with 50 μM 2-APB in
Ca2+-free solution (Fig. 4h). Nevertheless, for STIM1-free
Orai1-V102C, this transient activation (Fig. 3d, e) is clearly
not caused by some slowly developing inhibition on Orai1, as
there is no increase in ICRAC after the removal of 2-APB
(Fig. 3e). By contrast, for STIM1-bound Orai1-V102C, there
is clearly a recovery of ICRAC after the removal of 2-APB
(Fig. 4c). Collectively, 2-APB’s activation on Orai1-V012C
is long lasting, which could help further dissection of STIM1-
dependent inhibition on open Orai1 channels.

Store depletion leads to the formation of STIM1 puncta and
the physical coupling of STIM1 to Orai1. There has been
some controversy on 2-APB’s ability to inhibit STIM1 puncta
[10, 32, 38, 59]. STIM1 puncta transiently expressed in HEK
wt cells were shown to be greatly inhibited by 2-APB [10, 38].
There were also reports showing that, in HEK cells expressing
STIM1 together with Orai1, 2-APB’s ability to inhibit STIM1
puncta is either severely impaired or abolished [10, 32, 59]. It
is still unclear whether this discrepancy is an Orai1 effect or
not. By imaging STIM1 cells with or without co-expression of
Orai1 in the same view field, we demonstrate that most of this
discrepancy is caused by the differences in the amount of
Orai1 used in different labs (Fig. 2d): co-expression of Orai1
together with STIM1 abolishes 2-APB’s ability to inhibit
STIM1 puncta. Based on this observation and previous reports
[10, 32, 38, 51, 59], we propose a model to explain whether
STIM1 puncta can be inhibited by 2-APB or not. Thus, 2-
APB has two antagonizing, Bpush and pull^ effects on
STIM1: its direct actions on the CC1 and SOAR region of
STIM1 will pull the STIM1-SOAR region back toward ER
to lock STIM1 in its resting state, thereby inhibiting the for-
mation of STIM1 puncta [10, 38], while its Orai1-dependent
enhancing effects on the coupling between STIM1 and Orai1
[32, 51, 53, 59] will push the STIM1-SOAR region toward the
PM, keeping STIM1 in its activated, punctate distribution
(Fig. 2d). The Orai1-dependent pushing effect of 2-APB is
stronger than its pulling effect on STIM1, thus 2-APB cannot
disrupt established STIM1-Orai1 interactions. Instead, it

enhances FRET signals between Orai1 and STIM1 or
STIM1 fragments [32, 51, 53] (Fig. 4e).

Overall, those puncta formed by Orai1-bound STIM1 are
resistant to 2-APB, while Orai1-free STIM1 puncta can be
abolished by 2-APB. Thus, according to this model, the ability
of 2-APB to inhibit wt STIM1 puncta depends on the relative
amount of STIM1 that is not bound to Orai1. In HEK wt cells
overexpressing STIM1, endogenous Orai1 can only keep a
limited amount of STIM1 molecules in their punctate distri-
butions. The majority of punctate areas are formed by Orai1-
free STIM1 and thus can be abolished by 2-APB (Fig. 2a). As
a result, 2-APB can reduce STIM1 puncta in HEK STIM1
cells. When a moderate amount of Orai1 is also co-
expressed with STIM1, most STIM1 will be bound to Orai1
after store depletion. Thus, only a small portion of STIM1
molecules are not bound with Orai1 and these puncta can be
abolished by 2-APB, resulting in partial inhibition of STIM1
puncta. Therefore, the extent of 2-APB inhibition is dependent
on relative expression levels of Orai proteins. Indeed, there
was one report showing that the expression level of Orai pro-
teins is inversely related to 2-APB’s ability to reduce STIM1
puncta [10]. Thus, if enough Orai1 is expressed, after store
depletion, all STIM1 molecules would be bound with Orai1,
and this powerful Orai1-pushing effect of 2-APB would
completely override its inhibition of STIM1 puncta (Fig. 2d)
[59].

It has been reported that Orai1 has two STIM1-binding
sites [18, 36, 61], with its N-terminus proposed for channel
gating, and its C-terminus for STIM1 binding [16, 23, 60].
Recent evidence suggests that both termini of Orai1 are in-
volved in STIM1-induced channel gating [11, 27]. It was pro-
posed that 2-APB might compete with STIM1 to gate Orai3
channels [56]. Consistent with this idea, 2-APB-activated
Ca2+ influx through Orai1-K85E-V102C is similar to that me-
diated by STIM1-bound Orai1-K85E-V102C (red trace in
Fig. 5d vs black trace in Fig. 5e). Moreover, we show that
pre-incubation with 2-APB could further increase Ca2+ influx
through STIM1-bound Orai1-K85E-V102C (Fig. 5e). And
this increase in SOCE activity does not seem to come from
alterations in STIM1 binding, as the maximal FRET signals
between STIM1 and Orai1-K85E-V102C was unaffected
(Fig. 5f). Thus, this result indicates that there might be a dis-
tinct gating residue in Orai1 channels, but the location of this
site, that is, whether it is at the C- or N-terminus, is not clear.
Further studies are needed to validate this possibility.

The appearance of STIM1 puncta can reliably indicate the
activation of STIM1 [17, 21], thus making STIM1 puncta a
very good tool for examining the activation of STIM1 and the
developing of STIM1 inhibitors. However, the quantification
of STIM1 puncta is difficult [15]. Regular epifluorescent im-
ages of STIM1 puncta are often blurred by fluorescence con-
taminations from out-of-focus signals, thus making it even
more difficult to quantify (Fig. 2a vs Fig. 2d). In addition, to
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obtain confocal or TIRF measurements of STIM1 puncta, ex-
pensive equipment and much training are required. These
drawbacks limit the use of STIM1 puncta to monitor STIM1
activation. Here, we show that these abovementioned limita-
tions could be overcome by our recently developed two-
component system, which consists of STIM1-(1–310)-CFP
and YFP-SOAR or YFP-SOAR-5KQ [24]. The activation sta-
tus of STIM1 can now be easily measured with co-localization
or FRET signals between the two components, making the
assessment of drug effects fast and precise (Fig. 1h).

In summary, we adopt here a two-component FRET assay
to dissect the effects of pharmacological tools on STIM1 ac-
tivation. With this tool and other approaches, we have evalu-
ated different inhibitory effects of 2-APB at the levels of
STIM1, Orai1, and the coupling between these two proteins.
Our findings further clarify the molecular basis underlying 2-
APB’s actions on SOCE. These strategies can be further ex-
tended to examine whether similar molecular mechanisms are
adaptable to Orai2 and Orai3 and to dissect the mechanisms of
action of other SOCE inhibitors, particularly the recently de-
veloped 2-APB analogs [14]. Thus, our results provide a solid
base for better understanding of SOCE activation, as well as
the design of enhanced pharmacological tools or drug candi-
dates targeting SOCE to treat human disorders associated with
aberrant Ca2+ entry and homeostasis.
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