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Activation of Ca2� release-activated Ca2� channels by de-
pletion of intracellular Ca2� stores involves physical interac-
tions between the endoplasmic reticulum Ca2� sensor, STIM1,
and the channels composed of Orai subunits. Recent studies
indicate that the Orai3 subtype, in addition to being store-op-
erated, is also activated in a store-independent manner by
2-aminoethyldiphenyl borate (2-APB), a small molecule with
complex pharmacology. However, it is unknown whether the
store-dependent and -independent activation modes of Orai3
channels operate independently or whether there is cross-talk
between these activation states. Here we report that in addi-
tion to causing direct activation, 2-APB also regulates store-
operated gating of Orai3 channels, causing potentiation at low
doses and inhibition at high doses. Inhibition of store-oper-
ated gating by 2-APB was accompanied by the suppression of
several modes of Orai3 channel regulation that depend on
STIM1, suggesting that high doses of 2-APB interrupt STIM1-
Orai3 coupling. Conversely, STIM1-bound Orai3 (and Orai1)
channels resisted direct gating by high doses of 2-APB. The
rate of direct 2-APB activation of Orai3 channels increased
linearly with the degree of STIM1-Orai3 uncoupling, suggest-
ing that 2-APB has to first disengage STIM1 before it can di-
rectly gate Orai3 channels. Collectively, our results indicate
that the store-dependent and -independent modes of Ca2�

release-activated Ca2� channel activation are mutually exclu-
sive: channels bound to STIM1 resist 2-APB gating, whereas
2-APB antagonizes STIM1 gating.

Depletion of endoplasmic reticulum (ER)2 Ca2� stores fol-
lowing stimulation of cell surface receptors activates store-
operated Ca2� release-activated Ca2� (CRAC) channels in
many cells (1). The resulting Ca2� influx regulates a wide ar-

ray of cellular functions, including gene expression, motility,
and the release of inflammatory mediators (2, 3). CRAC chan-
nels are encoded by three closely related proteins termed
Orai1–3 (also known as CRACM1–3) (4–6), which assemble
as homotetramers (7–9). Human patients bearing mutations
that cause loss of Orai1 expression or channel function ex-
hibit devastating immunodeficiencies, highlighting the impor-
tance of CRAC channels for immune host defense mecha-
nisms (2, 10, 11).
Given their essential role in human immunity, CRAC chan-

nels have emerged as attractive candidates for the design of
novel therapeutics to treat immune disorders such as chronic
inflammation (11). However, selective modulators of CRAC
channels are scarce, and the mechanism of action of many
available modulators remains uncertain. One agent that has
received widespread attention is the compound 2-APB (12).
In native CRAC channels of T-cells, B-cells, and mast cells,
2-APB elicits complex effects, including a severalfold en-
hancement of ICRAC at low concentrations (�5 �M) (termed
potentiation) and transient potentiation followed by inhibi-
tion at high concentrations (�20 �M) (13, 14). 2-APB also
reduces Ca2�-dependent fast inactivation of ICRAC in parallel
with the slow development of its inhibitory effects at high
concentrations (13). These effects are intriguing not only for
the potential of 2-APB to be used as a basis for future drug
development but also because modulation of key properties of
CRAC channels such as activation and inactivation by 2-APB
may be useful in understanding how these properties are con-
trolled. Despite its widespread use in the Ca2� signaling field,
however, the molecular mechanisms of the various 2-APB
effects on CRAC channels remain poorly understood.
When overexpressed with the ER Ca2� sensor, STIM1, all

three Orai proteins give rise to store-operated CRAC chan-
nels with broadly similar permeation and gating characteris-
tics. These include high Ca2� selectivity, low permeability to
large monovalent cations such as Cs�, and feedback inhibi-
tion by Ca2� (15, 16). Store-dependent activation of all three
isoforms arises from direct interaction of the channels with
STIM1, which is redistributed from the bulk ER to peripheral
ER regions in close proximity to the plasma membrane,
thereby allowing direct binding to Orai channels in the
plasma membrane (3). However, Orai1 and Orai3 have been
reported to differ markedly in their regulation by 2-APB (17–
21). Whereas Orai1 channels, like the endogenous CRAC
channels in immune cells (13, 14), are transiently potentiated
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and subsequently inhibited by high concentrations (�20 �M)
of 2-APB (4, 17), Orai3 channels are strongly activated
through a mechanism independent of ER Ca2� stores and
STIM1 (17–21). The 2-APB-activated Orai3 current also ex-
hibits a significantly lower Ca2� selectivity and higher Cs�
permeability than the STIM1-activated current (17–20).
These effects of 2-APB raise several questions regarding the

mechanisms by which the compound regulates CRAC chan-
nel activity and the specificity of its effects for particular Orai
isoforms. First, are there multiple mechanisms of 2-APB regu-
lation of Orai3 channels? Previous reports have not differenti-
ated the stimulation of Orai3 currents by low 2-APB doses
from direct gating at high doses, instead implying that these
effects occur through the same mechanism. Given that low
doses of 2-APB potentiate native and Orai1 CRAC channels
through a store-dependent mechanism, it is possible that the
effects of low and high 2-APB doses on Orai3 channels arise
through different mechanisms, but this has not been ex-
plored. Second, are store-operated Orai3 currents inhibited
by high doses of 2-APB? Previous studies have shown that
Orai1 and Orai2 channels are inhibited by high doses of
2-APB (17–19), but whether store-operated Orai3 currents
are also inhibited by 2-APB is unknown (17–21). Third, is
there positive or negative cross-talk between the store-depen-
dent and -independent modes of regulation? Cross-talk could
permit more finely tuned regulation of CRAC channel activity
than that achievable by the independent action of each gating
mode. Given recent findings indicating that CRAC channels
can be activated by endogenous factors in a store-indepen-
dent manner (22), elucidation of potential cross-talk is di-
rectly relevant for a better understanding of the mechanisms
controlling CRAC channel activity.
To address these issues, we studied the effects of 2-APB on

store-operated and store-independent modes of activation of
Orai3 and Orai1 CRAC channels. We found that in addition
to store-independent activation 2-APB elicited a range of
other effects on Orai3 channels, including STIM1-dependent
potentiation at low concentrations (�10 �M) and persistent
inhibition of the store-operated current at high concentra-
tions (�20 �M). Thus, the key effects of 2-APB seen in Orai1
and native CRAC currents also occur in store-operated Orai3
channels. Inhibition of Orai3 current by high doses of 2-APB
was accompanied by elimination of STIM1-dependent fast
inactivation and low dose potentiation, suggesting that 2-APB
causes functional uncoupling of STIM1 from Orai3 channels.
Importantly, our results indicate that Orai3 channels bound
to STIM1 resist 2-APB gating, whereas 2-APB suppresses
STIM1 gating. Thus, the STIM1-dependent and 2-APB-de-
pendent activation states of Orai3 channels do not co-exist
but are mutually exclusive.

EXPERIMENTAL PROCEDURES

Cells—HEK293 cells were maintained in suspension in
a medium containing CD293 supplemented with 4 mM

GlutaMAX (both from Invitrogen) at 37 °C and 5% CO2. To
prepare them for imaging and electrophysiology, cells were
plated and adhered to poly-L-lysine-coated coverslips at the
time of passage and grown for 24 h. Cells were transfected in

a medium containing 44% DMEM (Mediatech), 44% Ham’s
F-12 (Mediatech), 10% fetal calf serum (HyClone), 2 mM glu-
tamine, 50 units/ml penicillin, and 50 �g/ml streptomycin.
Plasmids and Transfections—Two CFP-Orai3 constructs

obtained from Drs. Jim Putney (NIEHS, Research Triangle
Park, NC) (18) and Christoph Romanin (University of Linz)
(20) were used in this study. The electrophysiology reported
here was performed using the construct obtained from Dr.
Putney except for studies on L285D Orai3 and corresponding
controls, which were performed using the construct from Dr.
Christoph Romanin (University of Linz). No systematic differ-
ences were noted between the two constructs. All imaging
data reported here are from the Romanin laboratory con-
struct. The IRES-eGFP-Orai1 plasmid has been described
previously (23, 24). Unlabeled STIM1 for the electrophysiol-
ogy was obtained from Origene Technologies (Rockville,
MD). The STIM1-YFP plasmid has been described previously
(25). Site-directed mutagenesis to generate Orai3 and Orai1
mutants was performed using the QuikChangeTM site-di-
rected mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions. siSTIM1 was obtained from Ambion.
Cells were transfected with the indicated constructs using
Transpass D2 (New England Biolabs) or Lipofectamine (Invit-
rogen) according to the manufacturer’s instructions and stud-
ied 24 h later. Cells transfected with siSTIM1 were studied
48–72 post-transfection.
Solutions and Chemicals—The standard extracellular Ring-

er’s solution contained 135 mM NaCl, 4.5 mM KCl, 20 mM

CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 5 mM Na-Hepes
(pH 7.4). The 110 mM Ca2� solution contained 110 mM

CaCl2, 10 mM D-glucose, and 5 mM Hepes (pH 7.4). The diva-
lent ion-free (DVF) Ringer’s solution contained 150 mM NaCl,
10 mM HEDTA, 1 mM EDTA, and 10 mM Hepes (pH 7.4). For
the FRET and TIRF experiments, the extracellular solution
contained 150 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM

MgCl2, 10 mM D-glucose, and 5 mM Na-Hepes (pH 7.4). For
the Ca2�-free Ringer’s solution, CaCl2 was omitted from this
solution, and the MgCl2 concentration was increased to 3 mM.
pH was adjusted to 7.4 with NaOH. 10 mM tetraethylammo-
nium chloride was added to all extracellular solutions used for
electrophysiology to prevent contamination from voltage-
gated K� channels. The standard internal solution contained
135 mM cesium aspartate, 8 mM MgCl2, 8 mM BAPTA, and 10
mM Cs-Hepes (pH 7.2). Stock solutions of thapsigargin
(Sigma) and 2-APB (Sigma) were prepared in DMSO at con-
centrations of 1 and 100 mM, respectively. Solutions were ap-
plied using a multibarrel local perfusion pipette with a com-
mon delivery port. Reversal potential measurements with 150
mM extracellular KCl applications indicated that the solution
exchange time was �1 s.
Patch Clamp Measurements—Patch clamp recordings were

performed using an Axopatch 200B amplifier (Axon Instru-
ments, Foster City, CA) interfaced to an ITC-18 input/output
board (Instrutech, Port Washington, NY) and an iMac G5
computer. Currents were sampled at 5 kHz and filtered at 1
kHz with a four-pole Bessel filter. Stimulation, data acquisi-
tion, and analysis were performed using routines developed
on the Igor Pro platform (Wavemetrics, Lake Oswego, OR).
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Data are corrected for the liquid junction potential of the pi-
pette solution relative to Ringer’s solution in the bath (�10
mV). The holding potential was �30 mV. The standard volt-
age stimulus consisted of a 100-ms step to �100 mV followed
by a 100-ms ramp from �100 to �100 mV applied at 1-s in-
tervals. For examining Ca2�-dependent fast inactivation, the
voltage protocol consisted of a 300-ms step to �100 mV fol-
lowed by a 100-ms ramp from �100 to �100 mV applied at
1-s intervals. Unless otherwise indicated, cells were usually
pretreated with 1 �M thapsigargin (TG) prior to establish-
ment of the seal to deplete stores and activate CRAC
channels.
FRET Microscopy—HEK293 cells were plated onto poly-L-

lysine-coated coverslip chambers and imaged either with epi-
fluorescence or with through-the-objective TIRF microscopy
on an IX71 inverted microscope (Olympus, Center Valley,
PA). For epifluorescence FRET microscopy, cells were imaged
with a 60� oil immersion objective (UPlanApo; numerical
aperture, 1.40), a 175-watt xenon arc lamp (Sutter, Novato,
CA), and excitation and emission filter wheels (Sutter) as de-
scribed previously (25). At each time point, three sets of im-
ages (CFP, YFP, and FRET) were captured on a cooled charge-
coupled device camera (Hamamatsu, Bridgewater, NJ) using
the following filters (Chroma Technology): CFP (IDD image):
excitation, 440 � 20 nm; dichroic, Z458/514RPC; and emis-
sion, 485 � 30 nm; YFP (IAA image): excitation, 500 � 20 nm;
dichroic, Z458/514RPC; and emission, 535 � 30 nm; and
FRET (IDA image): excitation, 440 � 20 nm; dichroic, Z458/
514RPC; and emission, 535 � 30 nm. Image acquisition and
analysis were performed with Slidebook software (Imaging
Innovations Inc., Denver, CO). Images were captured at 12-s
intervals at an exposure of 200 ms with 2 � 2 binning. Lamp
output was attenuated to 25% by a 0.6 neutral density filter in
the light path to minimize photobleaching. All experiments
were performed at room temperature.
FRET analysis was performed using the E-FRET method

described by Zal and Gascoigne (26). Bleed-through factors
(a � 0.09, b � 0.008, c � 0.002, and d � 0.33) were deter-
mined as described previously (25). The apparent FRET effi-
ciency was calculated from background-subtracted images
using the formula (26)

Eapp �
Fc

Fc � GIDD
(Eq. 1)

where Fc � IDA � aIAA � dIDD. The instrument-dependent G
factor was determined as described previously (25) and had
the value 2.7 � 0.2.
TIRF Microscopy—HEK293 cells expressing CFP-Orai3

and/or STIM1-YFP were illuminated by laser output from an
argon ion laser (Melles Griot, Carlsbad, CA; 457–514-nm out-
put) coupled to an illuminator that focused light on the back
focal plane of a TIRF objective (PlanApo 60�, 1.45 numerical
aperture, Olympus). TIRF illumination was achieved by con-
trolling the position of a translatable prism to alter the inci-
dent angle of the laser beam. CFP, YFP, and FRET images
were collected using the following combinations of filters and
dichroics (Chroma): CFP: excitation, ET458 � 10 nm; di-

chroic, Z458/514RPC; emission, ET485/30; YFP: excitation,
ET514 � 10 nm; dichroic, Z458/514RPC; emission, ET550 �
50 nm; FRET: excitation, ET458 � 10 nm; dichroic, Z458/
514RPC; emission, ET514 � 10 nm. Images were captured at
7-s intervals at an exposure of 500 ms (CFP image), 400 ms
(YFP image), and 500 ms (FRET image) with 2 � 2 pixel bin-
ning. Bleed-through factors for computing E-FRET were as
follows: a � 005 and d � 0.58.
Analysis of Patch Clamp Data—All current traces were cor-

rected for leak currents collected in 20 mM Ca2� � 20–50 �M

La3�. Averaged results are presented as the mean value � S.E.
The latency of current activation by 2-APB was measured by
detecting the time point at which the current amplitude in-
creased by 3 standard deviations beyond the base-line current.
Base-line current was defined as the mean current during 15 s
preceding the application of the drug. Rise time was quanti-
fied by measuring the time taken for the current to increase
from the 10 to 90% value following 2-APB application.

RESULTS

Previous studies have described the direct activation of a
non-selective Orai3 conductance by high concentrations of
2-APB (17–20). In the present study, our aim was to investi-
gate whether 2-APB additionally modulates the store-oper-
ated gating mode of Orai3 channels and determine whether
there is cross-talk between the STIM1-dependent and -inde-
pendent activities of Orai3 channels. For most of the experi-
ments described here, an N-terminally tagged Orai3 (CFP-
Orai3) was expressed in HEK293 cells either together with
unlabeled STIM1 or alone, and the functional effects of
2-APB were evaluated by patch clamp electrophysiology. Co-
expression of CFP-Orai3 and STIM1 in HEK293 cells resulted
in currents with several typical characteristics of store-oper-
ated Orai3 channels. These characteristics included an in-
wardly rectifying current-voltage relationship lacking a clear
reversal potential in 20 mM Ca2�

o, gradual decay (depotentia-
tion) of the Na� current in DVF solution, a reversal potential
of 	�50 mV in DVF solution indicating low permeability to
intracellular Cs�, and Ca2�-dependent fast inactivation (sup-
plemental Fig. S1).
Low Concentrations of 2-APB Potentiate Orai3 Currents in

Store- and STIM1-dependent Manner—Low concentrations
of 2-APB (1–10 �M) enhance CRAC channel activity in T-
cells, B-cells, and mast cells, an effect termed potentiation (13,
14). Unlike the store-independent, direct activation of Orai3
channels by high doses of 2-APB described recently (17–20),
potentiation occurs only after store depletion and without
changes in ion selectivity (13, 14). Likewise, low doses of
2-APB also potentiate exogenously expressed Orai1 CRAC
channels (4). Whether Orai3 channels can be similarly poten-
tiated remains uncertain. Some recent studies have described
current enhancement at low doses of 2-APB (�20 �M) (17–
20) but have not differentiated this effect from the direct acti-
vation of the non-selective Orai3 current by high doses of
2-APB (�40 �M).
To examine this issue directly, we investigated the effects of

low doses of 2-APB on store-operated Orai3 currents. Appli-
cation of a low concentration of 2-APB (5 �M) to store-de-

Regulation of Store-dependent and -independent Gating

MARCH 18, 2011 • VOLUME 286 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 9431

http://www.jbc.org/cgi/content/full/M110.189035/DC1
http://www.jbc.org/cgi/content/full/M110.189035/DC1


pleted cells enhanced the inward current (Fig. 1A). The cur-
rent-voltage (I-V) relationship of the 2-APB-stimulated
current resembled Orai3 ICRAC (Fig. 1A), indicating that the
ion selectivity of the 2-APB-stimulated current is unchanged.
Importantly, enhancement of Orai3 ICRAC by low doses of
2-APB required depletion of intracellular Ca2� stores. Appli-
cation of 2-APB (5 �M) on resting cells with intracellular
[Ca2�] buffered to 100 nM had no effect, indicating that rather
than directly activating Orai3 ICRAC, low doses of 2-APB
boost activity of Orai3 channels following activation by store
depletion (Fig. 1B). In support of this interpretation, potentia-
tion of Orai3 ICRAC required exogenously expressed STIM1.
Potentiation was significantly reduced in cells transfected
with Orai3 alone and in cells treated with siSTIM1 (Fig. 1, C
and D). Similar results were seen in cells transfected with
Orai1 alone (Fig. 1D and supplemental Fig. S2). Collectively,
these results argue that low doses of 2-APB potentiate Orai3
currents in an ER Ca2� store- and STIM1-dependent manner
without eliciting major changes in the properties of the cur-
rent, reminiscent of potentiation seen in native CRAC chan-
nels and in Orai1-encoded CRAC channels.
High Concentrations of 2-APB Inhibit Store-operated Orai3

CRAC Currents—In immune cells, a high dose of 2-APB tran-
siently potentiates ICRAC and over longer durations produces
strong inhibition that is poorly reversed by washout of the

compound (13). Likewise, high doses of 2-APB strongly and
persistently inhibit exogenously expressed Orai1 and Orai2
currents (17–20). An example of this well described effect is
illustrated for Orai1 in supplemental Fig. S2C. However,
whether store-operated Orai3 channels are also inhibited by
high concentrations of 2-APB is unclear. Previous studies
have argued that, in contrast to Orai1 channels and CRAC
channels of T-cells, B-cells, and mast cells, 2-APB only facili-
tates Orai3 currents (17–20). Nevertheless, the ability of
2-APB to powerfully activate Orai3 channels directly in a
store-independent fashion could have masked inhibition of
store-operated gating.
To address this issue, we exploited the fact that inhibition

of Orai1 CRAC current by 2-APB persists following washout
of the compound. Hence, comparison of current amplitudes
prior to the application of 2-APB and following its washout
offers a straightforward method to test whether the drug also
inhibits store-operated Orai3 current. Indeed, this method
revealed strong suppression of the store-operated Orai3 con-
ductance (81 � 3% inhibition; 50 �M 2-APB applied for 100 s;
n � 5) (Fig. 2A). Inhibition of the store-operated conductance
was specific to high concentrations of 2-APB (�20 �M).
Lower concentrations of 2-APB (5–10 �M) that potentiated
Orai3 CRAC currents did not elicit the long lasting current
inhibition (supplemental Fig. S1D). Suppression of the store-

FIGURE 1. Low concentrations of 2-APB potentiate Orai3 channels in STIM1-dependent manner. A, a low concentration of 2-APB (5 �M) was applied to
a TG-treated HEK293 cell co-expressing CFP-Orai3 and STIM1. Leak-corrected peak currents during hyperpolarizing steps to �100 mV are plotted against
time as the extracellular solution was changed from 20 mM Ca2�

o to a DVF solution. The inset shows the stimulation of Orai3 ICRAC caused by 2-APB. The
ramp I-Vs shown in the right graphs were recorded at the time points indicated by the arrowheads in the left graphs. B, a low dose of 2-APB (5 �M) does not
stimulate ICRAC in resting cells with replete stores. This cell was transfected with CFP-Orai3 and STIM1. [Ca2�] in the pipette solution was buffered to 100 nM

to prevent store depletion and passive activation of ICRAC. C, potentiation is lost in cells treated with siSTIM1. Cells were transfected with CFP-Orai3 and
siSTIM1, and currents were recorded in TG-treated cells 48 –72 h later. Store-operated Ca2� entry was suppressed by 	50% in HEK293 cells transfected with
siSTIM1 alone (data not shown). D, summary of the potentiating effects of 5 �M 2-APB on Orai3 and Orai1 channels in cells overexpressing STIM1, in cells
expressing no exogenous STIM1, and in cells treated with siSTIM1 (n � 4 –9 cells). Data are represented as mean � S.E. Because there is little or no store-
operated current in the absence of STIM1 expression, potentiation was quantified as the increase in current amplitude (normalized to the cell capacitance)
caused by 5 �M 2-APB. Ctrl, control; pF, picofarad.
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operated Orai3 current by high concentrations of 2-APB (50
�M) also occurred when the drug was applied in a Ca2�-free
solution (65 � 3% inhibition in 0 Ca2� � 3 mM Mg2�; n � 3
cells). Thus, the inhibition observed when 2-APB was applied
in the presence of extracellular Ca2� is not simply due to in-
activation by high [Ca2�]i caused by direct Orai3 channel
activation.
In the above experiments, 2-APB was applied to store-de-

pleted cells with activated CRAC channels. To test whether
2-APB inhibition is also observed if the drug is applied prior
to store depletion, we pretreated resting cells with 50 �M

2-APB for 5–10 min. Then, following washout of the drug
with Ringer’s solution, we patched the 2-APB-exposed cells
and measured the amplitude of the store-operated Orai3 cur-
rent activated by passive store depletion with 8 mM BAPTA.
This protocol also resulted in significant suppression of store-
operated Orai3 current (Fig. 2B). Because 2-APB was applied
prior to depletion of intracellular stores, this result suggests
that the observed inhibition likely arises because of attenua-
tion of the upstream activation mechanism rather than simple
pore occlusion. It also indicates that the inhibition seen in Fig.
2A is due to specific suppression of store-operated gating and
not merely due to nonspecific rundown or washout of obliga-
tory intracellular components during the whole-cell record-
ing. Collectively, these results indicate that as previously seen
in Orai1 and native CRAC channels, high concentrations of
2-APB inhibit store-operated Orai3 CRAC currents. 2-APB
inhibition in Orai1 and native CRAC currents differs from
Orai3 channels in that in the former cases inhibition is readily

visible during the application of the compound, whereas be-
cause of the strong direct activation of Orai3 channels by
2-APB, inhibition of store-operated gating is revealed clearly
only following washout of the compound.
The degree of inhibition of the store-operated conductance

depended on the concentration of the permeant ion. When
the extracellular Ca2� concentration was raised from 20 to
110 mM, inhibition of the store-operated conductance was
greatly reduced (Fig. 2, C and D). We did not further probe
the underlying mechanisms of this effect but as described
later, we exploited this phenomenon to probe the relationship
between the 2-APB inhibition of the store-operated current
and direct activation of the non-selective current by high
doses of 2-APB.
Delayed Activation of Outward Currents by High Doses of

2-APB—As described in several previous studies (17–20),
high doses of 2-APB produce large, store-independent Orai3
currents in cells co-expressing Orai3 and STIM1 (e.g. Fig. 2A).
At steady state, the large currents activated by 2-APB are out-
wardly rectifying and exhibit reduced Ca2� selectivity and
increased Cs� permeability (supplemental Fig. 1C) (17–20).
Although these steady-state conduction properties are well
described, less is known about the kinetics of current activa-
tion by 2-APB. In fact, we found that following exposure to
2-APB (50 �M) the inward current (at �100 mV) did not in-
crease with monotonic kinetics but instead displayed a bipha-
sic time course (Fig. 3A). The first phase consisted of a rapid
increase that plateaued in 10–20 s. This was followed by a
large, secondary enhancement that occurred over tens of sec-

FIGURE 2. High concentrations of 2-APB inhibit store-operated Orai3 currents. A, a cell overexpressing CFP-Orai3 and STIM1 was pretreated with 1 �M

TG before patch clamp recording. The left graph shows the steady-state current at �100 mV at a low gain to illustrate the large degree of direct activation
of Orai3 channels by 50 �M 2-APB. The right graph shows the same experiment at a high gain to visualize effects on the store-operated Orai3 current before
and after washout of 2-APB. Ramp I-Vs collected at the time points indicated by the arrowheads are shown in the rightmost graph. B, a resting HEK293 cell
co-expressing CFP-Orai3 and STIM1 was exposed to 50 �M 2-APB. Following washout of 2-APB, the cell was patched, and ICRAC activation was monitored
during passive depletion of ER Ca2� stores with 8 mM BAPTA. The left graph plots the time course of the current in a control cell (black trace) and a cell pre-
treated with 2-APB (gray trace). The bar graph on the right summarizes the steady-state current densities from four to five cells. C, 2-APB-mediated inhibi-
tion of the store-operated conductance is reduced in the presence of 110 mM Ca2�

o. 2-APB (50 �M) was applied as described above on a store-depleted cell
co-expressing CFP-Orai3 and STIM1. D, summary of the 2-APB-mediated inhibition of store-operated Orai3 currents in 20 and 110 mM Ca2�

o. Ctrl, control;
pF, picofarad.
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onds. The current-voltage relationship of the early phase ex-
hibited the classical inward rectification of store-operated
ICRAC (Fig. 3B). Only after a latency of 14 � 2 s (n � 7 cells)
was activation of the outward current detected (Fig. 3B).
Thus, in cells co-expressing Orai3 and STIM1, the inward and
outward currents are activated with markedly distinct
kinetics.
The differences in the activation kinetics of the inward and

outward currents and alterations in ion selectivity were most
clearly revealed as the drug concentration was progressively
increased in the same cell. In the example shown in supple-
mental Fig. S3, increasing 2-APB concentration from 10 to 20
�M and finally 50 �M resulted in the slow appearance of out-
ward currents and a leftward shift in the reversal potential.
These results indicate that at high doses 2-APB elicits at least
two kinetically distinct effects on Orai3 channels consisting of
an initial increase in Orai3 ICRAC with no detectable change in
ion selectivity followed by secondary activation of Orai3 chan-
nels with altered ion selectivity.
STIM1 Delays Direct Activation of Orai3 Currents by High

Doses of 2-APB—The biphasic current activation by high
doses of 2-APB could represent progression of a single store-

independent gating process as suggested previously (17, 18) or
alternately indicate the presence of two distinct gating pro-
cesses. A simple possibility is that the initial stimulation of
Orai3 currents with characteristic hallmarks of ICRAC arises
due to potentiation of the store-operated Orai3 ICRAC,
whereas the latter phase arises from direct, store-independent
activation of the non-selective Orai3 current. To test this, we
examined currents activated by 2-APB in cells expressing
CFP-Orai3 alone (i.e. without exogenous STIM1). We rea-
soned that, because potentiation is STIM1-dependent (Fig.
1D), the initial stimulation of inward current with characteris-
tic ICRAC-like features would be diminished in cells expressing
CFP-Orai3 alone where channels are predicted to be free of
STIM1.
Before testing this hypothesis, we sought assurance that

Orai3 channels in cells expressing CFP-Orai3 alone are func-
tionally “free” of STIM1. We tested this in two ways. First, we
compared the distribution of Orai3 channels in cells express-
ing CFP-Orai3 alone and in cells co-expressing CFP-Orai3
and STIM1-YFP. Consistent with the abundance of literature
indicating that store-dependent activation of Orai channels
involves direct interactions with STIM1 at the ER-plasma
membrane junctions (27–31), depletion of intracellular Ca2�

stores in cells co-expressing CFP-Orai3 and STIM1 resulted
in aggregation of Orai3 and STIM1 into overlapping puncta
and increases in Orai3-STIM1 FRET (Fig. 4A). By contrast, in
cells expressing CFP-Orai3 alone, Orai3 fluorescence in the
plasma membrane remained diffuse following depletion of
intracellular Ca2� stores (Fig. 4B). Because STIM1-bound
Orai channels are expected to be recruited to puncta, this re-
sult suggests that Orai3 channels in these cells have insuffi-
cient STIM1 for punctum formation. In a second test, we ex-
amined whether the Orai3 current activated by 2-APB
displays Ca2�-dependent fast inactivation (Fig. 4C). Recent
evidence indicates that STIM1 is essential for fast inactiva-
tion, and an acidic amino acid-rich region in the C terminus
of STIM1 is essential for this process (32–34). In cells ex-
pressing Orai3 alone, store-operated currents were not de-
tected. Moreover, in contrast to the store-operated current in
cells expressing CFP-Orai3 and STIM1, the 2-APB-activated
Orai3 current completely lacked fast inactivation (Fig. 4C)
(supplemental Fig. S1A). Taken together, these results indi-
cate that there is stoichiometrically insufficient STIM1 in cells
transfected with Orai3 alone for store-dependent activation,
punctum formation, and fast inactivation.
Next, we explored the effects of 2-APB on the STIM1-free

Orai3 channels. 2-APB (50 �M) did not cause visible changes
in the pattern of localization of CFP-Orai3 (Fig. 4B), indicat-
ing that, unlike the STIM1-mediated activation of Orai3
channels, store-independent activation by 2-APB occurs with-
out clustering of channels into puncta. Application of 50 �M

2-APB to cells expressing CFP-Orai3 alone resulted in activa-
tion of Orai3 currents with biophysical properties closely re-
sembling the steady-state 2-APB-activated currents in cells
co-expressing Orai3 and STIM1 (Fig. 5A). The reversal poten-
tials of currents in 20 mM Ca2�

o and DVF solutions following
200-s exposures to 50 �M 2-APB were similar between cells
co-expressing CFP-Orai3 and STIM1 and cells expressing

FIGURE 3. Delayed activation of non-selective Orai3 current by high
doses of 2-APB in STIM1-overexpressing cells. A, a TG-treated cell over-
expressing CFP-Orai3 and STIM1 was exposed to 50 �M 2-APB. Leak-cor-
rected currents at �100 mV (open circles) and �100 mV (closed circles) col-
lected from ramp I-Vs are plotted against time. B, the graphs show the ramp
I-Vs collected at the time points indicated by the arrowheads in A. The left
graph plots the increase in ICRAC-like current during the first phase of cur-
rent stimulation, whereas the right graph depicts the current enhancement
during the second phase. The development of the outward current is ac-
companied by a progressive shift in the reversal potential of the current
(shown in the inset).
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CFP-Orai3 alone (33 � 1 and 2 � 2 mV, n � 13 cells and
30 � 2 and 5 � 1 mV, n � 6 cells, respectively). Moreover, the
maximal 2-APB-activated current amplitudes (during 200–
300-s applications of 2-APB) in STIM1- and Orai3-co-ex-
pressing cells were similar to those in cells expressing Orai3
alone (supplemental Fig. S4A).
Despite these similarities in steady-state properties, the

kinetics of the 2-APB-activated current differed in two major
respects between cells expressing Orai3 alone and the STIM1-
co-expressing cells. First, potentiation of the inward current
was eliminated in cells expressing Orai3 alone, and in its ab-
sence, activation of inward and outward currents occurred
with very similar time courses (Fig. 5A). As a result, the

2-APB-stimulated current exhibited a constant reversal po-
tential with gradually increasing amplitude (contrast the pro-
gressive leftward shift in reversal potential seen in Fig. 3B with
the constant reversal potential seen in Fig. 5A). Second, store-
independent activation of the non-selective current occurred
with dramatically faster kinetics in cells expressing Orai3
alone. This was most clearly manifested in the latency of out-
ward current activation, which was significantly shorter in
cells expressing Orai3 alone (Fig. 5C). Because the outward
current is an unambiguous manifestation of direct activation
of Orai3 channels by 2-APB, this result indicates that the long
delay in direct activation in cells co-expressing Orai3 and
STIM1 is caused by the presence of STIM1.
In addition to accelerated latency, the rate of current in-

crease as measured by the 10–90% rise time was also consid-
erably faster in cells expressing Orai3 alone (Fig. 5D). Rise
time measurements were complicated by the complex kinetics
of the 2-APB-activated current, which often exhibited slow
attenuation during prolonged drug applications (�100 s). Al-
though the extent of slow inhibition was variable, it was ob-
served both in cells expressing CFP-Orai3 alone and when
CFP-Orai3 and STIM1 were co-expressed. Preliminary stud-
ies indicate that the slow decline following maximal activation
of the 2-APB-stimulated current is likely driven by feedback
inhibition by [Ca2�]i elevations,3 and further experiments are
in progress to confirm this hypothesis. Nevertheless, the
faster activation kinetics in cells expressing Orai3 alone is
consistent with the conclusion that STIM1 delays direct acti-
vation of Orai3 channels. Together with the shorter latency of
current activation described above, these results argue that
Orai3 channels in store-depleted cells co-expressing STIM1
and Orai3 are resistant to direct activation by 2-APB.
Resistance to 2-APB Activation Requires STIM1-Orai3

Binding—To test whether the delay in the 2-APB-mediated
activation is simply an effect of STIM1 overexpression or spe-
cifically requires STIM1-Orai3 interaction, we examined the
effects of 50 �M 2-APB in an Orai3 mutant with impaired
STIM1 binding. A putative coiled coil domain in the C termi-
nus of Orai1 is critical for CRAC channel activation by
STIM1, and mutations of conserved hydrophobic residues
within this region interfere with STIM1 binding (35). In par-
ticular, the L276D Orai1 mutation disrupts channel interac-
tion with STIM1 and fails to produce store-operated CRAC
currents (25). Likewise, we found that the equivalent muta-
tion in Orai3 (L285D) eliminated punctum formation of
L285D Orai3 channels, abolished increases in STIM1-Orai3
FRET, and diminished the store-operated Orai3 current by
	90% (Fig. 6, A and B, and supplemental Fig. S4B). High
doses of 2-APB directly activated a non-selective conductance
in this mutant with steady-state current amplitudes similar to
those of WT Orai3 (supplemental Fig. S4A). However, despite
co-expression of STIM1, the latency and rise time of 2-APB-
activated currents in L285D Orai3 was significantly faster
than those seen in cells co-expressing WT CFP-Orai3 and
STIM1 and instead resembled the behavior seen in cells ex-

3 M. Yamashita and M. Prakriya, unpublished data.

FIGURE 4. Orai3 channels in cells expressing CFP-Orai3 alone are func-
tionally free of STIM1. A, an HEK293 cell co-expressing CFP-Orai3 and
STIM1-YFP was imaged using TIRF microscopy. Selected images from a time
lapse run in 2 mM Ca2� (Pre-TG) and 480 s following the addition of 1 �M TG
(Post-TG) are illustrated. The right graph plots the increase in E-FRET in the
same cell in response to store depletion. B, a cell overexpressing CFP-Orai3
alone (but not STIM1) was imaged using TIRF microscopy. The cell was ex-
posed to TG (1 �M) and 10 min later to 2-APB (50 �M). The cell shown is rep-
resentative of seven cells. C, 2-APB-gated Orai3 currents do not exhibit fast
inactivation. 50 �M 2-APB was applied to a cell expressing CFP-Orai3 alone
(no STIM1). The membrane was hyperpolarized to �100 mV (300 ms) at 1-s
intervals, and the 2-APB-activated current at �100 mV was plotted against
time. The traces on the right show the current responses at the time points
indicated in the left graph.
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pressing Orai3 alone (Fig. 5, B–D). These results argue that a
physical interaction with STIM1 is required for resistance to
direct 2-APB gating.
STIM1-bound Orai1 Channels Also Resist 2-APB

Activation—We found that the inhibitory influence of
STIM1 on direct activation by high concentrations of 2-APB
was not unique to Orai3 channels but also occurred in Orai1
CRAC channels. In cells co-expressing Orai1 and STIM1, ap-
plication of a high concentration of 2-APB (50 �M) for 40–60 s
did not result in direct activation in all cells tested (supple-
mental Fig. S2C). Rather, only potentiation followed by slow
inhibition of the store-operated Orai1 current was observed
in these cells (supplemental Fig. S2C). By contrast, application
of 50 �M 2-APB for 40–60 s to cells overexpressing Orai1
alone led to the development of an outwardly rectifying cur-
rent with an I-V relationship resembling the 2-APB-activated
Orai3 current in all cells tested (seven of seven) as described
previously (17) (Fig. 7, A and B). Amplitudes of 2-APB-acti-
vated Orai1 currents were generally smaller than those seen
in Orai3 channels (Orai1: current density at �100 mV, 8.4 �
0.4 pA/picofarad; n � 7; Orai3: 131.9 � 39.7 pA/picofarad;
n � 6). Thus, STIM1-bound Orai1 channels are also resistant
to direct activation by 2-APB.
2-APB Causes Functional Uncoupling of STIM1 from Orai3

Channels—We next probed the mechanisms of inhibition of
the store-operated Orai3 ICRAC by high doses of 2-APB. In
Orai1 channels, some reports have suggested that 2-APB inhi-
bition of the store-operated current is mediated by disruption
of STIM1-Orai1 coupling (17, 18). This conclusion was de-

rived from observations that high doses of 2-APB reverse
STIM1 puncta (17, 18). However, reversal of STIM1 puncta is
observed only under conditions when STIM1 is overex-
pressed alone; when both Orai1 and STIM1 proteins are co-
expressed, the puncta are unaffected by 2-APB (18, 25). One
possibility is that functional STIM1-Orai coupling is, in fact,
interrupted by 2-APB under these conditions also but cannot
be detected by optical methods. Therefore, in an alternative
approach, we tested whether 2-APB changes the functional
features of Orai3 channels that depend on STIM1 such as fast
inactivation, potentiation, and the slow kinetics of direct
activation.
As noted above, pronounced fast inactivation is a charac-

teristic hallmark of store-operated CRAC channels and arises
because of feedback inhibition of channel activity by the high
local [Ca2�]i around individual CRAC channels (36–38). In
the presence of high doses of 2-APB, however, fast inactiva-
tion of Orai3 ICRAC was completely eliminated (Fig. 8, A and
C). In the example shown in Fig. 8A, 50 �M 2-APB caused
delayed activation of the outward current over tens of seconds
as described earlier. Over this duration, the extent of inactiva-
tion during brief voltage pulses to �100 mV declined, and
inactivation was eventually completely eliminated. Interest-
ingly, the removal of fast activation and current activation by
2-APB occurred at very different rates: the half-time for the
removal of fast inactivation was less than the pulse interval
(1 s) in all cells tested, considerably faster than the half-time
for direct activation measured in the same cells (30 � 4 s; n �
5 cells). This result suggests that the molecular change ac-

FIGURE 5. Direct activation of Orai3 current by 2-APB is accelerated in absence of STIM1. A, the left graph shows currents at �100 and �100 mV (black
and blue traces, respectively) activated by a high concentration of 2-APB (50 �M) in a cell overexpressing CFP-Orai3 alone. The same currents are plotted on
a normalized y axis scale in the right lower graph. Ramp I-Vs collected at the indicated time points are also shown. B, the kinetics of inward and outward cur-
rents (black and blue traces, respectively) in a cell co-expressing L285D Orai3 and STIM1. C, summary of the latency of current activation under various con-
ditions. The latency of activation of the outward current was measured as described under “Experimental Procedures.” D, the 10 –90% rise time of the out-
ward Orai3 current (at �100 mV) in the three groups of cells. In all cases, cells were pretreated with TG to deplete stores.

Regulation of Store-dependent and -independent Gating

9436 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 11 • MARCH 18, 2011

http://www.jbc.org/cgi/content/full/M110.189035/DC1
http://www.jbc.org/cgi/content/full/M110.189035/DC1
http://www.jbc.org/cgi/content/full/M110.189035/DC1


companying the removal of fast inactivation precedes the di-
rect activation of Orai3 current.
Given that high concentrations of 2-APB reduce the Ca2�

permeability of Orai3 channels, one simple possibility is that
the observed loss of fast inactivation arises due to a lower
level of Ca2� flux and corresponding increase in Na� flux
through Orai3 channels. This seems unlikely, however, be-
cause applications of 2-APB (50 �M) in isotonic Ca2� solu-
tions (110 mM) with no Na� present also showed complete
loss of Orai3 fast inactivation (Fig. 8, B and C). Because
STIM1 is essential both for store-operated gating and for fast
inactivation (32–34), the loss of fast inactivation in cells co-
expressing Orai3 and STIM1 is consistent with uncoupling of
STIM1 from Orai3 channels. Moreover, the distinct kinetics
of the removal of fast inactivation and 2-APB activation sug-
gests that STIM1 uncoupling occurs prior to 2-APB activation
of the non-selective conductance.

Second, we examined whether STIM1-dependent potentia-
tion by a low dose of 2-APB is affected following inhibition of
the store-operated Orai3 conductance. For this, we compared
the increase in current due to potentiation before and follow-
ing inhibition of the store-operated conductance by 50 �M

2-APB. This comparison indicated that potentiation by a low
dose of 2-APB (10 �M) is significantly reduced following inhi-
bition of the store-operated current by 50 �M 2-APB (Fig.
8D). Because potentiation was dependent on STIM1 coupling
(Fig. 1, C and D), the abrogation of potentiation following ex-
posure to high doses of 2-APB is consistent with the hypothe-
sis that high doses of 2-APB functionally uncouple STIM1-
Orai3 interactions.
Third, we examined whether the kinetics of direct activa-

tion is affected by high doses of 2-APB. Because store-inde-
pendent activation of STIM1-bound Orai3 channels is signifi-
cantly slower than that of STIM1-free channels (Fig. 5, C and
D), uncoupling of STIM1 from Orai3 by high concentrations
of 2-APB is predicted to accelerate the kinetics of direct acti-
vation during subsequent drug applications. We tested this
possibility by exploiting the fact that 2-APB inhibition of the
store-operated conductance persists long after the removal of
the drug, whereas direct 2-APB activation is readily reversed
upon drug washout. Therefore, a high dose of 2-APB (30 �M)

FIGURE 6. L285D Orai3 mutation disrupts Orai3 interaction with STIM1.
A, a cell overexpressing L285D Orai3-CFP and STIM1-YFP was imaged using
TIRF microscopy at rest and 15 min following exposure to 1 �M TG. Store
depletion results in redistribution of STIM1-YFP into peripheral puncta, but
the localization of L285D Orai3 is unchanged. B, the L285D mutation elimi-
nates interaction with STIM1. The trace shows epifluorescence E-FRET in a
cell co-expressing L285D Orai3 and STIM1-YFP. The bar graph below sum-
marizes the -fold change in Eapp following store depletion with 1 �M TG in
WT CFP-Orai3 (n � 54 cells) and L285D CFP-Orai3 (n � 10 cells) cells co-ex-
pressing STIM1-YFP. Eapp was averaged from five time lapse images at rest
and five images taken 420 s following exposure to 1 �M TG.

FIGURE 7. STIM1 inhibits direct activation of Orai1 by high doses of
2-APB. A, a cell overexpressing Orai1 alone was exposed to 50 �M 2-APB.
Currents at �100 mV (open circles) and �100 mV (closed circles) from ramp
I-Vs are plotted against time. The right plot shows the ramp I-V of the 2-APB-
stimulated Orai1 current at the time points indicated by the arrowheads.
Similar results were seen in seven of seven cells. B, summary of STIM1 inhi-
bition on 2-APB activation of Orai1 current. The outward current density at
�100 mV stimulated by 50 �M 2-APB was measured in cells overexpressing
Orai1 alone or together with STIM1. In contrast to cells expressing Orai1
alone, outward currents were largely absent in cells co-expressing Orai1
and STIM1. pF, picofarad.
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was applied to induce inhibition of the store-operated Orai3
current, then washed away, and reapplied following a delay of
2–3 min to study the behavior of direct activation (Fig. 9A).
As expected, activation of Orai3 current during the first appli-
cation of 2-APB occurred with a long delay (Fig. 9A). By con-
trast, the kinetics of activation of the non-selective current
was significantly faster during the second 2-APB application
with acceleration of both the latency and the rise time (Fig. 9,
B and C). As a consequence, the behavior of the non-selective
current in the second application of 2-APB strongly resem-
bled the rapid activation seen in cells expressing Orai3 alone
where the channels are likely to be free of STIM1. The most
straightforward interpretation of this result is that 2-APB
functionally uncouples STIM1 from Orai3 channels in the
first application of the drug, resulting in abrogation of the
store-operated conductance and promoting rapid 2-APB
gating.
Acceleration of 2-APB Gating Is Directly Related to Inhibi-

tion of Store-operated Conductance—The findings presented
above indicate that high doses of 2-APB functionally uncou-
ple STIM1 from Orai3. Moreover, the data presented in Fig.
9, A and B, indicate that the STIM1-mediated inhibition of
2-APB activation of Orai3 channels is relieved following dis-
engagement of STIM1 from Orai3. Thus, the ability of STIM1
to produce a long delay in 2-APB activation can be rational-
ized by supposing that STIM1 is required to first unbind from

Orai3 channels before direct gating by 2-APB can occur. We
investigated this possibility in two ways. First, we analyzed the
relationship between the inhibition of the store-operated cur-
rent and the latency of direct activation of the non-selective
conductance during paired applications of 2-APB. We rea-
soned that if uncoupling of STIM1 is necessary for activation
of the non-selective conductance, there should be correlation
between the degree of inhibition of the store-operated con-
ductance during the first exposure to 2-APB and the rate of
direct activation in the second application of 2-APB. To vary
the degree of inhibition of the store-operated conductance,
we varied the duration of the drug exposure during the first
application of 2-APB (50 �M). Consistent with this prediction,
plots of the degree of inhibition of the store-operated current
versus the rate of current activation (defined here as 1/la-
tency) during the second application of 2-APB displayed a
strong correlation (Fig. 9D), indicating that the antagonism to
direct activation is relieved in direct proportion to the extent
of STIM1 uncoupling. This result strongly suggests that
2-APB has to first uncouple STIM1 from Orai3 before direct
activation can occur.
In a second related test, we examined whether manipula-

tions that reduce 2-APB inhibition of the store-operated con-
ductance also affect the kinetics of direct activation. As de-
scribed earlier, 2-APB inhibition of the store-operated current
is strongly reduced when the concentration of the permeant
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FIGURE 8. High doses of 2-APB abolish fast inactivation and 2-APB-mediated potentiation of store-operated Orai3 currents. A, a cell co-expressing
CFP-Orai3 and STIM1 was treated with 1 �M TG to deplete intracellular Ca2� stores prior to the recording. The cell was hyperpolarized to �100 mV (300 ms)
at 1-s intervals to study fast inactivation during the application of a high dose of 2-APB (50 �M). The left graph plots the extent of inactivation and the ampli-
tude of the outward current at �100 mV (obtained from ramps) in the same cell. Example traces at the time points indicated by the arrowheads are shown
on the right. The extent of fast inactivation was quantified as 100 � (1 � Iss/Ipeak) where Ipeak and Iss are the currents at the start and end of a 300-ms voltage
pulse to �100 mV. Following the complete removal of fast inactivation, the current exhibits time-dependent facilitation during the pulses, which causes
the extent of inactivation value to become slightly negative. B, fast inactivation of the store-operated Orai3 ICRAC in isotonic Ca2� (110 mM) and in 50 �M

2-APB. The cell was transfected with STIM1 and CFP-Orai3. C, summary of the changes in fast inactivation by 50 �M 2-APB. D, potentiation is lost following
inhibition of the store-operated Orai3 current. In a cell co-expressing STIM1 and CFP-Orai3, a low dose of 2-APB (10 �M) was applied prior to, and following
inhibition of the store-operated Orai3 current by a high dose of 2-APB (50 �M). The y-axis is shown at a high gain to facilitate visualization of the store-oper-
ated Orai3 current. The bar graph on the right summarizes the degree of potentiation caused by 10 �M 2-APB before (Pre) and following (Post) inhibition of
the store-operated current. pF, picofarad.
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ion is raised to 110 mM Ca2� (Fig. 2, C and D). If the rate of
direct activation by 2-APB is related to the degree of inhibi-
tion of the store-operated current (uncoupling), then reduced
inhibition of the store-operated current should be accompa-
nied by a slower rate of direct activation. In agreement with
this prediction, the latency of 2-APB activation during the
second 2-APB application in 110 mM Ca2�

o was significantly
longer than that seen in 20 mM Ca2�

o (Fig. 9E) (10.5 � 1 s in
110 mM Ca2�

o versus 2.4 � 0.3 s in 20 mM Ca2�
o). What was

particularly noteworthy was that the latency of current activa-
tion in the first application of 2-APB was also significantly
longer in 110 mM Ca2�

o than in 20 mM Ca2�
o (Fig. 9, E and

F). This result is expected if direct activation is related to the

degree of STIM1 uncoupling and implies that uncoupling of
STIM1 is a necessary prerequisite for the direct activation of
the non-selective conductance by high doses of 2-APB.
2-APB Does Not Dissolve Orai3-STIM1 Puncta—Although

the functional evidence presented above implies that 2-APB
likely disrupts STIM1-Orai3 interactions, TIRF imaging re-
vealed that this is not readily manifested as dissolution of
STIM1-Orai3 puncta (Fig. 10A). Moreover, direct examina-
tion of STIM1-Orai3 interactions by FRET revealed that nei-
ther low nor high concentrations of 2-APB (5 and 50 �M) sig-
nificantly diminished STIM1-Orai3 FRET. In fact, a low dose
of 2-APB slightly enhanced Orai3-STIM1 FRET (5 � 0.5%
(n � 18; 5 �M 2-APB), reminiscent of previous findings with

FIGURE 9. 2-APB inhibition of store-operated Orai3 current accelerates kinetics of direct activation. A, an HEK293 cell overexpressing CFP-Orai3 and
STIM1 was bathed in 1 �M TG to deplete stores and exposed to two applications of 2-APB (30 �M) separated by 	100 s. Currents at �100 (gray trace) and
�100 mV (black trace) during each application are plotted against time. For clarity of the early activation kinetics, only the currents during the initial 60–80 s
of 2-APB exposure are shown. In this cell, the initial 2-APB-stimulated current gradually inactivated over 	200 s following maximal activation, resulting in a
smaller current during the second 2-APB application. B, summary of the latency of activation of the outward current at �100 mV during the first and second
applications (app) of 30 �M 2-APB (n � 4 – 6 cells). C, summary of the 10 –90% rise time of outward current activation during the first and second 2-APB ap-
plications (n � 4 cells). D, plot of inhibition of the store-operated Orai3 current at the end of the first pulse of 2-APB versus the rate of 2-APB-mediated out-
ward current activation (1/latency) during the second drug application in single cells. The dotted line is a linear regression with a Pearson’s coefficient of
0.95. E, currents activated by paired applications of 2-APB (50 �M) in 110 mM Ca2�

o. F, summary of the latency of the outward current activation (at �100
mV) in 20 and 110 mM Ca2�

o during the first application of 2-APB.

FIGURE 10. High doses of 2-APB do not eliminate physical interactions between Orai3 and STIM1. A, the store-depleted HEK293 cell shown in Fig. 4A
was imaged using TIRF microscopy in the absence and presence of 2-APB. Application of 2-APB (50 �M) for 240 s did not visibly affect the punctate localiza-
tion of CFP-Orai3 or STIM1-YFP. B, effects of low and high doses of 2-APB on STIM1-Orai3 FRET. Individual HEK293 cells co-expressing CFPOrai3 and STIM1-
YFP were bathed in 1 �M TG to deplete ER Ca2� stores and exposed to either 5 or 50 �M 2-APB. E-FRET was monitored using epifluorescence microscopy.
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STIM1 and Orai1 (18, 21, 25). Thus, the functional uncou-
pling of STIM1 and Orai3 is not accompanied by physical
dissociation of the two proteins.

DISCUSSION

Complexity of 2-APB Effects on Orai3 Channels—In this
study, we have found that 2-APB elicits many more effects on
Orai3 currents than just the store-independent direct activa-
tion reported previously (17–20). Low doses of 2-APB (�10
�M) reversibly enhanced Orai3 ICRAC without altering ion
selectivity. Higher doses resulted in multiple effects, including
strong suppression of the store-operated current, disappear-
ance of fast inactivation, elimination of low dose potentiation,
and store-independent activation with altered ion selectivity.
2-APB-mediated modulation of store-operated currents may
have been overlooked in previous studies because the strong
store-independent activation of Orai3 channels likely masked
the other effects. The use of high concentrations of 2-APB
(�50 �M), which accelerates the kinetics of direct activation,
would have further exacerbated this problem. As a result, ear-
lier studies emphasized the distinct behavior of Orai3 chan-
nels from the other Orai isoforms (17, 19, 39). However, here
we found that the effects of 2-APB are qualitatively quite sim-
ilar in Orai1 and Orai3 channels: in both subtypes, low doses
of 2-APB potentiated channel activity, high doses inhibited
the store-operated mode of activation and diminished fast
inactivation, and in the absence of STIM1, both subtypes
could be activated by high doses of 2-APB, although the latter
effect was more robust in Orai3. These results strongly sug-
gest that the molecular underpinnings of the 2-APB effects
are conserved across these Orai isoforms.
Low Doses of 2-APB Potentiate Store-operated Orai3

Currents—Low doses of 2-APB boosted the activity of Orai3
CRAC channels once they were activated by store depletion.
Several lines of evidence indicate that this mechanism of cur-
rent enhancement differs from the direct activation caused by
high 2-APB concentrations. First, potentiation at low concen-
trations occurred without changes in ion selectivity in con-
trast to the striking changes in Ca2� and monovalent selectiv-
ity seen during direct activation. Second, Orai3 potentiation
by low concentrations of 2-APB occurred only following de-
pletion of Ca2� stores and was largely absent in resting cells
with replete ER Ca2� stores. Third, potentiation required the
presence of STIM1 and was absent in cells transfected with
Orai3 alone and in cells in which STIM1 expression was si-
lenced by siRNA (Fig. 1D). Likewise, potentiation was strongly
diminished in an Orai3 mutant with impaired STIM1 binding
(Fig. 5B). Thus, in contrast to the direct activation at high
2-APB concentrations, potentiation likely preferentially oc-
curs on actively coupled channels and therefore differs mech-
anistically from direct activation, which results from the
opening of closed channels.
FRET experiments indicated that low concentrations of

2-APB (5 �M) slightly enhanced Orai3-STIM1 FRET. This is
reminiscent of increases in Orai1-STIM1 FRET and enhanced
coupling between the C terminus of STIM1 and Orai1 pro-
duced by 2-APB (21, 25). Thus, as proposed previously (25),
potentiation of Orai channels likely involves increased effi-

ciency of channel coupling to STIM1. Such a mechanism is
also supported by previous findings from noise analysis indi-
cating that potentiation by low doses of 2-APB arises from the
recruitment of CRAC channels from a silent state to one of
high open probability, resembling the stepwise recruitment of
closed channels following store depletion (40). Thus, both
2-APB-induced potentiation and the opening of CRAC chan-
nels by store depletion likely share common mechanisms in-
volving increased binding of STIM1 with Orai channels.
A higher 2-APB concentration (50 �M) did not increase

FRET between CFP-Orai3 and STIM1-YFP, in this respect
differing from Orai1 channels, which exhibit increases in
FRET at both low and high concentrations. We do not know
the basis for the different behaviors of Orai3 and Orai1. A
likely possibility is that potentiation and inhibition of CRAC
channels by 2-APB could involve both association and disso-
ciation of the STIM1-Orai complexes as described below.
High Doses of 2-APB Inhibit Store-operated Orai3 Gating—

High concentrations of 2-APB (�30 �M) inhibited store-oper-
ated gating and removed fast inactivation of Orai3 ICRAC,
reminiscent of 2-APB effects in native CRAC channels of im-
mune cells and in Orai1 channels (4, 13, 17–19). Previous
studies have suggested that inhibition of Orai1 currents by
high doses of 2-APB occurs, at least in part, because of rever-
sal of STIM1 puncta (17, 18, 39). However, as shown in other
studies (18, 21, 25), we found that 50 �M 2-APB failed to de-
tectably alter the localization of CFP-Orai3 and STIM1 when
both proteins were co-expressed, suggesting that 2-APB inhi-
bition under these conditions cannot be simply explained by
reversal of STIM1 puncta. Nevertheless, at least three lines of
evidence in the present study indicate that inhibitory doses of
2-APB functionally disrupt STIM1-Orai3 coupling. First,
2-APB eliminated fast inactivation in both Orai1 and Orai3
channels, a regulatory process that is known to require inter-
action of CRAC channels with STIM1 (32–34). In fact, in na-
tive CRAC channels of T-cells, the removal of fast inactiva-
tion occurs in parallel with the inhibition of the current (13)
as would be expected if inhibition and the removal of fast in-
activation both arise from functional decoupling of STIM1
from Orai1. Second, STIM1-dependent potentiation of Orai3
ICRAC was strongly suppressed following inhibition of the
store-operated Orai3 ICRAC. Third, the kinetic behavior of
direct activation was strongly accelerated following prior ex-
posure to high concentrations of 2-APB such that 2-APB acti-
vation now closely resembled the behavior seen in cells ex-
pressing Orai3 alone or in a mutant of Orai3 (L285D) with
impaired STIM1 binding. Collectively, these results argue that
despite lack of direct evidence for a change in STIM-Orai
binding, high concentrations of 2-APB functionally disengage
STIM1 from Orai3.
One possibility that could reconcile the obvious lack of

2-APB effects on puncta with the apparent functional uncou-
pling of STIM1 and Orai3 suggested by the electrophysiologi-
cal evidence is a scenario in which 2-APB affects different
STIM1-binding sites on CRAC channels differentially. STIM1
reportedly binds to two distinct sites on Orai1, strongly to the
C terminus and weakly to the N terminus (41, 42). Deletion of
the Orai1 N terminus does not affect channel clustering or
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STIM1-Orai1 FRET but precludes channel activation (41, 43,
44). By contrast, deletion or mutations in the C terminus ab-
rogate STIM1 binding, punctum formation, and channel acti-
vation (43, 44). Thus, one possibility is that 2-APB either
competitively or allosterically displaces STIM1 from the N
terminus of Orai channels, thereby inhibiting store-operated
gating without interrupting tight STIM1 binding at the C ter-
minus. In effect, inhibition by 2-APB may be analogous to the
defects of N-terminal Orai1 deletion mutations, which mani-
fest no channel activity yet retain clustering and high levels of
FRET between STIM1 and Orai1 (44).
STIM1 Antagonizes Direct Gating of Orai3 (and Orai1)

Channels by 2-APB—A surprising finding was that overex-
pression of STIM1 dramatically slowed the direct activation
of Orai3 channels by 2-APB in store-depleted cells. This was
manifested both as a long delay in activation and, once acti-
vated, a longer rise time of the amplitude of the non-selective
Orai3 current. An Orai3 mutant with diminished STIM1
binding did not exhibit this effect, indicating that interactions
with STIM1 are required for the dampening of Orai3 activa-
tion. The inhibitory effects of STIM1 on the kinetics of 2-APB
activation could be overcome by uncoupling STIM1 from
Orai3 channels. Thus, these findings indicate that CRAC
channels bound to STIM1 are resistant to store-independent
gating by 2-APB. In Orai1 channels, the STIM1-mediated
inhibition of direct activation appears even more robust: al-
though high doses of 2-APB produced outwardly rectifying
currents in all cells overexpressing Orai1 alone, this was not
detected in cells co-expressing STIM1 and Orai1. Thus, there
appears to be a reciprocal relationship between STIM1 gating
and 2-APB gating of CRAC channels: STIM1 antagonizes the
ability of 2-APB to directly activate Orai3 and Orai1 channels,
whereas 2-APB suppresses the store-operated mode of activa-
tion by suppressing the ability of STIM1 to gate CRAC chan-
nels. Whether this type of reciprocal regulation has a physio-
logical correlate is unclear. A recent study has reported that
Orai1 channels in breast cancer-derived cells can be activated
independently of ER Ca2� stores and STIM1 by the Golgi
Ca2�-ATPase SPCA2 (22). Thus, the finding that CRAC
channel activation can be invoked by multiple mechanisms
raises the possibility that mutual antagonism as described
here for STIM1 and 2-APB may be a general mechanism for
cells to adjust CRAC channel activity depending on the nature
of the upstream activation signal.
The inhibition of direct activation by STIM1 described

above is reminiscent of the models that have been described
for G protein inhibition of voltage-gated Ca2� channels (45,
46). G�� subunits bind and inhibit voltage-activated CaV2
currents by stabilizing “reluctant gating” conformations of the
channels. Once the G protein unbinds, the channel returns to
a “willing gating” conformation where activation occurs nor-
mally (45). Likewise, STIM1-bound CRAC channels may oc-
cupy a functionally analogous reluctant state in which they
are resistant to direct agonists such as 2-APB with direct gat-
ing only occurring following unbinding of STIM1.
What does the long delay in 2-APB gating mean in physical

terms? A previous study has proposed that functional CRAC
channels are formed by STIM1-mediated assembly of Orai1

dimers to yield tetrameric channels (8). This model suggests
that in cells devoid of STIM1 the 2-APB-activated currents
arise from Orai3 dimers. In the present study, our results im-
ply that STIM1 has to be functionally uncoupled from
STIM1-bound Orai3 channels before 2-APB activation can
occur. Thus, one possibility is that the delay reflects the tran-
sition from Orai3 tetramers to dimers following uncoupling of
STIM1. The dimeric Orai1 model, however, remains contro-
versial, and other studies have reported that CRAC channels
are tetramers of Orai1 both in STIM1-free and STIM1-bound
states (9, 47). Thus, more studies are needed to clarify the pre-
cise subunit stoichiometry of the 2-APB-activated current.
The ability of 2-APB to directly gate a non-selective Orai3

conductance has raised hopes that this effect could be used to
detect functional expression of Orai3 channels in native tis-
sues (48). Indeed, a recent study has exploited this effect to
demonstrate store-operated Ca2� entry mediated by Orai3
channels in breast cancer cells (49). Nevertheless, the finding
that STIM1 can suppress direct gating by 2-APB suggests that
this approach may, at least in some cases, yield negative re-
sults even when Orai3 is functionally expressed. Although
2-APB is indeed able to overcome STIM1 inhibition and acti-
vate overexpressed Orai3 channels during prolonged 2-APB
applications, this may not necessarily occur at physiological
levels of STIM1 and Orai3 expression, potentially explaining
the paucity of reports demonstrating 2-APB activation of
Orai3 channels in native tissues.
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