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Critical role for Orai1 C-terminal domain and TM4 in CRAC 
channel gating
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Calcium flux through store-operated calcium entry is a major regulator of intracellular calcium homeostasis and 
various calcium signaling pathways. Two key components of the store-operated calcium release-activated calcium 
channel are the Ca2+-sensing protein stromal interaction molecule 1 (STIM1) and the channel pore-forming protein 
Orai1. Following calcium depletion from the endoplasmic reticulum, STIM1 undergoes conformational changes that 
unmask an Orai1-activating domain called CAD. CAD binds to two sites in Orai1, one in the N terminal and one in 
the C terminal. Most previous studies suggested that gating is initiated by STIM1 binding at the Orai1 N-terminal 
site, just proximal to the TM1 pore-lining segment, and that binding at the C terminal simply anchors STIM1 within 
reach of the N terminal. However, a recent study had challenged this view and suggested that the Orai1 C-terminal 
region is more than a simple STIM1-anchoring site. In this study, we establish that the Orai1 C-terminal domain 
plays a direct role in gating. We identify a linker region between TM4 and the C-terminal STIM1-binding segment of 
Orai1 as a key determinant that couples STIM1 binding to gating. We further find that Proline 245 in TM4 of Orai1 
is essential for stabilizing the closed state of the channel. Taken together with previous studies, our results suggest a 
dual-trigger mechanism of Orai1 activation in which binding of STIM1 at the N- and C-terminal domains of Orai1 
induces rearrangements in proximal membrane segments to open the channel.
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Introduction

The store-operated calcium release-activated cal-
cium (CRAC) channel has two essential components, 
stromal interaction molecule 1 (STIM1), the endoplas-
mic reticulum (ER) Ca2+ sensor and Orai1 (also known 
as CRACM1), the plasma membrane (PM) channel 
pore-forming subunit [1-10]. STIM1 is a single-pass ER 
membrane protein with several functional domains in-
cluding an EF hand calcium-binding domain and a sterile 
α motif (SAM) [11-13] that face the ER lumen and a 
CRAC channel activation domain called CAD [14] or 

SOAR [15] (spanning residues 339-448 in hSTIM1, re-
ferred to hereafter only as CAD) facing the cytosol. Each 
Orai1 protein has four transmembrane segments and a 
hexameric assembly [16, 17] of Orai1 subunits forms 
cation-conducting channels in the PM [6,9,18]. Much is 
known about the coupling between ER calcium depletion 
and CRAC channel activation [7, 19, 20]. The process 
begins when depletion of calcium from the ER leads to 
calcium disassociation from the EF hand of STIM1, facil-
itating dimerization of SAM domains [21]. Dimerization 
of STIM1 ER luminal domains triggers extensive confor-
mational changes in the cytoplasmic domains that lead to 
the exposure of CAD [20, 22-26]. CAD binds with low 
affinity to a site in the Orai1 N terminal (NBD, residues 
73-87; Figure 1A) and with higher affinity to a site in the 
Orai1 C terminal (CBD, residues 267-292; Figure 1A) 
[14, 15, 28, 29]. The interaction of activated STIM1 with 
Orai1 results in clustering of STIM1-Orai1 at sites of ER-
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PM interface and in pore opening of CRAC channels that 
mediates localized and selective calcium influx into cells 
[3, 9, 30-35]. A defining event in this sequence is the 
coupling of STIM1 binding with opening of the CRAC 
channel pore. However, this process is not well under-
stood. Structure-function studies have indicated that the 
first transmembrane segment (TM1) of Orai1 lines the 
channel pore [36, 37]. The crystal structure of Drosophi-
la melanogaster Orai (dOrai), an ortholog of mammalian 
Orai1, revealed that the NBD and CBD project into the 
cytoplasm, with the NBD forming a continuous helical 
extension of TM1 that is located near the center of the 
channel and with the CBD forming a helical extension 
of TM4 that is connected to TM4 via a conserved linker 
region, which is located at the periphery of the channel 
(Figure 1A and see [38]). The structure further showed 
that CBDs from neighboring Orai1 subunits pair with 
one another through hydrophobic coiled-coil interactions 
that involve residues Ile316 and Leu319 (L273 and L276 
in hOrai1) from each subunit. Structure-function studies 
identified mutations in the Orai1 NBD [37, 39] and CBD 
[40-42] that abolish channel activation, yet, of these, 
only CBD mutants abolished the physical interaction 
with STIM1. These findings led to the formulation of the 
Anchoring Model of Orai gating (Figure 1B and see [43]), 
in which CAD binds to a high-affinity site in the CBD to 

anchor STIM1 to the channel, and activation is induced 
when CAD binds to a low-affinity site in the NBD. Sup-
porting the notion that the role of the Orai1 CBD is to an-
chor STIM1 a recent study [43] generated an Orai1 CBD 
truncation mutant that could not be activated by STIM1, 
presumably because the mutant lacked a substantial piece 
of the CBD coiled-coil region and thus could not bind 
STIM1; and this Orai1 truncation was chronically acti-
vated when the CAD was directly linked to the shortened 
CBD. In contrast, another study [44] found that a nearby, 
but distinct CBD deletion mutant could not be activate 
even if CAD was directly linked to the mutated CBD, 
suggesting that the Orai1 CBD may have a function be-
yond just anchoring of STIM1 and that the two Orai1 ter-
mini may operate as an ensemble to drive gating (Figure 
1C and see [44]).

To investigate the mechanism of STIM1-induced gat-
ing of Orai1, we relied on an earlier approach [45], which 
we extended here to distinguish the effect of mutations 
on affinity for STIM1 versus gating. The approach was 
to anchor a STIM1 fragment similar to CAD to one nor-
mal terminal while mutating the other terminal, thereby 
ensuring that the local concentration of the STIM1 frag-
ment and its ability to interact with the normal terminal 
is kept constant (Figure 2A). Our experiments identify 
regions within the Orai1 NBD and CBD whose deletion 

Figure 1 Models of STIM1-induced activation of Orai1 channels. (A) Cartoon representation of a monomer from the crystal 
structure of Drosophila Orai (PDB ID-4HKR). The transmembrane segments TM1-4 are colored in cyan, the NBD and CBD 
in grey. (B) The Anchoring Model. CAD binding to a high-affinity site in the CBD serves to anchor STIM1 to the channel but 
has no direct effect on channel gating. STIM1-Orai1 interaction that directly affects channel gating occurs when CAD binds 
to a low-affinity site in the NBD, which opens the channel pore. (C) The Ensemble model. Orai1 channels are activated by 
simultaneous binding of CAD to both of Orai1 NBD and CBD. Simultaneous binding of STIM1 to both of Orai1 NBD and CBD 
supplies the energy for channel gating by pulling on membrane proximal regions at both termini of Orai1.
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eliminates activation by free STIM1 fragment, but where 
linkage of the STIM1 fragment restores activation, indi-
cating a role in STIM1 binding. We also identify regions 
in both the NBD and CBD whose elimination cannot be 
rescued by linkage of the STIM1 fragment, suggesting a 
fundamental role not only for the N-terminal domain but 
also for the C-terminal domain in channel gating. Fur-
ther investigation identifies three regions at the junction 
between TM4 and the CBD that are critical for gating. 
We find that the hydrophobicity of CBD residues L273 
and L276 has a critical role in both STIM1 binding and 
channel gating. Closer to the membrane, a linker region 
between the CBD and TM4 contains residues whose 
mutation abolishes gating without eliminating STIM1 
binding. Last, substitution of a conserved proline residue 
(P245), located at a bend in the middle of TM4 (21), with 
all other amino acids opens the channel in the absence 
of STIM1, suggesting that P245 operates as a switch for 
channel activation. Our results lead to a hypothetical 
model in which a key step to channel opening is that 
STIM1 binding to the Orai1 NBD and CBD induces a 
conformational change that propagates “up” through the 
TM4-CBD linker into TM4 and modulates TM4 at the 
P245 switch to drive channel opening.

Results

Minimal Orai1 CBD region required for physical and 
functional interaction with soluble S1C

To study the role of the Orai1 CBD in channel gating, 
we initially set out to define the minimal region in the 
Orai1 CBD that is required for channel activation by 
STIM1. Residues 272-292 of Orai1 were recently shown 

to encompass a degradation resistant polypeptide that 
binds to part of the activating domain of STIM1 [46]. 
Previous studies had also shown that STIM1-dependent 
channel activity is preserved in a mutant Orai1 truncated 
to residue 283 but lost upon truncation to residue 277 
or following deletion of residues 272-279 [43, 44, 47]. 
We therefore made C-terminal truncation mutants of 
Orai1 ending at D284, A280, L276, E275 and E272 and 
tested the ability of these truncated versions of Orai1 to 
physically and functionally interact with a short STIM1 
fragment similar to CAD (S1C, residues 343-465). To 
study the physical interaction between the Orai1 CBD 
truncation mutants and S1C in cells, we employed co-lo-
calization and Förster resonance energy transfer (FRET) 
analyses. Co-localization of S1C with Orai1 was deter-
mined in HEK293 cells co-expressing EYFP-tagged S1C 
(EYFP-S1C) together with mCherry-tagged full-length 
or CBD-truncated versions of Orai1 (mCherry-Orai1 or 
mCherry-Orai1∆C) by comparing PM and intracellular 
fluorescent intensity profiles. FRET was determined by 
analyzing the recovery of donor fluorescence after accep-
tor photobleaching between (donor) EGFP-tagged S1C 
and (acceptor) mCherry-Orai1 or mCherry-Orai1∆C. In 
agreement with previous studies, we found that progres-
sive deletion of the C terminus to residue 276 (∆C277-301) 
reduced both co-localization as well as FRET (Figure 
2B, 2C and Supplementary information, Figure S1). Un-
expectedly, interaction with S1C was not eliminated in 
Orai1 ∆C277-301, whereas additional removal of leucine 
276 (∆C276-301) abolished the interaction (Figure 2B, 2C 
and Supplementary information, Figure S1). The re-
sults are consistent with recent structural findings of the 
STIM-Orai association pocket [46] and suggest that the 

Figure 2 Directly linking S1C to Orai1 rescues channel activity in some NBD or CBD truncation mutants but fails in others. (A) 
Cartoon illustration of the Orai1 constructs used in this work. NBD and CBD regions are shaded in grey, pore residue V102 
marked in yellow and tethered STIM1 fragments are marked as red rectangles. (B) Fluorescent images of a cell expressing 
EGFP-S1C (donor) and mCherry-Orai1 (acceptor) before and after acceptor photobleaching within the indicated region (white 
box). (C) Bar diagram shows summary of FRET efficiency values measured in cells expressing EGFP-S1C together with the 
indicated mCherry-Orai1 construct (Purple, n = 13-24 cells, **P < 0.01) and of current densities (Grey, n = 5-15 cells, *P < 0.05) 
recorded from cells expressing S1C together with the indicated mCherry-Orai1 constructs. (D) representative plots of the 
current-voltage relationship of currents recorded from cells in C. (E) Left, summary of current densities recorded from cells 
expressing the indicated Orai1-SS-EGFP construct or from cells expressing mCherry-S1C together with EGFP-Orai1 ∆N1-76 (n 
= 4-7 cells, **P < 0.01). Right, representative plots of the current-voltage relationship of currents recorded from cells express-
ing Orai1-SS-EGFP ∆N1-76 and Orai1-SS-EGFP ∆N1-77. (F) Left, summary of current densities recorded from cells expressing 
mCherry-SS-Orai1 with the indicated C-terminal deletion (mean ± SEM of 5-10 cells, *P < 0.05). Right, representative plots 
of the current-voltage relationship of currents recorded from cells expressing mCherry-SS-Orai1 ∆C276-301 and mCherry-SS-
Orai1 ∆C273-301. (G) Summary of current densities recorded from cells expressing the indicated Orai1-SS-EGFP or mCherry-
SS-Orai1 constructs with or without the V102A pore mutation (n = 5-12 cells). (H) Representative fluorescent images of 
NFAT-EGFP in cells co-expressing NFAT-EGFP together with the indicated mCherry-SS-Orai1 construct. Arrows indicate 
cells with nuclear localization and asterisks indicate cytosolic localization of NFAT. (I, J) Basal Ca2+ levels (n = 23-76 cells) 
and quantification of nuclear localization of NFAT (n = 91-268 cells) in HEK293 cells transfected with the indicated mCherry-
SS-Orai1 (I) or Orai1-SS-EGFP (J) constructs. 
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CBD region extending on the membrane proximal side to 
leucine 276 plays a special role in S1C-Orai1 interaction. 
We next examined the effect of the Orai1 CBD trunca-
tion mutants on the activation of channels by S1C. We 
determined channel activity in two ways: (i) whole-cell 
patch-clamp measurement of membrane current from 
individual cells, and (ii) optical measurement of intracel-
lular Ca2+ levels from groups of cells. These functional 
measurements revealed a similar pattern of behavior to 
the co-localization and FRET experiments, with progres-
sive deletion of the C terminus up to residue 276 (∆C277-301) 
diminishing channel activity and the additional removal 
of leucine 276 (∆C276-301) completely abolishing it (Figure 
2C, 2D and Supplementary information, Figure S1). We 
further found that while the Orai1 CBD deletion mutant 
that is missing amino acids 277-301 retained functional 
interaction with soluble S1C, its activation by full-length 
STIM1 was strongly diminished (Supplementary infor-
mation, Figure S2). To ensure that the reduced channel 
activity that we observed reflected a reduction in channel 
activation, rather than an effect on channel expression, 
we examined the effect of the Orai1 mutations on expres-
sion. All of the CBD deletion constructs exhibited sim-
ilar expression levels and PM localization as full-length 
Orai1 (Supplementary information, Figure S1). More-
over, introduction into each of the truncation constructs 
of the pore mutation V102A, which constitutively opens 
the channel in the absence of STIM1, restored conduc-
tance to both the ∆C276-301 and ∆C273-301 Orai1 mutants, 
indicating proper channel folding, assembly and capacity 
to function even though activation by soluble S1C was 
completely lost (Supplementary information, Figure S1). 
Together with additional findings, which are described be-
low, these results suggest that while Orai1 CBD residues 
272-284 stabilize the interaction with S1C, a region stretch-
ing from the Orai1 TM4 to leucine 276 is essential for 
physical interaction with, and activation by, soluble S1C.

Direct role in CRAC channel activation for interaction of 
S1C with both NBD and CBD

A recent study found that N-terminal truncations of 
Orai1 to residue S75 retained STIM1-dependent channel 
activity, but that further deletion past this point abol-
ished activity [28]. In light of the differences in efficacy 
in Orai1 activation between the full-length STIM1 and 
CAD, we first confirmed this key observation and found 
that the truncation mutant (Orai1 ∆N1-76) displays nor-
mal PM expression but could not be activated by S1C 
(Figures 2E and Supplementary information, Figure S3). 
Our truncation analysis of the Orai1 CBD showed that 
loss of activation by S1C was associated with loss of 
interaction with S1C. To distinguish between effects of 

Orai1 mutations on S1C binding and the ability of S1C, 
once bound, to activate the channel, we fused S1C (which 
we label as “S”) directly to Orai1. We linked a tandem 
pair of S1C (as the operational unit of STIM1 is a dimer) 
to Orai1 either at the N terminus (SS-Orai1) or C termi-
nus (Orai1-SS) (Figure 2A). Because deletion of the N or 
C terminus of Orai1 may introduce steric hindrance that 
would prevent an attached S1C from reaching its bind-
ing domain, we initially confined ourselves to fusions of 
the tandem S1C fragments to the full-length N terminus 
of Orai1 (SS-Orai1) when we examined CBD deletion 
mutations or to the full-length C terminus (Orai1-SS) 
when we examined NBD mutations. When expressed 
in HEK293 cells, SS-Orai1 and Orai1-SS localized to 
the PM and were constitutively active, with similar 
current densities, although some of SS-Orai1 was re-
tained intracellularly (Figure 2E-2G and Supplementary 
information, Figure S2). As shown earlier for Orai1-SS 
[45], and confirmed here, SS-Orai1 mediated currents 
that exhibited characteristics of native CRAC current, 
including an inwardly rectifying current-voltage relation-
ship, high Ca2+ selectivity, permeability to Na+ in diva-
lent-free solution and blockade by La3+ (Supplementary 
information, Figure S2). Moreover, current mediated 
by SS-Orai1 was not further increased by co-expression 
of soluble S1C indicating that the tethered S1C mod-
ules induced maximal channel activation. Remarkably, 
three functional measures of Orai1 activity – membrane 
current recording, fura-2 measurement of intracellular 
calcium and nuclear translocation of the nuclear factor 
of activated T cells (NFAT) – all revealed some resto-
ration of activity to the Orai1 ∆Ν1-76 and Orai1 ∆C276-301 
truncation-disabled mutants by molecular linkage of the 
S1C pair to the other full-length terminal (Figure 2E-2J 
and Supplementary information, Figure S3). However, 
we wanted to rule out the possibility that the restored ac-
tivity arises from the activation of endogenous channels 
by the S1Cs that are brought to the PM by virtue of their 
attachment to the mutant Orai1 channel. To address this, 
we introduced pore mutations that block Orai1 currents 
into the Orai1 construct to which the S1C was linked. 
R91W and E106Q mutations in SS-Orai1 ∆C276-301 abol-
ished channel activity (Figure 2I), indicating that the ac-
tivity detected in cells expressing SS-Orai1 ∆C276-301 was, 
indeed, due to Ca2+ conduction through this S1C-fused 
truncated version of Orai1.

Next, we made another set of truncation mutants by 
removing residues 1-77 from Orai1-SS or 273-301 from 
SS-Orai1. These N or C truncations abolished channel 
activity, even when the pair of S1Cs was fused to the re-
maining full-length terminal of Orai1 (Figure 2E-2J and 
Supplementary information, Figure S3). To verify that 
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loss of activity in the case of CBD deletion ∆C273-301 did 
not depend on the location of the fused S1Cs, we also an-
alyzed the case of C-terminally attached S1Cs and found 
that in this context CBD truncation of residues 273-301 
(Orai1-SS ∆C273-301) also completely abolished channel 
activity (Figure 2G). The loss of activity did not result 
from incorrect protein folding or loss of PM expression, 
as the constitutively activating V102A mutation restored 
conductance to both SS-Orai1 ∆C273-301 and ∆Ν1-77 Orai1-
SS (Figure 2G). In view of the earlier demonstration 
that interaction of soluble S1C with the Orai1 NBD is 
essential for gating and that a similar NBD truncation 
significantly reduces this interaction in vitro [28], the 
lack of activation of ∆Ν1-77 Orai1 by either co-expressed 
or C-terminally tethered S1C likely arises from a disrup-
tion of S1C binding to the truncated NBD. Similarly, loss 
of activation of ∆C273-301 Orai1 by N-terminally tethered 
S1C likely arises from a disruption of S1C binding to the 
truncated CBD. Thus, our results show that directly link-
ing S1C to Orai1 cannot rescue channel activation when 
critical regions of either the NBD or CBD of Orai1 are 
deleted. This suggests that S1C must interact with both 
the NBD and CBD to activate Orai1.

Hydrophobicity of residues 273 and 276 is required for 
channel activation

The functional analysis of the CBD deletion mutants 
described above highlights the key role played by res-
idues 272-280 in both binding to STIM1 and channel 
gating. These results are consistent with previous find-
ings, which showed that removal of this region [44], or 
point mutation of leucines 273 and 276 (L273S/D and 
L276D) within this region [40, 42, 48], or combined 
mutations of several aspartate and glutamate residues 
within and close to this region (E272/275/278Q and 
D284/287/291N) resulted in loss of STIM1-dependent 
Orai1 channel activity [49, 50]. Recently, an NMR struc-
ture of a C-terminal region of STIM1 containing parts of 
CC1 and CC2 domains (CAD312-387) bound to Orai1 CBD 
(CBD272-292) suggested that both polar and non-polar forc-
es promote STIM1-CBD interaction and affect channel 
activation [46]. The SS-Orai1 construct offers a powerful 
tool to determine whether both types of interactions are 
required for channel gating when STIM1 is permanently 
anchored to Orai1 by an artificial link. We therefore re-
moved all of the previously implicated CBD aspartates 
and glutamates by truncation and by alanine substitutions 
and found that this SS-Orai1 mutant remains function-
al, albeit to a reduced level (Figure 3A). These results 
suggest that electrostatic interactions between the acidic 
residues in the CBD and basic residues in CAD likely 
stabilize CAD-Orai1 interaction but are dispensable 

for channel gating. In contrast, we found that the single 
point mutation L273R or L273D in either SS-Orai1 or 
Orai1-SS eliminated channel activity. None of our point 
mutations of L276 abolished channel activity. Interest-
ingly, however, while mutants L273S or L276D in both 
SS-Orai1 and Orai1-SS had current densities that were 
mildly reduced compared to WT, the double point mu-
tation L273S/L276D eliminated channel activity in both 
SS-Orai1 and Orai1-SS contexts (Figure 3B), suggesting 
that these leucines contribute in a cooperative manner 
to activate the channel. To evaluate the significance of 
hydrophobic interactions between leucines 273/276 and 
S1C, we analyzed the side chain dependence at these 
positions for channel activation. We found that current 
density correlated with side chain hydrophobicity at both 
sites, although position 273 displayed stronger sensitivity 
to mutations that introduce polar or charged side chains 
(Figure 3C). As an alternative way to test whether the 
introduction of a charge at position 273 or 276 would 
interfere with channel activation, we analyzed the sen-
sitivity of L273C and L276C mutants for application of 
2-aminoethyl methanethiosulphonate (MTSEA), a posi-
tively charged cysteine-reactive reagent. Currents mea-
sured from cells expressing L273S, S263C or WT SS-
Orai1 were partially inhibited upon MTSEA application; 
however, this inhibition was fully reversed following 
washout of the reagent (Figure 3D and Supplementary 
information, Figure S4). Similar effects have been re-
ported for WT Orai1 and for a cysteine-less Orai1 mu-
tant, indicating that reversible MTSEA inhibition arises 
from non-covalent effects on ion conduction [31, 36]. In 
contrast, L23C SS-Orai1 was strongly inhibited (81.5% 
± 3.9%) and L276C SS-Orai1 was moderately inhibited 
(44.4% ± 10.7%), and the inhibition of these mutants was 
not reversed by MTSEA washout (Figure 3D-E). The in-
hibition was partially relieved by subsequent application 
of a reducing reagent (dithiothreitol or bis(2-mercap-
toethylsulfone)) (Figure 2D and Supplementary infor-
mation, Figure S4). These results indicate that channel 
inhibition by MTSEA is due to covalent modification of 
L273C and L276C, and support the interpretation that 
hydrophobic interactions at leucines 273/276 are criti-
cal for the activation of Orai1 channels. Together, these 
results indicate that S1C-CBD hydrophobic interaction 
plays a direct role in channel gating.

Mutations in the Orai1 TM4-CBD linker abolish activa-
tion but not interaction with S1C

The dOrai structure shows that a conserved linker 
(Figure 1A and 4A) connects TM4 to the CBD helix, 
which projects into the cytosol [38]. A recent study found 
that the linker is not necessary for CAD-CBD interaction 
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Figure 3 Leucines 273 and 276 compose a hydrophobic core in Orai1 CBD required for channel activation. (A) Summary of 
current densities recorded from cells expressing SS-Orai1 ∆C277-301 with the indicated single, double or triple mutations (n = 
3-6 cells). Right, representative plots of the current-voltage relationship of currents recorded from cells expressing mCherry-
SS-Orai1 ∆C277-301 or mCherry-SS-Orai1 ∆C277-301 carrying the combination of D267A/E272A/E275A mutations. (B) Left, sum-
mary of current densities recorded from cells expressing mCherry-SS-Orai1 or Orai1-SS-EGFP with the indicated single, dou-
ble or triple mutations (n = 5-9 cells). Right, representative plots of the current-voltage relationship of currents recorded from 
cells expressing the indicated mCherry-SS-Orai1 mutants. (C) Summary of current densities recorded from cells expressing 
mCherry-SS-Orai1 or Orai1-SS-EGFP with the indicated mutations plotted against the solvation energies of the substituted 
amino acids (free energies of transfer of amino-acid side chains to water from cyclohexane in kcal/mol [67]) (n = 5-9 cells). (D) 
Time course of current modification by MTSEA (500 μM) in cells expressing the indicated mCherry-SS-Orai1 mutants. Note 
that significant persistent inhibition is seen only for mCherry-SS-Orai1 L273C following washout of MTSEA that is partially re-
versed by DTT (10 mM). (E) Summary of MTSEA-induced inhibition measured in cells expressing the indicated mCherry-SS-
Orai1 mutants (n = 3-7 cells). MTSEA-induced inhibition is quantified by normalizing currents measured post washout of the 
reagent to currents measured prior to reagent application. DTT, dithiothreitol.

[46], but whether this region plays a role in channel ac-
tivation is not known. To study its function, we initially 
attempted to interfere with linker geometry by substi-
tuting each individual residue with proline. We used the 
SS-Orai1 construct to ensure a high local concentration 
of S1C, while avoiding possible geometric constraints 
introduced by the proline mutations that may prevent 
a C-terminally tethered S1C from reaching the NBD. 
Proline substitution at positions 264 or 265 modestly 

reduced current density, while substitution at 266 strong-
ly diminished current density and substitution at S263 
abolished the current (Figure 4B). When co-expressed 
with untethered S1C, Orai1 S263P or Orai1 T266P did 
not produce detectible currents. Nuclear translocation of 
NFAT in cells co-expressing Orai1 S263P and S1C was 
similar to control (cells expressing Orai1 alone) (Figure 
4C). Cells co-expressing Orai1 T266P and S1C, how-
ever, showed a mild increase in nuclear NFAT levels, 
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suggesting that low level of channel activation was pre-
served in this mutant (Figure 4C). Conductance of SS-
Orai1 S263P was restored by the constitutively activating 
V102A mutation (Figure 4G), indicating that the S263P 
mutation affected activation by S1C, but not protein 
folding, PM expression, channel assembly or the ability 
to conduct ions. To test whether flexibility/stability of the 
linker region affects Orai1 channel activation by STIM1, 
we replaced the first three residues in the linker with 
glycines (Orai1 3G) to create a flexible linker or with 
alanines (Orai1 3A) to restrict the number of allowed 
conformations of the linker. Similar to S263P, when 
co-expressed with S1C, the Orai1 3G mutant did not pro-
duce detectible currents or nuclear translocation of NFAT 
(Figure 4C and 4D). In contrast, the Orai1 3A mutant 
exhibited moderate levels of channel activation (Figure 
4C and 4D). These results suggest that linker flexibility/
stability affects the coupling between S1C-Orai1 inter-
action and channel gating. To further examine the effect 
of the linker region on functional coupling between S1C 
and Orai1, we studied the recently reported regulation 
of ion selectivity of Orai1 channel by STIM1. CRAC 
channels have the remarkable property that STIM1 
binding not only markedly increases the activity of the 
channel but also alters its ion selectivity. This feature is 
particularly noticeable in constitutively conducting V102 
mutants, including V102A, which forms a non-selective 
Ca2+ channel on its own, but becomes Ca2+ selective fol-
lowing interaction with STIM1 [31]. We analyzed the 
ion selectivity of Orai1 and SS-Orai1 V102A mutants 
by quantifying the reversal potentials of mutant channel 
currents in a calcium-containing solution. In agreement 
with earlier studies [28, 31], we found that V102A Orai1 
mediates a non-selective constant cation current when 
expressed alone (Vrev = 19.6 ± 5.2 mV), while co-expres-
sion of the V102A mutant channel with STIM1 produced 
a rightward shift in current reversal potential (Vrev = 45.5 
± 5.6 mV), indicating that the interaction with STIM1 
affects its ion selectivity (Figure 4E and 4G). A similar 
rightward shift in current reversal potential was recorded 
for cells expressing SS-Orai1 V102A (Vrev = 43.9 ± 6.5, 
Figure 4F and 4G). However, in the SS-Orai1 V102A/
S263P double mutant, the reversal potential was similar 
to what is seen in V102A mutants without STIM1 (Vrev = 
12.1 ± 5.5, Figure 4F and 4G), indicating that the S263P 
mutation prevents the tethered S1C from modulating 
ion selectivity. To gain further insight into the mecha-
nism through which the T266P, S263P and 3G mutations 
disrupt gating, we asked whether S1C binding to these 
mutant Orai1’s was also eliminated. Co-localization and 
FRET analyses revealed that compared with wt Orai1 
the T266P, S263P and 3G mutants each retained signif-

icant, although reduced, degree of interaction with S1C 
(Figure 5A-5D and Supplementary information, Figure 
S5). In addition, following ER Ca2+ depletion with 2 µM 
thapsigargin, an irreversible blocker of SERCA (sarco-
plasmic/ER Ca2+-ATPase), one could detect co-localized 
punctate fluorescence signals from STIM1-GFP co-ex-
pressed with mCherry-Orai1 S263P or mCherry-Orai1 
3G at the PM, consistent with the preservation of phys-
ical association of these Orai1 mutants with full-length 
STIM1 (Figure 5A). The interaction between S1C and 
Orai1 was completely lost when the S263P mutation was 
combined with L273S (Orai1 S263P/L273S), indicating 
that the CBD remained critical for S1C-Orai1 interaction 
(Figure 5D). The findings that mutations in the linker 
region abolish two functional effects of S1C, channel 
opening and modulation of ion selectivity, without elimi-
nating interaction with the channel suggest that the Orai1 
CBD linker region plays a critical role in coupling S1C 
binding to channel activation.

Mutations at a TM4 proline bend cause STIM1-indepen-
dent constitutive Orai1 activation

The importance of the TM4-CBD linker for cou-
pling STIM1-Orai1 binding with channel gating led us 
to ask whether the gating signal is transduced through 
TM4 of Orai1. The crystal structure of dOrai drew our 
attention to a conserved proline that forms a bend at 
the middle of TM4 (Proline 245 in hOrai1, Figure 1A 
and 4A). We hypothesized that if STIM1 binding to the 
Orai1 CBD induced a rearrangement in TM4, then this 
structural feature of TM4 could play an important role 
in gating. Consistent with this hypothesis, substituting 
P245 with alanine or leucine, which raises helical pro-
pensity, generated spontaneous current with rectifying 
current-voltage relationship and sensitivity to La3+ in the 
absence of heterologously expressed STIM1 (Figure 6A 
and Supplementary information, Figure S6). Measure-
ments of current density and reversal potential indicated 
that the Orai1 P245L mutant exhibits reduced current 
density (IP245L = 5.25 ± 0.96 pA/pF, ICRAC = 13.2 ± 3pA/
pF) as well as reduced Ca2+ selectivity compared to 
STIM1-activated wt Orai1 (Orai1 P245L VRev = 37.7 ± 
6.7 mV, STIM1-Orai1 VRev = 69.5 ± 4.4 mV, in 10 mM 
Ca2+). This finding could potentially be explained if the 
P245L mutation resulted in partial activation by binding 
of STIM1 to a fraction of its binding sites on Orai1 [31, 
45]. Alternatively, the P245L mutation might activate the 
channel in a STIM1-independent manner. To address the 
nature of the activated state of Orai1 P245L, we initial-
ly asked whether increased expression of STIM1 could 
produce full activation and restore full Ca2+ selectivity 
to P245L Orai1 channels. In cells co-expressing Orai1 
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Figure 4 Mutations in the Orai1 C-terminal linker region eliminates channel activation and regulation of ion selectivity by 
S1C. (A) Amino-acid sequence alignment of TM4 (cyan background), linker (white background) and CBD (green background) 
regions from the indicated Orai1 homologs. Positions of mutated residues studied in this work are in highlighted in red. (B-D) 
Orai1 linker region mutations S263P and T266P abolish and diminish channel activation, respectively. (B) Summary of cur-
rent densities recorded from cells expressing SS-Orai1 with the indicated proline substitutions (n = 3-7 cells). (C) Summary 
of current densities (n = 3-7 cells) and quantification of nuclear localization of NFAT-GFP in HEK293 cells transfected with the 
indicated mCherry-SS-Orai1 or mCherry-Orai1 constructs alone or co-transfected with mCherry-S1C (n = 95-196 cells). (D) 
Representative plots of the current-voltage relationship of currents recorded from cells co-expressing the indicated mCher-
ry-Orai1 mutants together with EGFP-S1C. (E, F) Normalized plots of current-voltage relationship of currents recorded in 10 
mM Ca2+ Ringer’s solution from cells expressing the indicated mCherry-Orai1 mutant alone or together with STIM1 (E) or 
from cells expressing the indicated mCherry-SS-Orai1 mutants (F). Arrows indicate the reversal potential in each instance. (G) 
Summary of reversal potentials and current densities recorded from cells expressing the indicated Orai1 or SS-Orai1 mutants 
(n = 5-9 cells).
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Figure 5 STIM1 interacts with the non-functional Orai1 CBD-TM4 linker mutants. (A) Representative fluorescent images of 
cells expressing EGFP-S1C or STIM1-EGFP together with the indicated mCherry-Orai1 mutant before (2 mM Ca2+) and after 
application of TG (2 µM TG, Ca2+ free). (B, C) Summary of normalized intensity values across the plasma membrane and 
intracellular regions of cells expressing EGFP-S1C together with indicated mCherry-Orai1 mutant (n = 13-24 cells). (D) Sum-
mary of FRET efficiency values measured in cells expressing EGFP-S1C together with mCherry-Orai1 or with the indicated 
mutants (n = 15-19 cells). TG, thapsigargin.

P245L and STIM1, but not wt Orai1 and STIM1, we re-
corded spontaneous current immediately after cell break-
in (Supplementary information, Figure S7). However, 
following passive Ca2+ store depletion by dilution of the 
cytosol into the patch pipette, current density and Ca2+ 
selectivity were indistinguishable between cells co-ex-
pressing Orai1 P245L and STIM1 and cells co-express-
ing wt Orai1 and STIM1 (Supplementary information, 
Figure S7), indicating that P245L Orai1 channels are 
partially activated prior to the turn-on by STIM1 and 
that STIM1 activation maximally activates the P245L 

mutant channels. Several lines of evidence indicated that 
the spontaneous activation of P245L and P245A mutant 
channels was independent of endogenous STIM1 and 
STIM2. Constitutive current was recorded in cells ex-
pressing Orai1 P245L or P245A alone, but not WT Orai1 
alone (Figure 6A and Supplementary information, Figure 
S6). Similarly, Ca2+ imaging and NFAT translocation as-
says revealed constitutive Ca2+ entry in cells expressing 
Orai1 P245L or P245A alone, but not WT Orai1 alone 
(Figure 6D, 6E and Supplementary information, Figure 
S6). Importantly, knockdown of endogenous STIM1 
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Figure 6 Mutations at TM4 proline bend cause STIM1-independent constitutive Orai1 activation. (A) Time course of sponta-
neous currents measured from untreated cells (control) or from cells pre-treated with siRNA against STIM1 and STIM2 follow-
ing transfection with Orai1 P245L alone. (B) Representative plots of the current-voltage relationship of currents recorded from 
cells expressing the indicated mCherry-Orai1 mutants. (C) Representative fluorescent images of cells expressing mCher-
ry-Orai1 P245L alone or together with STIM1-EGFP before (2 mM Ca2+) and after application of TG (2 µM TG, Ca2+ free). (D) 
Time course of intracellualr Ca2+ concentrations measured from cells pre-treated with siRNA against STIM1 and STIM2 and 
transfected with Orai1 or the indicated Orai1 P245 mutant alone. (E, F) Basal Ca2+ levels (n = 23-40 cells) and quantification 
of nuclear localization of NFAT-GFP (n = 47-240 cells) in cells transfected with mCherry-Orai1 containing the indicated P245 
mutation. TG, thapsigargin.
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and STIM2 did not affect the constitutive Ca2+ entry in 
cells expressing Orai1 P245L or P245A alone (Figure 
6A, 6B, 6D and Supplementary information, Figure S6), 
although it strongly diminished store-operated calcium 
entry in cells expressing WT Orai1 alone (Supplemen-
tary information, Figure S8). Furthermore, analysis of 
puncta formation showed that, following ER Ca2+ deple-
tion with thapsigargin, Orai1 P245L remained diffusely 
distributed in the PM when expressed alone, but was 
recruited into puncta when co-expressed with STIM1 
(Figure 6C). Along similar lines, current recorded from 
cells expressing Orai1 P245L alone did not exhibit fast 
Ca2+-dependent inactivation (CDI), but fast CDI was ap-
parent when STIM1 was co-expressed with Orai1 P245L 
(Supplementary information, Figure S6). Thus, assays of 
STIM1-dependent modification of Orai1 distribution or 
function indicated that Orai1 P245L does not engage en-
dogenous STIM proteins, even though it is constitutively 
active. In further confirmation of this interpretation, in-
troducing the L273S mutation, which prevents STIM1 
from binding to Orai1, together with P245L did not affect 
spontaneous NFAT nuclear translocation or current (Fig-
ure 6B, 6E and Supplementary information, Figure S6). 
Since P245, in the middle of TM4, is spatially remote 
from the pore-lining TM1 helix, we also considered the 
possibility that the mutations at P245 introduced a novel 
permeation pathway. To address this possibility, the pore 
mutation R91W or E106Q was introduced together with 
P245L or P245A. The combined mutations of P245L 
or P245A with R91W or E106Q in Orai1 completely 
abolished channel activity (Figure 6E), indicating that 
mutants P245L and P245A have the wild-type Ca2+ con-
duction pathway. We asked whether other mutations at 
this position would have the same effect and substituted 
P245 with each of the remaining amino acids. Strikingly, 
increased levels of intracellular Ca2+ and nuclear translo-
cation of NFAT were observed under resting conditions 
in every one of the P245X mutants (Figure 6F). The 
observation that all mutations at the proline bend in TM4 
induce an activated state of Orai1 channels in a STIM1-in-
dependent manner suggests that the natural bend at the wild-
type proline is important for stabilizing channel closure and 
that opening occurs by STIM1-induced rearrangement that 
overcomes this locking mechanism.

Discussion

Orai1 NBD and CBD are both required for channel acti-
vation

Structural perturbations in the Orai1 NBD have been 
shown to disrupt Orai1 channel activation by STIM1, 
even if physical interaction between STIM1 and Orai1 is 

preserved, whereas CBD perturbations have been shown 
to disrupt both physical and functional interaction [37, 
39-42]. These observations, along with biochemical ev-
idence for direct binary interactions of STIM1’s CAD 
with either the Orai1 NBD or CBD, and the discovery 
that the TM1 segment of Orai1 lines the pore and con-
tains the gate, led to the Anchoring Model, in which the 
role of the Orai1 CBD is to anchor STIM1 via high-af-
finity binding and position it near the low-affinity NBD 
whose binding then triggers gating (Figure 1). This model 
predicts that the CBD could be replaced by an alternative 
method of physically linking STIM1 to Orai1. In sup-
port of this notion, Zheng et al. [43] recently found that 
a CBD truncation mutant missing amino acids 277-301 
(Orai1 ∆C277-301), which was not activated by full-length 
STIM1, had activation restored when CAD was tethered 
to the truncated C terminal. However, whether soluble 
CAD could bind to and activate Orai1 ∆C277-301 was not 
quantitatively or functionally tested in that study. In con-
trast, and arguing against the CBD anchoring model, Mc-
Nally et al. [44] found that a different CBD truncation 
mutant, which was missing amino acids 272-279 (Orai1 
∆C272-279), was not activated by CAD, even when CAD 
was tethered to the truncated C terminus. In light of the 
crystal structure of dOrai1, however, the concern arises 
that the inability of the linked CAD to activate the chan-
nel could reflect a geometric constraint due to the prox-
imity of the CAD linkage site in this deletion construct, 
which could have prevented the CAD from reaching the 
NBD. Indeed, a change in the linker that connects the 
CAD to the CBD of Orai1 has been shown to affect the 
degree of channel activation [45]. Our results resolve the 
apparent discrepancy between these recent reports and 
argue against the CBD Anchoring Model. First, we show 
that an Orai1 CBD deletion mutant missing amino acids 
277-301 retains physical and functional interaction with 
soluble S1C, but, and in agreement with the findings by 
Zheng et al. [43], activation of this mutant by STIM1 is 
strongly diminished (Supplementary information, Figure 
S2), likely because of the stronger binding of Orai1 by 
S1C than by full-length STIM1, as previously shown [14, 
15]. Second, by tethering our S1C pair to the full-length 
N or C terminal, while mutating the other terminal, we 
could avoid the potential problem of steric hindrance. 
In this context, our finding that CBD deletion C termi-
nally of leucine 273 abolishes channel activation shows 
that the CBD is more than just a STIM1-anchoring site. 
Third, as discussed in further detail below, C-terminal 
membrane and membrane proximal regions “above” the 
CBD are capable of modulating STIM1-dependent and 
STIM1-independent effects on the channel pore, thereby 
suggesting that regulation of pore opening could also be 
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transduced by the CBD.

A hydrophobic core in the membrane-proximal Orai1 
CBD is essential for channel gating

The functional outcome of STIM1 interaction with 
Orai1 L273S/D and L276D mutants has been widely dis-
cussed in the literature. All studies that employed these 
Orai1 mutants found that they lacked physical association 
with STIM1. Consequently, these studies were unable 
to directly address the potential role of L273 or L276 
downstream of STIM1-Orai binding, i.e., in gating. Re-
cent reports [43-45], and results presented here, find that 
tethering S1C to Orai1 restores activation to some Orai1 
mutants with single amino-acid substitutions or deletions 
in the CBD (L273S, L276D and ∆C276-301) that other-
wise could not be activated by soluble S1C. These find-
ings could suggest that L273 and L276 are important for 
facilitating STIM1-Orai1 association but not for channel 
gating. One study [45], however, found that L273D in-
hibits channel activation even in the context of Orai1-SS, 
but the cause for this effect was not clarified. Phylogentic 
analysis of Orai1 homologs shows that conservation of 
residues at positions 273 and 276 is better characterized 
by residue hydrophobicity than by Leu identity (Figure 
4A). Here we find that directly linking S1C to Orai1 fails 
to activate several CBD mutants (L273D, L273R and 
L273S/L276D) and does not restore full-channel activa-
tion to others (L273S, L273C and L276R). Analysis of 
these effects shows strong dependence of current density 
on side-chain hydrophobicity at position 273, and to a 
lesser extent position 276. Moreover, complementary 
experiments employing reversible chemical modification 
suggest that introducing charge at either position strongly 
inhibits channel activity. Together, these findings demon-
strate that hydrophobic interactions at L273 and L276 are 
critical for both binding of STIM1 and channel gating.

TM4-CBD linker couples STIM1 binding with channel 
activation

Residues L273 and L276, described above, are also 
interesting because in a resting state (STIM1 not bound) 
crystal structure of the Drosophila Orai they form a hy-
drophobic patch that connects the CBDs of neighboring 
subunits [38], while in an NMR structure of the human 
STIM1 CAD and Orai1 CBD complex, the resting state 
CBD-CBD interaction and the intra-CAD coiled-coil in-
teraction between CC2 and CC3 of the crystal structure 
[46] are replaced by another hydrophobic interaction, 
this time between the CC2 of CAD and L273/L276 of 
the Orai1 CBD. Thus, the dependence of STIM1-Orai1 
protein association and channel activation on L273 and 
L276 can be attributed to replacing the resting CBD-

CBD complex with the activated CAD-CBD complex. 
The CAD-CBD NMR structure also reveals that CAD-
CBD interaction occurs in the absence of the TM4-CBD 
linker region. In agreement with this observation, we 
find that mutations to the TM4-CBD linker region only 
induce moderate effects on S1C binding while exerting 
marked effects on channel activation. The simplest in-
terpretation of these results is that the TM4-CBD linker 
region is important for coupling CAD binding with Orai1 
channel activation. Interestingly, however, the moderate 
effects of the TM4-CBD linker region mutations on S1C-
Orai1 interaction raise the possibility that the TM4-CBD 
linker region is also important for precise positioning of 
the CBD that may be required for optimum CAD bind-
ing. The finding that Orai1 gating is disrupted either by 
interference with formation of the CAD-NBD or CAD-
CBD complex or by mutation to the TM4-CBD linker 
suggests that gating involves signal transmission of 
STIM1 binding at the cytoplasmic NBD to TM1 and at 
the CBD to TM4 through the TM4-CBD linker.

TM4 regulates Orai1 gating
An indication of coupling between STIM1 binding 

at the CBD and the channel gate was obtained recently 
from the effect of AnCoA4, a new Orai1 channel inhib-
itor, which binds only to the C terminus of Orai1 and 
inhibits channels made constitutively active by the TM1 
mutation V102C [51]. But how is CAD-CBD interaction 
transmitted to the channel gate? Our finding that muta-
tions that are expected to disrupt the P245 proline bend 
of TM4 open the channel suggests that the rearrangement 
of TM1 that has been proposed to underlie gating [31, 
52, 53] may be triggered by a conformational change in 
TM4. We do not know whether mutations to P245 induce 
a conformational change in Orai1 that is similar to that 
induced by STIM1. However, the finding that STIM1 
binding to P245L Orai1 maximally activates the channel 
indicates that the mechanism that couples STIM1 bind-
ing with pore opening is preserved. Strikingly, the P245 
bend of TM4 is situated in the same membrane plane 
as residues in each of the other helices (Supplementary 
information, Figure S9) that have been implicated in 
gating: residue G98 in TM1, which is thought to pivot to 
open the pore [53], residue H134 in TM2 whose mutation 
constitutively open the channel independently of STIM1 
[54] and residue G183 in TM3, whose mutation prevents 
STIM1-dependent channel activation [55], but allows for 
channel opening by 2-APB, indicating a defect in STIM1 
coupling but not in gating (Supplementary information, 
Figure S9).

We find that every amino acid other than proline at 
P245 induces some degree of STIM1-independent Orai1 
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channel activation. In other words, only proline stabilizes 
the closed channel conformation. By forming hinges in 
transmembrane helices, proline residues were previously 
shown to act as switches that play important roles in the 
function of several ion channels including the 5-hydroxy-
tryptamine type 3 receptor [56, 57] and voltage-depen-
dent K+ channels [58-61]. In view of the conformation of 
the closed state (STIM1 not associated) structure of dO-
rai1, in which TM4 is bent at P245 (21), we suggest that 
this bend is crucial for the closed conformation and that 
the energy of CAD binding to both the NBD and CBD 
activates the channel by stabilizing a straight conforma-
tion of TM4.

How mutation in the TM4 proline bend might induce my-
opathy

The P245L mutation was recently associated with 
tubular aggregate myopathy and congenital miosis in 
humans, and the dysfunction attributed to a decrease in 
slow Ca2+-dependent inactivation [62]. It is worth noting 
that the electrophysiological analysis in that study, how-
ever, did detect small spontaneous currents (1.5-2 pA/pF 
with maximal currents of ~10 pA/pF) upon cell break-in 
and before STIM1 activation consistent with our findings 
(2.5 pA/pF with maximal current of 13.4 pA/pF, Sup-
plementary information, Figure S7A and S7B). Recent 

studies had shown that slow Ca2+-dependent inactivation 
involves a concerted action of SARAF and STIM1 [63, 
64] but whether Orai1 is directly involved in the process 
remains unknown. While it is possible that P245L Orai1 
is less sensitive to slow Ca2+-dependent inactivation, 
another plausible scenario is that during slow inactiva-
tion, STIM1 activation of Orai1 P245L is gradually lost. 
This process leaves a “STIM1-free” but partially active 
Orai1 P245L that contributes to the measured current 
and therefore to an apparent reduction of the slow inac-
tivation process. Two other mutants, G98S and L138F, 
which have also been associated with tubular aggregate 
myopathy and congenital miosis syndromes [65], share 
the defect that we identified in P245L of constitutive 
channel opening [43, 53, 65]. Although the constitutive 
conductance of Orai1 P245L may be less pronounced in 
heterozygous patients than in heterologous overexpres-
sion experiments due to formation of mutant and WT 
heteromultimers, based on results presented here and on 
previous findings, we propose that STIM1-independent 
constitutive channel activation of Orai1 channels is like-
ly the common factor that underlies the disease state.

A molecular mechanism for CRAC channel gating
The results presented here, together with those from 

previous studies, provide evidence for a dual trigger 

Figure 7 Hypothetical model for CRAC channel gating. Cartoon illustration of the closed (left) and open (right) states of Orai1 
(transmembrane helices are represented by blue cylinders and the NBD and CBD extensions by grey cylinders) following 
interaction with CAD (red). (Left) The closed conformation of Orai1 channel. The TM4 bend restricts movement of TM2 and 3 
and locks TM1 in place with the side chain of V102 projecting towards the pore to prevent ion permeation. (Right) The open 
state of Orai1 is induced by binding of CAD to the NBD and CBD of Orai1. CAD-binding pulls the CBD to induce a conforma-
tional change in the C-terminal region of Orai1 that modulates TM4. The straightening of TM4 is propagated through TM2-
TM3 to induce rearrangement of a region of the pore-lining TM1 helix which includes repositioning of the hydrophobic side 
chain of valine 102 away from the pore thereby allowing ion permeation.
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model of Orai1 channel opening. In this model (Figure 
7), STIM1 binds to, and induces local conformational 
changes in, both the N-terminal region and C-terminal 
region of Orai1. Recent studies identified determinants in 
the N-terminal region of Orai1 that communicate STIM1 
binding to the NBD “up” into TM1, which lines the pore 
and contains the channel gate. We have identified deter-
minants in the Orai1 C-terminal region that communicate 
STIM1 binding to the CBD “up” through the TM4-CBD 
linker and into TM4 to modulate TM4 at its proline bend 
(P245) and thereby activate the channel. The similar 
transmembrane position of the P245 proline bend in TM4 
and gating residues in TM1, as well as coupling residues 
in TM2 and TM3 (Supplementary information, Figure 
S9), suggests that channel activation involves a synchro-
nized helical rearrangement that is coordinated by the 
simultaneous allosteric effects of STIM1 binding at the 
two termini of Orai1.

Materials and Methods

Cell culture and transfection
HEK293 cells were cultured in DMEM as previously described 

[64]. Plasmid transfection of cells was performed using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer protocol. 
For electrophysiological experiments, 6-8 h after plasmid transfec-
tion and 12-15 h before start time of experiments, cells were plated 
onto 18-mm cover glass coated with L-polylysine. For Ca2+ imag-
ing, NFAT translocation, co-localization and FRET experiments, 
cells were plated onto 18-mm cover glass coated with L-polylysine 
and 6-8 h after plasmid transfection culture, media was replaced to 
wash the transfection reagent. To avoid constitutive calcium rise in 
cells expressing all forms of SS-Orai1, Orai1-SS, CAD or V102A 
mutants, cells were cultured in high glucose, Ca2+-free DMEM 
supplemented with 50 µM La3+.

For knock-down of endogenous STIM1 proteins, cells were 
transfected ~72 h before the experiment with small interfering 
RNAs (siRNAs) and then re-transfected ~24 h before the exper-
iment with the indicate plasmid. The siRNAs used in this work 
were purchased from Sigma-Aldrich (MISSION Predesigned siR-
NA). The MISSION siRNA Universal Negative Control #1 were 
used as control siRNAs and sequences for STIM1 and STIM2 siR-
NAs were:

STIM1 siRNA:
SASI_Hs01_00107804: 5′-GAGATTGTGTCTCCCTTGT-3′
SASI_Hs01_00107805: 5′-CTCACTTCATCATGACTGA-3′
STIM2 siRNA:
SASI_Hs02_00354130: 5′-CTTCATTTATGATCTCCCA-3′
SASI_Hs02_00354131: 5′-GATCTGTGGCTTTCAGATA-3′.

Electrophysiological recordings
Membrane currents were recorded under voltage-clamp con-

ditions using whole-cell patch-clamp configuration on an Axo-
patch 200B amplifier (Axon Instruments). Patch pipettes were 
fabricated from borosilicate glass capillaries (4-8 MΩ). Signals 
were acquired at 100 KHz and filtered using a 2 kHz low-pass 

Bessel filter. Data acquisition and analysis were performed using 
pCLAMP 10 software (Axon Instruments). Two voltage protocols 
were employed; the first consisted of a 100-ms ramp from −100 
to +100 mV and the second consisted of 250 ms step to –120 mV 
followed by a 100-ms ramp from −100 to +100 mV delivered 
every 1 or 4 s from a holding potential of 0 mV. Current densities 
were calculated by normalizing currents measured at −90 mV to 
cell capacitance. Internal solution contained 150 mM Cs aspartate, 
8 mM MgCl2, 10 mM HEPES and 8 mM BAPTA. To measure 
fast Ca2+-dependent inactivation 8 mM BAPTA was replaced with 
1.2 mM EGTA. CsOH was used for adjustment of pH (pH=7.2). 
External Ringer’s solution contains 145 mM NaCl, 2.8 mM KCl, 
10 mM HEPES and 10 mM glucose (pH 7.4 with NaOH). CaCl2 
(10 mM) or 10 mM MgCl2 was added to the external solution 
for high-Ca2+ or Ca-free solution, respectively. The Divalent-free 
(DVF) solution contained: 150 mM NaCl (DVF-Na) or 150 mM 
CsCl (DVF-Cs), 10 mM HEDTA, 1 mM EDTA and 10 mM Hepes 
(pH 7.4). STIM1 activation was induced by passive store depletion 
and currents measured from cells co-expressing STIM1 and Orai1 
normally reached maximum within 2-3 min from cell break-in. 
Whole-cell recordings in cells co-expressing STIM1 with mutant 
Orai1 channels were hence performed for a period of 4-10 min to 
ensure sufficient time for STIM-Orai1 activation. All data were 
leak corrected using the current elicited in high Ca2+ Ringer’s solu-
tion supplemented with 10-100 µM La3+ or in Ca2+-free Ringer’s 
solution, as appropriate.

Measurements of intracellular calcium levels
Transfected cells grown on glass coverslips were incubated 

for 30 min with 5 µm Fura-2 AM (Molecular probes, Life Tech-
nologies) in standard Ringer’s solution (140 mM NaCl, 10 mM 
HEPES, 10 mM glucose, 0.8 mM MgCl, 2.8mM KCl and 2 mM 
CaCl2, at pH 7.4) and allowed to equilibrate for additional 5-10 
min without dye. Following dye loading coverslips were mounted 
in a chamber and emission (510-nm long pass) images were col-
lected during alternate excitation at 350 ± 5 and 380 ± 5 nm using 
a filter wheel (Lambda-10, Sutter Instruments). The imaging sys-
tem consisted of a Nikon Diaphot inverted microscope equipped 
with a 20× objective, and CCD camera (SenSys, Photometrics). 
Axon Imaging Workbench 4.0 (Axon Instruments) controlled both 
filters and collection of data.

Co-localization analysis
Cells co-expressing mCherry-Orai1 or various mCherry Orai1 

mutants together with EYFP-S1C or EGFP-S1C (hSTIM1 frag-
ment corresponding to residues 343-465) were plated and cultured 
as described above. Mid-planes sections of transfected cells were 
captured using LSM 780 confocal microscope (Zeiss) controlled 
by Zen imaging software (Zeiss). EGFP or EYFP were excited 
at 488 nm and emission collected from 493 to 524 (for EGFP) or 
from 493 to 540 nm (for EYFP), and mCherry was excited at 561 
nm and emission collected from 583 to 685 nm. The parameters 
used for image acquisition were kept constant across individual 
sets of experiments and analysis was restricted to cells with similar 
EYFP and mChery fluorescence to ensure similar ratios of S1C/
Orai1 expression. Line-scans of regions spanning the PM and cy-
tosol were analyzed from individual images using Image-J. Each 
line had a total scan width of 36 pixels corresponding to a length 
of 5 µm. Fluorescent intensity along each individual scan was 
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normalized to peak value. Finally, normalized line-scans of both 
mCherry-Orai1 and EYFP-S1C from individual cells were aligned 
according to the peak maximum of mCherry-Orai1 to produce cel-
lular intensity plots.

Acceptor photobleaching FRET
Cells co-expressing mCherry-Orai1 or various mCherry Orai1 

mutants together with EGFP-S1C (hSTIM1 fragment correspond-
ing to residues 343-465) were plated and cultured as described 
above. Cells were fixed in 4% fresh paraformaldehyde for 30 min 
and washed three times for 10 min with PBS. Cells were subse-
quently imaged in PBS on a LSM 780 confocal microscope (Zeiss). 
The donor (EGFP) was excited at 488 nm and emission collected 
from 493 to 524 nm, and the acceptor (mCherry) was excited at 
561 nm and emission collected from 583 to 685 nm. EGFP-S1C 
donor fluorescence was imaged before and after bleaching a region 
of interest of mCherry-Orai1. Following bleaching, mCherry-Orai1 
fluorescence was decreased to < 10% of its initial intensity. FRET 
energy transfer (FRETefficiency) was calculated as % (FRETefficiency) = 
100 × (Dpost − Dpre)/Dpost, where Dpre and Dpost are the donor (EGFP) 
intensities before and after acceptor (mcherry) bleaching, respec-
tively.

NFAT translocation assay
Cells co-expressing the indicated Orai1 constructs together with 

NFAT-EGFP or NFAT-mCherry were plated and cultured as de-
scribed above. At the start of each experiment, cells were washed 
twice with Ringer’s solution containing 2 mM Ca2+ and kept in the 
same solution for 45 min after which mid-planes sections of trans-
fected cells were acquired using LSM 780 confocal microscope 
(Zeiss). Images were analyzed using Image-J to determine cytoso-
lic or nuclear localization of NFAT-GFP in individual cells.

Generation of plasmids
The STIM1-GFP construct was previously described [64] and 

S1C cDNA was PCR amplified from this construct and inserted 
into p3XFLAG 7.1 in frame with an existing cDNA coding for 
mCherry to create mCherry-S1C. EYFP-S1C and EGFP-S1C 
were created by insertion of S1C fragment from mCherry-S1C 
into EGFP-C1 or EYFP-C1 using BsrGI-BamHI sites. The 
mCherry-hOrai1 construct was obtained from Professor Shmuel 
Muallem’s lab at the National Institutes of Health (NIH, USA). 
CC-terminal deletion mutants of mCherry-Orai1 were created 
by insertion of one or more consecutive stop codons at sites cor-
responding to positions 285, 281, 277, 276 and 273 in hOrai1. 
The mCherry-Orai1 construct was also used as template to create 
mCherry-S-Orai1 and mCerry-SS-Orai1. The first S1C (S module) 
cDNA was made by a standard PCR amplification after which 
it was used as a mega primer inserted into mCherry-Orai1 by a 
PCR-based and restriction-free cloning procedure [66] to create 
mCherry-S-Orai1. A second S1C cDNA was subsequently inserted 
in frame into mCherry-S-Orai1 using a NotI site. C-terminal de-
letion mutations of mCherry-SS-Orai1 were created by insertion 
of one or more consecutive stop codons at sites corresponding to 
positions 285, 281, 277, 276 and 273 in hOrai1. The Orai1-SS-
EGFP construct was obtained from Professor Tao Xu’s lab at the 
Chinese Academy of Sciences (Beijing, China). N-terminal de-
letion mutants of this construct were created in a two-step proce-
dure. An NheI site and a ATG start codon were inserted to Orai1-

SS at sites corresponding to positions 70, 74, 75, 76, 77, 79 and 81 
of hOrai1 by long-range PCR and followed by NheI digestion to 
remove NheI flanking regions. The ∆273-301 Orai1-SS C-terminal 
deletion mutant was created by insertion of KpnI sites flanking re-
gions corresponding to positions 273 and 301 of hOrai1 followed 
by KpnI digestion to remove the 273-301 corresponding region. 
Orai1-CFP plasmid was obtained from Professor Murali Prakriya’s 
lab at Northwestern University (Chicago, USA). The Orai1-EGFP 
construct was created by replacing ECFP with EGFP. N-terminal 
deletion mutants were created using similar strategy as described 
for Orai1-SS. NFAT-EGFP was purchased from Addgene (origi-
nally provided by Dr A. Rao) and mCherry-NFAT was created by 
replacing EGFP with mCherry. All point mutations were created 
by standard long-range PCR reaction and all plasmids were sent 
to the DNA Sequencing Facility at UC Berkeley for verification of 
the modified plasmid regions.

Statistical analysis
Statistical significance of data was calculated using one-way 

ANOVA with bonferroni correction (Kaleidagraph, Synergy Soft-
ware) when comparing three or more data-set groups and unpaired 
two-tailed Student’s t-test when comparing two data-set groups 
(Microsoft excel 2010).

Quantitation of expression levels for Orai1 constructs
For quantitation of relative expression of Orai1 constructs, 

we relied on fluorescence emitted by tagged fluorescent proteins 
EGFP or mCherry as a quantitative reporter of cDNA expression 
[60]. Images of cells expressing the indicated Orai1 constructs 
were collected with identical confocal settings. Images from 
untransfected cells (control) were used to asses background fluo-
rescence values subsequently used to establish threshold. All fluo-
rescent pixels with more than five times the threshold value were 
recorded and normalized to the pixel area in the analyzed field.
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