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Abstract

Background—STIM/ORAI-mediated store-operated Ca2+ entry (SOCE) mediates a myriad of 

Ca2+-dependent cellular activities in mammals. Genetic defects in STIM1/ORAI1 lead to 

devastating severe combined immunodeficiency; whereas gain-of-function mutations in STIM1/

ORAI1 are intimately associated with tubular aggregate myopathy. At molecular level, a decrease 

in the Ca2+ concentrations within the lumen of endoplasmic reticulum (ER) initiates 

multimerization of the STIM1 luminal domain to switch on the STIM1 cytoplasmic domain to 

engage and gate ORAI channels, thereby leading to the ultimate Ca2+ influx from the extracellular 

space into the cytosol. Despite tremendous progress made in dissecting functional STIM1-ORAI1 

coupling, the activation mechanism of SOCE remains to be fully characterized.

Objective and Methods—Building upon a robust fluorescence resonance energy transfer assay 

designed to monitor STIM1 intramolecular autoinhibition, we aimed to systematically dissect the 

molecular determinants required for the activation and oligomerization of STIM1.

Results—Here we showed that truncation of the STIM1 luminal domain predisposes STIM1 to 

adopt a more active conformation. Replacement of the single transmembrane (TM) domain of 
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STIM1 by a more rigid dimerized TM domain of glycophorin A abolished STIM1 activation. But 

this adverse effect could be partially reversed by disrupting the TM dimerization interface. 

Moreover, our study revealed regions that are important for the optimal assembly of 

heterooligomers composed of full-length STIM1 with its minimal STIM1-ORAI activating region, 

SOAR.

Conclusions—Our study clarifies the roles of major STIM1 functional domains in maintaining a 

quiescent configuration of STIM1 to prevent preactivation of SOCE.
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Introduction

Store-operated Ca2+ entry (SOCE) constitutes one of the most important routes of Ca2+ flux 

from the extracellular space into the cytosol. Ca2+ release-activated Ca2+ (CRAC) channel 

composed of STIM1 and ORAI1 is a prototypical example of SOCE, in which the Ca2+ 

store depletion in the endoplasmic reticulum (ER) elicits a cascade of conformational 

changes within STIM1 that culminates in the engaging and opening of ORAI channels to 

conduct Ca2+ permeation across the plasma membrane [1-8]. SOCE is known to be present 

in most cell types including non-excitable cells (e.g., endothelial cells and cells of the 

immune system) and excitable cells such as skeletal muscle and neurons [1, 2, 9-12]. Recent 

studies on naturally occurring loss- or gain-of-function mutations in either ORAI1 or STIM1 

have highlighted the crucial roles of STIM1-ORAI1 signaling in mediating a number of 

physiological functions, including, but not limited to immune response and muscle function 

[2, 10, 13-18]. The loss-of-function mutations in ORAI1 (e.g., R91W, and A103E/L194P) 

and STIM1 (e.g., R429C and P165Q) impair or abolish CRAC channel function to cause 

CRAC channelopathy, as clinically characterized by severe combined immunodeficiency 

(SCID), autoimmunity, muscular hypotonia, and ectodermal dysplasia [14-16, 18, 19]. By 

contrast, the gain-of-function somatic mutations in ORAI1 (e.g., G98S, L138F and P245L) 

or STIM1 (e.g., R304W) result in constitutive or augmented activation of CRAC channels 

[18, 20-22]. Patients with such gain-of-function mutations show nonsyndromic tubular 

aggregate myopathy (TAM) and Stormorken syndromes [18, 20-22]. The myopathy caused 

by either loss- or gain of-function mutations in ORAI1 and STIM1 highlights the importance 

of Ca2+ homeostasis maintained by CRAC channels in skeletal muscle function [18, 19, 21]. 

The cellular dysfunction and clinical diseases caused by mutations in ORAI1 and STIM1 

provide critical information regarding the role of CRAC channels in human physiology and 

disease. A thorough understanding of CRAC channel activation and regulatory mechanisms 

will likely provide further insights into the development of novel therapeutic strategies to 

treat human diseases associated with aberrant CRAC channel function.

The molecular basis of functional STIM1-ORAI1 coupling has been studied in great detail 

over the past decade through collective efforts from multiple groups [1-3, 23-25]. STIM1 is 

a type I single-pass transmembrane protein that acts as an ER-resident Ca2+ sensor and is 

generally regarded to exist as a dimer at rest. The luminal EF-SAM (EF, EF-hand; SAM, 
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sterile alpha motif) domain binds Ca2+ with a dissociation constant of approximately 200 

μM in vitro [26, 27], a level that is comparable to the magnitude of free Ca2+ concentration 

in ER lumen [28, 29]. Following extracellular stimulation or pharmacological perturbations 

that lead to the depletion of ER Ca2+ store depletion, Ca2+ dissociates from the STIM1 

luminal EF-hand to trigger conformational changes in the EF-hands and the SAM domain, 

thus destabilizing the luminal EF-SAM domain to drive its dimerization/oligomerization 

[26, 28]. This substantial structural changes bring about the close apposition of the two ends 

of the STIM1 transmembrane domain (TM), probably via the rearrangement of the inter-

helical angle or spacing of the adjacent TM segments of STIM1 dimers [30], to transmit 

luminal signals toward the cytoplasmic domain of STIM1 (STIM1ct). Close apposition of a 

dimeric STIM1ct at the N-termini disrupts the intramolecular autoinhibition mediated by 

putative coiled-coil interplays [31, 32] between the juxtamembrane coiled coil 1 (CC1) 

region and a minimal STIM1-ORAI activating region known as SOAR (aa 344-442) or CAD 

(aa 342-448) [33, 34]. To aid the visualization of the intramolecular trapping of STIM1, we 

have recently developed a real-time fluorescence assay to monitor the CC1-SOAR 

interaction and map the CC1-SOAR contact interface (L258-L261/V416-V419) in 

physiologically-relevant conditions [30]. Once the inhibitory clamp of CC1-SOAR is 

disrupted, STIM1ct switches from a ‘folded-back’ conformation to a more extended 

conformation to fully expose SOAR/CAD to gate ORAI1 Ca2+ channels [30, 31, 35]. 

Physical interactions of SOAR/CAD with both termini of ORAI1 lead to the rearrangement 

of the ORAI pore and selectively permit extracellular Ca2+ flux into the cytosol [1-3, 23, 

36-40]. Despite all the progress in the mechanistic dissection of SOCE activation, two 

outstanding questions remain unclarified: how does each functional domain contribute to the 

initial activation of a dimeric STIM1? What are the molecular determinants driving the 

intermolecular oligomerization of STIM1 following its initial activation?

In the current study, building upon a Ca2+ influx assay together with a FRET or 

colocalization assay designed to monitor STIM1 intramolecular interaction mediated by 

CC1 and SOAR/CAD, we dissected the role of STIM1 luminal and TM domains in signal 

transduction across the ER membrane. In parallel, by mixing full-length STIM1 with a series 

of truncated STIM1ct fragments, we scrutinized the molecular determinants that regulate the 

inter-molecular interaction of STIM1. Our findings yield further insights into the molecular 

mechanism driving STIM1 activation during SOCE.

Results

STIM1 Luminal Domain is Required to Keep the Cytoplasmic Domain of STIM1 Inactive at 
Rest

At rest, the isolated STIM1 luminal EF-SAM domain exists as a Ca2+-bound monomer; 

meanwhile, the cytoplasmic domain of STIM1 (STIM1ct) adopts an inactive folded-back 

configuration through autoinhibitory interactions between its CC1 and SOAR/CAD (Fig. 

1A-B) [1, 30, 32]. To test if the luminal domain is required to keep STIM1 quiescent at rest 

(without store depletion), we generated a construct devoid of the EF-SAM domain 

(STIM1209-685; ΔN in Fig. 1B). Transient expression of this truncated construct in HEK293 

cells stably expressing ORAI1 (thereafter designated as “HEK293-ORAI1”) induced robust 
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constitutively Ca2+ influx, with the maximal signals reaching nearly half of Ca2+ responses 

detected in HEK293-ORAI1 cells expressing SOAR/CAD (red and blue; Fig. 1C-D). As a 

negative control, the heterologous expression of the full-length STIM1 (aa 1-685) in 

HEK293-ORAI1 cells did not elicit significant constitutive Ca2+ influx and failed to respond 

to the changes of Ca2+ concentrations in the external medium (black; Fig. 1C-D). Consistent 

with the Ca2+ influx results, GFP-STIM1209-685 expressed in HeLa cells was preactivated, as 

reflected by spontaneous puncta formation and colocalization with ORAI1 without store 

depletion (Fig. 1E). Further truncation of the transmembrane domain (TM) resulted in a 

cytosolic protein, STIM1233-685 (STIM1ct), which exhibited marginal constitutive Ca2+ 

influx (green; Fig. 1C-D). These results clearly demonstrated that the luminal region of 

STIM1 works in connection with its TM domain to keep STIM1 inactive at rest.

To evaluate how STIM1 luminal domain affects the conformation of its cytoplasmic domain, 

we resorted to a FRET assay recently developed by us to visualize the autoinhibitory CC1-

SOAR interactions at real-time (Fig. 1F) [30]. Under resting conditions without store 

depletion, strong FRET signals were detected in HEK293 cells coexpressing YFP-SOAR 

with STIM11-310 or STIM11-342 (Fig. 1G-H). Confocal imaging further revealed that 

mCherry-CAD displayed an ER-like distribution pattern in HeLa cells and colocalized with 

ER-resident STIM11-310 or STIM11-342 (Fig. 1I). Following rapid store depletion induced by 

ionomycin, we observed a substantial decrease in the FRET signals between YPF-SOAR 

and STIM11-310 or STIM11-342. These findings imply that SOAR/CAD is tightly docked to 

the cytoplasmic side of ER via its interaction with CC1 when the Ca2+ store is full. By 

contrast, the deletion of luminal domain (aa 1-208) within the corresponding STIM1 

proteins abolished the docking of mCherry-CAD toward ER membrane (Fig. 1J). The 

majority of mCherry-CAD were either dispersed into the cytosol or translocated to the 

plasma membrane, presumably by binding to endogenous ORAI proteins. As a result, the 

resting FRET signals in those cells remained extremely low and showed no response to store 

depletion (blue and purple; Fig. 1G-H). Collectively, results from both imaging and Ca2+ 

influx assays were converged to suggest that the deletion of the luminal domain disrupts the 

resting CC1-SOAR autoinhibitory interactions to cause STIM1 activation.

Structural Flexibility of the Transmembrane Domain of STIM1 is Required for Efficient 
Lumen-to-Cytosol Signal Transmission

The full-length STIM1 remains largely inactive without store depletion and the removal of 

its luminal domain efficiently overcame auto-inhibition to activate STIM1 (Fig. 1). The 

deletion of both the luminal and TM domains, nonetheless, makes STIM1 returning to a less 

activated state [31, 34]. Thus, in the absence of conformational restraints imposed by the 

luminal domain, the TM domain itself seems to be able to trap STIM1ct in a more activated 

conformational state. We, therefore, reasoned that some structural flexibility of two adjacent 

TM helices within a STIM1 homodimer might be needed to switch on STIM1. To test this 

idea, we generated a chimeric STIM1 by replacing the STIM1-TM (aa 214-230) with a 

model transmembrane segment (aa 73-94) derived from glycophorin A (GpA). GpA is a 

primary sialoglycoprotein of human erythrocyte membranes which forms a noncovalent 

dimer via sequence-specific (79GXXXGXXG86) interactions between two TM helices (Fig. 

2A) [41-45]. The stability of the dimeric GpA-TM can be disrupted by introducing 
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mutations in the helix–helix contact interface (e.g., G83I) [41-43, 46]. We found that both 

the chimeric GpA-STIM1s and their mutant GpAG83I-STIM1, similar to wild-type STIM1, 

displayed typical ER-like tubular distribution patterns in the HeLa cells (Fig. 2C-D), 

confirming that the introduction of GpA-TM into STIM1 did not alter its subcellular 

localization. Ca2+ imaging results in HEK293-ORAI1 cells expressing GpA-STIM1 or 

GpAG83I-STIM1 which further showed that the replacement of TM did not spontaneously 

activate the chimeric STIM1 or alter Ca2+ release from ER store (the first peak; Fig. 2B). 

Notably, upon store depletion, the cells expressing GpA-STIM1 failed to produce the second 

Ca2+ response peak (representative of SOCE) in a typical “Ca2+ add-back” experiment 

(blue; Fig. 2B), suggesting that GpA-TM abolished the activation of chimeric STIM1. 

Interestingly, the dimer-disruptive chimera GpAG83I-STIM1 partly (∼ 30%, compared to 

WT STIM1) recovered the second phase of Ca2+ influx (red; Fig. 2B). Confocal imaging 

results also showed that GFP-GpA-STIM1 failed to form puncta or colocalize with 

mCherry-ORAI after store depletion (Fig. 2E). GFP-GpAG83I-STIM1, on the other hand, 

readily formed puncta to colocalize with mCherry-ORAI1 following TG-induced store 

depletion (Fig. 2F). GpA-TM has been thoroughly characterized as a dimer even in aqueous 

detergent micelles or in the presence of SDS, which suggests that the GpA-TM dimer is very 

stable and rigid [42, 43]. We speculate that the Ca2+ depletion-induced conformational 

changes in the EF-SAM domain might not be sufficient to trigger the repacking of GpA-TM 

helices and thus fail to transmit ER luminal signal to the cytosol. By contrast, the G83I 

mutation disrupts the tight helix-helix packing to enable a more flexible rearrangement of 

the contact interface, thereby enabling at least partial signal transduction across the ER 

membrane.

Overexpressed SOAR/CAD Forms Heteromer with STIM1 and Inhibits STIM1 Activation

Our prior study showed that SOAR/CAD is capable of forming a stable heteromeric 

complex with STIM11-442, regardless of the Ca2+ filling status in the ER [30]. Here we 

further confirmed the interactions of YFP-SOAR/mCherry-CAD with two more STIM1-CFP 

variants (aa 1-448, 1-491; Fig. S1), as well as the full-length STIM1 (aa 1-685). As shown in 

Fig. 3A-C, the cells co-expressing mCherry-CAD and STIM1-YFP showed clear 

colocalization nearby the ER network. After TG-induced store depletion, both STIM1 

fragments and SOAR retained their ER-like distribution. The same scenario was visualized 

between YFP-SOAR and other STIM1 variants (Fig. S1). Clearly, SOAR/CAD tightly docks 

to STIM1 or its truncated variants independent of store depletion, suggesting the formation 

of very stable heteromeric complexes between SOAR/CAD and ER-resident STIM1 

variants.

We then examined how the formation of such heteromeric complex impinged on Ca2+ influx 

and STIM1 activation (Fig. 3A-E). SOAR/CAD is well known to cause constitutive 

activation of endogenous ORAI channels when expressed alone in HEK293, HeLa or T cells 

[33, 34]. Counterintuitively, when overexpressing STIM1 with an equal amount CAD in 

HEK293 cells using the 2A self-cleaving peptide-based multicistronic vector [47], mCherry-

CAD surprisingly suppressed ionomycin-induced SOCE (Fig. 3D), indicating that STIM1's 

ability to activate ORAI channel is compromised by CAD. To further examine how 

SOAR/CAD affects STIM1 oligomerization, we employed a FRET assay by fusing donor 
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(CFP) or acceptor (YFP) fluorophores in the C-terminus of STIM1 to examine whether 

mCherry-CAD overexpression disturbed STIM1-STIM1 homomerization at the cytoplasmic 

domain. Following store depletion, the FRET signals of both the STIM1-CFP/STIM1-YFP 

pairs increased by ∼50% due to the formation of STIM1 oligomers. Overexpression of 

mCherry-CAD greatly diminished the ionomycininduced increases in FRET signals between 

C-terminally tagged STIM1-YFP and STIM1-CFP (Fig. 3E). This finding indicates that, 

after store depletion, the cytosolic oligomerization of STIM1 is significantly impaired by 

mCherry-CAD.

To further determine which regions might perturb the formation of STIM1-SOAR 

heteromers, we coexpressed STIM1-YFP or STIM11-442-YFP with mCherry-tagged 

STIM1ct (aa 233-685) or its truncated variants (aa 233-448 or 343-685) in HeLa cells, and 

examined YFP/mCherry colocalization by confocal microscopy (Fig. 3F&G). Unlike SOAR 

or CAD that was predominantly docked toward the ER in HeLa cells expressing 

STIM11-442-YFP (Figs. 3F and S1), only about half of the expressed STIM1343-685 was 

associated with STIM11-442, with the rest distributed in the cytosol or adjacent to plasma 

membrane via interaction with endogenous ORAI (Fig. 3F). We explained that C-terminal 

regions (aa 443-685) downstream from SOAR/CAD (aa 344-442) might partially cover 

critical residues required to mediate the STIM1-CAD heteromerization. Indeed, the 

inclusion of C-terminal regions in both molecules (STIM11-685 + STIM1343-685) completely 

abolished the heteromeric interaction (Fig. 3F). Similarly, we further found that full-length 

STIM1 failed to interact with STIM1233-442 or STIM1233-685, both of which contains the 

CC1 region upstream of the SOAR/CAD domain (Fig. 3G). Taken together, regions adjacent 

to CAD (STIM1233-343 and STIM1448-685) may introduce steric hindrance to interfere with 

the heteromeric interaction between STIM1 and SOAR/CAD.

Discussion

It has been generally accepted that STIM1 exists as dimer and adopts an inactive 

conformation when the ER Ca2+ store is full [1-3, 23, 36]. Truncation of the luminal domain 

of STIM1 (STIM1209-685), as shown by this study and an earlier study [48], leads to 

constitutive Ca2+ influx and spontaneous puncta formation. The present study provides 

further evidence to support the notion that STIM1 without its luminal domain adopts an 

activated conformation by overcoming its intramolecular autoinhibition (Fig. 1). On the 

contrary, with further truncation of TM domain in STIM1209-685 (STIM1233-685 or 

STIM1ct), the resultant cytosolic protein becomes largely inactive. Therefore, at least two 

“brakes” are in place to lock resting STIM1 in an inactive configuration: one is the luminal 

EF-SAM domain that not only senses ER luminal Ca2+ change [26, 28, 29] but also may 

impose conformational constraints on the downstream TM domain; and the other is an 

intramolecular clamp mediated by CC1-SOAR interactions in the cytoplasm [1, 30, 32].

The removal of luminal domain might render more structural flexibility of STIM1-TM to 

cause the rearrangement of transmembrane segments, thereby perturbing the 

juxtapositioning of two adjacent TM helices within one STIM1 homodimer. A tight and 

rigid packing of TM helices, even in a dimeric form (e.g., GpA-TM), abolishes the signal 

transmission from ER lumen toward the cytosol (Fig. 2). Our findings strongly suggest that 
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the flexible positioning, rather than the oligomeric status of TM helices, plays a more 

important role in regulating STIM1-mediated signal transduction across the ER membrane. 

This view is further corroborated by results from our previous mutagenesis studies on 

STIM1-TM, in which STIM1-TM underwent a local conformational change rather than a 

“monomer-to-dimer” transition after store depletion [30]. Specifically, we identified two 

“gain-of-function” mutations (I220W and C227W) in STIM1-TM that exhibit local 

structural rearrangements (interhelical angle changes) to prompt conformational changes in 

the cytosolic CC1 region and ultimately abolish the autoinhibitory CC1-SOAR interaction 

[30]. Collectively, results from studies on both the “gain-of-function” mutants (I220W and 

C227W) [30] and the “loss-of-function” GpA-STIM1 chimera (Fig. 2) reinforce the 

conclusion that STIM1-TM plays an indispensable role in transmitting signals, rather than 

simply connecting the luminal domain with the cytoplasmic domain.

Following the initial activation of STIM1, molecular determinants driving further 

oligomerization of STIM1 remain unclarified. The most popular model argues that STIM1 

oligomers may form through interdimeric interactions among STIM1 homodimers, with the 

exposed SOAR/CAD domain acting as a “crosslinker” [1]. This view is supported by 

indirect evidence garnered from FRET assays and changes in STIM1 diffusion rate after 

store depletion [49, 50]. In the current study, we found that overexpression of mCherry-CAD 

was capable of forming a stable heteromeric complex with full-length STIM1 even before 

store depletion. Most notably, overexpressed mCherry-CAD can perturb the FRET signals 

between the STIM1-CFP and STIM1-YFP homodimer (Fig. 3E), strongly supporting the 

capability of CAD to mediate intermolecular interactions in the cytosolic region (Fig. 3). 

Since both the upstream domain (CC1) and the downstream domain (443-685) of 

SOAR/CAD inhibit the heteromeric interaction between STIM1 and SOAR/CAD, we 

explained that SOAR/CAD has to be exposed in order to mediate intermolecular 

associations among STIM1 homodimers.

Conclusion

To conclude, we have shown that the luminal domain of STIM1 acts as a “brake” to prevent 

the activation of STIM1 and that the transmembrane domain plays a crucial role in STIM1-

mediated inside-out signaling. Furthermore, SOAR/CAD domain, once exposed following 

the store depletion, can mediate further oligomerization of STIM1 to drive the full activation 

of STIM1. These findings not only afford novel insights into the SOCE activation 

mechanism, but also provide guidance for future optimization of STIM1-based optogenetic 

tools to control Ca2+ signaling [51-54]. Two outstanding questions remain to be addressed in 

the future: what is the exact STIM1:ORAI1 stoichiometry at ER-PM junctional sites? How 

does STIM1 binding to ORAI1 lead to the permeation of Ca2+ ions through the ORAI1 

channel at the plasma membrane?

Methods

Constructs

Full-length cDNA of human STIM1 was subcloned into the pCMV6-XL5 vector (Origene) 

[55] with the insertion of EYFP between two additional NarI sites introduced immediately 
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after residue N39. To generate full length STIM1-CFP/YFP and truncated STIM1-CFP/YFP 

variants, human STIM1 and its fragments were amplified by standard PCR and inserted into 

pECFP/YFP-N1 between XhoI and BamHI restriction sties. YFP/mcherry-STIM1 variants 

were made by inserting the corresponding STIM1 fragments into pEYFP-C1 or pmCherry-

C1 between the XhoI and EcoRI sites. To generate the STIM1-GpA chimera, the 

transmembrane domain of STIM1 was substituted by GpA-TM domain in pCMV6-XL5-

YFP-STIM1. The mutant construct G83I was subsequently made by using the QuikChange 

Lightning site-directed mutagenesis kit (Agilent). mCherry-CAD [34] and YFP-SOAR [33] 

were generated as previously described. To generate multicistronic vector STIM1-YFP-

T2A-mCherry-CAD, multiple DNA fragments STIM1-YFP, T2A, mCherry-CAD and vector 

were amplified by standard PCR and then assembled by NEBuilder HiFi DNA Assembly 

Master Mix.

Real-time Intracellular Ca2+ Measurements

Intracellular Ca2+ levels were measured with Fura-2 AM by following our previous 

procedures [39, 40, 56, 57]. In brief, HEK293-ORAI1-CFP or STIM1-CFP stable cells 

cultured on cover slips were kept in a dye loading solution (107 mM NaCl, 7.2 mM KCl, 1.2 

mM MgCl2, 1 mM CaCl2, 11.5 mM glucose, 20 mM HEPES-NaOH (pH 7.2) with 2 μM 

Fura-2 AM for 30 min. The cells were then kept in Fura-2 AM free solution for another 30 

min. For HEK293-ORAI1 cells transfected with constitutively active STIM1 fragments, a 

dye loading solution containing 300 μM Ca2+ or nominally Ca2+ free solution was used to 

keep the cells healthy. Fura-2 signals were recorded using a ZEISS oberserver-A1 

microscope equipped with a Lambda DG4 light source (Sutter Instruments), Brightline filter 

sets (part number: FURA2-C-000, Semrock Inc.), a 40× oil objective (NA = 1.30), and an 

iXon3 EMCCD camera (Oxford Instruments), and the MetaFluor software (Molecular 

Devices). Emission fluorescence at 505 nm generated by 340 nm excitation light (F340) and 

380 nm light (F380) was collected every two seconds, and intracellular Ca2+ levels are shown 

as F340/F380 ratio. All experiments were carried out at room temperature. Traces shown are 

representative of at least three independent repeats with each including 30–60 single cells.

Confocal Microscopy

HEK293 and HeLa cells purchased from ATCC were used for fluorescence imaging. All the 

cells were grown in Dulbecco's modified Eagle's medium (DMEM, Sigma) supplemented 

with 10 mM HEPES and 10% heat-inactivated fetal bovine serum, unless otherwise noted. 

Transfections were performed using Lipofectamine 3000 (Life Technologies) following the 

manufacturer's instructions. For ER Ca2+ store depletion, the DMEM medium was firstly 

substituted by pre-warmed Ca2+-free Hank's Balanced Salt Solution (HBSS) before imaging. 

1 μM thapsigargin or 2.5 μM ionomycin was used to induce store depletion. Live cell 

imaging was performed at room temperature with 60× oil lens on an inverted Nikon Eclipse 

Ti-E microscope customized with A1R-A1 confocal and motorized total internal reflection 

fluorescence (TIRF) modules by using argon-ion (405 nm and 488 nm) and helium-neon 

(543 nm) or diode (561 nm) as laser sources. Image analysis was performed using the NIS-

Elements software (Nikon) or ImageJ (NIH).
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FRET Measurements

FRET measurements were recorded using a ZEISS oberserver-A1 microscope equipped with 

a Lambda DG4 light source (Sutter Instruments), an Optosplit II Image Splitter (Cairn 

Research Limited), a 40× oil objective (NA = 1.30), and an ANDOR iXon3 EMCCD camera 

(Oxford Instruments), and the MetaFluor software (Molecular Devices). CFP (428.9±5.5Ex/

465±32Em), YFP (502.6±11.2Ex/549±21Em), FRETraw (428.9±5.5Ex/549±21Em) filters were 

used to capture images (FCFP, FYFP and Fraw, respectively) every 10 seconds at room 

temperature. Three-channel corrected FRET was calculated as previously described [56-58). 

FRET signal was calculated using the following formula: FRETc = Fraw-Fd/Dd*FCFP-Fa/

Da*FYFP where FRETc represents the corrected total amount of energy transfer, Fd/Dd 

represents measured bleed-through of CFP into the FRET filter (0.826), and Fa/Da represents 

measured bleed-through of YFP through the FRET filter (0.048). To reduce variations 

caused by differences in expression levels, FRETc values were normalized against donor 

fluorescence (FCFP) to generate N-FRET (normalized FRET) signal. To eliminate 

instrument-dependent factors, apparent FRET efficiency, Eapp, was calculated using the 

following equation: Eapp= N-FRET/(N-FRET+G) [58], where G (4.59) is the system-

dependent factor. It is obtained with partial YFP photo-bleaching method: G = (FRETc-

FRETc
post)/(FCFP

post –FCFP), where FRETc
post and FCFP

post correspond to FRETc and FCFP 

values after partial photo-bleach of YFP [58]. The intensity of the light used to bleach YFP 

was carefully chosen so that it will not bleach CFP at the same time. All fluorescence 

images were collected and briefly processed with MetaFluor software, and then the resulting 

data were further analyzed with Matlab R2012b software and plotted with Prism5 software. 

Representative traces of at least three independent experiments performed on 15-30 cells are 

shown as mean ± s.e.m.

Statistical Analyses

Unless otherwise noted, quantitative data are expressed as the mean and standard deviation 

of the mean (s.e.m.). Statistical significance was determined with two-tailed Student's t-test. 

*P<0.05; **P<0.01; ***P<0.001.
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Fig. 1. STIM1 luminal domain is required to maintain STIM1 in an inactive state at rest
(A). Domain organization of the full-length human STIM1. EF, Ca2+-binding EF-hand 

motif; SAM, sterile alpha motif; TM, transmembrane domain; CC1, putative coiled-coil 1 

region; SOAR/CAD, minimal ORAI-activating domain; ID, inhibitory domain; PS, proline/

serine-rich region; K, polybasic domain.

(B-D) Ca2+ influx in HEK293-ORAI1 stable cells transiently expressing STIM1 or its 

truncated fragments monitored by Fura-2 fluorescence ratio. Constitutive Ca2+ entry was 

assessed by switching the external media between 0 and 2 mM Ca2+. (B) Schematic of 

STIM1 variants used in the assay. ΔN, STIM1209-685; CT, STIM1233-685 and SOAR, 

STIM1343-442. (C) Representative traces of cytosolic Ca2+ response from three independent 

experiments are shown here. Cells were kept in nominally Ca2+ free solution, 2 mM Ca2+ 

were present in the external medium only at times indicated by solid bars. (D) Statistics of 

the mean constitutive Ca2+ influx (n = 3, 20-50 cells each time).

(E) Confocal images (left, middle section; right, footprint layer) of HeLa cells co-expressing 

GFP-STIM1209-685 and mCherry- ORAI1. Scale bar, 5 μm.

(F-H) FRET measurements on HEK293 cells co-expressing YFP-SOAR with each of the 

indicated STIM1-CFP variants. (F) Schematic of the donor-acceptor pair used in the FRET 

assay. YFP-SOAR bound to STIM11-342-CFP (or STIM11-310-CFP), but failed to associate 
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with the variants devoid of the N-terminus (aa 1-209) (G) Representative traces of FRET 

signals during the course of ionomycin (2.5 μM)-induced store depletion. (H) Bar graphs 

showing the statistical results of the resting FRET signals. (I-J) Confocal images of HeLa 

cells co-expressing mCherry-CAD with the indicated STIM1-CFP (I) or STIM1Δn-CFP 

variants (J). Scale bar, 5 μm.

All data were presented as mean ± s.e.m. **P 0.01 and ***P 0.001 (paired Student's t-test).
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Fig. 2. Replacement of STIM1-TM by GpA-TM impairs the lumen-to-cytosol signal transmission
(A) A dimeric TM domain from glycophorin A (GpA; aa 73-94) was used to replace 

STIM1-TM (aa 214-230). Top, sequence alignment of STIM1-TM with GpA-TM; Bottom, 

modeled structures of a dimeric GpA-TM dimer. G83I is a well-known disruptive mutant of 

GpA that destabilizes its dimerization.

(B) Ca2+ response curves in HEK293-ORAI1-CFP stable cells transiently transfected with 

wild-type STIM1, chimeric GpA-STIM1 or the mutant GpAG83I-STIM1 monitored by 

ratiometric Fura-2 fluorescence (F340 nm/F380 nm). Store depletion was induced by 2.5 μM 

ionomycin. Shown were representative traces from three independent experiments (n = 3, 

20∼30 cells per measurement). The solid bar above the curves indicates the presence of 1 

mM Ca2+ in the external medium.

(C-D) Confocal images of the middle planes of HeLa cells co-expressing mCherry-ORAI1 

and GFP-GpA-STIM1 (C) or the mutant GFP-GpAG83I-STIM1 (D). Both GpA-STIM1 and 

its mutant GpAG83I-STIM1 showed good ER distribution at rest. Scale bar, 5 μm.

(E-F) Confocal images of footprints of HeLa cells co-expressing mCherry-ORAI1 and GFP-

GpA-STIM1 (E) or the mutant GFP-GpAG83I-STIM1 (F). 1 μM thapsigargin (TG) was 

added to trigger store depletion. Scale bar, 5 μm.
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Fig. 3. SOAR/CAD forms heterodimer with full length STIM1 to modulate STIM1 activation
(A) A proposed model for the formation of possible CAD/STIM1 heteromeric complexes 

before and after TG-induced store depletion. When CAD is more abundant than STIM1, 

CAD may compete with STIM1 homodimer to form CAD:STIM1 heterodimer, but this may 

prevent the activation of a monomeric STIM1 in the heterodimer due to lack of signal 

transduction (requiring concerted efforts of TMs and CC1s from another copy of STIM1) 

across the ER membrane after store depletion. Therefore, puncta formation and Ca2+ 

response will be counter-intuitively suppressed.

(B-C) Confocal images of the middle planes (B) and footprints (C) of HeLa cells co-

expressing STIM1-YFP and excessive amounts of mCherry-CAD constructs before (upper) 
and after (lower) store depletion induced by 1 μM TG. Scale bar, 5 μm.

(D) Ca2+ responses in HEK293 cells with overexpressed STIM1 alone (blue) or STIM1-

YFP-T2A-mCherry-CAD (red) monitored by Fura-2 fluorescence ratio. The solid bar above 

the curves indicates 1 mM Ca2+ in the external medium.

(E) FRET signals in HEK293 cells co-expressing STIM1-CFP and STIM1-YFP, in the 

presence (red) or absence (blue) of excessive amounts of mCherry-CAD. Store depletion 

was induced by 2.5 μM ionomycin. The FRET signals after store depletion were plotted as 

bar graph. **P 0.01, paired Student's t-test.
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(F) The combinations of possible STIM1 heterodimers tested in the colocalization assay 

(left) and confocal images of HeLa cells co-expressing STIM11-442-YFP or STIM1-YFP 

(middle) with the indicated mCherry-tagged STIM1 fragments (STIM1343-442 

orSTIM1343-685; right). Scale bar, 5 μm.

(G) Constructs used for the colocalization assay (left) and confocal images of HeLa cells co-

expressing STIM1-YFP (middle with the indicated STIM1 fragments: mCherry-

STIM1343-442, mCherry-STIM1233-442, or mCherry-STIM1233-685 (right). Scale bar, 5 μm.
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