
i 
 

DISSECTING THE MECHANISM OF STIM COUPLING TO ORAI 

 

 

A Dissertation 

Submitted to 

The Temple University Graduate Board 

 

 

In Partial Fulfillment 

of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

By 

Xiaoxiang Deng 

January, 2012 

 

 

Examining Committee Members: 

 

Donald L. Gill, Advisor Chair, Biochemistry 

Jonathan Soboloff, Biochemistry 

Kathleen M. Giangiacomo, Biochemistry 

Parkson Lee-Gau Chong, Biochemistry 

Suresh K. Joseph, External Member, Thomas Jefferson University 



ii 
 

ACKNOWLEDGEMENTS 
 

I would like to express my sincere gratitude to my advisor Dr. Donald L. Gill, for all the 

support and help, both academic and personal, for showing me what science truly is, and 

for teaching me everything I know about scientific research methods. You are such a 

wonderful advisor. I feel lucky to have the opportunity to have you as my mentor and 

friend. I also would like to thank Dr. Jonathan Soboloff, who taught me all the important 

experimental techniques and helped me with many of my “silly” questions.  

I would like to thank my advisory committee members, in addition to Dr. Gill and Dr. 

Soboloff, Dr. Kathleen M. Giangiacomo and Dr. Parkson Lee-Gau Chong, for providing 

me with excellent suggestions. I also thank Dr. Suresh K. Joseph for being my external 

thesis reader.  

Next I would like to thank all the present and past members of the Gill laboratory and 

Soboloff laboratory. Without their collaboration, I could never have completed any of 

these research projects.  

I want to express my deepest gratitude to my family members. I want to thank my mother 

for her effort and sacrifice to allow me a good life. I want to thank my father for his love 

and support all these years. I want to thank my grandmother for all her caring and love 

and prayers. I also thank my friends Xiaomao and Heizi for being the best brothers that I 

never really had. I especially thank my wife, the best wife and friend in the world, 

Yanqing for her love.   



iii 
 

ABSTRACT 
 

Store-operated Ca2+ entry (SOCE) triggered by the depletion of endoplasmic reticulum 

(ER) luminal Ca2+ stores is a major Ca2+ entry pathway in non-excitable cells and is 

essential in physiological Ca2+ signaling and homeostasis. STIM proteins are sensors of 

ER luminal Ca2+, which translocate to ER-plasma membrane (PM) junctional regions to 

activate the family of Orai channels mediating Ca2+ entry. This study is focused on 

dissecting the mechanism of STIM interacting with Orai. A powerful modifier of SOCE, 

2-aminoethoxydiphenyl borate (2-APB) is utilized. First, the action of 2-APB on the 

mammalian Orai homologues are characterized using the DT40 STIM knockout cells. 50 

μM 2-APB directly activates Orai3 but not Orai1 or Orai2. Second, while it stimulates the 

STIM2-mediated constitutive Ca2+ entry through Orai, 2-APB also induces the cytosolic 

STIM C-terminus fragments to translocate to the PM and activate Orai1. These data 

reveal 50 μM 2-APB enhances STIM-Orai coupling. Further, this enhanced binding of 

STIM and Orai leads to a comformational change within the STIM-Orai complex, which 

is possibly the underlying mechanism for the 50 μM 2-APB inhibitory effect on SOCE. 

Finally, six residues (344-349) at the N-terminus of the STIM-Orai activation region 

(SOAR) prove to be critical for this inhibitory action. These same six amino acid region 

also constitutes an ancillary Orai binding site within SOAR, in addition to the main 

polybasic region. The deletion of this ancillary site abolishes the ability of SOAR to bind 

to and activate Orai1, but can be compensated for by the STIM-Orai binding enhancing 

effect of 50 μM 2-APB.  
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The majority of STIM1 is located on the ER membrane, while a small proportion of 

STIM1 is on the PM. Using an extracellularly applied STIM1 antibody, the PM STIM1 

can be aggregated to exert an influence on the ER STIM1. Although the PM STIM1 is 

not obligatory for STIM1-mediated Orai activation, it nevertheless may have a functional 

presence in the PM.  

 

Lastly, a regulatory link between voltage-gated Ca2+ channels (Cav channels) and the 

STIM proteins is established. After activation by store depletion, STIM strongly 

suppresses the Cav1.2 channels. There is a biochemical interaction between STIM1 and 

the Cav1.2 pore subunit α1C. This inhibitory effect is independent of Orai1 activation. 

Hence, STIM1 interacts with and reciprocally controls two major Ca2+ channels.  
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CHAPTER 1  

INTRODUCTION 
 

Cellular Ca2+ Signaling 
 

One of the fundamental properties of a biological system is its enclosure by a boundary. 

Cells, for example, have lipid membranes that separate the inside of the cell from the 

outside. In the course of evolution, the appearance of cell membranes provided the 

advantage to establish a relatively stable intracellular environment, where cellular 

metabolism is protected from extracellular disturbance. 

 

In order to respond to environmental changes, cells would have to find a way to relay 

extracellular signals into intracellular space, essentially, to transmit information across 

the lipid membrane barrier. Most biological activities require hydrophilic environment 

and cellular information pathways are of no exception. The lipid membranes then posed 

its unique challenge for cells to adapt to, because lipids are hydrophobic and the 

membranes are thus almost impermeable to water and water-soluble molecules. 

Evolution solved this predicament by establishing ion transporters and channels on lipid 

membranes, special proteins that allow small ions to travel across the otherwise 

impermeable membranes. Ions then carry information through --- information encoded 

not only in the ion concentrations, but also in the spatial and temporal patterns of 

concentration changes.  
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Of all available small ions, Ca2+ was cherry-picked by evolution to be the universal 

messenger. This is not surprising considering the unique properties of the Ca2+ ion. It is 

abundant in sea water. Unlike similarly abundant Na+ and K+, the Ca2+ ion carries 

divalent charges and thus easily precipitates with a number of molecules readily available 

in intracellular space, such as phosphate groups. Due to precipitation, it is thus plausible 

that as soon as bio-membranes were established in the course of evolution, intracellular 

Ca2+ concentration would be automatically lower than outside (1). This gradient 

difference serves as an excellent driving force for Ca2+ influx, which is able to carry 

information from the extracellular environment. Instead of painstakingly establishing “de 

novo” driving forces for Na+ or K+, evolution can utilize existing Ca2+ concentration 

gradient conveniently. On the other hand, the divalent Ca2+ has medium binding affinity 

for the aspartic and glutamic acids (1). While the affinities of other ions are either too 

weak for them to bind (Na+ or K+), or so strong that once they bind, they do not easily 

come off (heavy elements), the affinity of Ca2+ allows easy binding and dissociation from 

protein sensors, essentially acting as an efficient binary signal system.  

 

Even in evolutional stages as early as prokaryotes, Ca2+ signaling had been utilized. But it 

was not until the advent of compartmentalization of intracellular space that Ca2+ signaling 

became the sophisticated machinery it is today. While even in prokaryotic cytosolic space, 

dynamic micro-domains of molecule gradients emerge from time to time, the appearance 

of endoplasmic reticulum (ER) and other cellular organelles provides more tightly 
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controlled microenvironments that are highly specialized for a variety of cellular 

activities. Ca2+ concentrations in these microenvironments are carefully regulated by 

pumps, transporters and channels on organelle membranes (2). These concentration 

gradients then direct the Ca2+ flow that carries information within the intracellular space. 

In this sense, the Ca2+ signaling system of a cell is not unlike the neural network of a 

human body: Both encode, relay, transmit and integrate information.  

 

As the universal messenger, Ca2+ is utilized in nearly all aspects of cellular activity, from 

cell mobility to gene expression, from immune response to memory formation, and from 

its birth by cell division to its demise by apoptosis, —literally, from cradle to grave.  

 

Store-operated Ca2+ Entry 
 

The Ca2+ pumps on the ER membrane—the sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA), actively clears cytosolic Ca2+ and stores it in the ER luminal region (3). Thus, 

the Ca2+ concentration within the ER lumen can be kept at a much higher level than in the 

cytosol (2). Opening of Ca2+ channels on the ER membrane creates Ca2+ efflux from the 

ER Ca2+ store. The fast and transient Ca2+ release from the ER constitutes the initial 

temporal component of the cytosolic Ca2+ signal in a typical non-excitable cell (4,5). 

Specifically, ligand binding of G-protein coupled receptors (GPCR) or tyrosine kinase-

coupled receptors (TKR) on the plasma membrane (PM) activates phospholipase C 

(PLC), which cleaves its substrate phosphatidylinositol 4,5-bisphosphate (PIP2) in the 
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PM into two products: diacylglycerol (DAG) and inositol 1,4,5-triphosphate (InsP3) (4,6). 

InsP3 diffuses from the PM across the cytosolic region, and subsequently activates the 

Ca2+ channel InsP3 receptor (IP3R) on the ER membrane (7). The Ca2+ leaking out of the 

ER store leads to high Ca2+ concentration in the cytosol, triggering short-term cellular 

responses such as muscle contraction and secretion (8,9). 

 

The depletion of ER Ca2+ store triggers the second component of cytosolic Ca2+ signal. 

Through a sophisticated system whose nature had been elusive until recently, a message 

is sent from the ER to the PM, where a special Ca2+ channel opens in response to the ER 

store depletion (10,11). Ca2+ influx through this highly selective Ca2+ channel is called 

“store-operated Ca2+ entry (SOCE)”, while the current carried by Ca2+ influx is called 

“CRAC or Ca2+-release activated Ca2+; ICRAC” (12-14) (Fig. 1). The resulting Ca2+ 

concentration elevation in the cytosol serves two purposes: regulating long-term cellular 

activities such as gene transcription, and replenishing the ER Ca2+ store (8,9).  
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Figure. 1.  

Scheme to show the mechanisms of receptor-induced Ca2+ signaling pathways. G 
protein-coupled receptors (GPCR) or tyrosine kinase-coupled receptors (TKR) activated 
by agonists (A) are shown to activate either phospholipase C-β (PLC-β) or PLC-γ, and 
the breakdown of phosphatidylinositol 4,5-bisphosphate (PIP2) to release the headgroup, 
inositol 1,4,5-trisphophate (InsP3), into the cytosol. InsP3 receptors (IP3R) on the ER 
membrane are activated to cause release of Ca2+ from stores. The lowered luminal Ca2+ 
causes dissociation of Ca2+ bound to the low-affinity EF-hand Ca2+ binding site on the N-
terminus of STIM1. This Ca2+ dissociation causes STIM1 molecules to aggregate and be 
translocated to regions of ER in close proximity with the PM, and to interact directly with 
the Orai1 protein in the PM which is the highly Ca2+-selective store-operated channel 
moiety (15). 

  



6 
 

Historically two hypothetical scenarios had been proposed for the mechanism that 

transmits signal from the ER to the plasma membrane to activate SOCE. One involves a 

chemical messenger diffusing from the ER to the PM (16-20) and the other considers a 

direct physical coupling between the ER and PM (21,22). While the identification of the 

diffusible messenger has been inconclusive, recent high-throughput RNA interference 

screens identified two protein families as being essential for SOCE activation: STIM on 

the ER membrane (23,24) and Orai on the PM (25-27) (Fig.1). The function of the STIM 

and Orai proteins fulfills the direct coupling hypothesis.  

 

STIM (stromal interaction molecule) proteins are ER-located Ca2+ sensors for the ER 

luminal Ca2+ store changes. They are transmembrane proteins that rapidly translocate into 

areas on the ER that are closely juxtaposed with the PM. In these junctional areas STIM 

interacts with the CRAC channels on the PM membrane. Orai proteins are identified as 

the CRAC channels. In response to store depletion, they are activated by STIM proteins 

while translocating into the same ER-PM junction areas (28). Previous studies on SOCEs 

focused on hematopoietic cells (12-14,29), yet both proteins are widely expressed among 

tissues (29), which potentially implicates crucial opportunities for pharmacologically 

targeting a variety of cell functions.  
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The STIM Proteins 
 

The discovery of STIM1 confirmed the hypothesis of the mechanical coupling between 

ER and PM for store-operated Ca2+ entry (23,24,30). Interestingly, the STIM proteins 

were actually studied for some years before they were even identified as a component of 

SOCE. This protein was first identified using a signal-sequence trap screening of proteins 

expressed on the surface of stromal cell, hence its name stromal interacting molecule (30). 

From this study, STIM was discovered as a type-1 single transmembrane cell surface 

protein. The presence of STIM on the PM was further confirmed by immunofluorescence 

microscopy and cell surface biotinylation studies of Dziadek and coworkers (31). The 

gene for STIM is mapped to 11p15.5 of human chromosome (32). The STIM protein is a 

90 kDa protein that undergoes N-linked glycosylation and phosphorylation on several 

serine and threonine residues (Fig. 2). In addition to stromal cells, it is expressed 

ubiquitously in a number of human primary cell lines as well as tumor cells (33). Its 

function includes interaction with pre-B cells to alter its survival and proliferation (30). 

Later STIM was further identified as a tumor suppressor (34). Studies of STIM1 showed 

that it is able to induce growth arrest and degeneration of a variety of human tumor cell 

lines (34-36). In lower invertebrate life forms such as Drosophila, there is only a single 

D-Stim gene. In vertebrates, however, a homologue of STIM protein was identified (29). 

The original STIM protein was renamed STIM1 and the structurally highly similar 

homologue was named STIM2. The highly conserved sequences of STIM1 and STIM2 

indicate that the two vertebrate STIM genes evolved from a single ancestral gene, namely 

the Drosophila D-Stim gene. Both STIM proteins are expressed in a variety of tissues 

(29).   
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Figure 2.  

STIM protein domain structures. Upper, domain comparison of STIM1 and STIM2, 
including signal peptides (SP), a pair of highly conserved cysteines (CC), canonical cEF- 
and hEF-hands, SAMs, Asn-linked glycosylation sites (hexagons), TMs, coiled-coil 
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regions (CC1 and CC2), proline-rich domain (P), and polybasic lysine-rich domain (K). 
The minimal region of STIM1 known to be required for coupling to Orai1 is also shown 
(positions 344–442). Lower, diagrammatic representation of domain topology of STIM1 
(37).  
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Although STIM1 was first identified as a PM protein, later studies demonstrated that the 

STIM proteins are primarily located on the ER membrane (15,33,38). The difference 

between STIM1 and STIM2, is that some STIM1 proteins are also in the PM, where they 

can influence SOCE activation (15,39), while STIM2 is exclusively ER located, as 

determined by flowcytometry and biotinylation results (40). Indeed, STIM2 contains a 

ER retention signal sequence (KKSK), while this sequence is absent in STIM1 (40). The 

STIM1 and STIM2 proteins when expressed in the ER are oriented with their N-termini 

within the ER luminal regions. When STIM1 is expressed on the PM, this N-terminal 

domain is oriented towards the extracellular space. 

 

The majority of STIM1 and STIM2 sequences are highly similar, the major differences 

being their N- and C- termini on the extreme end (Fig. 2). Both proteins contain a single 

conserved transmembrane (TM) segment. N-terminal to this TM domain is the region 

located in the ER lumen. Here both STIM1 and STIM2 contain two EF-hand domains 

and a single sterile alpha-motif (SAM) domain. Within the SAM domain, STIM1 has two 

N-linked glycosylation that appears on two asparagine residues, while STIM2 has only 

one. C-terminal to the TM segment, in the segment located in the cytosolic space, both 

proteins have two highly conserved coiled-coil (CC) domains (CC1 and CC2, Fig. 2). On 

the far C-terminal end of both proteins, there is a lysine-rich region (K-region).  
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The Function and Structure of STIM1 
 

STIM1 is an indispensible component for the store-operated Ca2+ entry, since the 

suppression of its expression abolished the store-dependent Ca2+ influx through the 

CRAC channels (23,24,39). Historically it was proposed to possibly be the CRAC 

channel itself instead of the sensor component of the SOCE mechanism (41). Now it is 

clear that STIM1 achieves the goal of detecting changes in the ER Ca2+ store 

concentrations via its EF-hand Ca2+-binding domain (24,42). In addition to the sensor 

role, STIM1 also acts as the messenger that relays the ER-store depletion signal to the 

PM CRAC channels, resulting in Ca2+ influx. Specifically, ER Ca2+ depletion triggers 

STIM1 to redistribute on the ER membrane, from a uniform distribution pattern into 

spatially discrete areas termed puncta (24,39,42,43). In these puncta, STIM1 is able to 

interact and activate the CRAC channels. 

 

The delicate Ca2+ sensing ability requires STIM1 to bind and dissociate with Ca2+ easily 

within the fluctuation range of free Ca2+ concentrations in the ER store (0.4–0.8 mM). 

The EF-hand domain of STIM1 contains two EF-hand motifs, a “canonical” cEF-hand 

(canonical EF-hand) (24,42) immediately adjacent to an hEF-hand (hidden EF-hand). The 

cEF-hand has a Kd for Ca2+ in the 0.2–0.6 mM range (44) while the hEF-hand does not 

bind Ca2+ (45). The two EF-hands and the downstream five-helix SAM domain work in 

unison (EF-SAM domain). The EF-SAM domain would be expected to have a proper 

Ca2+ affinity ideally suited to sense the levels of Ca2+ within the ER lumen. The study by 



12 
 

Ikura and co-workers (44-46) characterized this fragment consisting of the dual EF-hands 

and the SAM domain with a Ca2+ binding Kd of approximately 0.4 mM.  This is highly 

consistent with the premise that the EF-SAM domain is indeed able to sense the luminal 

Ca2+ changes for SOCEs.  

 

Exactly how do changes in ER Ca2+ concentration trigger STIM1 to aggregate? The 

mechanism was characterized by Stathopulos et al.(45). In the resting condition when the 

ER store is replete, Ca2+ is bound to the STIM1 EF-SAM. At this point, the EF-SAM 

exists in a tight, stable conformation. When store is depleted, Ca2+ dissociates from the 

EF-SAM domain which leads to its unfolding and subsequent exposure of the 

hydrophobic residues within both the EF-hands and the SAM domain. This results in the 

destabilization of the EF-SAM domain. In order to compensate for this destabilization, 

the EF-SAM region rapidly undergoes oligomerization to shield those hydrophobic 

residues from the cytosolic environment. This constitutes the initial response of STIM1 to 

ER Ca2+ depletion, while further aggregation of which involves interactions between 

cytoplasmic C-terminal coiled-coil regions (47-49). Interestingly, when store is refilled, 

CRAC current is terminated due to that STIM1 is able to rapidly retreat from the puncta 

into the pre-store-depletion distribution across the ER membrane (24,50-52). This is 

explained by the reversibility of the oligomerization of EF-SAM domains, since re-

addition of Ca2+ results in rebinding of Ca2+ to the EF-hands and the stable EF-SAM 

monomers are able to re-form (45). If the acidic residues within the cEF-hand crucial for 

Ca2+ binding are mutated so that the Ca2+ binding ability is abolished, the EF-SAM 

domains are able to undergo oligomerization even without reducing Ca2+ concentration 
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(45). This correlates well with previous experiments in which full-length STIM1 is 

mutated in the D76 or E87 of EF-hand to alanine. These STIM1 mutants, when expressed 

in cells are exclusively punctal and mediate Ca2+ entry through CRAC channels even 

though stores are full, exactly similar to the behavior of wild type STIM1 when store is 

depleted (24,38,40,42,43). Interestingly, although the hEF-hand does not bind Ca2+, 

equivalent mutation of the amino acids in this region has similar effect as that within the 

cEF-hand, i.e. the same aggregation and constitutive Ca2+ entry occur without store 

depletion (45). Thus, the two EF-hands function cooperatively, the function of non-Ca2+ 

binding hEF-hand being to ensure that the Kd of the EF-SAM domain is within the 

luminal Ca2+ range  (53). 

 

The role of the STIM1 proteins located in the PM is not entirely clear yet. Historically, an 

“insertional” model was proposed in which STIM1 was considered to translocate from 

the ER to the PM (insertion) to activate SOCE. The evidence reported includes increased 

surface expression of STIM1 following store depletion (42). Moreover, Spassova et al. 

utilized an antibody that targets the N-terminal region of STIM1 to block the action of 

STIM1-mediated Ca2+ entry (39). This is suggesting that the PM STIM1 may indeed have 

a functional influence on the ER STIM1. However, whether the STIM1 protein is indeed 

inserted into the PM following store-depletion is controversial. Liou et al. using TIRF 

(total internal reflection fluorescence) microscopy, demonstrated that although the store-

induced puncta containing STIM1 are in close proximity to the PM (within 100 nm of the 

PM), they are still in the ER (50). Interestingly, with YFP labeled on the N-terminus, 

STIM1 appears to be located exclusively on the ER, with no insertion into the PM after 
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store-depletion, and the SOCE is not affected (24). Thus, while STIM1 in the PM may 

have a functional influence, it is unlikely to physically translocate into the PM as a result 

of store depletion. Further, if indeed physical translocation of STIM1 in the PM occurs 

following store depletion, this translocation is not required for SOCE. Instead, an 

“interactional” model is more plausible. In this model, STIM1 proteins in the ER interact 

directly with components in the PM to activate SOCEs (38,39). STIM1 achieves this 

function through the cytosolic C-terminal region in which extensive α-helical coiled-coil 

domains span much of the ER-PM junctional gap and allow coupling with PM Orai 

channels. Electron microscopy measurements of Wu et al. (54) indicate that STIM1 in the 

ER aggregated after store depletion may reach as close as 10–25 nm to the PM, 

sufficiently close for STIM1 to interact directly with PM proteins. The target of the STIM 

protein may be the PM CRAC channel itself, or alternatively, the PM STIM1 which has a 

functional presence for SOCE activation (39), or a third component. Whatever the target, 

the interactional model is compatible with the “conformational coupling” model for 

SOCE activation originally proposed by Irvine and Berridge (21,55).  

 

The interactional model involves junctional connections forming between ER and PM, 

but not ER-PM fusion, as the result of store depletion. However, whether such close ER-

PM junctions are preexisting or form as a consequence of store depletion is important to 

be determined. There are significant differences between the distribution of STIM1 and 

ER markers in resting cells (56). The store depletion does not have a major influence on 

the distribution of ER in cells, since the overall distribution of ER markers under the 

same store-emptying conditions is not significantly changed (24), while STIM1 
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distribution is profoundly altered by store depletion. Wu et al. (54) revealed that although 

about one-third of the ER-PM junctions enriched in STIM1 may be formed de novo 

following store depletion, a significant proportion of which are preexisting. Orci et al. (57) 

reported distinct structures derived from conventional ER: precortical ER and cortical ER. 

Precortical subdomains of the ER are enriched in STIM1 and can form without ER Ca2+ 

depletion. These subdomains are translocated to the plasma membrane to form the ER-

PM junction, after being triggered by store depletion. At this point, these subdomains 

transform into the cortical ER.  

 

The Function and Structure of STIM2 
 

While the STIM1 protein has been shown to be a critical component in the store-operated 

Ca2+ entry process (23,24,39,42), the role of the closely related STIM2 protein is less 

clear. In complete contrast to the large enhancement of SOCE by STIM1 overexpression 

(39,40), in a variety of cells including HEK293 cells, PC12 pheochromocytoma cells, 

A7r5 smooth muscle cells, and Jurkat T cells, the overexpression of STIM2 has been 

shown to powerfully inhibit the SOCE activation (40). The store-depletion-induced 

redistribution is also different between STIM1 and STIM2. While overexpressed STIM1 

translocate into the characteristic ER-PM puncta following store depletion, there is no 

visible redistribution of overexpressed STIM2 across the ER after store depletion (40). 

However, when coexpressed with STIM1, STIM2 indeed undergoes translocation into 

puncta following store depletion. Within these puncta, there is clear co-localization of 

STIM1 and STIM2 (40). This indicates STIM1 and STIM2 are able to interact with each 
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other. Indeed, coimmunoprecipitation results showed clear evidence that there are in vivo 

associations between the two proteins (40). These interactions may be mediated by 

association between the coiled-coil regions of the C-terminus (48). When coexpressed 

with the aforementioned STIM1 EF-hand mutant that constitutively exists in puncta and 

activate CRAC channels, STIM2 is also found to co-localize with this mutant and blocks 

its constitutive function (40). The opposing functions of STIM1 and STIM2 suggest 

store-operated Ca2+ entry is mediated by their coordinated control. Thus, while STIM1 is 

a required mediator of SOCE activation, the function of STIM2 may more ancillary, 

regulating the store-operated signaling pathway by interfering with STIM1 after its 

translocation into puncta following store depletion.  

 

A later study by Parvez et al. (58) showed that STIM2 is actually able to mediate CRAC 

channel activation, albeit at a much slower rate than comparably expressed STIM1. On 

the other hand, Brandman et al. (59) focused on the basal cytosolic and ER luminal Ca2+ 

levels. They showed that STIM2 knockdown decreased both levels and the effect is 

greater than that of STIM1 knockdown. Thus they proposed that STIM2 functions as a 

regulator controlling basal Ca2+ (59). They reasoned that STIM2 has higher sensitivity to 

small luminal Ca2+ changes. With EGTA, the Ca2+ stores are released gradually, 

movement of STIM2 into puncta to activate SOCE is observed without much store 

release (59). In comparison, STIM1 requires more store release to activate SOCE. In 

agreement with this, STIM2 overexpression results in high constitutive Ca2+ entry and 

CRAC channel activity (40,60). This difference in sensitivity could be partly attributed to 

EF-hand domains. Mutation of three residues in the cEF-hand of STIM1 to resemble that 
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of STIM2 resulted in a STIM1 mutant that is more sensitive to Ca2+ changes within the 

store, although the reciprocal mutations in STIM2 did not make STIM2 less sensitive 

(59). The Ca2+ binding affinity to the EF-SAM domain of STIM2 has been directly 

measured. The Kd is 0.5 mM, not much different from the aforementioned Kd of STIM1 

(~0.4 mM) (46,61). Thus, the difference in Ca2+ sensitivity is not entirely resulting from 

binding affinity to EF-SAM. The kinetics of EF-SAM unfolding following store 

depletion also play a role. It was revealed that, the STIM2 EF-SAM domain unfolds 3-

times slower and aggregates 70-times slower upon Ca2+ dissociation, as compared with 

STIM1 (62). Finally, the short N-terminal sequence upstream of the EF-SAM domains 

that is specific to STIM subtypes has been attributed to confer large stability changes on 

the EF-SAM domain. As a result, the dynamics of Ca2+ dissociation-induced 

destabilization that results in STIM protein activation is greatly altered (46). Recently 

Zhou et al. (63) revealed that these exact same N-terminal regions have a great impact on 

the kinetics of SOCE activation specific to each of the two homologue proteins. 

Specifically, replacing the N-terminal region of STIM1 with that of STIM2 rendered the 

chimerical STIM1 protein to behave like STIM2, i.e. its activation of Orai1 is strongly 

attenuated and slowed down to the level of STIM2. Conversely, STIM2 with chimerical 

replacement of the N-terminal region with that of STIM1 exhibited a much enhanced 

ability to activate Orai1. The N-terminal regions have been proposed to have 

considerable random coil character (62), and it is possible that they influence the stability 

of the EF-SAM domains by significantly affecting the structure of the entire N-terminal 

domains of STIM1 and STIM2. The difference of the rates of ICRAC development induced 
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by STIM1 and STIM2 are thus resulted from, at least partly, the profound retarding effect 

of the N-terminal random coil domain of STIM2.  

 

Thus, the slower kinetics of SOCE activation by STIM2 can be accounted for with three 

factors: the much slower rate of Ca2+ dissociation-induced STIM2 unfolding and 

aggregation, the effect of STIM2 N-terminal region, as well as the negative dominance of 

overexpressed STIM2 on SOCE activation. Although STIM2 appears to be very sensitive 

to tiny changes in ER Ca2+, the slower unfolding and activation of STIM2 may serve as 

an important safety measure to prevent hyper-activation of  Ca2+ entry (63). 

 

The Orai Channels  
 

After STIM1 was clearly identified as the ER Ca2+ sensor and signal messenger of the 

store-operated Ca2+ entry signaling pathway, the identity of the CRAC channel moiety 

itself was then made clear. The CRAC current shows some signature characteristics such 

as the high selectivity for Ca2+ and the inward-rectifying property. Although TRPC and 

other transient receptor potential channels were reported by numerous studies to mediate 

Ca2+ entry or carry currents modifiable by store depletion (64,65), none had the 

characteristics of the CRAC current. These proteins were also revealed to be non-

essential to SOCE activation, as their knockdown does not affect SOCE, while the 

suppressed expression of STIM has a significant effect, serving as positive control 

(23,24). This argues against the role of TRP channels, especially the TRPC family of 
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channels, in the activation of SOCE. Indeed, these signature properties of SOCE 

predicted a novel channel protein.  

 

This mystery of the CRAC channel was solved with a combination of genome-wide RNA 

interference-based screening and modified linkage analysis (25-27). The Orai family, 

consisting of three members (Orai1, Orai2, and Orai3) in mammals is the authentic 

CRAC channel. One of the first pieces of evidence was that a mutation in Orai1 (R91W) 

caused a rare SCID (severe combined immunodeficiency) that abolishes T-cell Ca2+ entry 

(16). This Orai1 mutation also eliminated the ICRAC current (25-27). Yet the expression of 

wild type Orai1 in cells from SCID patients restored their CRAC channel activity (25). 

From numerous studies, the Orai1 protein has been recognized to fulfill all the criteria of 

the CRAC channel (26,27,43,56,66-68). The current it carries has the characteristic of the 

typical ICRAC properties, namely the high Ca2+ selectivity, the +50 mV reversal potential 

and the inward rectifying property. Further, the combined overexpression of STIM1 with 

Orai1 reconstitutes massive Ca2+ influx that displays authentic CRAC channel 

characteristic (26,27,43,56,66-68).  

 

Orai1 coexpressed in STIM1-expressing cells resulted in a massive and rapid increase in 

store-operated Ca2+ entry, as well as enormously increased the initial rate of Ca2+ entry 

upon store depletion (43). No significant changes in Ca2+ concentrations in the ER store 

or resting cytosolic Ca2+ levels could be detected with the combined expression of Orai1 

and STIM1. Thus all of the massive elevation of cytosolic Ca2+ levels after store 
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depletion was due to Ca2+ entry through the Orai1 channels. Moreover, 50 μM 2-

aminoethoxydiphenyl borate (2-APB), a known inhibitor of store-operated Ca2+ entry 

rapidly blocked this huge Ca2+ entry, which is characteristic of CRAC channel function 

(69,70). The current density of CRAC channels was also massively increased as a result 

of the coexpression of Orai1 and STIM1, while the characteristic I/V profiles of ICRAC 

were fully observed (43). These experiments indicate that overexpression of Orai1 

protein increases the density of CRAC channels on the PM, which strongly demonstrates 

that Orai1 is functioning as the channel and that Orai1 and STIM1 are sufficient to 

reconstitute CRAC channel functions. Interestingly, Orai1, when overexpressed to the 

level much higher than STIM1, has an inhibitory effect on native SOCE activity 

(43,56,66). This strong dominant-negative effect likely reflects a strict requirement for 

accurate coupling stoichiometry between STIM and Orai. Overexpressed Orai1 competes 

for limited STIM1, resulting in an interference for proper coupling. 

 

The three closely related and ubiquitously expressed Orai channels are tetramembrane-

spanning proteins. The Orai protein contains structural domains that have the required 

properties to account for formation of the high Ca2+-selectivity pore region. From the end 

of the first TM domain extending into the first extracellular loop between TM1 and TM2, 

a highly acidic region is well conserved in the three mammalian Orai proteins and is also 

present in the Drosophila protein (67,68,71). In Orai1, this 9-amino acid region (residues 

106–114) contains five amino acid residues that have been critical for Orai1 properties 

(27,67,68), a glutamate in the first transmembrane (TM) region (residue E106), a 

glutamine and three aspartate residues in the first extracellular loop region (residue Q108, 
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D110, D112 and D114) (Fig. 3). The presence of four negatively charged residues 

strongly suggests of a Ca2+ binding site. Indeed, these residues have been identified to be 

crucial for the high Ca2+ selectivity filter in the channel pore regions. Mutating of the 

E106 or D112 residues to alanine resulted in Orai1 mutants that are unable to mediate 

store-operated Ca2+ entry, while mutating Q108 and D110 to alanine only resulted in 

reduced activity, and the D114A mutant had almost no effect on Orai1 activity(72). 

Mutating the E106 glutamate to glutamine (E106Q in Orai1) also completely abolishes 

the cation conductivity through the channel (27,68,73). A more subtle mutation that 

reduces the carboxyl group of the E106 glutamate residue just by one methylene group 

(mutation E106D in Orai1) alters the highly restrictive Ca2+ selectivity of the channel 

allowing monovalent cations as well as other divalent cations to pass through (27,67,68). 

Interestingly, the E106A mutant exhibited a powerful dominant negative effect such that 

its expression strongly suppressed the endogenous store-operated Ca2+ entry when 

overexpressed in HEK293 cells (27). In addition to the aforementioned five residues, at 

almost midway through the spanning helix the third TM domain of Orai there is another 

glutamate residue (E190 in Orai1) that is also important for CRAC current selectivity 

(Fig. 3). Mutating this residue to glutamine (E190Q) results a drastic change in selectivity 

(27,68), similarly to that of the mutation E106Q, indicating that this residue likely also 

contributes to the Ca2+-selective pore structure of the Orai1 channel. Strangely, mutating 

the E190 to alanine does not induce any change in channel function (68), the basis of 

which is presently uncertain.  
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Figure 3.  

Alignment of the complete sequences of the Orai1, Orai2, and Orai3 proteins. 
Shown on the sequences are the four potential transmembrane sequences and the acidic 
residues likely contributing to the pore function. Also shown are a number of putative 
sites for phosphorylation, myristoylation, and glycosylation (15). 
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Orai channels are able to multimerize. Orai dimers were observed in cells (73), while the 

functional Orai channel moiety is tetrameric (74-76). Although there is evidence 

suggesting Orai1 activation is accompanied by dimer-to-tetramer transition (77), Orai 

channels are more likely to have a constant tetrameric stoichiometry (74-76). The 

multimerization of Orai subunits into tetramers appears to involve interactions between 

the transmembrane domains (49,52).  

 

Like Orai1, the Orai2 and Orai3 proteins are also able to couple to STIM1 and mediate 

ICRAC-like current differing slightly in cation selectivity (78,79). Orai3 has a distinct 

feature that it is able to be directly activated by the powerful SOCE modifier 2-APB 

without store depletion independently of STIM proteins (80-84). There is clear 

interaction between the Orai channel subtypes (73,78). The dominant negative pore-dead 

Orai1 mutant E106Q affects both Orai2 and Orai3, indicating that Orai channels subtypes 

can possibly heteromultimerize in cells (27,78). 
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STIM-Orai Coupling Mechanism 
 

The model for store-operated Ca2+ entry mechanism is that after store-depletion, STIM1 

aggregate into the puncta on the ER near PM, where it is able to interact directly with the 

Orai1 protein via its cytoplasmic C-terminus, activating the channel function of Orai1 

and allowing Ca2+ influx (Fig. 4). This process also requires the Orai1 proteins to 

translocate within the PM membranes into the discrete ER-PM junctions. STIM1 directly 

interacts with the Orai1 channels. Although initially coimmunoprecipitation between 

STIM1 and Orai1 was not successful (73), numerous reports now confirm the direct 

association between the two proteins using biochemical (27,52,67,75) or Förster 

resonance energy transfer (FRET) studies (52,60,85,86). Also these studies are supported 

by various reports revealing that following store depletion the localization of STIM1 and 

Orai1 proteins are superimposable in their punctal clusters (49,60,75-77,87-89). The 

elevation of cytosolic Ca2+ level results in ER store refilling, and STIM1 rapidly retreats 

from the puncta into an even distribution across the ER membrane, effectively 

terminating the Ca2+ entry (24,50-52).  
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Figure 4.  

Dynamic molecular coupling between STIM1 and Orai1 within ER-PM junctions. 
Depletion of ER luminal Ca2+ causes Ca2+ dissociation from the STIM1 N-terminal cEF-
hand (A), leading to fast oligomerization of STIM1 due to unfolding and interactions 
between EF-SAM domains (B). Slower further aggregation of STIM1 through 
interactions between the C-terminal coiled-coil domain 1 (CC1) and CAD/SOAR 
domains (C) results in STIM1 diffusion, aggregation, and accumulation of STIM1 in pre-
existing ER-PM junctions, stabilized by interactions of lysine-rich (K-rich) STIM1 N-
termini with the PM (D). Diffusible Orai1 tetramers in the PM (E) are trapped in 
junctions (F) by interaction with exposed CAD/SOAR domains, which bind to the C and 
N termini of Orai1 channels and conformationally gate the opening of Orai1 channels and 
Ca2+ entry. Upon store refilling, Ca2+ association with STIM1 reverses EF-SAM 
oligomerization, causing uncoupling from and deactivation of Orai1 and release of 
STIM1 monomers from puncta to redistribute around the ER (G). The topology of the 
Orai1 tetramer is shown (upper left), depicting the four transmembrane domains and 
clusters of Asp (D) and Glu (E) residues that constitute the Ca2+-selective filter and pore 
(37). 
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For STIM1 to translocate into the punctal areas, oligomerization between STIM1 is 

prerequisite. The N-terminal domains of STIM1 seem to be not essential for this process, 

since if the entire cytosolic N-terminal domain is replaced by a domain that crosslinks 

when bound to a rapamycin analog (rapalog), STIM1 is perfectly able to oligomerize and 

accumulate in puncta following treatment of rapalog (90). This chimeric STIM1 can also 

activate Orai1 channels. Moreover, truncation of the entire N-terminus regions leads to 

spontaneous aggregation and targeting to the ER-PM puncta to activate CRAC channels 

even without store depletion (49). Thus, the N-terminal regions provide an elaborate 

Ca2+-sensing function while the C-terminus by itself is sufficient to undergo aggregation, 

a result supported by several studies (47-49,75).  

 

STIM1 interacts with and activates Orai channels via its C-terminal regions. The C-

terminal fragment of STIM1 (S1ct or S1ct) is a soluble cytosolic protein when expressed 

in cells by itself, and it is able to constitutively activate Orai1 channels without store 

depletion (47,49,60,77,83,91,92). Remarkably, within the C-terminus, a short region of 

just over 100 amino acids that encompasses the second coiled-coil domain (Fig. 2) is 

sufficient for Orai1 activation (75,91).  This region is termed SOAR (91) or CAD (75). It 

is a potent and full activator of Orai1. The STIM1 CAD fragment interacts biochemically 

with the isolated Orai1 C-terminal domain (residue 254-301) as well as the N-terminal 

region (residue 70–91) (75), suggesting that the full-length STIM1 also interacts with 

both termini of Orai1. The C-terminal fragment of STIM by itself is sufficient to induce 

clustering of PM Orai channels (60,75-77). However, Orai1 clustering per se is not 

sufficient for the channel activation. Evidently, with eight residues (positions 441–448) 
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removed from its C-terminus, CAD still binds and clusters Orai1 yet does not activate the 

channel (75). This 8 amino acids also seem to be critical for the activation of Orai1 by 

full-length STIM1, since although two STIM1 truncations 1–448 and 1–440 both 

punctalize and cluster Orai1 upon store depletion, only construct 1–448 activates Orai1 

while 1-440 does not (75). Park et al. (75) reported that the 340–440 fragment of STIM1 

is unable to activate Orai1. Since the Orai1-activating SOAR fragment consists of 

residues 344–442 (91), the two missing residues on the C-terminus of SOAR (441 and 

442) may play a crucial role in Orai1 gating. 

  

STIM1 binds to both the N-terminus and C-terminus of Orai1 (75). The C-terminal 

coiled-coil region of Orai1 contains an acidic region that interacts with a series of basic 

residues within the CAD/SOAR domain of STIM1 (residues 382-386) via an electrostatic 

interaction between the two molecules (93,94). Mutation of these residues in STIM1, 

STIM1 C-terminal fragment or the active CAD/SOAR fragment abolish their ability to 

activate Orai1 (95), providing strong support for this electrostatic interaction model. The 

importance of the basic region of STIM1 was also further emphasized in another recent 

paper by Calloway et al. (96). The C-terminal region of Orai1 appears to be critical for 

STIM1-Orai1 coupling. Mutating one lysine (L273 of Orai1) to serine disrupts this 

coiled-coil region. This Orai1 L273S mutant does not interact with STIM1 and is 

dominate negative when expressed with wild type Orai1 (52). On the other hand, 

truncation within the N-terminus of Orai1 up to residue 73 has little effect on STIM1 

coupling (35), but the following 15 amino acids prove to be crucial as their truncation 

prevents channel activation while still allowing STIM1 interaction (52). Thus the 
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interaction site must be downstream of the first 73 residues of Orai1. Calloway et al. 

provided further evidence for this two interaction sites hypothesis (96). They reasoned 

that if the electrostatics interaction is not the only energetic contribution to the interaction 

between STIM1 and Orai1, then when both the Orai1 C-terminal acidic sequence and the 

STIM1 basic sequence are mutated to neutral residues to weaken the repulsion, the two 

proteins may still interact. This is indeed the case as revealed by FRET analysis (96). 

This indicates that although the electrostatic interactions may have a major role in the 

coupling of the STIM-Orai proteins, the N-terminal region of Orai1 also has an ancillary 

presence. Currently exactly which site is directly responsible for Orai gating is unknown. 

Both sites are shown in Fig. 5.  

 

At the C-terminal extremity of STIM1, the polybasic lysine-rich domain (K-region) 

interacts with the PM itself (50,75,97) and directs STIM1 to dock with the PM, so that 

STIM1 can subsequently trap and activate Orai channels on the PM. The K-region 

appears to assist oligomeric STIM1 targeting to junctional areas by binding to a PM 

target not yet identified, perhaps the acidic phospholipids within the PM. Although this 

region has an ancillary role in the STIM-Orai coupling process, it is not essential for 

SOCE activation (52,60,75,91). Indeed, Drosophila STIM is devoid of this region and 

still activates SOCEs. The K-region appears to merely enhance PM targeting of STIM1. 

Hence, although whole STIM1 expressed alone readily forms PM-associated puncta, 

STIM1 with K-region deleted is unable to form the near-PM puncta unless coexpressed 

with Orai1 (75).  
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Figure 5.  

Molecular architecture of STIM-Orai interactions. In its resting state, acidic residues 
of the cytosolic coiled-coil domain (CC1) of STIM1 electrostatically bind to and mask 
the basic residues of the active site of the CAD/SOAR domain. The transition to the 
activated state of STIM1 involves conformational changes on both the luminal and 
cytosolic sides of the protein. Decreased ER luminal Ca2+ causes dissociation of Ca2+ 
from the tight complex formed by the canonical (cEF) and hidden (hEF) EF-hands and 
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the sterile motif (SAM) on the luminal side of STIM1. This causes interactions between 
STIM1 molecules (see Fig. 6) and alteration in the cytosolic domain of STIM1 such that 
the intramolecular electrostatic interactions between CC1 and CAD/SOAR are broken 
and the CAD/SOAR domain positive charges are free to interact with the acidic domain 
within the C-terminal domain of Orai1 and activate the channel ("1"). The STIM1 protein 
also appears to interact with the N-terminal domain of Orai1 ("2"), although the nature of 
this interaction is not known. In addition, the far C-terminal polybasic sequence of 
STIM1 interacts with the plasma membrane ("3"), likely with negatively charged 
phospholipids. (98) 
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STIM1 therefore has three possible sites to promote its translocation into the ER-PM 

junctions: one involved in an electrostatic activating interaction with the Orai1 C-

terminus; a distinct site within CAD/SOAR that interacts with the Orai1 N-terminus; and 

the polybasic K-region that mediates a direct interaction with the PM. 

 

The CAD/SOAR domain within STIM, if expressed together with Orai1, is able to 

constitutively activate Orai1 channels and is primarily co-localized with Orai1 on the PM 

(75,91). However, comparing to this domain, larger soluble STIM1 C-terminal fragments 

are much poorer in activating Orai1 and remain cytoplasmic even in the presence of 

coexpressed Orai1 (60,75). The difference between CAD/SOAR and S1ct is that the 

folding of C-terminus of STIM1 appears to shield the active CAD/SOAR from exposure 

to Orai1. From the work of Korzeniowski et al. (95), it appears that activation of Orai1 by 

STIM1 following store depletion involves the dissociation of inhibitory electrostatic 

interactions between the first coiled-coil domain of STIM1 (CC1) and the CAD/SOAR 

region, resulting in exposure of the basic residues within the CAD/SOAR domain. This 

allows the CAD/SOAR basic domain to interact with the acidic sequences within the C-

terminal coiled-coil region of Orai1, allowing the channel to be activated. In full-length 

STIM1, these basic residues would remain shielded by the auto-inhibitory intramolecular 

regulatory domain at resting state, suggesting that the aggregation of STIM1 triggers a 

mechanism to initiate the unfolding. By comparing the Orai1 C-terminal coiled-coil 

region, Korzeniowski et al. (95) was able to identify in the CC1 domain of STIM1 an 

acidic segment that shows a good alignment with the Orai1 acidic region. They 

determined that this segment is the auto-inhibitory domain that shields the basic region of 
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CAD/SOAR from activating Orai1. In their study, after mutating the acidic residues to 

neutral residues STIM1 C-terminus fragments gained enhanced ability to constitutively 

activate Orai1, even reaching the level of CAD/SOAR. In addition, full-length STIM1 

molecules with these mutations also showed constitutive activity when coexpressed with 

Orai1. They even clustered and co-localized with coexpressed Orai1 without depletion of 

the Ca2+ stores. However, the clustering did not occur unless Orai1 was coexpressed, 

unlike the EF-hand mutant of STIM1. This indicates that the clustering is a result of 

enhanced STIM1-Orai1 binding ability after elimination the CC1 negative regulatory 

region. This self-inhibitory region is shown in Fig. 5.  

 

Exactly how store depletion induces exposure of the basic region of CAD/SOAR from 

shielding by the inhibitory acidic region is becoming clear (Fig. 6).  In store-replete cells 

under resting conditions, STIM1 exists as a dimer held together predominantly by 

interactions between the coiled-coil domains on the cytosolic C-terminal regions (Fig. 6, 

STIM1 resting dimer) (99). In this dimeric state, the polybasic region within CAD/SOAR 

is well shielded by intramolecular electrostatic interactions between CC1 and 

CAD/SOAR. This idea is confirmed as Korzeniowski et al. (95) made artificial dimers of 

STIM1 C-terminus that had almost no Orai1-coupling activity. Upon store depletion, 

Ca2+ dissociation from the EF-SAM domain results in a conformational change so that 

STIM1 aggregates, forming tetrameric or larger oligomers (45,99). The aggregation of 

STIM1 triggers dissociation between the CC1 and CAD/SOAR domains, allowing 

exposure of the polybasic region within CAD/SOAR to interact with Orai1. 

Korzeniowski et al. (95) artificially clustered, or aggregated S1ct using a rapamycin-
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inducible tag.  These S1ct fully activated Orai1, since their Orai1 activating regions were 

exposed after clustering. The electrostatic interaction between the available polybasic 

regions of CAD/SOAR and acidic residues in the C-terminus of Orai1 results in the 

formation of activated channel complex.  
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Figure 6.  

Store-operated oligomerization of STIM1 and formation of the active STIM/Orai 
complex. In its "resting" state, STIM1 may exist as a dimer maintained by interactions 
between the first coiled-coil (CC1) segments of STIM1. In the dimeric state, electrostatic 
interactions between basic residues in the CAD/SOAR domain and acidic residues within 
STIM1-CC1 mask the CAD/SOAR domain, making it incapable of interacting with Orai1. 
Dissociation of Ca2+ from the luminal side of STIM1 causes oligomerization of STIM1 
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through the EF-SAM domains. Although initiated within the ER lumen, STIM1 oligomer 
formation also involves interactions between CAD/SOAR domains, which may release 
this domain from its association with CC1. This "activated" oligomer of STIM1 interacts 
with the PM by virtue of exposed C-terminal polybasic domains and forms ER-PM 
junctions. The activated oligomeric STIM1 can then tether and trap Orai1 channels 
diffusing in the PM. At the same time, an electrostatic interaction between the available 
acidic domains in CAD/SOAR and basic domains in the C terminus of Orai1 results in 
formation of the activated channel complex, thereby allowing Ca2+ entry  (98). 
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Both CAD and SOAR exist as multimers in the cytosol (75,91). In solution, CAD is 

predominantly a tetramer (75) and is able to induce clustering of Orai channels (75). Thus 

the store-depletion-induced STIM aggregation further leads to Orai1 clustering in the PM. 

The stoichiometry between STIM1 and Orai subunits is not yet clear; however, because 

both the expressed CAD domain and the activated STIM1 appear predominantly 

tetrameric (75), while the Orai1 channel is comprised of four subunits, it is likely the 

interaction of STIM1-Orai1 involves a one-to-one ratio (Fig. 6). Recent evidence, 

however, suggests that maximal opening of a single Orai1 channel may require up to 

eight STIM1 proteins, resulting in the STIM1-to-Orai1 ratio to be 2:1 (100). 

 

Whether there is a third component besides STIM and Orai in the store-operated Ca2+ 

entry pathway remains unclear. The interaction between STIM and Orai appears to 

require no additional components. This is supported by recent elegant yeast expression 

studies, in which bacterially expressed recombinant STIM1 is able to interact with Orai1 

expressed in membrane vesicles from the Golgi-to-PM transportation system of yeast  

(101). On the other hand a recent study by Srikanth et al. (102) identified an EF-hand 

protein CRACR2A (CRAC regulator 2A, also called EFCAB4B, FLJ33805) as an 

additional modulator of STIM-Orai interaction, using affinity protein purification. 

CRACR2A is a cytosolic protein with two N-terminal EF-hands. It is highly expressed in 

T cells and conserved in vertebrates. The results of Srikanth et al. (102) indicated that 

CRACR2A directly interacts with both STIM1 and Orai1, forming a ternary complex that 

dissociates at elevated Ca2+ concentrations. It may stabilize the interaction between 

STIM1 and Orai1, possibly playing an important role under physiological conditions 
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where the expression level of STIM1 and Orai1 is low compared to that of transient 

overexpression.   

 

The Action of 2-aminoethoxydiphenyl borate 
 

Remarkable progress has been made in understanding the mechanisms of STIM and Orai 

protein coupling. In order to further dissect the mechanism of STIM-Orai interaction, the 

potent SOCE modifying reagent 2-aminoethoxydiphenyl borate (2-APB) (Fig. 7) has 

been utilized.  
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Figure 7.  

The structure of 2-aminoethoxydiphenyl borate (2-APB).  
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2-APB as a membrane-permeable reagent is well characterized as an inhibitor for native 

store-operated channels. Its actions are complex, enhancing SOCE activation at 5–10 μM, 

yet blocking it at 50 μM (69,70). It has been demonstrated to block Orai1 and Orai2 (82), 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps (103), and the mitochondrial 

permeability transition pore (104). Also 2-APB has been demonstrated to activate TRPV1, 

TRPV2, and TRPV3 (105). The stimulatory effect on native SOCE has been suggested to 

be due to an increase in the number of active CRAC channels, while not affecting the 

opening probability of the CRAC channels (70). This suggests that 5–10 μM 2-APB 

enhances SOCE by recruiting additional STIM to the CRAC channels. This hypothesis is 

supported by another study (69). In this study, Ma et al. utilized calyculin A, a 

phosphatase inhibitor, to induce the translocation of existing actin filaments to form a 

tight band of cortical actin immediately subjacent to the PM. While this treatment 

effectively blocked the interaction between ER and PM, it also eliminated the stimulatory 

effect of 2-APB, indicating 2-APB induces enhanced coupling between STIM on the ER 

and Orai on the PM.  

 

Recent evidence emphasizes the complexities of 2-APB in modifying STIM protein 

function and Orai channel gating (81,83,84). Specifically, at 50 μM, 2-APB has been 

shown to activate Orai3 channels (and Orai1, to a much smaller extent) in a manner 

independent of store depletion (81-83), but not Orai2. When store is depleted and the 

CRAC channels are already activated by STIM1 or STIM2, 50 μM 2-APB induces small 

transient potentiation followed by inhibition of Orai1 or Orai2 mediated Ca2+ influx. This 
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inhibitory phase is mysteriously absent from store-operated Ca2+ influx through Orai3 

(106). 

 

For Orai3 channels, the action of 2-APB is especially complex. It has been demonstrated 

that 2-APB is able to stimulate Orai3 currents even at high concentration (50 μM). This 

stimulation effect is recognized to be due to 2-APB modifying the channels' permeability 

so that the channels switch from highly selective of Ca2+ into a non-differentiating mode 

that allows influx of monovalent cations (81,83,84). This was demonstrated by showing 

that the 2-APB-induced Orai3 current has a leftward shift in reversal potential and a 

double rectifying property, unlike the inward rectifying property of CRAC current. The 

stimulation of Orai3 by 50 μM 2-APB is independent of STIM1 binding to Orai3 since it 

can be observed in the absence of coexpressed STIM1 (107-109). In all, this 2-APB-

induced stimulation of Orai3 channels represents a unique mechanism involving an 

increase in Orai3 channels' pore size. Does 2-APB gate the Orai3 channel in a manner 

similar to that of STIM1 binding to Orai3? If 2-APB merely mimics the behavior of 

STIM1, it is unlikely that it will alter the permeability profile and inward-rectifying 

property of the Orai3 currents. Thus direct interaction of 2-APB with the Orai3 must 

affect both the gating of Orai3 and the pore architecture to account for the stimulation 

and increase in pore size. 2-APB probably is able to access the pore by electrostatic 

interaction with one of the negatively charged acidic residues that constitute of the 

selectivity filter of Orai3 pore, as 2-APB is to considered to be mostly positively charged 

in the cytosolic environment of pH 7.4 (110).  
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The recent study by Yamashita et al. (106) has concluded that the action of 50 μM 2-APB 

on Orai3 involves two phases: the first is the STIM1-independent potentiation phase, 

during which 2-APB activates Orai3 by expanding the pore size; the second phase is 

STIM1-dependent, and its inhibitory nature is masked by the potent activation of the first 

phase. The exact mechanism of the STIM1-dependent inhibition is still unclear. 

Previously, it has been shown 2-APB disrupts store-depletion-induced STIM1 puncta or 

prevent STIM1 from forming puncta (82,84). This suggests 2-APB induces inhibition of 

SOCE by physically uncoupling STIM1-Orai1 interaction. However, another study 

revealed this effect occurs only with extended 2-APB exposure (85). Importantly, in the 

same study, the store-depletion-induced STIM1-Orai1 coupling is NOT interrupted by 2-

APB (85), as revealed by FRET analysis between coexpressed full-length STIM1 and 

Orai1. 2-APB did not visibly alter STIM1 or Orai1 in puncta either. Interestingly, this 

study also revealed that 50 μM 2-APB could induce an increased association between the 

proteins after store depletion. Thus, 2-APB must inhibit SOCE by either “functionally but 

not physically” uncoupling STIM1-Orai1, or directly affecting the Orai1 pore.  

 

The action of 2-APB on STIM2 is very interesting. While 50 μM 2-APB normally 

inhibits SOCE mediated by STIM1 (69,70,111), it massively activates STIM2, resulting 

in large Ca2+ entry even under store-replete conditions (43). Although recent studies 

demonstrate 2-APB functions directly on Orai3 channels (81,83,84), the results by Ma et 

al. have shown that the stimulatory effect of 2-APB involves modifying the ER–PM 
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coupling process (69). The action of 2-APB on STIM2 function may be explained by its 

ability to strengthen the constitutive interaction between STIM2 and Orai1, allowing 

massive Orai1 activation. It is worth noting that following the large Ca2+ entry, the 

cytosolic Ca2+ level rapidly decreases (43), suggesting that the inhibitory effect is still 

present. Thus it is possible that there are two distinct binding sites for 2-APB, one with 

high-affinity and the other low (70). As suggested previously (39), the inhibitory (low-

affinity, thus requiring higher concentrations of 2-APB) target of 2-APB on physiological 

SOCE may be the STIM protein itself. This is compatible with results by Yamashita et al. 

(106), since they demonstrated with Orai3 that the inhibitory effect is STIM1-dependent. 

When SOCE is activated, 2-APB at lower concentration solely binds to the high-affinity 

site, stimulating SOCE. Since STIM1 is maximally coupled to Orai1 following store 

depletion, the increase of Ca2+ entry through Orai1 stimulated by 2-APB is limited; while 

at high concentration, this limited stimulatory effect is masked by the large and rapid 

inhibitory phase. When STIM2 rather than STIM1 couples to the Orai1 channel at 

constitutive level, the Ca2+ influx level is relatively small, allowing the stimulatory effect 

to have a more significant presence before the inhibitory effect overshadows it. Thus the 

apparently different effects of 2-APB on STIM1 and STIM2 reflect only a difference in 

the Orai1-coupling ability of the two proteins, not necessarily different mechanisms for 

2-APB action.   
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CHAPTER 2  

MATERIALS AND METHODS 
 

DNA Constructs, Cell Culture, and Transfection  

Orai1-CFP was constructed from the pIRESneo plasmid (Clontech, Palo Alto, CA). This 

ligation was performed by Dr. Wen Xu (University of Maryland at Baltimore). CFP-

tagged Orai2 and Orai3 were kindly donated by James Putney Jr. (National Institute of 

Environmental Health Sciences, Triangle Park, NC). S1ct and S2ct were generated by 

truncation of the 1M-234N segment of STIM1–YFP and 1L-238N segment of STIM2–

YFP, respectively. S1ctΔK and S1ctCC were generated by C-terminal truncations of the 

C-terminal portions of S1ct (667S-685K and 506P-685K, respectively). STIM1/STIM2 

chimeras were generated by single-point fusions of the extracellular/luminal portion of 

STIM1 (1M-201P) with the transmembrane and cytoplasmic regions of STIM2 (206L-

746). Both S1ct-YFP and S2ct-YFP were generated by ligating the YFP tag into the 

original S1ct and S2ct vector. These truncations and chimeragenesis were performed by 

Mutagenex (Piscataway, NJ). CFP-S1ct and YFP-S1ct were generated by inserting the 

S1ct fragments into the pcDNA3-CFP or pcDNA3-YFP plasmids (Invitrogen, Carlsbad, 

CA), respectively. These constructs were generated by Eunan Hendron (Temple 

University). EGFP-SOAR, EGFP-SOAR LQ347/348AA, EGFP-SOAR ∆N6 (350-450), 

EGFP-SOAR ∆N16 (360-450), EGFP-SOAR ∆C17 (344-425) and mCherry-Orai1 were 

from Dr. Shmuel Muallem (National Institute of Health, Bethesda, MD). CFP-SOAR and 

YFP-SOAR were generated by inserting the SOAR fragments into the aforementioned 
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pcDNA3-CFP or pcDNA3-YFP plasmids. This insertion was achieved by Mutagenex 

(Piscataway, NJ). YFP-SOAR A376K was achieved using the QuikChange site-directed 

mutagenesis kit from Stratagene (Santa Clara, CA). mRFP-FK-STIM1 and mRFP-FK-

STIM1 4EA were donated by Dr. Thomas Balla (National Institute of Child Health & 

Human Development, Bethesda MD). YFP-STIM1 was constructed in the pDS plasmid 

and was donated by Dr. Tobias Meyer (Stanford University). The Δ441-448 deletion was 

achieved by Eunan Hendron (Temple University). GFP-α1C plasmid was a kind gift from 

Dr. Kurt Beam (Colorado University). mCherry-STIM1 was provided by Dr. Madesh 

Muniswamy (Temple University). Rabbit α1C, β2a, and α2δ1 in vector were gifts from 

Dr. Michael Davis (Missouri University).  
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Table 1. Constructs used in this thesis.  

Name Vector 

Orai1-CFP pIRESneo 

Orai2-CFP pCMV6-XL5 

Orai3-CFP pCMV6-XL4 

S1ct-YFP pIRESneo 

S2ct-YFP pIRESneo 

S1ctΔK pIRESneo 

S1ctCC pIRESneo 

STIM1/STIM2 chimera pEGFP-C1 

CFP-S1ct pcDNA3-CFP 

YFP-S1ct pcDNA3-YFP 

EGFP-SOAR pEGFP-C1 

EGFP-SOAR LQ347/348AA pEGFP-C1 

EGFP-SOAR ∆N6 (350-450) pEGFP-C1 

EGFP-SOAR ∆N16 (360-450) pEGFP-C1 

EGFP-SOAR ∆C17 (344-425) pEGFP-C1 

mCherry-Orai1 p mCherry-C1 

CFP-SOAR pcDNA3-CFP 

YFP-SOAR pcDNA3-YFP 

YFP-SOAR A376K pcDNA3-YFP 

mRFP-FK-STIM1 4EA mRFP-FKBP12-5-ptase 
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YFP-STIM1 pDS 

YFP-STIM1 ∆441-448 pDS 

GFP-α1C pEGFP-C1 
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Human embryonic kidney 293 (HEK293) cells and DT40 cells were maintained in 

DMEM and RPMI medium, respectively, supplemented with 10% (v/v) fetal bovine 

serum, penicillin, and streptomycin. DT40 knockout cells were gifts from Dr. Tomohiro 

Kurosaki (RIKEN). HEK293 cells that stably express Orai1-CFP were generated by Dr. 

Jonathan Soboloff (Temple University). HEK293 cells that stably express STIM1 D76A 

mutant were generated by Dr. Hewavitharana Thamara (University of Pennsylvania). The 

medium for HEK293 stable cell lines were also supplemented with G418 (500 µg/ml) in 

order to maintain the transfected constructs.  

 

For data of Chapter 3, DNA constructs were transfected into cells by electroporation 

using the Gene Pulser II electroporation system (Bio-Rad) at 350 V, 960 microfarads, and 

infinite resistance, followed by 48 hr in culture. For data of Chapter 4 and 5, transfection 

of DNA into cells was achieved by electroporation using the BioRad Xcell 

electroporation system with 180 V, 25 ms pulse, followed by 24 hr in culture.   

 

Intracellular Ca2+ Measurements  

Intracellular Ca2+ was measured using fura-2 ratiometric imaging. Cells grown on 

coverslips were placed in cation-safe solution (107 mM NaCl, 7.2 mM KCl, 1.2 mM 

MgCl2, 11.5 mM glucose, 20 mM Hepes-NaOH, pH 7.2) and loaded with fura-2/AM (2 

μM) for 30 min at 20 °C. Cells were washed, and dye was allowed to de-esterify for a 

minimum of 30 min at 20 °C. Ca2+ concentrations were measured using an InCyt dual 

wavelength fluorescence imaging system (Intracellular Imaging Inc., Cincinnati, OH). 
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Fluorescence emission at 505 nm was monitored with excitation monitored at 340 and 

380 nm; intracellular Ca2+ measurements are shown as 340/380 nm ratios obtained from 

groups of single cells. Measurements shown as means ± SEM of traces from ∼30-40 

individual cells and are representative of a minimum of three and in most cases a larger 

number of independent experiments. 

 

Immunoprecipitation and Cell Lysis  

Cells were lysed in Nonidet P-40 buffer [1% (v/v) Nonidet P-40, 150 mM NaCl, 50 mM 

TrisHCl (pH 8.0), containing 100 μM phenylmethylsulfonyl fluoride and Sigma protease 

inhibitor mixture I], cleared by centrifugation and normalized for protein content.  For 

coimmunoprecipitation, lysates (200 μg) were mixed with 50 μl of a 50% protein G 

slurry (Calbiochem) that was pre-coated for 1hr with indicated antibodies (5 μl/sample).  

The samples were incubated for 1hr at 4 °C with rotation and were then washed three 

times with lysis buffer.  After the final wash, beads were re-suspended in gel-loading 

buffer and boiled for 10 min. 

 

Western Analyses  

Lysed cells were incubated for 30 min at 4 °C and subsequently centrifuged (18,000 × g, 

20 min at 4 °C). The protein content of the supernatants was quantified by using Bio-Rad 

DC protein assay kits following the manual instructions. Protein extracts (15~25 μg/lane 

of each) were resolved on SDS-polyacrylamide gels (6% for experiments with Cav1.2, 8% 
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for other experiments) and electroblotted onto Bio-Rad Immun-Blot PVDF membranes. 

After transfer, the PVDF membranes were blocked (1 h, room temperature) in Tris-

buffered saline-Tween 20 (TBST; 10 mM TrisHCl, pH 8.0, 150 mM NaCl, 0.1% Tween 

20) containing membrane blocking agent (5%) (Amersham Biosciences) and 

subsequently incubated with corresponding primary antibodies (1 h, 22 °C). Membranes 

were washed 2 times (7 min) in TBST and incubated with secondary antibody (30 min, 

IgG conjugated to horseradish peroxidase). Subsequently, membranes were washed 3 

times (5 min) in TBST followed by a single wash (5 min) in Tris-buffered saline (TBS; 

150 mM NaCl, 10 mM TrisHCl, pH 8.0). Peroxidase activity was visualized with an ECL 

kit as according to the manufacturer’s instructions (Amersham Biosciences). 

 

Fluorescence Imaging and FRET Measurements  

Fluorescence was examined with a LeiCaDMI 6000B fluorescence microscope equipped 

with CFP (436Ex/480Em) and YFP (500Ex/535Em) filters controlled by Slidebook 

Software (Intelligent Imaging Innovations, Denver, CO). All images were obtained at 

room temperature with a 63 oil objective (Leica), and image analyses were performed 

with Slidebook software. CFP fluorescence FCFP (436Ex/480Em) and the raw FRET Fraw 

(436Ex/535Em) were monitored at a rate of 0.1 Hz. Two-channel corrected FRET was 

calculated based on the following formula: FRETc = (Fraw -Fd/Dd × FCFP) / FCFP, where 

FRETc represents the corrected total amount of energy transfer, Fraw represents 

fluorescence measured through the CFP/YFP filter cube, FCFP represents measured CFP 

fluorescence, and Fd/Dd represents measured bleed-through of CFP through the YFP 
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filter (0.592248). Fluorescence images and FRET analyses shown are typically from at 

least 3 separate experiments. Three-channel corrected FRET was calculated based on the 

following formula: FRETc = Fraw -Fd/Dd× FCFP - Fa/Aa × FYFP Where FYFP represent 

measured YFP fluorescence. Fd/Dd (0.592248) and Fa/Aa (0.0971233) represents 

measured bleed through of CFP through the YFP filter and YFP through the CFP filter, 

respectively.  
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CHAPTER 3  

RESULTS: ROLE OF PLASMA MEMBRANE STIM1 IN SOCE 
ACTIVATION 

 

An ER-exclusive STIM1 mutant STIM1EF interacts and binds to wild type 
STIM1 

 
The STIM1 protein is expressed not only in the ER but also in the plasma membrane (29-

31,33,48), although its role in this membrane is not yet clear. Unexpectedly an EF-hand-

mutated STIM1 (D76A/E87A, STIM1EF) provided a good tool for this study. The 

expression of this STIM1EF mutant results in constitutive SOCE activation without store 

depletion (24,39,42,43) since the EF-hand is defective in binding Ca2+. To study this 

constitutive SOCE coupling process, our lab developed HEK293 cell lines that stably 

express the D76A/E87A double mutant of STIM1 (EF20 cells). A surprising finding with 

these cells was that the EF-hand mutations prevent the entry of STIM1 into the PM (112). 

This emphasizes that insertion into the PM is not required for the close association 

between STIM1 and Orai1, since this mutant is able to properly activate Orai1. Yet the 

important point is that since the STIM1 EF mutant is ER-exclusively located, in contrast 

to the expression of wild type STIM1 on both ER and PM, it provides a good tool to 

examine the role of PM-expressed STIM1 in SOCE activation.  

 

First, it is important to determine whether wild type STIM1 and STIM1EF mutant can 

cross-react with each other. The store-induced activation of SOCEs requires 



52 
 

oligomerization of STIM1 (24,42-44). Thus homomeric interactions between STIM1 

molecules within the ER membrane play an important role in the initial response to store 

depletion. If the mutant STIM1 is unable to heteromerically interact with wild type 

STIM1, then the wild type STIM1 on the PM would not have much of an influence on the 

STIM1EF mediated constitutive Ca2+ entry. Therefore, coimmunoprecipitation test was 

carried out to assess whether the two proteins could interact under store-replete 

conditions. As shown in Fig. 8, there is a clear interaction between wild type STIM1 and 

the D76A/E87A STIM1EF mutant. In this experiment, cells stably expressing a control 

vector (pIRESneo), wild type STIM1 or STIMEF mutant were transiently transfected 

with YFP-STIM1. Pull-down of untagged STIM1 was then examined using anti-STIM1 

antibodies after coimmunoprecipitation with a rabbit anti-GFP antibody. Although no 

STIM1 was pulled down by the GFP antibody without expression of YFP-STIM1 in 

EF20 cells (lanes 1 and 5), similar amounts of STIM1 were pulled down in STIM1-WT-

expressing and EF20 cells after YFP-STIM1 transfection (lanes 7 and 8). Hence, the EF-

hand mutant STIM1 protein is able to interact with wild type STIM1 equally well, since 

wild type STIM1 is able to undergo interaction with itself. Curiously, at resting condition, 

the EF-hand mutant is in the Ca2+-dissociated configuration and hence is constitutively 

aggregated and active, while native STIM1 in the same cells is in the inactive state, 

evenly distributed across the ER membrane. Thus, the constitutive aggregation of the EF-

hand mutant and its spontaneous localization in the junctional areas do not prevent non-

aggregated wild type STIM1 from interacting with it. This suggests that native STIM1 is 

not excluded from ER-PM junctions and probably is diffusing in and out of junctional 

areas.  
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Figure 8.  

Coimmunoprecipitation reveals that wild type YFP-STIM1 interacts with the 
STIM1-D76A/E87A mutant. Stable HEK293 cell lines expressing either empty vector 
(pIRES), WT STIM1, or STIM1-D76A/E87A were either transiently transfected with 
YFP-STIM1 or not, as shown. Whole cell lysates (A) or samples that had been pulled 
down with an anti-GFP antibody (B) were analyzed by Western blot using an anti-N-
terminal STIM1 antibody (113).  
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STIM1 located on plasma membrane influences STIM1-mediated Ca2+ entry 

 
Next, it is important to address the possibility of interactions between the ER-specific 

STIM1 EF-hand mutant and wild type STIM1 in the PM. It has been hypothesized that 

intermembrane association between ER and plasma membrane STIM1 molecules is 

involved in the coupling process to activate store-operated channels (39,42,43,114). 

Although wild type STIM1 and the constitutively active EF-hand mutant are able to 

interact, the data in Fig. 8 do not distinguish between whether the interaction occurs 

between adjacent molecules in the same membrane or between STIM1 molecules in 

different membranes. This question was addressed by examining the effects of a specific 

N-terminal STIM1 monoclonal antibody, which our lab revealed has a substantial 

inhibitory effect on store-operated Ca2+ entry when applied to the outside of cells (39). 

The antibody also strongly suppressed the constitutive Ca2+ entry mediated by the 

D76A/E87A STIM1 mutant in EF20 cells, although in these cells none of the mutant 

STIM1 is in the PM (112). The inhibitory action of the externally applied STIM1 N-

terminal antibody indicates that endogenous wild type STIM1 in the PM is exerting an 

effect on the constitutive activation of Orai1 by the EF-hand STIM1 mutant.  

 

To further examine the possible role of PM STIM1 in mediating the inhibitory action of 

the STIM1 antibody, the actions of the antibody was examined using the DT40 chicken B 

cell STIM1 knockout cell line described in previous studies (47), which is devoid of 

endogenous STIM1. Both the wild type and STIM1 knockout DT40 cells were 

transfected with D76A/E87A STIM1 mutant. For wild type DT40 cells with endogenous 
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STIM1 on the PM, extracellularly applied antibody aggregates those STIM1 on PM. 

Under store replete condition, if indeed the PM STIM1 interacts with ER-located 

D76A/E87A STIM1, then the constitutive interaction between STIM1EF and Orai1 

would be disrupted. Thus the constitutive Ca2+ entry would be inhibited. On the other 

hand, in STIM1-k/o DT40 cells expressing STIM1EF, the extracellular antibody lacks the 

PM STIM1 as target. The constitutive Ca2+ entry would be properly observed. The 

expected results based the hypothesis that PM STIM1 interacts with ER STIM1 are 

shown in Fig. 9A and B. As the effect of the N-terminal STIM1 antibody on constitutive 

Ca2+ entry resulting from expression of the STIM1 EF-hand mutant in either wild type 

DT40 cells or STIM1-k/o DT40 cells was compared (Fig. 9, C and D), the above 

hypothesis was validated. The results reveal that in wild type DT40 cells expressing the 

EF-hand mutant (Fig. 9C), the constitutive Ca2+ entry was almost completely blocked by 

the antibody. In contrast, in the STIM1-k/o cells expressing the STIM1 EF-hand mutant, 

the constitutive Ca2+ entry was not affected by application of the same antibody. Thus, in 

cells expressing only the EF-hand mutant of STIM1, which does not translocate and 

insert to the PM, the antibody has no effect. This provides further evidence that the 

inhibitory action of the externally applied STIM1 antibody is mediated through its 

interaction with STIM1 inserted in the PM. 
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Figure 9.  

Effects of extracellular application of N-terminal STIM1 antibody on constitutive 
Ca2+ entry in DT40 cells expressing STIM1-D76A. (A) and (B), Cartoon schemes of 
the experiment rationale. Both wild type and STIM1-k/o DT40 cells were transiently 
expressing STIM1-D76A mutant that is exclusively located on the ER membrane. (C) 
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and (D), constitutive Ca2+ entry was examined in either wild type DT40 B cells (C) or 
DT40 cells deficient in the STIM1 gene (D). In each case, cells were transiently 
transfected (12 hr) with the STIM1-D76A EF-hand mutant. Cells were pretreated for 30 
min either with (gray) or without (black) 20 μg/ml mouse monoclonal antibody against 
the STIM1 N terminus (residues 25-139). Ca2+ entry was examined after the addition of 1 
mM external Ca2+ as shown (bar).  
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These results indicate that STIM1 molecules in the ER and PM are able to undergo 

transmembrane interactions. Further, the results demonstrated the PM STIM1 can 

influence Ca2+ channel activation mediated by ER STIM1. One possible model for the 

mechanism of this functional influence is as shown in Fig. 10A, that PM STIM1 may 

bind to and exert control over the function of Orai1. Another possibility is that 

transmembrane STIM1-STIM1 interactions may exert control over the STIM1-mediated 

coupling to activate plasma membrane Orai1, while the PM STIM1 does not directly 

interact with Orai1, as depicted in Fig. 10B. Under this scenario, the effect of the 

antibody may be to aggregate surface STIM1 and, through transmembrane interactions 

with ER STIM1, prevent the latter from being able to effectively interact with and 

activate Orai1. 
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Figure 10.  

Possible scenarios for the involvement of plasma membrane STIM1 in the activation 
of Orai1 by ER-STIM1. A, the possibility that STIM1 in the PM plays an obligatory 
coupling role in activation of Orai by ER-STIM1 is now discounted. B, STIM1 
aggregated in the ER is the primary direct activator of PM Orai1 channels; however, 
STIM1 in the PM exerts a modulatory role on this channel activation by interacting with 
aggregated STIM1 in the ER (113).  
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CHAPTER 4  

RESULTS: DISSECTING THE STIM-ORAI COUPLING PROCESS 
WITH 2-APB 

 

Comparisons of the action of 2-APB on STIM and Orai proteins 

 
STIM1 and STIM2, while sharing homologous structures, exhibit highly different 

properties in their abilities to mediate constitutive Ca2+ entry and to be modulated by the 

action of 2-APB (43,58). In order to study the underlying mechanism for the difference 

between the action of 2-APB on STIM1 and STIM2, a series of STIM1 and STIM2 

mutants were generated (Fig. 11).  
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Figure 11.  

Schematic illustration of the structures of STIM proteins and constructs used for 
Fig.12-15. (A) Comparison of the sequence domains of STIM1 and STIM2 proteins 
including the canonical and the hidden EF-hand Ca2+ binding regions (cEF and hEF), 
sterile-α motifs (SAM), transmembrane domains (TM), 2 coiled-coil regions (CC1 and 
CC2), proline-rich domains (P), and lysine-rich domains (K). (B) Structures of STIM 
chimera and C-terminal (ct) truncations used in these studies. S1ctΔK is deficient in just 
the C-terminal lysine-rich domain; S1ctCC is deficient in the entire variable region, and 
comprises mostly the coiled-coil region of STIM1. All proteins were YFP-tagged as 
shown (60). 
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By directly comparing the two proteins expressed at similar levels in HEK-Orai1 cells 

that stably express Orai1-CFP (Fig. 12A) it is obvious that STIM2 is able to activate 

Orai1 without store depletion while STIM1 cannot, consistent with previous studies (115).  

The addition of 50 μM 2-APB resulted in a massive increase of Ca2+ influx in STIM2 

expressing cells. In contrast, STIM1 showed almost no activation with the presence of 50 

μM 2-APB. Both tests with STIM1 and STIM2 were performed under store replete 

conditions. The difference between STIM1 and STIM2 likely reflects their distinct 

abilities to couple to Orai1 without store depletion. The electrophysiology measurements 

in Fig. 12B and C confirmed the massive activation by 50 μM 2-APB on STIM2-

mediated constitutive Ca2+ entry, but also raised two interesting points. First, the I/V 

property of the 2-APB activated current shows typical ICRAC characteristic. It has the 

proper inward rectifying shape, and the reversal potential is +50 mV. This indicates that 

this stimulatory effect of 50 μM 2-APB is not achieved by altering the Orai1 pore 

architecture. This is in contrast to a recent report by Peinelt et al. (116) which 

demonstrated that 50 μM 2-APB is able to activate Orai1 channel directly under store 

replete conditions, although to a very small extent. Their current measurement indicated 

this effect of 2-APB is accompanied by modulation of Orai1 pore structure, as the 2-

APB-activated current is outward rectifying at positive voltages. Second, from the current 

measurement in Fig. 12B, the massive activation by 2-APB is followed by a rapid 

inhibitory phase, leading to almost complete inactivation of Ca2+ influx at 150 seconds. 

The inhibitory effect is reminiscent of the characteristic inhibition of SOCE by 50 μM 2-

APB (39,43,70).  
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Figure 12.  

Distinct actions of STIM1 and STIM2 in coupling to activate Orai channels. (A) 
Cytosolic Ca2+ responses were measured in HEK293 cells stably expressing Orai1–CFP 
(HEK–Orai1), with either STIM1–YFP (red) and STIM2–YFP (green) transiently 
transfected. Ca2+ (1 mM) or 50 μM 2-APB were added as shown (arrows). (B) Time 
course of typical whole-cell current measurement in 10 mM Ca2+ in HEK–Orai1 cells 
transfected with STIM2 (−100 mV holding potential); 50 μM 2-APB was added as shown. 
(C) I/V curve showing typical CRAC channel properties of STIM2-mediated peak current 
in HEK–Orai1 cells transfected with STIM2. (D) Western analysis using STIM1/STIM2 
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cross-reacting mAb revealing STIM1 (S1) and STIM2 (S2) expression in either of 2 WT 
DT40 cell lines (WT-1 and WT-2), or either S1−/−, S2−/−, or S1/S2−/− DT40 KO cells. 
HEK293 cells expressing either S1 or S2 were used as positive controls, and actin was 
used as loading control. (E) Ca2+ responses to 50 μM 2-APB in 1 mM Ca2+ in S1/S2−/− 
DT40 cells transfected either with empty pIRES vector (black), Orai1–CFP (blue), YFP–
STIM1 (green), or both Orai1–CFP and YFP–STIM1 (red). (F) Ca2+ responses to 50 μM 
2-APB in 1 mM Ca2+ in S1/S2−/− DT40 cells transfected either with Orai1–CFP (blue), 
YFP–STIM2 (green), or both Orai1–CFP and YFP–STIM2 (red). (G) Effects of 50 μM 2-
APB on Ca2+ responses in 1 mM Ca2+ in either WT DT40 cells (black) or S1−/− DT40 
cells (red), S2−/− DT40 cells (blue), or S1/S2−/− DT40 cells (green). (H) Effects of 50 μM 
2-APB on Ca2+ entry (1 mM) in S1S2−/− DT40 cells expressing either empty pIRES 
vector (black) or expressing Orai3–CFP (green). (I) Effects of 50 μM 2-APB on Ca2+ 
entry (1 mM) in S1S2−/− DT40 cells expressing either empty pIRES vector (black) or 
Orai2–CFP (red). (J) Ca2+ responses in HEK–Orai1 cells expressing the STIM1/STIM2 
chimera (see Fig. 11); 50 μM 2-APB or 1 mM Ca2+ were added as shown. (Insert) 
Average constitutive Ca2+ entry in HEK-Orai1 cells transfected either with STIM2 (green) 
or the YFP-STIM1/STIM2 chimera (purple); means ± SEM, 5 experiments (10–40 cells 
each). (K) Western analysis of chimeric YFP–STIM1/STIM2 expression in HEK-Orai 
cells using anti-YFP antibody and comparison of expression with YFP–STIM1 and YFP–
STIM2. Experiments in figure (A) and (J) are performed by Dr. Yandong Zhou. 
Experiments in figure (B), (C) and (I) are performed by Dr. Youjun Wang.  
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Since the HEK293 cells express endogenous STIM1 and STIM2, it cannot be ruled out 

that STIM1 and STIM2 cross-react with each other and the action of 2-APB is actually 

exerted on STIM1/STIM2 heteromultimers. To further dissect the difference between 2-

APB on STIM1 and STIM2, the DT40 chicken B cells with either STIM1, STIM2 or 

both knocked-out were utilized to provide a clean background. The expression levels of 

STIM1 or STIM2 are not significantly altered to compensate for the knockout, as 

demonstrated by the western blot analysis in Fig. 12D. Thus, the Ca2+ measurements 

obtained in Fig. 12E-F are of relevance to those in Fig. 12A. In Fig. 12E, when YFP-

labeled STIM1 was expressed in DT40 STIM1/STIM2 knockout cells (S1/S2−/−), no 

activation of Ca2+ influx by 50 μM 2-APB was observed when the YFP-STIM1 was 

either expressed alone or coexpressed with Orai1-CFP. It is a different case with STIM2, 

as 50 μM 2-APB induced a relatively large Ca2+ entry in YFP-STIM2 and Orai1-CFP 

coexpressing S1/S2−/− cells, and a smaller response in S1/S2−/− cells expressing YFP-

STIM2 alone (Fig. 12F). These results are compatible with the comparison between wild 

type (WT), STIM1 knockout (S1−/−), STIM2 knockout DT40 cells (S2−/−) and S1/S2−/− 

cells in Fig. 12G. Here under store replete conditions, both WT and S1−/− showed 2-APB-

induced Ca2+ entry but S2−/− and S1/S2−/− did not. Overall the data confirm the strong 

difference between STIM1 and STIM2.  

 

It is worth noting that in both Fig. 12E and 12F, when Orai1-CFP was expressed alone in 

S1/S2−/− cells derived of endogenous STIM1 and STIM2, no direct activation by 50 μM 

2-APB was observed. This apparent inconsistency with the report by Peinelt et al. (116) 

can be possibility explained by the different cell lines utilized (Peinelt et al. used 
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HEK293 cells), or by the fact that the entry is too small to be reflected by the fura-2 

fluorescence Ca2+ measurements here, while the electrophysiology measurements by 

Peinelt et al. were much more sensitive. Nevertheless, when compared to Orai1, the 

action of 2-APB on Orai3 is significantly different, as was reported several recent studies 

(51,82,84). It has been proposed that the activation of Orai3 by 50 μM 2-APB is 

independent of STIM1. The results in Fig. 12H are in agreement with this. When Orai3 

was transiently expressed in DT40 S1/S2−/− cells, it is able to be directly activated by 50 

μM 2-APB.Comparing the activation kinetics of Fig. 12F and Fig. 12H, it is revealed that 

the stimulatory effect of 2-APB on Orai3 is much slower than on STIM2. Orai3 takes 

around 400 seconds to reach maximum activation (Fig. 12H) while STIM2 only around 

100 seconds. Thus, endogenous Orai3 is unlikely to play a role in the 2-APB-induced 

activation of STIM2 in Fig. 12A and F. The definitive proof for this hypothesis comes 

from a close examination of the avian genome. The Orai3 gene is curiously absent in 

DT40 cells. Thus the actions of 2-APB on STIM2 and Orai3 are definitively two distinct 

processes. Finally, Orai2 was examined (Fig. 12I). Consistent with previous publications 

(82,84), 2-APB does not directly activate Orai2.  
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2-APB activates Ca2+ influx mediated by STIM C-terminus 

 
A STIM1/STIM2 chimera that has the STIM1 N-terminal domains fused with STIM2 C-

terminal domains exhibited strong activation by 50 μM 2-APB (Fig. 12J). Expressed at 

comparable levels to STIM1 and STIM2 as shown by western analysis (Fig. 12K), this 

chimeric protein is poor at mediating constitutive Ca2+ entry comparing to STIM2 (Fig. 

12, insert), in consistency with the higher affinity/low sensitivity for Ca2+ of STIM1 N-

terminus. Thus, the ability of STIM2 to be activated by 50 μM 2-APB is probably due to 

its C-terminal regions. Based on this information, the next logical step is to study the 

expression, organization, and function of the C-terminal domains of both STIM1 and 

STIM2, as well as the action of 2-APB on these fragments. C-terminally labeled YFP-

fusion constructs (S1ct-YFP and S2ct-YFP) were examined. When expressed in HEK-

Orai1 cells, S1ct-YFP mediates constitutive Ca2+ entry (Fig. 13B), consistent with 

previous reports about constitutive coupling between C-terminal STIM1 and Orai1 

(52,64,83). Unexpectedly, upon application of 50 μM 2-APB there is a large, rapid 

increase in Ca2+ entry followed by an inhibitory phase (Fig. 13B), which is strongly 

reminiscent of the effect of 50 μM 2-APB on STIM2 (Fig. 12A). Electrophysiological 

measurements in HEK-Orai1 cells revealed that both the constitutive entry and 2-APB-

induced influx of Ca2+ exhibit authentic ICRAC current properties (Fig. 13C and D), again, 

similarly to that of full-length STIM2 (Fig. 12B and C). In the case of STIM2 C-terminus 

(Fig. 13E), the response to 2-APB is almost 5 times larger than that of S1ct-YFP (Fig. 

13C). The cell in Fig. 13E is of comparable YFP intensity to the S1ct-YFP expressing 

cell observed in Fig. 13C. Thus S2ct may have a more efficient 2-APB-activated 

coupling mechanism. 
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Figure 13.  

Functional comparison of STIM1 and STIM2 C-terminal constructs on Orai1 
channel activation. Descriptions of constructs are given in Fig. 11B. (A) Western 
analysis of expression levels of truncated STIM constructs using an YFP mAb in HEK-
Orai1 cells; actin was the loading control. (B) Cytosolic Ca2+ responses in HEK–Orai1 
cells expressing the YFP-tagged C terminus of STIM1 (S1ct-YFP). Cells with visible 
YFP fluorescence (green) are compared with cells in which YFP was not detectable 
(blue). Responses in cells with no visible YFP fluorescence reflect low levels of S1ct 
expression. Measurements were in 1 mM Ca2+ except where decreased to 0 (bar). (C) 
Time course of whole-cell current at -100 mV in a typical HEK-Orai1 cell transfected 
with S1ct–YFP. (D) I/V curve of constitutive (black) and 2-APB-induced peak current 
(red) of the cell shown in C. (E) Time course of whole-cell current at -100 mV in a HEK–
Orai1 cell transfected with S2ct-YFP with similar fluorescence level as cell shown in C. 
(F) Cytosolic Ca2+ responses in HEK-Orai1 cells expressing the S1ctΔK-YFP (see Fig. 
11). Cells with visible YFP are green; cells without visible YFP are blue. External Ca2+ 
was 1 mM and decreased to 0 (bar); 50 μM 2-APB was added as shown. (G) Cytosolic 
Ca2+ responses in HEK-Orai1 cells expressing the S1ctCC-YFP (see Fig. 11) measured 
exactly as in F. (H) Effects of S1ct-YFP expression on cytosolic Ca2+ responses in 
S1/S2−/−DT40 cells. Cells with visible YFP are green; cells without visible YFP are blue; 
cells expressing only pIRES vectors are black. External Ca2+ was 4 mM and decreased to 
0 (bar); 50 μM 2-APB was added as shown. (I) Comparison of S1ct-YFP expression with 
coexpression of S1ct-YFP together with Orai1-CFP in S1/S2−/−DT40 cells. Experiments 
in figure (C), (D) and (E) are performed by Dr. Youjun Wang (60).  
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The similarity between the activation of STIM2 and S1ct/S2ct by 50 μM 2-APB is 

thought-provoking. It seems that the prerequisite step for the unusual stimulatory effect 

of 50 μM 2-APB is the constitutive Ca2+ entry. It is likely that both STIM2 and the STIM 

C-terminus fragments are readily “primed” via their constitutive coupling to Orai1 

channels, so that 50 μM 2-APB is able to enhance this coupling, leading to elevated Ca2+ 

entry. In fact, the SOCE mediated by full-length STIM1 can be briefly activated by 50 

μM 2-APB before the inhibition (69). In this case, STIM1 is also primed to interact with 

Orai1 after store depletion. The smaller activation on STIM1 SOCE by 50 μM 2-APB 

perhaps reflects the limitation of the amount of CRAC channels available. Indeed, the 

huge activation of STIM2 by 50 μM 2-APB is not dissimilar in magnitude to the  

activation of store-operated  Ca2+ entry in HEK-Orai1 cells coexpressing STIM1, 

suggesting the two effects share a similar mechanism.  

 

The lysine-rich end of the STIM1 C-terminus (672-685, K-region) has been suggested to 

interact with the PIP2 in the PM (117) and perhaps plays a role in facilitating STIM1 to 

interact with Orai channels on the PM (52,64). Truncation of this K-region from STIM1 

C-terminus (S1ctΔK; see Fig. 11B) had little effect on its ability to mediate constitutive 

Ca2+ entry and to be activated by 50 μM 2-APB (Fig. 13F). On the other hand, the 

Drosophila homologue of STIM1 is devoid of the domains after the second coiled-coil 

domain. Further truncations of all but the coiled-coil region of STIM1 C-terminus 

(S1ctCC; see Fig. 11B) again did not abolish the constitutive entry and 2-APB activation 

(Fig. 13G). Expression level of these fragments was similar to that of the complete C-
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terminus (Fig. 13A). These data suggest that the regions downstream of the second 

coiled-coil domain of STIM1 are not obligatory for the activation of Orai1.  

 

To assess whether the STIM1 C-terminal fragment requires endogenous STIM proteins to 

mediate its coupling with Orai1, S1ct-YFP was expressed in DT40 S1/S2−/− cells. 

Interestingly, S1ct-YFP is unable to mediate constitutive Ca2+ entry in these cells (Fig. 

13H and I). STIM1 C-terminus has been recognized to be poor at constitutive Orai 

activation, due to the shielding of the polybasic region within CAD/SOAR by the self-

inhibitory domain in CC1 (93). It is possible that the endogenous STIM proteins in 

HEK293 cells facilitate the partial unfolding of S1ct, so that it mediates a small yet 

steady constitutive Ca2+ influx. Nevertheless, 50 μM 2-APB still induced a rapid and 

large Ca2+ entry (Fig. 13H). Overexpression of Orai1-CFP had a minimal effect (Fig. 13I), 

possibly because the structure of the DT40 cells does not allow optimal coupling between 

all the available S1ct and Orai1 proteins. Curiously, in DT40 cells the entry activated 2-

APB is devoid of the inhibitory phase (Fig. 13 H and I). The mechanism of the inhibitory 

effect will be discussed in more details after Fig. 19 and 20. It is unlikely that in DT40 

cells this mechanism is altered, thus, DT40 cells appear to have lower Ca2+ pumping 

activity compared to HEK293 cells. 
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2-APB induces coupling between STIM C-terminus and Orai1 in a 
reversible and Ca2+ -independent manner 

 
The activation of STIM C-terminus by 50 μM 2-APB requires a physical coupling 

between the C-terminus fragments and Orai. STIMct is reported to be mainly localized in 

the cytosolic areas even when coexpressed with Orai1 (93). This is consistent with the 

results obtained in Fig. 14B, in which S1ct-YFP is expressed in HEK-Orai1 cells. Before 

2-APB addition, S1ct-YFP was uniformly distributed in the cytosol while there is a small 

proportion of S1ct-YFP on the PM, presumably mediating the constitutive Ca2+ entry. 

Thus, the enhancement of Ca2+ influx by 2-APB is either due to 2-APB modulating the 

existing S1ct-Orai1 complex on the PM, or a physical enrichment of S1ct from the 

cytosol to the PM. The results in Fig. 14D demonstrated that the latter is the case. After 

the addition of 2-APB, there is a clear translocation of S1ct-YFP from the cytosol to the 

PM. This is compatible with the hypothesis that stimulatory effect of 2-APB on STIM1 

requires a physical coupling between the ER and PM component (69), suggesting of 

enhanced STIM1-Orai1 association. Magnifications (Fig. 14E-J) of the cell shown in Fig. 

14 A-D reveal a superimposable co-localization between S1ct-YFP and Orai1-CPF, 

indicating the two closely associate with each other. The close association is further 

confirmed by FRET measurements in Fig. 14U. 2-channel FRET analysis between Orai-

CFP and S1ct-YFP showed a rapid 2-APB-induced increase in intermolecular FRET 

level. Similar to S1ct-YFP, S2ct-YFP expressed in HEK-Orai1 cells also underwent 

translocation to the PM following the addition of 2-APB (Fig. 14K-J) and Orai1 binding 

(Fig. 14U). Curiously, the increased FRET signal between S1ct-YFP remained relatively 

stable for 100 s, considerably longer than the rapid decline in the Ca2+ entry that follows 
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the initial peak (Fig. 13 B, C, and E). Thus, the inhibition of channel function does not 

result from dissociation between the proteins, a point that will be elaborated further in 

later sections of this thesis.  
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Figure 14.  

Redistribution and interaction between Orai-CFP and YFP-tagged STIM1 and 
STIM2 C-terminal fragments induced by 2-APB. (A-T) Stably expressing HEK-Orai 
cells were transfected with either S1ct-YFP (A-J) or S2ct-YFP (K-T). (A and C) Orai-
CFP fluorescence before and 20 s after 50 μM 2-APB addition. (B and D) S1ct-YFP 
fluorescence in the same cells. (E-J) Details of fluorescence changes in boxed areas in A 
and C) for Orai1-CFP (E and H), S1ct-YFP (F and I), and merged Orai1-CFP/S1ct-YFP 
fluorescence (G and J). Note the major change in Orai-CFP membrane distribution before 
and after 2-APB, and the exact correspondence and overlap of Orai1-CFP/S1ct-YFP seen 
in the merged areas after 2-APB. The images shown in K-T are identical experiments to 
A-J except the STIM2 C-terminal-YFP construct in HEK-Orai cells was used. Note from 
the detailed images how uniform Orai-CFP is in the membrane before 2-APB (O) and 
how reorganized it becomes 20 s after 2-APB (R); note also the profound movement of 
S2ct-YFP from the cytosol (P) to the membrane (S) after 2-APB addition, and the almost 
complete overlap of the Orai1-CFP and S1ct-YFP fluorescence in the membrane (T). (U) 
Two-channel FRET analysis of the time course of interactions between Orai1-CFP and 
either S1ct-YFP (red) or S2ct-YFP (green), induced by 50 μM 2-APB. The values are 
normalized for resting FRET levels before 2-APB. (V) Absence of FRET signal in HEK-
Orai1-CFP cells expressing cytosolic YFP alone. (W) Average of 6 separate FRET 
experiments normalized to resting FRET levels for 2-APB-induced FRET increases 
between Orai1-CFP and S1ct-YFP (red) or S2ct-YFP (green), revealing that relative 2-
APB-induced FRET changes are similar for S1ct and S2ct. (Magnifications: ×3,000.) 
Experiments in this figure are performed by Dr. Yandong Zhou (60).  
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Next the reversibility of 2-APB-induced enhancement of STIM1-Orai1 coupling was 

investigated. In Fig. 15B and C, HEK293 cells stably expressing Orai1-CFP were 

transfected with S1ct-YFP. YFP fluorescence was measured and normalized to the 

resting level before addition of 2-APB. The fluorescence microscopy measurements 

revealed that 20 s after the addition of 50 μM 2-APB, S1ct is redistributed from the 

cytosol to the plasma membrane area as judged from about 20% increase of YFP 

fluorescence in the PM regions, accompanied by corresponding decrease of YFP 

florescence in the cytosolic regions. Upon removal of 2-APB, the distribution of S1ct-

YFP is shown to re return to the resting state. Due to the large Ca2+ influx induced by 

addition of 2-APB, it is important to ask whether this Ca2+ influx is the cause or the effect 

of S1ct-YFP redistribution. As shown in Fig. 15B, the first part of the experiment was 

performed in Ca2+ -free environment. Ca2+ was added at around 450 s. The 2-APB-

induced localization of S1ct-YFP to the PM is not affected by the presence or absence of 

Ca2+, indicating the Ca2+  influx after 2-APB addition is the consequence of activation of 

Orai1-CFP by S1ct-YFP. The measurements of FRET signals between Orai1-CFP and 

S1ct-YFP in Fig. 15D further demonstrate that the redistribution of S1ct-YFP in Fig. 15B 

and C reflects the enhanced coupling between Orai1-CFP and S1ct-YFP. 
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Figure 15.  

Functional analysis of the effect of 2-APB on STIM1 C-terminus. (A) Cytosolic Ca2+ 
responses in HEK–Orai1 cells expressing the YFP-tagged C terminus of STIM1 (S1ct–
YFP, YFP tagged on the C-terminus). Cells with visible YFP fluorescence (green) are 
compared with cells in which YFP was not detectable (blue). Responses in cells with no 
visible YFP fluorescence reflect low levels of S1ct expression. Measurements were in 1 
mM Ca2+ except where decreased to 0 (bar); 50 μM 2-APB was added as shown. (B) 
Time course of averaged changes of S1ct–YFP fluorescence in the plasma membrane 
areas (red) and cytosolic areas (green) of HEK-Orai1 cells transfected with S1ct-YFP. 50 
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μM 2-APB was added as shown (bar). 1mM Ca2+ was added as the arrow indicates.  YFP 
fluorescence intensity is normalized against resting values. (C) Fluorescence microscopy 
images corresponding to the time points of (B) (a-g).  (D) Two-channel FRET analysis of 
the time course of interactions between Orai1–CFP and S1ct–YFP, induced by 50 μM 2-
APB. The values are normalized for resting FRET levels before 2-APB. (E) Three-
channel FRET analysis of the interactions between N-terminally tagged YFP-S1ct and 
CFP-S1ct, transfected in HEK pIRES cells. FRET signals were measured entirely in the 
cytosolic areas. The responses to 2-APB (blue) and DMSO vehicle control (black) are 
shown. The values are normalized for resting FRET levels before adding the drug. 
Experiments in figure (B), (C) and (D) are performed by Dr. Youjun Wang.  
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The inhibitory effect of 50 µM 2-APB on Ca2+ entry through Orai channels has been 

reported to be irreversible, or reverse extremely slowly (70). Yet, the results here 

demonstrate that the coupling of S1ct and Orai1 induced by 2-APB is highly reversible. 

This indicates that the coupling enhancement and inhibitory effect of 2-APB are two 

independent processes.  

 

On the other hand, when comparing the fluorescence measurement in Fig. 15B and the 

FRET results in Fig. 15D, it is noted that 2-APB induces a bigger change in FRET value. 

In Fig. 15B, 2-APB induces less than 20% increase of PM localization of S1ct , while in 

Fig. 15D, the FRET value between S1ct and Orai1 increased around 30%. The decrease 

of FRET value resulting from the absence of 2-APB is also more significant than the 

decrease of PM localization. This difference possibly reflects that in addition to the PM 

colocalization of S1ct with Orai1, 2-APB also induces further conformational changes 

within the S1ct-Orai1 complex, which is only reflected by FRET measurement. The PM 

enrichment of S1ct is responsible for the increase of Ca2+ entry, while the 

conformational change is likely the cause for the inhibitory phase. This further supports 

our hypothesis that the coupling and inhibition are two independent processes. 

 

The C-terminus of STIM1 has been shown to be able to homo-multimerize (92). The 

multimerization, or clustering, has been indicated to switch S1ct from an inactive state 

into an Orai1-activating state, by unmasking the Orai1-activating SOAR/CAD region 

from the shielding of an auto-inhibitory region within S1ct (37). Thus it is possible that 2-
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APB enhances coupling of S1ct and Orai1 by increasing the multimerization of S1ct, 

which then leads to enhanced S1ct-Orai1 coupling, hence the redistribution of S1ct to the 

PM areas. The FRET between YFP and CFP labeled S1ct fragments transfected into 

HEK293 pIRES cells was measured. As shown in Fig. 15E, upon addition of 50 μM 2-

APB, there is an increase in the FRET value, while adding DMSO vehicle control has no 

effect. Note that the FRET is measured in the cytosolic areas of HEK pIRES cells where 

there is no Orai. Thus the increase of FRET indeed reveals the ability of 2-APB to 

enhance multimerization of S1ct fragments. It is possible that the effect of 2-APB on 

S1ct-mediated Ca2+ entry is at least partly due to its ability to induce clustering of S1ct 

and subsequent exposure of the SOAR/CAD region to Orai1. This however does not rule 

out the possibility that, additionally, 2-APB may be able to directly induce coupling of 

S1ct and Orai1. In fact, the mere 10% increase of FRET between S1ct in Fig. 15E 

suggests of a direct modulation on S1ct and Orai1 interact in order to account for the 30% 

increase of S1ct -Orai1 FRET induced by 2-APB (Fig. 15B). 

 

These results provide important information on the functional coupling between STIM 

and Orai proteins. First, just the STIM C-terminus by itself is sufficient to activate Orai 

channels. The N-terminal regions serve as regulators that preventing C-terminus to 

initiate Ca2+ entry under store replete conditions. Second, 2-APB is able to induce direct 

or very close interactions between the STIM and Orai proteins. Previously it is thought 

that the aggregation of STIM is prerequisite for its activation of Orai (88,90), since the 

unfolding of C-terminus to expose the CAD/SOAR polybasic region requires clustering 

of S1ct. However 50 μM 2-APB is able to lock the STIM C-terminus together. Although 
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2-APB induces S1ct clustering, it is unlikely to be the main reason for the enhancement 

of S1ct-Orai1 binding. Thus, 2-APB must have an intrinsic ability to modulate the STIM-

Orai coupling, perhaps inducing further conformational changes within the STIM-Orai 

complex that is responsible for the inhibitory effect. Overall, the enhancement of 

coupling between STIM cytosolic fragments and Orai by 2-APB provides a useful stable 

system to structurally dissect the mechanism of STIM-Orai interaction.  
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2-APB inhibits SOAR-mediated Ca2+ influx 

 
Unlike S1ct which is mainly cytosolic in HEK-Orai1 cells, SOAR/CAD is highly 

efficient at coupling to Orai1 and is almost completely localized on the PM areas when 

co-expressed with Orai1 (75,91). At the same time, Ca2+ measurement shows significant 

constitutive Ca2+ entry mediated by overexpressed EGFP-SOAR in HEK-Orai1 cells (Fig. 

16A), in consistence with previous studies (75,91). Interestingly, the addition of 50 μM 

2-APB induced a small increase of cytosolic Ca2+ level, followed by significant inhibition 

of Ca2+ entry, which is reminiscent of the effect of 50 μM 2-APB on SOCE (69,70). 

Previously, the inhibitory effect of 50 μM 2-APB on SOCE has been attributed, at least in 

part, to its ability to prevent the store-depletion-induced STIM1 puncta formation (82,84), 

which presumably disrupts the optimal STIM1-Orai1 coupling. Thus it is important to 

ask whether the inhibitory effect of 2-APB on SOAR-mediated constitutive Ca2+ entry is 

due to SOAR dissociating from Orai1-CFP. Surprisingly, this is not the case. From Fig. 

16B, the localization of SOAR on the PM is not reduced after addition of 2-APB in the 

fluorescence measurements. In Fig. 16C, the YFP fluorescence on the PM was 

normalized to the whole cell fluorescence to quantify the PM localization of YFP-SOAR. 

Before and after the addition of 2-APB, there was no statistical difference in the PM 

localization of SOAR. Even more surprisingly, 50 μM 2-APB causes rapid increase of 

FRET between YFP-SOAR and Orai1-CFP, which reaches the plateau phase in about 20 

sec, suggesting of enhanced coupling between SOAR and Orai1 (Fig. 16D). Note that the 

decrease of FRET signal is parallel between the 2-APB and DMSO vehicle curves, thus 

only reflecting bleaching effect of fluorescent molecules, not actual decrease in SOAR-
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Orai1 coupling. However, the increase of SOAR-Orai1 FRET induced by 2-APB is not 

reflected in the fluorescence microscopy of Fig. 16B or 16C. Thus this increase in FRET 

levels indicates a conformational change within the SOAR-Orai1 coupled complex, 

which brings the YFP tag closer to its CFP counterpart.  
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Figure 16.  

Functional analysis of the effect of 2-APB on STIM1 SOAR fragment. (A) Cytosolic 
Ca2+ responses in HEK–Orai1 cells expressing the EGFP-tagged SOAR (EGFP-SOAR, 
EGFP tagged on the N-terminus). Cells with visible EGFP fluorescence (green) are 
compared with cells in which EGFP was not detectable (blue). Responses in cells with no 
visible EGFP fluorescence reflect low levels of S1ct expression. Measurements were in 1 
mM Ca2+ except where decreased to 0 (bar); 50 μM 2-APB was added as shown. (B) 
Fluorescence microscopy of HEK-Orai1 cells transfected with YFP tagged SOAR (YFP 
on the N-terminus). Cells were treated with 50 μM 2-APB and incubated for 5 minutes. 
(C) Bar graph of YFP fluorescence on the PM normalized to the whole-cell YFP 
fluorescence in HEK-Orai1 cells expressing YFP-SOAR. The fluorescence was 
quantified as integrated density value, i.e. mean fluorescence intensity of the selected 
region (PM or whole cell) multiplied by area size. This is to reflect the quantity of YFP-
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SOAR in the selected region. Before and after addition of 2-APB, unpaired t-test was 
performed. P=0.8004, n=13. (D) Three-channel FRET analysis of the time course of 
interactions between Orai1–CFP and YFP-SOAR, induced by 50 μM 2-APB. The values 
are normalized for resting FRET levels before 2-APB. The responses to 2-APB (blue) 
and DMSO vehicle control (black) are shown. (E) Three-channel FRET analysis of the 
interactions between N-terminally tagged YFP-SOAR and CFP-SOAR, transfected in 
HEK pIRES cells. FRET signals were measured entirely in the cytosolic areas. The 
responses to 2-APB (blue) and DMSO vehicle control (black) are shown. The values are 
normalized for resting FRET levels before adding the drug. 
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It has been reported that in the presence of Orai1, the disruption of STIM1 puncta by 2-

APB is significantly reduced as compared to when STIM1 is expressed alone (82). 

Navarro-Borelly et al. reported that 50 μM 2-APB, despite of its ability to inhibit SOCE, 

slightly enhances the association of full-length STIM1 and Orai1 (85). Taken together, 

these results indicate that with full-length STIM1, the 2-APB induced inhibition of SOCE 

cannot be entirely attributed to disruption of STIM1/Orai1 coupling. Here the results with 

SOAR shows that instead of physically uncoupling SOAR and Orai1, 50 μM 2-APB 

inhibits Orai1-mediated Ca2+ entry by modifying the SOAR-Orai1 complex while the two 

proteins remain coupled, leading to “functional uncoupling”. 

 

On the other hand, CAD/SOAR has also been reported to exist as oligomers (75). 

Interestingly, 2-APB causes no increase in FRET between CFP and YFP labeled SOAR 

fragments (Fig. 18B). This suggests that 2-APB enhances homo-multimerization of S1ct 

(Fig. 15E) by acting on a site outside of the SOAR region in S1ct. Thus unlike with S1ct, 

2-APB strengthens SOAR-Orai1 binding through direct modification of the coupled 

SOAR-Orai1 complex, not by increasing SOAR multimerization first.     

 

In order to further confirm our hypothesis, we utilized another mutant of STIM1. 

Disruption of the previously mentioned auto-inhibitory region of S1ct by mutating 4 

critical glutamates (amino acid 318, 319, 320 and 322) to alanines results in a S1ct 

mutant that constitutively activates Orai1, similarly to SOAR/CAD (93). Using this 

mutant (S1ct 4EA), we have confirmed that it is indeed much more effective at activating 
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Orai1 (Fig. 17A), as compared with wild-type S1ct (Fig. 15A). Unlike S1ct, which is 

mainly cytosolic even in the Orai1-overexpressing cells (Fig. 15C), S1ct 4EA is 

associated with Orai1 constitutively and is localized on the PM (Fig. 17B-a), similarly to 

SOAR. Interestingly, application of 50 μM 2-APB significant inhibits S1ct 4EA mediated 

Ca2+ entry (Fig. 17A), while not affecting its PM localization (Fig. 17B). Also similarly 

with our results on SOAR, 2-APB induces inhibition without physical uncoupling of S1ct 

4EA and Orai1, as after application of 50 μM 2-APB, S1ct 4EA is still localized on the 

plasma membrane area (Fig. 17B).   
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Figure 17.  

Functional analysis of the effect of 2-APB on S1ct 4EA mutant. (A) Cytosolic Ca2+ 
responses in HEK–Orai1 cells expressing the mRFP-tagged S1ct 4EA mutant. FK 
represents the FKBP12 module inserted between mRFP and S1ct 4EA. Cells with visible 
mRFP fluorescence (green) are compared with cells in which mRFP was not detectable 
(blue). Responses in cells with no visible mRFP fluorescence reflect low levels of S1ct 
4EA expression. Measurements were in 1 mM Ca2+ except where decreased to 0 (bar); 50 
μM 2-APB was added as shown. (B) Fluorescence microscopy of HEK-Orai1 cells 
transfected with mRFP-FK-S1ct 4EA mutant. Cells were treated with 50 μM 2-APB and 
incubated for 5 minutes.  
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Both the N- and C- terminus as well as the second Coiled-coil region of SOAR 
are critical for its activation of Orai1, and the action of 2-APB  

 
Using a series of SOAR truncations and mutants the roles of various parts of STIM1 in 

the 2-APB effect on STIM1-Orai1 coupling were further dissected. SOAR has been 

recognized as the essential Orai1 activating region (91). Truncation of N-terminus of 

SOAR renders the fragment SOAR-∆N16 (360-450) unable to neither mediate 

constitutive Ca2+ entry, nor can it be activated by 50 μM 2-APB (Fig. 18A). It also is 

mainly cytosolic in HEK cells expressing Orai1-CFP due to its inability to bind to Orai1 

(Fig. 18B-a). The addition of 2-APB has no effect on its localization (Fig. 18B a-f). On 

the other hand, truncation from the C-terminus of SOAR has similar effect. The C-

terminally truncated SOAR fragment SOAR-∆C17 (344-425) neither mediates 

constitutive Ca2+ entry nor is activated by 50 μM 2-APB (Fig. 18C). It is also unable to 

bind to Orai1 and 2-APB has no effect on its cytosolic localization in HEK cells over-

expressing Orai1-CFP (Fig. 18D). A mutation A376K within SOAR disrupts the 2nd 

coiled-coil domain of SOAR, and abolishes its ability to couple to and activate Orai1 (99). 

As shown in Fig. 18E and F, even 2-APB is unable to overcome this disruptive mutation. 
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Figure 18.  

Functional analysis of the effect of 2-APB on STIM1 360-450, STIM1 344-425 and 
SOAR A376K mutant. (A) Cytosolic Ca2+ responses in HEK-Orai1 cells expressing 
EGFP-STIM1 360-450. (B) Fluorescence microscopy of a representative HEK-Orai1 cell 
expressing EGFP-STIM1 360-450. (C) Cytosolic Ca2+ responses in HEK-Orai1 cells 
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expressing EGFP-STIM1 344-425. (D) Fluorescence microscopy of a representative 
HEK-Orai1 cell expressing EGFP-STIM1 344-425. (E) Cytosolic Ca2+ responses in 
HEK-Orai1 cells expressing YFP-SOAR A376K. (F) Fluorescence microscopy of a 
representative HEK-Orai1 cell expressing YFP-SOAR. 50uM 2-APB was used where 
indicated. Extracellular Ca2+ was 1mM when present. In all Ca2+ measurements, cells 
with visible EGFP fluorescence (green) and non-detectable EGFP fluorescence were 
measured. 1mM Ca2+ extracellular was present except indicated by the bar. 50 μM 2-APB 
was added as shown. 
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The N-terminal six amino acids of SOAR represents an ancillary region of 
SOAR-Orai binding, and is critical for 2-APB induced inhibition  

 
The first six amino acids of SOAR (344-349) have been shown to be critical for SOAR to 

couple to and activate Orai1, since the deletion of these amino acids generated a STIM1 

fragment (SOAR-∆N6, aa 350-450) that is cytosolic even in the presence of Orai1 (Fig. 

19C-a) and mediates no constitutive Ca2+ entry (Fig. 19A), as reported in previous studies 

(91).  Unexpectedly, when treated with 50 μM 2-APB the EGFP tagged SOAR-∆N6 

fragment regains the ability to activate Orai1. In Fig. 19A, in HEK293 Orai1-CFP cells 

transfected with EGFP-SOAR-∆N6, 50 μM 2-APB induces increase of cytosolic Ca2+ 

level. Electrophysiological measurements confirm that the Ca2+ increase is due to Ca2+ 

influx, not release from the ER store (Fig. 19B). On the other hand, 2-APB has been 

reported to be capable of modifying the pore size of Orai3 thus activating Ca2+ entry 

through Orai3 (81,83,84). Is this Ca2+ influx induced by 2-APB in fact due to 2-APB 

modifying the Orai1 pore size? Electrophysiological measurements detect Ca2+ entry that 

bears the signature properties of a typical ICRAC current, i.e. the reversal potential and 

inward-rectifying property (Fig. 19B), indicating that the Ca2+ entry is indeed through 

Orai1 channels, and the pore size of the channels is not significantly altered by 2-APB. 

Hence, this Ca2+ entry should be attributed to the intrinsic ability of EGFP- SOAR-∆N6 

to activate Orai1, after 2-APB "locking" this STIM1 fragment to Orai1. Corresponding to 

the effect on Ca2+ levels, the application of 2-APB to HEK-Orai1-CFP cells transfected 

with EGFP- SOAR-∆N6 also caused the EGFP- SOAR-∆N6 to be redistributed from the 

cytosol to plasma membrane areas (Fig. 19C), suggesting of enhancement of coupling to 

Orai1. The enhancing effect occurs on a very small scale, as in some experiments the 
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redistribution is not observed. Nevertheless, this redistribution is confirmed by the small 

increase of the FRET of EGFP- SOAR-∆N6 and mCherry labeled Orai1 (Fig. 19D). In 

this case, Orai1 is labeled on the N-terminus. CAD/SOAR has been reported to bind 

strongly to the C-terminus of Orai1 but weakly to its N-terminus (75). Thus, for the 

FRET to occur, greater conformational changes are needed for the EGFP tag to interact 

with the mCherry tag on the N-terminus of Orai1, possibly explaining the slower kinetics 

of the FRET increase comparing to that of YFP-SOAR/Orai1-CFP (Fig. 16C). 
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Figure 19.  

2-APB enhances the coupling between Orai1 and SOAR-∆N6 fragment. (A) 
Cytosolic Ca2+ responses in HEK-Orai1 cells expressing EGFP-SOAR-∆N6, with EGFP 
tagged on the N-terminus. Cells with visible EGFP fluorescence (green) are compared 
with control HEK-Orai1 cells expressing the control vector (black). Measurements were 
in 1 mM Ca2+ except where decreased to 0 (bar); 50 μM 2-APB was added as shown. (B) 
ICRAC-like electrophysiological properties of Ca2+ entry induced by 2-APB in HEK-Orai1 
cells expressing EGFP- SOAR-∆N6. (C) Fluorescence microscopy of a representative 
HEK-Orai1 cell expressing EGFP-SOAR Δ6aa.  50 μM 2-APB was used.  (D) The time 
course of three-channel FRET between EGFP-SOAR Δ6aa and mCherry-Orai1. 50μM 2-
APB (blue) or DMSO control (black) is added as shown (arrow). Experiments in figure 
(B) is performed by Dr. Salvatore Mancarella.  
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Among the 6 amino acids of 344-349, the L347 and Q348 appear to have a central role 

because mutations of these two to alanines (SOAR LQ347/348AA) also abolished 

constitutive Ca2+ entry (91) (Fig. 20A), similar to effect of 344-349 deletion. Meanwhile, 

2-APB has similar effect on the EGFP-SOAR LQ347/348AA construct. Application of 

50 μM 2-APB induces increase of cytosolic Ca2+ level (Fig. 22A). Similarly to EGFP-

SOAR-∆N6, 50 μM 2-APB also mobilizes the cytosolic LQ/AA mutant to the PM area, 

due to enhanced coupling with Orai1 (Fig. 20B). 

 

It is worth noting that with both mutations (∆N6 and LQ347/348AA), the inhibitory 

phase of 2-APB action is not present (Fig 19A, 20A). This indicates that the 344-349 

region is critical for the strong inhibitory conformational change within the SOAR-Orai1 

complex.  

 

Together these results indicate that the N-terminal region of SOAR, specifically, the 344-

349 region, probably plays an ancillary role in Orai1 activation by SOAR. While this 

region of SOAR is critical for its binding to Orai1, it is not required for the gating of 

Orai1 by SOAR. Since 2-APB enhances coupling of SOAR and Orai1, 2-APB can 

facilitate the binding of SOAR-∆N6 to Orai1, allowing it to activate Orai1 channel, 

whereas by itself it is unable to bind to Orai1.  
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Figure 20.  

2-APB enhances the coupling between Orai1 and SOAR LQ347/348AA mutant. (A) 
Cytosolic Ca2+ responses in HEK-Orai1 cells expressing EGFP- SOAR LQ347/348AA, 
with EGFP tagged on the N-terminus. Cells with visible EGFP fluorescence (green) are 
compared with cells in which EGFP was not detectable (blue). Responses in cells with no 
visible EGFP fluorescence reflect low levels of SOAR LQ347/348AA expression. 
Measurements were in 1 mM Ca2+ except where decreased to 0 (bar); 50 μM 2-APB was 
added as shown. (B) Fluorescence microscopy of a representative HEK-Orai1 cell 
expressing EGFP-SOAR LQ347/348AA.  50 μM 2-APB was used.   
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The proposed model of 50 μM 2-APB modulation of various STIM1 fragments is as 

shown in Fig. 23. S1ct is primarily cytosolic even in Orai1-overexpressing cells, and is in 

a folded conformation in which the Orai1 activating region is shielded by an auto-

inhibitory domain. 2-APB enhances S1ct clustering, thus leading to un-shielding of the 

Orai1 activating region. This allows S1ct to mobilize to the plasma membrane area and 

activate Orai1. However, after the initial activation, 2-APB induces the conformational 

change within the S1ct-Orai1 complex, inhibiting the Ca2+ influx. For the S1ct 4EA 

mutant, since its auto-inhibitory domain is disrupted, it primarily exists in an unfolded 

state and efficiently binds to and activates Orai1, resulting in its plasma membrane 

localization in Orai1-overexpressing cells. 2-APB only induces the inhibitory 

conformational change with the S1ct 4EA-Orai1 complex. SOAR is localized on the 

plasma membrane in Orai1-overexpressing cells and mediates constitutive Ca2+ entry. 2-

APB induces a conformational change within the SOAR-Orai1 complex that inhibits Ca2+ 

entry through Orai1. For SOAR deletion mutants without the critical six amino acids 

(344-349) on the N-terminus (SOAR-∆N6), 2-APB is able to compensate for their 

inability to bind to Orai1, allowing them to activate Orai1. Meanwhile, due to the 

deletion or disruption of the six amino acids, the inhibitory conformational change is 

absent.  
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Figure 21. 

Illustration of the action of 2-APB on STIM1 fragments. The two coiled-coil regions 
of STIM1 are shown as brown and purple coils respectively. The 344-349 residues are 
shown as a red segment. The K-rich region at the C-terminus of STIM1 is represented as 
a green ball. The 4EA mutant is depicted as a yellow asterisk. Ca2+ influx is yellow arrow 
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through Orai1 channel (blue), the four subunits change conformation with the action of 2-
APB.  
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CHAPTER 5  

RESULTS: STIM1 RECIPROCALLY CONTROLLS L-TYPE Ca2+ 
CHANNELS 

 

Introduction 

  
Excitable and non-excitable cells differ in their ability to respond to membrane 

depolarization (118). Non-excitable cells such as lymphocytes lack voltage-activated 

Ca2+ entry. Instead, the Ca2+ influx in these cells is mainly initiated by receptor-activated 

internal Ca2+ store depletion (119). In contrast, for excitable cells, when membranes are 

depolarized, voltage-gated Ca2+ channels (VGCC or Cav) are activated and allow 

extracellular Ca2+ influx to increase the cytosolic Ca2+ concentration (120,121). Cav 

channels play a critical and essential role in numerous physiological processes such as 

muscle excitation-contraction coupling, neurotransmitter release, gene expression or 

hormone secretion (122,123). The Cav channels are protein complexes assembled from 

hetero-oligomeric subunits: a main pore-forming Cavα1-subunit, an ancillary Cavβ, 

Cavα2δ and/or Cavγ-subunit (124). The Cavα1-subunit consists of four membrane-

spanning domains (I–IV), with each domain comprising of 6 transmembrane domains. 

The Cavα1 family includes 10 genes, 4 of which encode the L-type Ca2+ channels referred 

to as Cav1.1, Cav1.2, Cav1.3 and Cav1.4 channels (125). L-type channels are responsible 

for excitation-contraction coupling of skeletal, smooth, and cardiac muscle (125).  
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Cav1.2 proteins are widely expressed, not only in excitable cells but also in non-excitable 

cells, for example, immune cells including T cells, B cells, dendritic cells, and mast cells 

(126,127). STIM proteins are highly expressed in many excitable tissues including 

smooth muscle cells (128), neurons (129) and skeletal muscle (130) where they have 

been implicated in mediating not only Ca2+ signals but also fundamental control over 

growth, differentiation, and apoptosis (129-131). Thus the widely-expressed STIM 

proteins may possibly cross-talk with Cav channels, linking the two Ca2+ signaling 

pathways together. Here  the possibility that STIM proteins might also play in regulating 

voltage-gated Ca2+ channels was examined, specifically, focusing on the Cav1.2 subunit 

α1C.  

 

STIM1 inhibits Cav1.2 activity 

 
The results by Dr. Youjun Wang in our lab indicated that STIM1 inhibits Cav1.2 activity 

after store-depletion. Specifically, the Cav1.2 channels are characterized by Sr2+ entry 

after activation by a depolarizing pulse of high concentration of extracellular K+. Since 

the SOCE mediator STIM is involved in this study, Sr2+ was used instead of Ca2+ to 

distinguish the Cav1.2 channels from the highly Ca2+ selective CRAC channels. Under 

store replete conditions, overexpressed YFP-labeled STIM constructs (YFP-STIM1 or 

YFP-STIM2) had little effect on Cav1.2-mediated Sr2+ entry (Fig. 22A). However, after 

store-depletion, the activity of Cav1.2 was partially inhibited. The expression of YFP-

STIM1 (and to a lesser extent, YFP-STIM2) greatly increased this inhibitory effect of 

ionomycin-induced store depletion on Cav1.2-mediated Sr2+ entry (Fig. 22A). Although 
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native STIM1 is expressed in both ER and PM, YFP-STIM1 is exclusively expressed in 

ER (37,47); thus, the PM STIM1 is unlikely to have a role in the inhibition of Cav1.2.  
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Figure 22. 

STIM proteins mediate store depletion–induced control of Cav1.2 channels. (A) 
HEK293 cells expressing α1C + β2a+ α2δ1 Cav1.2 channel subunits; fura-2 responses to 
K+/ Sr2+ pulses (bars) before (left) and after (middle) store emptying with 2 μM 
ionomycin and subsequent 2 μM nimodipine addition (arrow). Statistics (right), paired t 
test, n = 6. Experiments in this figure are performed by Dr. Youjun Wang (132).  
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The Cav1.2 channel comprises three subunits: the α1C subunit is the basic pore-forming 

channel moiety, whereas the β and α2/δ subunits are ancillary proteins that alter channel 

kinetics and assist in assembly and insertion in the PM (124). Dr. Wang found that STIM 

does not act on Cav1.2 channels via effects on the ancillary proteins. Thus HEK293 cells 

expressing only the α1C subunit had substantial Cav1.2 activity inhibited by store-

emptying. The inhibitory effect of store depletion was greatly enhanced by STIM1 

overexpression.  

 

Cav1.2 α1C subunit binds to STIM1, the inhibitory effect of which is 
independent of Orai1 activation 

 
To address whether the Cav1.2 α1C subunit can directly interact with STIM1, 

coimmunoprecipitation studies were undertaken using GFP-tagged α1C and either native 

or mCherry-tagged STIM1. When coexpressed in HEK293 cells, anti-STIM1 antibodies 

clearly pulled down GFP-α1C (Fig.23A). Moreover, pull-downs of GFP-α1C with anti-

GFP antibodies clearly revealed α1C-associated STIM1 (Fig.23B). 
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Figure 23.  

STIM1 and Cav1.2 α1C biochemically interact with each other. (A,B) In HEK293 
cells co-expressing both native STIM1 and GFP-tagged α1C, anti-STIM1 antibody pull-
downs contained GFP- α1C (A), and pull-downs of GFP- α1C with anti-GFP antibody 
contained STIM1 (132). 
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The far C-terminal K-rich region of STIM1, although not essential for Orai1 activation, 

assists STIM1-induced association with PM junctions (75). Compared with wild-type 

STIM1, STIM1∆K (deleting the K-rich region 667-685) was less effective in inhibiting 

α1C function after store depletion (Fig. 24A), indicating that the K-rich region enhances 

PM docking of STIM1 and association with α1C. The STIM1∆441-448 deletion (Fig. 

24B) does not activate Orai1 channels and does not block endogenous STIM1-mediated 

Ca2+ influx (Fig. 24B). It is able to form puncta after store depletion thus its inability to 

activate Orai1 is perhaps attributable to a defect in Orai1-binding. However, 

STIM1∆441-448 does still inhibit α1C-mediated Sr2+ entry almost identical to wild-type 

STIM1 (Fig. 24A). Thus, the activation of Orai1 is not prerequisite for STIM1 coupling 

to and inhibiting Cav1.2 channels.   
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Figure 24.  

Defining the molecular domains of STIM1 mediating Cav1.2 channel inhibition. (A) 
Fura-2 responses in α1C-expressing HEK293 cells before (left) and after (right) store 
depletion with 2 μM ionomycin; cells were cotransfected with wild type STIM1, the 
STIM1-∆K truncation (∆667-685), the STIM1-∆441-448 deletion, or empty plasmid. (B) 
Fura-2 responses to 1 mM Ca2+ addition for Orai1-CFP-expressing HEK293 cells (left) or 
control internal ribosomal entry site plasmid (pIRES)-HEK cells (right) transfected with 
YFP-STIM1-wild-type or YFP-STIM1 ∆441-448. Experiments in figure A is performed 
by Dr. Youjun Wang (132).  
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CHAPTER 6  

DISCUSSION AND FUTURE DIRECTIONS 
 

In this thesis, the mechanism for the effect of 2-APB on SOCE is investigated. The 

inhibition of Ca2+ influx through Orai1 channels by 50 μM 2-APB has been attributed to 

2-APB disrupting STIM1 puncta formation (107,109). In the presence of Orai1, however, 

the disruption of STIM1 puncta by 2-APB is significantly reduced as compared to when 

STIM1 is expressed alone (107). Yamashita et al. reported that there was no significant 

weakening of STIM1-Orai1 association during the inhibitory phase of 50 μM 2-APB 

action as judged from the FRET measurements (106). Navarro-Borelly et al. further 

reported that 50 μM 2-APB actually slightly enhances the FRET between full-length 

STIM1 and Orai1 already co-localized in store-induced puncta, despite of its ability to 

inhibit SOCE (133). Indeed, if the inhibition is entirely due to 2-APB disrupting STIM1-

Orai1 association, one would expect 2-APB to induce SOAR or S1ct 4EA to dissociate 

from the PM, given that 2-APB strongly inhibits the constitutive Ca2+ influx through 

Orai1 mediated by these two proteins. That is not the case as shown in this study (Fig. 16, 

Fig. 17). What is more surprising, is that 50 μM 2-APB actually enhances the FRET 

signal between fluorescent SOAR and Orai1, while the two proteins are already tightly 

bond in the PM. Thus, I propose that the 2-APB-induced inhibition results, at least partly, 

from a conformational change within the STIM1-Orai1 complex that inactivates the 

Orai1 channel. The aforementioned effect of 2-APB disrupting STIM1 puncta is probably 

resulting from an action of 2-APB on the N-terminus of full-length STIM1.  
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How does this conformational change lead to modulation of the CRAC channel activity? 

Based on noise analysis data of ICRAC during both the potentiation and inhibitory phase 

of 2-APB (115) (134), Prakriya et al. hypothesized that 2-APB possibly exerts its effect 

by altering the numbers of open CRAC channels, while the channel exists only in either a 

high open probability active state or a closed state, abruptly transiting between the two 

(134). The potentiation involves an increase of CRAC channels in active state, while the 

inhibition a decrease. In view of the STIM1-Orai1 coupling model for CRAC channel 

activation, the alteration of open CRAC channel numbers can be interpreted as the 

modulation of STIM1 coupling to Orai1 channels. One of the earlier studies supporting 

this hypothesis is by Ma et al. (135). By inducing actin filaments to form a tight band 

immediately subjacent to the PM, they were able to block the potentiation of SOCe by 2-

APB, suggesting this activation effect is dependent on ER STIM1 coupling to PM Orai1.  

Indeed, for S1ct, previous study showed definitively by both fluorescence imaging and 

FRET that there is significant enhancement of S1ct-Orai1 coupling that accompanies the 

large increase of CRAC activity (Fig. 15A) (136). This enhanced coupling results in an 

increase of the number of active Orai1 channels.  

 

The inhibitory effect of 50 μM 2-APB on SOAR/CAD-mediated constitutive CRAC 

activity (Fig. 16A) (137) is highly similar to that observed for full-length STIM1, while 

SOAR is devoid of the N- and C-terminal regions of STIM1 that potentially complicate 

analysis of the mechanism for inhibition. Thus, SOAR serves as a good probe for 

dissecting the 2-APB inhibitory process. In the case of SOAR, although it is much more 

efficient at activating Orai1 that S1ct, it is still not maximally activating all available 
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Orai1 channels, since 2-APB can apparently further increase its activity (Fig. 16A). The 

enhanced coupling by 2-APB allows, briefly, optimized configuration of the SOAR-

Orai1 associated complex. However, when this conformational change reaches its 

maximum level, it is actually detrimental for the proper Orai1 gating by SOAR. What is 

the molecular nature for this conformational change? Since CAD/SOAR binds to Orai1 

both on the N-terminus and C-terminus of Orai1 (101,137), CAD/SOAR is likely to have 

two Orai1 interaction sites. The conformational change induced by 50 μM 2-APB could 

potentially re-align SOAR-Orai1 interaction at one of the action sites while not affecting 

the other, reconciling the fact that SOAR-Orai1 interaction is maintained while 2-APB 

“functionally uncouples” the two. This model for the inhibitory effect of 50 μM 2-APB 

suggests that it is STIM1 dependent. In fact, Prakriya et al. (138) reported that during the 

inhibitory action on SOCE, 2-APB also diminished the Ca2+-dependent fast-inactivation, 

a process recently shown to be dependent on STIM1 (139,140). This is further evidence 

in support of the “functional uncoupling” model for 50 μM 2-APB inhibitory effect on 

SOCE.  

 

Interestingly, with the elimination of the six residues (344-349) from SOAR, 2-APB is 

exclusively activating this SOAR-∆6aa mutant while the inhibition phase is absent (Fig. 

18). This indicates that the six-residue segment (344-349) is either one of the 

aforementioned action sites itself, or at least has significant functionally influence on the 

interaction between this site and Orai1.   
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2-APB has proven to be an incredibly useful tool to study the mechanism of store-

operated Ca2+ entry. However, it has shortcomings that limit its usefulness. First, the 

concentration (50 μM) for it to exert its characteristic inhibitory effect on SOCE is 

relatively high. If pharmaceutical companies wish to generate therapeutically useful 

drugs that target the store-operated Ca2+ influx pathway, the action concentration is 

preferred to be lower. Second, the action of 2-APB is very complex. As discussed above, 

it has bi-phasic actions at lower and higher concentrations; it is known to interact with the 

three Orai homologues and the two STIM homologues; historically, it has been 

considered to be able to modify the IP3R as well. Such kind of complexity excludes 

certain clarity in interpreting the experimental results generated from using 2-APB as a 

probe. Indeed, in order to unambiguously confirm that 2-APB widens the Orai3 pore 

independently of STIM, in this study the DT40 STIM knockout cells had to be used, the 

generation of which was time-consuming and painstaking. Thus, one of the more 

important future initiatives is to develop 2-APB analogues that relegate its weakness. 

Recently, Goto et al. (141) has reported that two new compounds, structurally isomeric to 

2-APB, have been discovered to have much higher activity than 2-APB, and is potentially 

more specific when acting on the SOCE pathway. Currently, undergoing studies in our 

lab have focused on further specifying the activities of these compounds, which may 

provide a better tool to dissect the STIM-Orai coupling mechanism.  
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