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ABSTRACT 
 

Store operated Ca
2+

 channels on the plasma membrane are activated by depletion of 

intracellular Ca
2+

 stores such as the endoplasmic reticulum. The archetypal example of 

these channels is the Ca
2+

 release-activated Ca
2+

 (CRAC) channel. CRAC channels are 

expressed in most mammalian cell types, and are required for T cell activation during 

immune responses, maintenance of muscle tone, and regulation of cell division. The 

molecular components of the CRAC channel are: STIM1, located on the endoplasmic 

reticulum membrane, which acts as a luminal Ca
2+

 sensor and store depletion signal; 

and Orai proteins on the plasma membrane, tetramers of which form the Ca
2+

 

permeable pore of the channel.  

The first study in this thesis investigated the hypothesis that the relative expression 

levels of STIM1 and Orai1 determine the biophysical properties of CRAC channels. 

Changing the transfection ratio of STIM1 to Orai1 containing plasmids resulted in a 

corresponding change in the relative amount of each protein expressed. Concomitant 

with this result was a change in a range of channel properties. Most notably, fast Ca
2+

 

dependent inactivation (FCDI) of the current was strongest when STIM1 was expressed 

in relative excess to Orai1. The results of this study demonstrated that STIM1 is a 

determinant of the CRAC current properties and that it is likely that a variable number 

of STIM1 peptides can bind to each Orai1 tetramer. 

Having defined a new role for STIM1 in the kinetics of CRAC current, mutations of the 

Orai1 predicted pore reported to affect selectivity and/or gating were investigated to 

determine whether they may also be affected by the relative expression of STIM1. The 

results of the second study of this thesis showed that V102I and E190Q Orai1 were 

both dependent on the relative expression of STIM1, similarly to WT Orai1. A third 
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mutant, E106D Orai1 produced currents with very strong, accelerated FCDI, 

independently of the relative expression level of STIM1. In addition, this mutant 

displayed altered pH dependence. It was concluded that the selectivity centre of Orai1 

is also crucial for channel gating and pH dependence. 

While the properties and physiological roles of Orai1 have been well described, less is 

known about its homologues. In order address this, the third study characterised the 

biophysical properties of channels formed with Orai3. While Orai3 channels were 

activated by store depletion via STIM1, FCDI was not dependent on the relative 

expression of STIM1. Surprisingly, an Orai3 current was able to be activated 

independently of store depletion and STIM1 by external application of the compound 

2-APB. Unlike store operated current, the 2-APB activated current was non-selective 

and displayed no Ca
2+

 dependent kinetics or pH dependence. 

The results of this thesis have helped to elucidate the molecular basis underlying many 

CRAC current properties. Most notably, a now widely accepted understanding was 

developed that in addition to its role as an intracellular Ca
2+

 sensor, STIM1 is a 

regulator of CRAC current properties. These findings have the potential to be applied in 

understanding a broad range of Ca
2+

 signaling dependent cellular processes and disease 

states. 
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CHAPTER 1:   

Research Background 
 

1.1. Introduction 

Ca
2+

 signaling is used by virtually all cells to control a host of key processes as varied 

as gene regulation, exocytosis and apoptosis. The resting cytoplasmic Ca
2+

 

concentration ([Ca
2+

]c) of mammalian cells is maintained at approximately 100 nM, but 

can be increased by the release of Ca
2+

 from intracellular stores including the 

endoplasmic/sarcoplasmic reticulum (ER/SR), mitochondria and Golgi, or influx from 

the extracellular environment. The required tight control of [Ca
2+

]c is achieved, both 

temporally and within specific spatial domains, through a concerted action of a range of 

Ca
2+

 channels, pumps and transporters, which provide pathways for Ca
2+

 movements 

across the plasma membrane and between cellular organelles (Parekh & Putney, 2005). 

Common to many types of non-excitable and excitable cells is a class of plasma 

membrane channels that is activated upon depletion of intracellular Ca
2+

 stores, known 

as store operated Ca
2+

 channels, of which the best characterised is known as the Ca
2+ 

release-activated Ca
2+

 (CRAC) channel.  CRAC channels have been extensively studied 

as a model for store-operated Ca
2+

 entry (SOCE) due to their high Ca
2+

 selectivity and 

activation exclusively due to store depletion. The physiological importance of CRAC 

channels has been demonstrated in many cell types, most notably as the critical Ca
2+

 

entry mechanism that leads to activation of T lymphocytes. Though CRAC channels 

were first biophysically characterised in 1992 (Hoth & Penner, 1992), investigations 

into the molecular basis of CRAC channel activity were limited until the discovery of 

the molecular identity of the channel. Recent investigations have shown that a 

multimeric arrangement of the protein Orai1 functions as the plasma membrane CRAC 

channel pore, while Stromal Interacting Molecule 1 (STIM1) senses Ca
2+

 concentration 
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in the endoplasmic/sarcoplasmic reticulum lumen and functionally couples with Orai1 

to activate the channel upon store depletion.  

The subject of this review and thesis is the analysis of Orai and STIM proteins in the 

regulation of CRAC channel activity, with a focus on the molecular basis of fast Ca
2+

 

dependent inactivation of CRAC channels. The research presented in Chapters 2-4 

demonstrates the mechanisms whereby Orai1 and STIM1 regulate fast Ca
2+

 dependent 

inactivation, and the functional properties of channels formed by Orai3, a homologue of 

Orai1. The overarching aim of this thesis is to understand how specific domains and 

residues, and the interaction between STIM1 and Orai proteins, underpin the 

biophysical properties of CRAC channels. 

1.2. Ca
2+

 signalling and store operated Ca
2+

 entry 

Cytoplasmic Ca
2+

 concentration, spikes and oscillations are used to encode specific 

intracellular signals, which trigger a range of cellular responses (Berridge, 1993). An 

array of Ca
2+

 channels, pumps, stores and buffers act to exquisitely regulate 

cytoplasmic Ca
2+

 concentration both spatially and temporally. This allows Ca
2+

 to act as 

a specific signal to regulate cellular processes as diverse as muscle contraction, 

exocytosis and gene regulation, to act both as a life giving signal by driving sperm 

motility and fertilisation, and to trigger cell death by necrosis or apoptosis (Berridge, 

1993). At rest, cytoplasmic Ca
2+

 is maintained at approximately 100 nM, but it can be 

rapidly elevated by releasing Ca
2+

 from intracellular stores and allowing Ca
2+

 entry 

from the extracellular space. 

 The steps which lead from an initial stimulus to elevations in intracellular Ca
2+

 

concentration are now relatively well understood. The binding of hormones to G-

coupled protein receptors activates phospholipase C (PLC) β or γ, the enzymes that 
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hydrolyse phosphatidylinositol 4,5-bisphosphate in the plasma membrane to form 

diacylglycerol and inositol 1,4,5-trisphosphate (IP3) (Berridge, 1983). IP3 is a molecular 

second messenger that diffuses through the cytoplasm, binds to IP3 receptors on the 

membranes of intracellular organelles and initiates Ca
2+

 release into the cytoplasmic 

space, linking plasma membrane receptors to intracellular Ca
2+

 mobilisation (Streb et 

al., 1983). 

Two primary pathways for Ca
2+

 removal from the cytoplasm are through the Plasma 

Membrane Ca
2+

 ATPase (PMCA), which extrudes Ca
2+

 out of the cell (for review, see 

Brini & Carafoli, 2009) and the Sarcoplasmic/Endoplasmic Reticulum Ca
2+

 ATPase 

(SERCA), which returns Ca
2+

 to the sarcoplasmic or endoplasmic reticulum. Ca
2+

 

release from intracellular stores and Ca
2+

 extrusion from the cell through PMCA raises 

the problem of how the Ca
2+

 stores can be replenished so intracellular Ca
2+

 release can 

be maintained and other critical endoplasmic reticulum functions, such as Ca
2+

-

dependent protein folding, can continue (Berridge, 2002). One model to solve this 

problem proposed that depleted intracellular Ca
2+

 stores activate Ca
2+

 influx across the 

plasma membrane (Putney, 1986). This model was initially known as capacitative Ca
2+

 

entry, but is more commonly known now as store operated Ca
2+

 entry (SOCE). It was 

based on observations of 
45

Ca
2+

 flux and Ca
2+

 indicator experiments that the release of 

Ca
2+

 from intracellular stores was often followed by Ca
2+

 entry across the plasma 

membrane (Putney, 1986). Consistent with this model, maintenance of IP3-dependent 

Ca
2+

 oscillations was accompanied by a small Ca
2+

 influx across the plasma membrane, 

and removal of extracellular Ca
2+

 caused intracellular Ca
2+

 oscillations to cease (Jacob 

et al., 1988; Kawanishi et al., 1989). Subsequently, electrophysiological studies 

identified Ca
2+

 current through channels activated by store depletion as predicted by the 

SOCE model. These channels are known as store operated channels (SOC). The first 
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SOC to be identified was the CRAC channel found in rat peritoneal mast cells (Hoth & 

Penner, 1992). The most prominent properties of CRAC channels include their 

exclusive activation by store depletion and their very high selectivity for Ca
2+

 over 

monovalent cations (Hoth & Penner, 1992). These and other properties of CRAC 

channels are examined in detail in section 1.4. The molecular identity of the channel 

remained unknown for over a decade, however, two proteins have been recently 

identified to function together as a CRAC channel. STIM1 acts as the endoplasmic 

reticulum lumen Ca
2+

 sensor and channel activating molecule (Liou et al., 2005, Roos 

et al., 2005), whereas Orai1 (also known as CRACM1), forms the Ca
2+

 permeable pore 

on the plasma membrane (Mercer et al., 2006; Prakriya et al., 2006; Vig et al., 2006a) 

which becomes activated by an interaction with STIM1, following STIM1 mobilisation 

by endoplasmic reticulum Ca
2+

 depletion. STIM1 and Orai1 are discussed in detail in 

section 1.5. 

1.3. Physiology and pathology of CRAC channels 

Since the initial discovery in mast cells, CRAC channels have also been identified in a 

number of other cell types including hematopoietic cell lines (Zweifach & Lewis, 

1993), hepatocytes (Rychkov et al., 2001), endothelial cells (Abdullaev et al., 2008), 

skeletal muscle cells (Kurebayashi & Ogawa, 2001), smooth muscle cells (Potier et al., 

2009) and are likely to be present in most cell types. Orai1 mRNA expression has been 

shown in a range of organ types, though with only very low expression in the brain 

(Gwack et al., 2007). Consistent with this, immunohistological staining found Orai1 

expressed almost ubiquitously, albeit with little to no expression in the nervous tissue of 

the cerebellum and cardiac muscle (Gwack et al., 2008; Vig et al., 2008; McCarl et al., 

2009), though other methods have detected Orai1 expression in cardiomyocytes 

(Hunton et al., 2004; Voelkers et al., 2010). It is likely that CRAC channels play a 
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major role in most cell types in the initially proposed basic physiological roles of 

SOCE; maintaining the filling of intracellular Ca
2+

 stores and maintaining prolonged 

IP3-dependent Ca
2+

 signals.  

The importance of the store refilling role is demonstrated by the phenotypes shown in 

the rare human cases of Orai1 or STIM1 deficiency, mouse models of Orai1 or STIM1 

deficiency, and in in vitro lymphocyte preparations where Ca
2+

 influx through CRAC 

channels has been impaired (Baba et al., 2008; Gwack et al., 2008; McCarl et al., 2009; 

Picard et al., 2009). Known phenotypes for Orai1 and STIM1 deficiency in both 

humans and mouse models are summarised in Table 1.1. While CRAC channel 

dysfunction is not necessarily lethal, it is known to cause severe immunodeficiency and 

without hematopoietic stem cell treatment patients will not survive beyond the first few 

years of life (McCarl et al., 2009). Other phenotypes associated with CRAC channel 

dysfunction include developmental disorders, such as congenital skeletal myopathy and 

anhydrotic ectodermal dysplasia (McCarl et al., 2009). Roles for CRAC channels in the 

regulation of the vasculature, exocytosis, gene transcription, and the cell cycle have also 

been suggested. 

It should be noted that STIM1 and Orai1 may play a role in the regulation or formation 

of channels other than the CRAC channel, as discussed in sections 1.4.7 and 1.11.1. 

Therefore, the modified CRAC channel activity may not always be exclusively the 

cause of the phenotypes described. It may also be possible that the importance of 

CRAC channel function in Orai1 or STIM1 knockouts may by masked in some cell 

types by redundancy between Orai or STIM homologues, where these homologues at 

least partially rescue CRAC channel function.  
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1.3.1. Immune system 

The most obvious pathophysiological condition associated with CRAC channels is 

observed in patients suffering from a rare form of Severe Combined Immunodeficiency 

(SCID) (Feske et al., 2006; McCarl et al., 2009; Picard et al., 2009). SCID is 

characterised by very high susceptibility to bacterial, viral and fungal infections and 

consequently survival is limited beyond 12 months without haemopoeitic stem cell 

transplantation (Feske et al., 2005; McCarl et al., 2009). The immunodeficiency in the 

cases investigated was not linked to a reduced T cell count, but rather impaired T cell 

activation (Feske et al., 2005). T cells from these SCID patients display normal Ca
2+

 

release from intracellular stores but no SOCE (Feske et al., 2005). In each case, the 

SCID patients were born to consanguineous parents suggesting an autosomal recessive 

mode of inheritance. Subsequent genetic screening identified that these patients were 

homozygous for missense or nonsense mutations causing loss of function or loss of 

expression of either Orai1 (Feske et al., 2006; McCarl et al., 2009) or STIM1 (Picard et 

al., 2009). Exogenous expression of Orai1 and STIM1 in SCID T cells restores CRAC 

channel function, confirming the role of CRAC channels in Ca
2+

 influx of T cells 

(Feske et al., 2006). The mechanism by which Ca
2+

 entry activates T cells had been 

elucidated prior to the identification of STIM1 and Orai1 (for review see Hogan et al., 

2003; Macian, 2005). Elevations in cytoplasmic Ca
2+

 concentration activate a Ca
2+

 

dependent phosphatase, calcineurin. Calcineurin dephosphorlyates a transcription factor 

known as Nuclear Factor of Activated T cells (NFAT), exposing a nuclear localisation 

signal. Upon NFAT translocation to the nucleus it activates members of the interleukin 

family of cytokines (Feske et al., 2000). NFAT signaling has also been observed in 

other cell types, and the physiological implications of impaired NFAT signaling in 

skeletal muscle are discussed briefly later in this section. 
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Table 1.1 Summary of phenotypes associated with Orai1 and STIM1 deficiency. 

 Human Orai1 deficiency Mouse Orai1 deficiency Human STIM1 deficiency Mouse STIM1 deficiency 

Survival Death at <12 months without 

haematopoietic stem cell 

treatment (McCarl et al., 

2009) 

Perinatal lethality (Gwack et 

al., 2008) 

Death at <24 months without 

haematopoietic stem cell 

treatment (Picard et al., 

2009) 

Perinatal lethality (Baba et 

al., 2008; Oh-Hora et al., 

2008; Stiber et al., 2008) 

Immune 

deficiency 

SCID (Feske et al., 2006; 

McCarl et al., 2009) 

T cell mediated responses 

lost (McCarl et al., 2010) 

SCID (Picard et al., 2009) T cell mediated responses 

lost (Oh-Hora et al., 2008; 

Schuhmann et al., 2010) 

Autoimmunity Isolated case of neutropenia 

and thrombocytopenia 

(McCarl et al., 2009) 

No data Haemolytic anaemia, 

thrombocytopenia (Picard et 

al., 2009)  

No data 

Development Failure to 

thrive/developmental delay 

(McCarl et al., 2009) 

Reduced growth (Gwack et 

al., 2008; Braun et al., 2009) 

No data No data  

Skeletal muscle Muscular hypotonia, atrophy 

(McCarl et al., 2009) 

Muscular hypotonia leading 

to respiratory insufficiency, 

(Baba et al., 2008; Gwack et 

al., 2008) 

Muscular hypotonia (Picard 

et al., 2009) 

Muscular hypotonia (Stiber 

et al., 2008) 

Other 

manifestations 

Anhydrotic ectodermal 

dysplasia(McCarl et al., 

2009) 

Patchy hair growth, thin skin 

(Gwack et al., 2008) 

Decreased platelet activation 

and thrombus formation 

(Braun et al., 2009) 

Anhydrotic ectodermal 

dysplasia (Picard et al., 

2009) 

Decreased platelet activation 

and thrombus formation 

(Varga-Szabo et al., 2008) 

 

Note that in the mouse model columns, both global deficiency and cell type specific deficiency models are used. Adapted from Feske, 2010. 
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The physiological role of CRAC channels in the immune system has been confirmed 

using mouse models (Baba et al., 2008; Gwack et al., 2008; Braun et al., 2009; McCarl 

et al., 2009). Different genetic manipulation methods have been used to generate mice 

with an Orai1 deficiency. While all share a common phenotype of severe 

immunodeficiency, several significant differences regarding the mechanism have been 

reported. For example, genetrap techniques were used to create an Orai1 deficient 

mouse model (Vig et al., 2008). Orai1 deficiency was not perinatally lethal if pups were 

isolated following birth to avoid infection. Unexpectedly, Orai1 genetrap mice did not 

show any difference in T cell SOC influx or antigen mediated T cell activation as 

assayed by cytokine secretion and cell proliferation in response to antigens. Orai1-

reporter was not expressed in the lymphoid areas of the thymus and spleen and RT-PCR 

did not detect significant amounts of Orai1 mRNA in these tissues. Therefore, it was 

proposed that instead of Orai1, its homolog Orai2 was responsible for mouse T cell 

function. This conclusion was disputed shortly afterwards by a study which used a 

conventional mouse knockout of Orai1 (Orai1 KO) (Gwack et al., 2008). In contrast to 

the genetrap Orai1 mice, the Orai1 KO mice were born at lower than the expected 

Mendelian frequency and all surviving pups did not survive past 1.5 days following 

birth regardless of the housing protocol used. Perinatal lethality may have been due to 

factors other than immunodeficiency, and later studies suggested that other problems 

linked to CRAC channel dysfunction, in particular developmental phenotypes such as 

skeletal myopathy and subsequent respiratory insufficiency, and ectodermal dysplasia 

may be the cause of death (Baba et al., 2008; Gwack et al., 2008; Stiber et al., 2008). 

These phenotypes are discussed further later in this section. 

The difference in the lethality between the genetrap mice and Orai1 KO mice indicated 

that there was a difference in the efficacy of the techniques used. It was suggested that 
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the genetrap mice were Orai1 hypomorphs, able to express low levels of correctly 

spliced Orai1, rather than true Orai1 null mice. Consistent with this and in contrast to 

the Orai1 genetrap mice, Orai1 KO mice displayed almost complete loss of SOC influx 

in T cells, B cells and fibroblasts, and impaired cytokine production and proliferation in 

response to antigens in vitro. This loss of SOCE could be rescued by exogenous 

expression of Orai1, but not Orai2, demonstrating that Orai1 channels mediate T cell 

function in mice as well as humans (Gwack et al., 2008). This suggests that other 

members of the Orai family of proteins will not compensate for Orai1 deficiency in T 

cells. 

The perinatal lethality of Orai1 knockout makes it difficult to analyse in vivo T cell 

mediated immune responses, though a recent study has devised an approach to address 

this. A mouse model of CRAC channel dysfunction was generated by knocking-in a 

mutant of Orai1 homologous to a mutation that caused SCID in human patients 

(McCarl et al., 2010). Orai1 mutant knock-in T cells, like those of Orai1 KO mice, 

display an almost complete loss of SOC influx. However, the majority of mice that are 

homozygous for this knock-in die neonatally preventing in vivo analysis of T cell 

function. To overcome this, liver stem cells of Orai1 mutant knock-in mice were 

transferred to the livers of Orai1 wildtype mice to create Orai1 mutant knock-in fetal 

liver chimera (FLC) mice (McCarl et al., 2010). These mice express the Orai1 mutant 

only in haematopoietic cells and display an otherwise normal phenotype. T cell 

mediated immune responses were impaired or absent in the Orai1 mutant knock-in FLC 

mice. For example, there was delayed skin graft rejection from mismatched mice and 

reduced hypersensitivity to skin allergens were observed in Orai1 mutant knock-in FLC 

mice compared to wildtype FLC control mice (McCarl et al., 2010). 
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STIM1 deficiency in human patients, or STIM1 knockout in mouse models, is generally 

similar to that of Orai1 deficiency or knockout. STIM1 deficient humans display SCID 

and rarely survive beyond 1-2 years without hematopoietic stem cell treatment (Picard 

et al., 2009). Like Orai1 KO mice, STIM1 KO mice also die perinatally due to factors 

other than immunodeficiency (Baba et al., 2008; Oh-Hora et al., 2008; Stiber et al., 

2008).  STIM1 deficient T cells of both human patients and T cell specific knockout 

mouse models also lack CRAC current and display impaired T cell proliferation and 

cytokine production similarly to Orai1 deficient T cells (Oh-Hora et al., 2008; Picard et 

al., 2009). Further evidence of the role of STIM1 in T cell function was demonstrated 

using a T cell specific, conditional STIM1 deletion mouse model. An inducible mouse 

model of the autoimmune disorder Multiple Sclerosis (MS), experimental autoimmune 

encephalomyelitis (EAE), was used to assay the function of T cells, where a reduced T 

cell function could protect the mice from autoimmune responses. It was found that 

95.2% of WT mice could develop EAE, while T cell specific STIM1 mutants were 

protected, only developing EAE in 16.7% of cases (Ma et al., 2010). This is consistent 

with another study which used STIM1 knockout bone marrow chimeric mice to 

demonstrate that STIM1 deficient T cells impart an EAE resistant phenotype 

(Schuhmann et al., 2010). This raises the possibility of the STIM1-Orai1 Ca
2+

 signaling 

pathway being used as a target for the treatment of autoimmune diseases such as MS. 

However, CRAC channel dysfunction has also been linked to hematological 

autoimmunity. Three related human patients with a homozygous mutation of STIM1 

also suffer from autoimmune haemolytic anaemia and/or thrombocytopenia (Picard et 

al., 2009), while a single human patient homozygous for an Orai1 mutation displays 

thrombocytopenia and neutropenia (McCarl et al., 2009). The mechanisms connecting 

CRAC channel dysfunction and hematological autoimmunity are not understood. Since 
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these disorders are not seen in all CRAC channel deficient patients, and have not been 

reported in mouse models of CRAC channel dysfunction, it is likely that other factors 

may also be involved. 

1.3.2. Failure to thrive  

 In humans, a failure to thrive or developmental delay has been observed in a number of 

CRAC deficient patients (McCarl et al., 2009). Consistent with this, it is firmly 

established that a global deficiency of Orai1 or STIM1 in mouse models causes a 

smaller than normal size, where mice survive to birth. Precise quantitative data has not 

been published but the effect of CRAC deficiency on organism size has been estimated 

at between 25-40% smaller following birth (Gwack et al., 2008; Braun et al., 2009) 

compared to wildtype or heterozygous littermates. The high expression of Orai1-

reporter in Orai1 genetrap mouse skeletal muscle suggests that a lack of skeletal muscle 

tone may be part of the reason for the small birth size observed (Vig et al., 2008). 

1.3.3. Skeletal muscle hypotonia 

A phenotype associated with all human cases of CRAC-linked SCID is congenital 

muscular hypotonia (McCarl et al., 2009; Picard et al., 2009). This initially presents as 

a general reduction of muscle tone and, in patients who undergo hematopoietic stem 

cell treatment to overcome SCID and survive beyond 1-2 years, progresses to a 

reduction in walking distance and chronic pulmonary disease due to insufficient 

respiratory muscle strength (McCarl et al., 2009). Both STIM1 and Orai1 are highly 

expressed in skeletal muscle in mice, and deficiency of either protein resulted in 

skeletal myopathy (Stiber et al., 2008; Vig et al., 2008). Respiratory muscle 

insufficiency as a result of this myopathy has been proposed as the primary cause of 

perinatal lethality of Orai1 and STIM1 deficient mouse models (Baba et al., 2008; 

Gwack et al., 2008; Stiber et al., 2008). There is conflicting evidence regarding the 
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effect of abrogated SOCE on the histology of skeletal muscle fibres. While some human 

Orai1 mutant SCID patients display muscle atrophy (McCarl et al., 2009), no structural 

abnormalities are seen in Orai1 mutant knock in mice (McCarl et al., 2010). Consistent 

with a role for SOCE in the development and structure of skeletal muscle, the NFAT-

signalling pathway which is important for T cell function is also common to 

myogenesis and muscle adaptation to exercise (Williams & Rosenberg, 2002). STIM1 

expression and distribution has been shown to be dynamic throughout myogenesis 

(Stiber et al., 2008), and myotubes overexpressing STIM1 or a constitutively active 

form of STIM1 show enhanced NFAT-dependent transcription during myogenesis 

(Stiber et al., 2008). These data suggest that muscle development may be regulated by 

SOCE-dependent gene expression pathways. 

SOCE is present in skeletal muscle (Kurebayashi & Ogawa, 2001; Launikonis et al., 

2003), and is dependent on the expression of STIM1 and Orai1 (Lyfenko & Dirksen, 

2008; Stiber et al., 2008). The physiological role of SOCE in mature skeletal muscle is 

currently uncertain (Dirksen, 2009). It is clear that external Ca
2+

 is not required for 

muscle contraction (Armstrong et al., 1972), however, SOCE may be important during 

more intensive, fatigue inducing muscle stimulation. This concept was first proposed 

following a study that used knockout mice lacking a protein known as MG29 found in 

sarcoplasmic reticulum-plasma membrane junctions (Pan et al., 2002). These mice were 

reported to show dysfunctional SOCE in skeletal muscle fibres, coupled with an 

inability to complete endurance tests. When muscle fibres isolated from these knockout 

mice were subjected to a train of tetanic electrical stimuli, the reduction in contractile 

force was more rapid compared to wildtype muscle fibres. Consistent with a role for 

SOCE, wildtype muscle fibres either in Ca
2+

-free external solution or exposed to the 

non-selective SOCE blocker SK&F96365 showed no significant difference in sustained 
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force output in response to fatigue stimulation compared to MG29 knockout muscle 

fibres (Pan et al., 2002). Similar results in the STIM1 genetrap mouse model skeletal 

muscle fibres have been observed, and have also been associated with reduced Ca
2+

 

store content, suggesting that SOCE is required for store refilling during fatigue (Stiber 

et al., 2008). 

It has been shown that siRNA knockdown of STIM1, or expression of a dominant 

negative mutant of Orai1 abolishes SOCE but has no effect on a second Ca
2+

 entry 

mechanism that exists in skeletal muscle known as excitation-coupled Ca
2+

 entry 

(ECCE) (Lyfenko & Dirksen, 2008). Orai1-STIM1 mediated SOCE was therefore 

proposed to exist as a completely separate mechanism from ECCE in mouse skeletal 

muscle.  

1.3.4. Anhydrotic Ectodermal Dysplasia 

Common to a number of CRAC channel deficient patients are manifestations of 

anhydrotic ectodermal dysplasia. These conditions include anhydrosis and abnormal 

dental enamel (McCarl et al., 2009; Picard et al., 2009). Ectodermal dysplasia 

symptoms have also been observed in Orai1 knockout mice, which show patchy hair 

growth and thinner skin (Gwack et al., 2008). The mechanism by which CRAC channel 

deficiency results in this phenotype is unknown. 

1.3.5. Vascular smooth muscle dysfunction  

A small current activated by store depletion bearing all the electrophysiological and 

pharmacological hallmarks of CRAC current (ICRAC) has been identified in cultured 

aortic vascular smooth muscle cells (VSMC). This current has been shown to be 

sensitive to Orai1 or STIM1 knockdown (Potier et al., 2009). Quiescent freshly isolated 

aortic VSMCs display much smaller Ca
2+

 influx and lower Orai1 and STIM1 
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expression compared to cultured cells. This suggests that ICRAC is particularly important 

during the proliferative stage of smooth muscle development (Potier et al., 2009). This 

may have clinical relevance in the treatment of atherosclerosis and restenosis, which 

can be caused by abnormal control of VSMC proliferation (Hedin et al., 2004). 

CRAC channels have been proposed to play a role in the proliferation and migration of 

development of hypertension, since VSMC contraction and maintenance of vascular 

tone are regulated by [Ca
2+

]c (Furutani et al., 2002). Consistent with increased CRAC 

channel activity during hypertension, it has been demonstrated that aortas from a 

spontaneous hypertensive rat model exhibit increased STIM1 and Orai1 expression and 

increased spontaneous tone following store depletion compared to control Wistar-Kyoto 

rats (Giachini et al., 2009). The cytokine resistin is often associated with the 

development of type II diabetes mellitus, but has also been linked to the development of 

hypertension. It has been demonstrated that resistin enhances endothelin-dependent 

VSMC contraction through a pathway that is sensitive to SOCE inhibitors and 

knockdown of STIM1 (Chuang et al., 2011). 

1.3.6. Haemostasis 

 Platelet activation and subsequent aggregation is a critical process which prevents 

blood loss following vascular injury, but is also a major step in the formation of arterial 

thrombi which can cause myocardial or cerebral infarction. Platelet activation is 

dependent on elevations in platelet intracellular Ca
2+

, in particular through SOCE 

(Marumo et al., 2001). It has been demonstrated that SOCE in response to thapsigargin 

is almost completely absent in platelets from bone marrow chimera Orai1 or STIM1 

knockout mice (Varga-Szabo et al., 2008; Braun et al., 2009). Functionally, this 

manifests as a significant reduction in thrombus formation in response to collagen 

exposure under conditions of high blood flow. Specifically, the total thrombus volume 
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was reduced by 81% in the STIM1 knockout, and by 95% in Orai1 knockout mice 

(Varga-Szabo et al., 2008). 

1.3.7. Cell cycle regulation 

The importance of Ca
2+

 in regulating the cell cycle is well established (for review, see 

Takuwa et al., 1995). As SOCE is an important component of the regulation of 

intracellular Ca
2+

, it is unsurprising to find that Orai1 and STIM1 have been also 

associated with the regulation of cell proliferation and tumourigenesis (Flourakis et al., 

2010). The understanding of the importance of STIM1 in the cell cycle predates the 

discovery of its involvement in SOCE, as it was initially described as a tumour 

suppressor gene able to cause growth arrest in a tumour cell line (Sabbioni et al., 1997). 

The discovery of the molecular identity of the CRAC channel has allowed deeper 

investigation of the role of SOCE in cell cycle regulation. 

It has been reported that siRNA knockdown of Orai1 reduced SOCE and subsequently 

reduced proliferation of HEK293 cells by arresting cells in G2/M phase (El Boustany et 

al., 2010). However, proliferation was reduced when STIM2 was knocked down, but 

not STIM1 (El Boustany et al., 2010). STIM2 is a homologue of STIM1 also able to 

reconstitute SOCE in combination with Orai1 and is associated with long term 

regulation of resting Ca
2+

 levels (Brandman et al., 2007). A similar growth arrest 

phenomenon has also been observed in primary endothelial cells, where knockdown of 

Orai1 or STIM1 caused a reduction in proliferation by arresting cells at G2/M phase 

(Abdullaev et al., 2008). CRAC channels have also been associated with apoptosis, 

where Orai1 knockdown has been demonstrated to induce apoptosis resistance in 

prostate cancer cells (Flourakis et al., 2010). 
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The effect of SOCE on the cell cycle suggests that it may be linked to tumour 

formation. STIM1 is poorly expressed in Wilms kidney tumour cells, which therefore 

lack SOCE. Early Growth Response 1 (EGR1) and Wilms Tumour Suppressor 1 (WT1) 

are transcription factors that can regulate STIM1 expression and show aberrant 

expression in Wilms tumour cells. Despite the name of the latter, both transcription 

factors have been described as either tumour suppressors or oncogenes depending on 

the cell type. Following on from this, overexpression of WT1 or knockdown of EGR1 

decreased STIM1 expression in HEK293 cells (Ritchie et al., 2010). While WT1 and 

EGR1 affect the expression of many genes, this study raises the possibility that altered 

SOCE, via altered expression of STIM1, may play a role in the altered Ca
2+

 regulation 

of tumour cells.  

1.4. Properties of CRAC channels 

1.4.1. Store depletion is required for CRAC channel activation  

 A fundamental property of the CRAC channel is that it is exclusively activated by Ca
2+

 

store depletion.  Experimentally, a number of mechanisms are used to activate native 

ICRAC, and all result in intracellular Ca
2+

 store depletion. Store depletion and subsequent 

ICRAC activation can be achieved by triggering Ca
2+

 release to the cytoplasm. This is 

possible either by external application of PLC β or γ activating hormones to generate 

IP3, by direct intracellular perfusion with IP3, or by application of ionomycin (Hoth & 

Penner, 1993), which forms Ca
2+

 permeable pores on the ER/SR membrane. 

Alternatively, depletion of the stores can be achieved without stimulating Ca
2+

 release 

from the stores in any of the three following ways. Intracellular perfusion or external 

application of thapsigargin or cyclopiazonic acid inhibits SERCA and prevents 

sequestration of leaked cytoplasmic Ca
2+ 

(Thastrup et al., 1989). Perfusion with a high 

concentration of either of the Ca
2+

 chelators BAPTA or EGTA buffers leaked Ca
2+
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before it can be pumped back to the stores (Hoth & Penner, 1993). Finally, the 

membrane-permeable divalent cation chelator TPEN is able to buffer Ca
2+

 within 

intracellular stores, therefore achieving store depletion independently of Ca
2+ 

release or 

[Ca
2+

]c (Hofer et al., 1998). Each of these IP3-independent, passive means of store 

depletion lead to activation of ICRAC identical to that activated by IP3 or ionomycin.  

In contrast to voltage-gated and ligand-gated ion channels, which are rapidly activated 

in response to a stimulus, ICRAC activation occurs relatively slowly. Experimentally, the 

start of CRAC channel activation occurs after a delay dependent on the mechanism 

used to deplete the stores. For example, intracellular IP3 perfusion induces the onset of 

ICRAC in approximately 7 seconds (Hoth & Penner, 1992). Once activation begins, 

whole cell ICRAC amplitude increases with an exponential time course with a time 

constant which ranges between 20 and 40 seconds in mast cells (Hoth & Penner, 1993), 

RBL cells (Fasolato et al., 1993), T cells (Zweifach & Lewis, 1993), and hepatocytes 

(Rychkov et al., 2001).  

1.4.2. Electrophysiological properties of ICRAC 

In addition to the exclusive activation by store depletion and the time course of 

activation, the electrophysiological properties of ICRAC have been extensively 

characterised.  The current-voltage relationship of ICRAC reveals an inwardly rectifying 

current which does not saturate at negative potentials. The reversal potential of ICRAC is 

strongly positive, reported to be positive to 40 mV in hepatocytes (Rychkov et al., 

2001), positive to 50 mV in mast cells (Hoth & Penner, 1993), and positive to 80 mV in 

T lymphocytes (Zweifach & Lewis, 1993), with negligible outward current.  

The maximum amplitude of the current is dependent on the cell type, size, and channel 

density in addition to factors such as the external Ca
2+

 concentration (Fasolato et al., 
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1993; Hoth & Penner, 1993; Zweifach & Lewis, 1993; Malayev & Nelson, 1995; 

Rychkov et al., 2001). When normalised to cell capacitance, which is a measure of cell 

size, ICRAC amplitude at -100 mV in 10 mM external Ca
2+

 ranges from -0.5 to -3 pA/pF. 

The strongly positive reversal potential and negligible outward current of ICRAC, which 

is usually measured experimentally with 10 mM extracellular Ca
2+

 and Ca
2+

 buffered to 

100 nM intracellularly, is indicative of a high selectivity for Ca
2+

 over other ions. 

Consistent with this, replacement of extracellular Na
+
 and other monovalent cations 

with the large ion channel impermeable monovalent cation N-methyl-D-glucamine 

(NMDG
+
) causes a mere 9% reduction in ICRAC amplitude and no effect on reversal 

potential (Hoth & Penner, 1993). However, complete removal of Ca
2+

 in the presence of 

Mg
2+

 and Na
+
 results in a complete loss of inward current (Hoth & Penner, 1993). As 

no outward current is supported by ICRAC it is difficult to accurately measure a reversal 

potential to estimate relative permeabilities of different cations through the channel. 

However, experiments using the fluorescent Ca
2+

 indicator fura-2 as the intracellular 

Ca
2+

 buffer and comparing the change in fluorescence with the total inward 

conductance as measured by patch clamping estimate a Ca
2+

:Na
+
 permeability ratio 

greater than 1000:1 (Hoth, 1995). 

In the absence of external divalent cations CRAC channels become permeable to Na
+
. 

This is similar to what is observed with voltage gated Ca
2+

 channels, where Ca
2+

 bound 

to specific sites within the pore prevents the permeation of other cations (Hess & Tsien, 

1984). When a divalent cation free external solution is applied to activated CRAC 

channels, there is an initial decrease in inward current, until Ca
2+

 is removed from the 

pore, before a large inward current carried by Na
+
 and a small outward current carried 

by Cs
+ 

develop (Hoth & Penner, 1993; Kerschbaum & Cahalan, 1998; Bakowski & 

Parekh, 2002). The Na
+
 current decays over tens of seconds, a phenomenon known as 
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depotentiation (Zweifach & Lewis, 1996). With external Na
+
 and internal Cs

+
, activated 

CRAC channels have a positive reversal potential of approximately 50 mV, reflecting 

the greater relative permeability to Na
+
 over Cs

+ 
(Hoth & Penner, 1993; Kerschbaum & 

Cahalan, 1998; Bakowski & Parekh, 2002). It is pertinent to note that these early 

observations of monovalent ICRAC may have been contaminated by TRPM7 current, and 

consequently overstated the amplitude of inward and outward current (Rychkov et al., 

2001; Kozak et al., 2002). 

Divalent cations have complex effects on ICRAC macroscopic conductance. ICRAC carried 

by Ca
2+

 is slightly inhibited by low concentrations of Ba
2+

 and Sr
2+

 (Hoth & Penner, 

1993) due to the anomalous mole fraction effect. However, replacement of Ca
2+

 with 

Ba
2+

 or Sr
2+

 showed that the CRAC channel is permeable to these cations, but with 

several altered conductance characteristics. The current-voltage relationship reveals that 

Ba
2+

 current through CRAC channels is strongly membrane potential dependent, with 

nearly no current above -40 mV and steep rectification below -40 mV. This 

phenomenon may be due to a higher driving force required for Ba
2+

 to enter the pore 

and displace a cation bound inside the pore before Ba
2+

 may readily permeate. Also, 

Ba
2+

 substitution has been reported to cause the channel to become permeable to 

internal K
+
 but not Cs

+
 at membrane potentials positive to 40 mV (Hoth, 1995), though 

this may be the result of recordings contaminated by TRPM7 current. 

Other divalent cations do not permeate the channel and act to block ICRAC in a dose 

dependent and reversible manner. The relative blocking efficacies of divalent cations 

investigated is: Ni
2+

 < Mn
2+

 = Co
2+

 = Be
2+

 < Cd
2+

 < Zn
2+

, where 1 mM Ni
2+

 causes 

~30% reduction in ICRAC amplitude, and 1 mM Zn
2+

 causes an almost complete block 

(Hoth & Penner, 1993; Rychkov et al., 2001). Trivalent cations, such as La
3+

 and Gd
3+

, 
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are also impermeable and are extremely effective blockers of ICRAC at low micromolar 

concentrations (Putney, 2001). 

Unlike most other Ca
2+

 channels, the single channel conductance of CRAC channels is 

too small to be measured directly. Noise analysis of whole cell currents estimated a 

unitary conductance of 9 fS in 2 mM Ca
2+

, and 24 fS in 110 mM Ca
2+

, which is about 

1000 times smaller than the single channel conductance of most ion channels (Zweifach 

& Lewis, 1993). Similar analysis of monovalent current, primarily carried by Na
+
 in the 

absence of external Ca
2+

 and Mg
2+

, estimated a single channel conductance of 200 fS 

(Prakriya & Lewis, 2002). 

1.4.3. Ca
2+

 dependent regulation of ICRAC 

Fast Ca
2+

 dependent inactivation (FCDI) is a negative feedback mechanism present in 

many types of Ca
2+

 channels, including CRAC channels. FCDI can be observed after 

full activation of ICRAC by applying voltage steps to negative potentials (Hoth & Penner, 

1993). The sudden increase in inward driving force initially results in an instant 

increase in current, but as FCDI occurs, the current decays from its peak with a 

biexponential time course, with time constants of ~10 ms and 100 ms (Zweifach & 

Lewis, 1995a). FCDI displays apparent voltage dependence, where steps to increasingly 

negative membrane potentials result in accelerated and greater extent of inactivation 

(Hoth & Penner, 1993; Zweifach & Lewis, 1995a). It is evident that FCDI is not 

directly voltage dependent, but instead appears to be exclusively dependent on Ca
2+

 

accumulating around the intracellular mouth of the pore. The apparent voltage 

dependence is the result of increased Ca
2+

 entry due to increased driving force at more 

negative potentials.  
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It is evident that FCDI is a Ca
2+

 dependent process when extracellular or intracellular 

[Ca
2+

] is changed. FCDI is completely lost when current is carried by monovalent 

cations in the absence of external divalent cations (Zweifach & Lewis, 1995a; Litjens et 

al., 2004), while increasing the external Ca
2+

 concentration results in accelerated and 

increased extent of inactivation (Zweifach & Lewis, 1995a). If Ba
2+

 or Sr
2+

 is used to 

replace Ca
2+

 as the divalent charge carrier, FCDI persists albeit with a reduction in the 

fast component of inactivation and the total extent of inactivation. This indicates that 

Ba
2+

 and Sr
2+

 can replace Ca
2+

 to some extent at the site regulating FCDI (Zweifach & 

Lewis, 1995a; Fierro & Parekh, 1999; Litjens et al., 2004). In addition, the extent of 

inactivation is dependent on the intracellular Ca
2+

 buffer used during such experiments. 

Use of the fast Ca
2+

 buffer 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 

(BAPTA) has been demonstrated to reduce the extent of inactivation compared to the 

slower Ca
2+

 buffer ethylene glycol tetraacetic acid (EGTA) (Hoth & Penner, 1993; 

Fierro & Parekh, 1999; Litjens et al., 2004). 

The Ca
2+

 binding site responsible for FCDI was estimated to be approximately 4 nm 

from the intracellular mouth of the pore, based on basic assumptions of the Ca
2+

 

chelating properties of the respective buffers and the diffusion of Ca
2+

 in the 

intracellular environment. This close proximity makes it likely that the binding site is 

part of the channel itself (Zweifach & Lewis, 1995a). To date, the Ca
2+

 binding site for 

FCDI and the fast inactivation gate is yet to be identified. 

Two other slower intracellular Ca
2+

 dependent modes of ICRAC regulation have been 

identified. Firstly, refilling of intracellular Ca
2+

 stores is able to reduce whole cell ICRAC. 

In the presence of low intracellular EGTA (1.4 mM), ICRAC is largely inactivated over a 

time course of 100-200 s (Zweifach & Lewis, 1995b; Parekh, 1998). This slow 

inactivation can be reduced experimentally by preventing store refilling through the 
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application of thapsigargin. The molecular mechanism for this inactivation is the 

reversal of the activation mechanism (Smyth et al., 2008). There is, however, another 

slow inactivation component that appears to be independent of Ca
2+

 stores and is not 

eliminated by preventing store refilling. This inactivation occurs over a similar 

timescale to store refilling dependent inactivation, and is Ca
2+

-dependent, as it can be 

eliminated using high concentrations of EGTA to clamp Ca
2+

 at nanomolar levels 

(Zweifach & Lewis, 1995b; Parekh, 1998). The mechanism underlying store 

independent slow Ca
2+

 dependent inactivation is unknown. 

ICRAC is regulated by the Ca
2+

 buffering properties of respiring mitochondria under 

weakly Ca
2+

 buffered conditions. In the presence of low intracellular Ca
2+

 buffers (0.1 

mM EGTA), application of IP3 alone is insufficient to activate ICRAC or alternatively 

results in reduced ICRAC amplitude (Fierro & Parekh, 2000; Gilabert & Parekh, 2000). 

Under these conditions and with no SERCA pump inhibitors, it was demonstrated that 

uptake of Ca
2+

 by respiring mitochondria is required to achieve sufficient store 

depletion to maximally activate ICRAC (Gilabert & Parekh, 2000). In addition, Ca
2+

 

uptake by respiring mitochondria also reduced the extent of slow Ca
2+

 dependent 

inactivation (Gilabert & Parekh, 2000). While these phenomena are not observed in 

most experimental preparations as intracellular Ca
2+

 is strongly buffered, mitochondrial 

activity is likely to play a role in Ca
2+

-dependent regulation of ICRAC in a physiological 

setting. 

Ca
2+

 also positively regulates ICRAC activity via a process known as Ca
2+

 dependent 

potentiation (Zweifach & Lewis, 1996). This phenomenon was first observed in cells 

treated with thapsigargin to activate CRAC channels in a nominally Ca
2+

 free 

extracellular solution. The addition of extracellular Ca
2+

 to these cells increased ICRAC in 

two phases; a near instant increase in current as Ca
2+

 permeates through already open 
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CRAC channels, followed by a slower potentiation which follows an exponential time 

course with a time constant of ~ 5.3 s in 22 mM Ca
2+

, slower than what would be 

expected due to the solution exchange time. Ca
2+

 dependent potentiation is not 

associated with a change in the extent of FCDI (Zweifach & Lewis, 1996). This 

indicates that the potentiation is not the result of an increase in single channel 

conductance, as this will increase FCDI, but is the result of an increase in the number of 

CRAC channels activated, or an increase in the open probability of activated channels. 

1.4.4. pH dependence of ICRAC 

The activity of ICRAC is modulated by external pH. This phenomenon was first reported 

in human macrophages, where ICRAC was reduced in amplitude by low pH reaching 

maximum inhibition at ~pH 6.0, and increasingly potentiated by raising pH as high as 

9.0 (Malayev & Nelson, 1995). Investigations beyond pH 9.0 were complicated by the 

loss of characteristic ICRAC rectification, making it difficult to distinguish from leak 

current. The effect of external pH on ICRAC amplitude is rapidly reversible. Interestingly, 

the pKa of this pH dependent effect was estimated to be 8.2 (Malayev & Nelson, 1995), 

indicating that at normal physiological pH 7.4, ICRAC is largely inhibited by protons. 

Similar ICRAC responses to external pH have also been reported for human platelets, 

with functional consequences for platelet aggregation and subsequent blood clotting 

(Marumo et al., 2001).  

1.4.5. Pharmacology 

One of the challenges of investigating ICRAC is the lack of a specific inhibitor. Whilst 

there are a number of compounds which have been shown to inhibit ICRAC, most notably 

SK&F96365, econazole, and 2-aminoethoxydiphenylborate (2-APB), these compounds 

also block other channels (Franzius et al., 1994; Bootman et al., 2002). Nonetheless, 2-

APB is one of the most widely used compounds for investigating ICRAC (Bootman et al., 
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2002). The effect of 2-APB on ICRAC is complex and can have opposite effects 

depending on its extracellular dose. At concentrations of <5 µM, 2-APB slowly 

potentiates ICRAC amplitude as much as 5 fold, and increases FCDI. At concentrations 

greater than 10 µM, 2-APB instead causes rapid transient potentiation, followed by 

complete block of ICRAC (Prakriya & Lewis, 2001).  

2-APB is membrane permeable and was initially identified as an inhibitor of IP3 

receptors on the endoplasmic reticulum membrane (Maruyama et al., 1997). Therefore, 

the ICRAC inhibiting effects were believed to be due to an interaction between IP3 

receptors and the CRAC channel. The finding that 2-APB has a stronger inhibitory 

effect on ICRAC when applied extracellularly rather than intracellularly contradicts this 

hypothesis, and it would seem more plausible that 2-APB acts directly on the channel at 

the plasma membrane to block ICRAC (Gregory et al., 2001; Prakriya & Lewis, 2001). 

Fluorescence microscopy suggests that 2-APB disrupts STIM1 puncta and hence would 

abolish SOCE (DeHaven et al., 2008; Peinelt et al., 2008). However, 2-APB does not 

affect the FRET between colocalised STIM1 puncta and Orai1 (DeHaven et al., 2008; 

Navarro-Borelly et al., 2008). The mechanism of 2-APB block of ICRAC remains 

unclear, and it is possible that the STIM1-Orai1 interaction is disrupted but not 

detectable using these optical methods.  

1.4.6. Store depletion signal hypotheses 

Although the association between store depletion and calcium influx had been well 

established since the first electrophysiological identification of store operated channels, 

the mechanism which linked the filling state of the endoplasmic reticulum to the plasma 

membrane to activate store operated channels remained elusive until the discovery of 

the molecular components of the CRAC channel. Prior to those discoveries, two models 
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of CRAC channel activation were heavily investigated: the diffusible messenger model, 

and the conformational coupling model. 

The diffusible messenger model proposed that a messenger molecule was released into 

the cytoplasm from depleted intracellular stores and diffused to the plasma membrane 

to activate Ca
2+

 channels (Takemura et al., 1989). A number of molecules were 

proposed to act as this diffusible messenger, the most widely studied candidate being 

Calcium Influx Factor (CIF), a component of a cell extract from store depleted Jurkat T 

cells (Randriamampita & Tsien, 1993). CIF was reported to be able to activate store 

operated channels when applied to not only Jurkat T cells, but also macrophages, 

astrocytoma cells, and fibroblasts (Randriamampita & Tsien, 1993). Studies into CIF, 

however, were hampered by findings that it evoked Ca
2+

 release from intracellular 

stores (Csutora et al., 1999), and that the active molecular component of the extract 

have never been identified. A number of other candidate diffusible messengers have 

also been proposed, including calmodulin (CaM) (Cao & Chatton, 1998), and protein 

kinase C (Bode & Goke, 1994). 

The conformational coupling model proposed that CRAC channels on the plasma 

membrane directly couple with IP3 receptors on the endoplasmic reticulum membrane 

(Berridge, 1995). This model was analogous to coupling between dihydropyridine 

receptors on the plasma membrane and ryanodine receptors on the sarcoplasmic 

reticulum in the skeletal muscle Ca
2+

 entry pathway. The model hypothesised that IP3 

receptors in regions of the endoplasmic reticulum in close proximity to the plasma 

membrane act as the Ca
2+

 sensor, activating Ca
2+

 influx through CRAC channels 

through a protein-protein interaction (Berridge, 1995). 
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The activation pathway is now generally understood to use a model similar to the 

conformational coupling model but without a role for IP3 receptors. Following the 

discovery of STIM1 and Orai1, the two molecular components of the CRAC channel, it 

was determined that activation is the result of direct protein-protein interaction of these 

two proteins at regions of the endoplasmic reticulum directly apposed to the plasma 

membrane (Xu et al., 2006; Li et al., 2007; Varnai et al., 2007; Luik et al., 2008). This 

pathway is described in detail in section 1.5. 

1.4.7. Other store operated channels 

Apart from the CRAC channel, there are a number of other electrophysiologically 

distinct Ca
2+

 permeable channels that have been reported to be activated by intracellular 

store depletion. These channels are generally cell-type specific, and have not been 

characterised to the extent of CRAC channels. One example of such a channel is found 

in human A431 epidermal cells, which is activated in response to receptor stimulation 

or thapsigargin (Zubov et al., 1999). The current from these activated channels, named 

Imin, is selective for divalent cations over monovalent cations and is blocked by 

SK&F96365, similar to ICRAC. The conductance of this channel is much higher than 

ICRAC, making single channel recordings of the channel possible. Its conductance is 

approximately 1 pS in 105 mM Ca
2+

, with a mean open time of 7.7 ms. Another store 

operated channel has been activated by dialysis with BAPTA in the same epidermal cell 

line with a conductance of 2 pS in 200 mM Ca
2+

, and increased conductance of 16 pS in 

160 mM Ba
2+

 (Luckhoff & Clapham, 1994). 

The Transient Receptor Potential (TRP) family of Ca
2+

 permeable cation channels is 

remarkable due to the wide range of both external and internal stimuli by which its 

members can be activated (Venkatachalam & Montell, 2007). At least 27 TRP channels 

have been identified in humans, and are divided into subgroups depending on the 
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sequence homology, activation mechanisms and electrophysiological properties of the 

channel (Venkatachalam & Montell, 2007). Compared to CRAC channels, most TRP 

channels have much lower, if any, selectivity for Ca
2+

 over monovalent cations, and 

single channel conductances in the pS range. Some TRP channels have been proposed 

to be activated by store depletion. The Canonical TRP (TRPC) subfamily of channels, 

named TRPC1-7 in order of their discovery, has been the most heavily studied TRP 

subfamily with regard to activation by store depletion.  

The initial suggestion that TRPC channels were store operated was made following 

reports that overexpression of TRPC1 and TRPC3 in COS kidney cells increased 

inward current in response to application of thapsigargin (Zhu et al., 1996). Store 

operated currents have also been reported in TRPC3 and TRPC4 studies (Philipp et al., 

1996; Kiselyov et al., 1998; Warnat et al., 1999), and roles for STIM1 and Orai1 in 

store operated TRPC channel activation have also been suggested (Ong et al., 2007; 

Cheng et al., 2008; Liao et al., 2008). However, the conclusion that TRPC channels are 

store operated remains controversial. In many cases, overexpression of TRPC1 or 

TRPC4 has failed to produce store operated currents (Sinkins et al., 1998; McKay et al., 

2000; Brereton et al., 2001), while TRPC3 currents have been reported to actually be 

the result of constitutive channel activity rather than store depletion (Zitt et al., 1996; 

Zhu et al., 1998). 

The discovery of STIM1 as an endoplasmic reticulum Ca
2+

 sensor and CRAC channel 

activator led to investigation of whether STIM1 and TRP channels can interact. The C-

terminal region of STIM1 which activates CRAC channels also coimmunoprecipitates 

with TRPC1, 2, 4, and 5, and has been reported to constitutively activate current 

through TRPC1 (Huang et al., 2006). There is evidence that TRPC2, 4 and 5 are 

activated by STIM1, and that TRPC3 and 6 are indirectly activated by STIM1 through a 
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heteromeric complex with other TRPC subunits (Yuan et al., 2007). In addition, it has 

been proposed that TRPC channels may be able to form heteromeric complexes with 

STIM1 and Orai1 to form store operated channels (Liao et al., 2008).  

Experiments performed on human salivary gland cells, which display a store operated 

current sensitive to knockdown of TRPC1 expression and different from ICRAC, exhibit a 

reduction in current when Orai1 or STIM1 was knocked down using siRNA. 

Furthermore, RBL cells, which display typical ICRAC, were transfected with TRPC1 and 

displayed a whole cell current similar to that seen in salivary gland cells (Ong et al., 

2007). It is possible that two different store operated currents are both present in these 

cells, ICRAC and another involving TRPC1. However, since TRPC1 knockdown does not 

result in ICRAC-like currents from the remaining Orai1 and STIM1, it was hypothesised 

that TRPC1, Orai1 and STIM1 form a functional channel in this cell type (Ong et al., 

2007; Cheng et al., 2008). This conclusion is also controversial, since it has also been 

reported that knockdown of STIM1 or Orai1 did not affect the agonist induced activity 

of any of the TRPC channels (DeHaven et al., 2009). 

1.5. Molecular components of CRAC Channels – STIM1 and Orai1 

The identification of STIM1 as an essential protein for SOC function marked the first 

discovery of a molecular component of the CRAC channel. STIM1 was identified using 

high throughput RNAi screens in conjunction with Ca
2+

 imaging assays to find genes 

that change intracellular Ca
2+

 concentration (Liou et al., 2005; Zhang et al., 2005). 

STIM1 was initially named GOK and was identified as a candidate tumour suppression 

gene (Parker et al., 1996; Sabbioni et al., 1997). It was first demonstrated that STIM1 is 

localised on the plasma membrane (Manji et al., 2000, Williams et al., 2001), and it 

was not until several years later when it was shown to be also expressed on the 

endoplasmic reticulum membrane and its role in Ca
2+

 signaling was proposed (Liou et 
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al., 2005, Roos et al., 2005). ICRAC was completely abolished by RNAi knockdown of 

STIM1 in human T lymphocytes without affecting Ca
2+

 store filling or emptying (Liou 

et al., 2005, Roos et al., 2005). Knockdown of the Drosophila homologue, Stim, in S2 

Drosophila cells had the same effect (Roos et al., 2005). Investigation of the predicted 

key domains and localisation patterns of STIM1 led to the proposal of its role as the 

Ca
2+

 sensor of the CRAC channel activation pathway (Liou et al., 2005; Zhang et al., 

2005). The use of fluorescent tags revealed that while Ca
2+

 stores are full, STIM1 is 

colocalised with ER proteins such as SERCA and following store depletion by 

thapsigargin, STIM1 aggregated into puncta near the plasma membrane (Huang et al., 

2006; Spassova et al., 2006). Mutations of a predicted Ca
2+

 binding EF-hand domain in 

STIM1 prevented Ca
2+

 binding and caused STIM1 to become localised in the plasma 

membrane rather than the endoplasmic reticulum (Huang et al., 2006; Spassova et al., 

2006). In addition, the EF-hand STIM1 mutants caused constitutive CRAC channel 

activation independent from the Ca
2+

 store filling state (Huang et al., 2006; Spassova et 

al., 2006). 

The second critical discovery to reveal the molecular identity of the CRAC channel 

followed approximately a year later with a series of reports identifying a novel gene, 

named Orai1. In an effort to identify genes that may be involved with CRAC channels, 

a high throughput genome-wide RNAi screen using Drosophila S2R
+
 cells combined 

with Ca
2+

 imaging identified 27 candidate genes (Vig et al., 2006b). A secondary patch 

clamp screen was then used and identified two homologous human genes, Orai1, and a 

homologue, Orai2. Another study published in the same month identified the same two 

genes and a third homologue, naming them Orai1, 2 and 3. This study used a similar 

high throughput method combined with linkage analysis to determine the cause of a 

form of a rare autosomal recessive immune disease, SCID, associated with abrogated 
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store operated Ca
2+

 entry in T cells (Feske et al., 2006). Whilst overexpression of either 

of STIM1 or Orai1 alone caused no increase or even a modest decrease in store 

operated channel current (ISOC), co-overexpression of both proteins resulted in very 

large ISOC with characteristics similar to that of CRAC channels in both SCID T cells 

(Soboloff et al., 2006b) and in a heterologous expression systems such as the HEK293 

cell line (Mercer et al., 2006). The role of Orai1 as a pore forming subunit was later 

confirmed by generating point mutations of negatively charged residues in the predicted 

transmembrane domains of Orai1 that altered channel selectivity (Prakriya et al., 2006; 

Vig et al., 2006a; Yeromin et al., 2006). These mutations are discussed further in 

section 1.9. 

The identification of Orai1 and STIM1 as molecular components of the CRAC channel 

has led to a rapid development of our understanding of CRAC channel function. While 

there are still many details which remain unclear, basic consensus has emerged 

regarding the essential steps that lead from intracellular Ca
2+

 store depletion to 

activation of the CRAC channels; 

1. Upon store depletion, Ca
2+

 dissociates from the EF-hand domains of STIM1 in 

the lumen of the endoplasmic reticulum (Liou et al., 2005; Zhang et al., 2005). 

2. Ca
2+

 dissociation from STIM1 causes unfolding of a sterile α-motif (SAM) 

region and oligomerisation, then translocation of STIM1 to junctional 

endoplasmic reticulum-plasma membrane regions (Xu et al., 2006; Li et al., 

2007; Varnai et al., 2007; Luik et al., 2008). 

3. STIM1 oligomerisation leads to clustering of Orai1 in those regions (Xu et al., 

2006), and formation of Orai1 multimers (Vig et al., 2006a). The most likely 
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arrangement of a functional Orai1 channel is a tetramer (Mignen et al., 2008; 

Penna et al., 2008). 

4. Direct physical interaction between the cytoplasmic C-terminus of STIM1 and 

the cytoplasmic domains of Orai1 causes opening of the Orai1 pore to allow 

Ca
2+

 permeation (Li et al., 2007; Muik et al., 2008; Kawasaki et al., 2009; Park 

et al., 2009; Calloway et al., 2010). 

5. Refilling of intracellular Ca
2+

 stores reverses this process, uncoupling STIM1 

and Orai1 to deactivate CRAC channels (Smyth et al., 2008). 

1.6. Properties of STIM1/Orai1 mediated current 

Current activated by store depletion in cells overexpressing STIM1 and Orai1 

(STIM1/Orai1 mediated current) is very similar, but not identical to endogenous ICRAC. 

The characteristic positive reversal potential and inward rectification of endogenous 

ICRAC is also present in STIM1/Orai1 mediated current, meaning that the high selectivity 

for Ca
2+

 over monovalent cations is retained (Mercer et al., 2006; Soboloff et al., 

2006b; Vig et al., 2006b). In all but one study (Spassova et al., 2008), it has been 

reported that very large STIM1/Orai1 mediated current is carried by Na
+
 in the absence 

of external divalent cations (Feske et al., 2006; Mercer et al., 2006; Prakriya et al., 

2006; Vig et al., 2006b; Yeromin et al., 2006; Li et al., 2007; Yamashita et al., 2007) 

but not by Cs
+
 (Prakriya et al., 2006; Yamashita et al., 2007), similarly to native ICRAC. 

The diameter of the Orai1 pore at its narrowest point has been measured using organic 

monovalent cations of increasing size, and has been estimated at ~ 3.9 Å (Yamashita et 

al., 2007). This is only marginally larger than the diameter of Cs
+
 (~3.8 Å), which may 

be the reason for the low Cs
+
 permeability.  
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The amplitude of STIM1/Orai1 mediated current amplitude is dependent on the cell 

type and transfection efficiency, but is consistently much larger than native ICRAC. For 

example, HEK293 cells have an endogenous ICRAC amplitude of less than 0.5 pA/pF, 

but overexpressed STIM1/Orai1 mediated current been reported to have an average 

amplitudes at -100 mV of over 30 pA/pF in HEK 293 cells (Peinelt et al., 2006) and 

over 40 pA/pF in RBL cells (Spassova et al., 2008). The kinetics of ICRAC development 

has been reported to vary. Most studies report that development starts from zero and 

follows an exponential time course similar to endogenous ICRAC, however there are 

reports of a pre-activated component of STIM1/Orai1 mediated current of between 20-

60% of maximal current (Zhang et al., 2008). This has been speculated to be the result 

of very high exogenous expression of STIM1 and subsequently high number of STIM1 

localised in endoplasmic reticulum-plasma membrane junctions while stores are full 

and STIM1 is diffusely distributed (Zhang et al., 2008). 

The FCDI properties of STIM1/Orai1 mediated currents have varied between studies 

(Lis et al., 2007; Yamashita et al., 2007; Spassova et al., 2008). One of the first 

investigations of STIM1/Orai1 mediated current Ca
2+

-dependent inactivation found a 

complex behavior including a phase where current increased with time (Lis et al., 

2007). It was speculated that there may be three Ca
2+

 dependent processes present; fast 

and slow exponential phases of FCDI and a third “reactivation” phase. However, two 

later studies failed to find reactivation, but FCDI was similar or only slightly weaker 

than that seen in endogenous ICRAC (Yamashita et al., 2007; Spassova et al., 2008). The 

differences seen in kinetics of Ca
2+

 dependent gating of STIM1/Orai1 mediated current 

indicate that the mechanism is not uniform across CRAC channels and may depend on 

other molecules or the way STIM1 and Orai1 interact. 
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The pharmacological profile of STIM1/Orai1 mediated currents has not been closely 

studied, but appears to be similar to endogenous CRAC channels. The blocking 

properties of large trivalent ions appears to be unaltered, as 1 μM Gd
3+

 or 2 μM La
3+

 is 

sufficient to block STIM1/Orai1 mediated currents (Feske et al., 2006; Mercer et al., 

2006). 2-APB is the only compound that has been thoroughly investigated with regard 

to STIM1/Orai1 mediated current. 2-APB at a concentration of up to 10 μM slightly 

enhances current, while 50 μM 2-APB transiently potentiates then completely blocks 

current through Orai1, similar to its effects on endogenous ICRAC (Peinelt et al., 2006; 

Soboloff et al., 2006b).  

1.7. Important structural elements of STIM1 

STIM1 is a ubiquitously expressed 685 amino acid residue single transmembrane 

domain protein. Cell surface biotinylation shows that approximately 25% of 

immunoprecipitatable STIM1 is located on the plasma membrane (Manji et al., 2000). 

However, STIM1 localised on the endoplasmic reticulum membrane is required for 

CRAC channel activation. Figure 1.1 shows the sequence of STIM1, with key domains 

marked. 

The ER luminal N-terminal region of STIM1 (residues 1-200) contains an ER targeting 

peptide, a pair of EF-hand Ca
2+

 binding domains, and the sterile α-motif (SAM) domain 

required for protein-protein interactions (Manji et al., 2000; Williams et al., 2001; 

Stathopulos et al., 2008). Truncations of the STIM1 N-terminus reduce Ca
2+

 binding or 

the stability of the EF-SAM complex, resulting in constitutively active CRAC channels 

independent of Ca
2+

 store filling state (Liou et al., 2005; Zhang et al., 2005; Mercer et 

al., 2006; Soboloff et al., 2006b). In addition, alanine neutralisation of negatively 

charged residues at D76A (Huang et al., 2006) or E87A (Spassova et al., 2006) within  
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Figure 1.1. Sequence and key domains of STIM1  

 
The N-terminus is within the ER lumen, while the C-terminus is in the cytoplasm. Key 

domains: pair of EF-hand Ca2+ binding domains (red and orange), SAM domain 

(magenta), CAD (blue) and CMD (black). 
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the EF hand of STIM1 prevents Ca
2+

 binding and also results in constitutively active 

CRAC channels. The cytoplasmic region of STIM1 contains regions critical for 

interaction with Orai1. This region contains three putative coiled-coil domains, which 

are common structural motifs often involved in protein-protein interactions (Burkhard 

et al., 2001). These three domains are critical for STIM1-STIM1 and STIM1-Orai1 

interactions and are commonly referred to as coiled-coil 1 (CC1), CC2, and CC3 and 

span amino acids 234-343, 363-389, and 399-423 respectively (Hogan et al., 2010). 

Their roles in these interactions are discussed in sections 1.10. 

The minimum required region of STIM1 necessary for CRAC channel activation is a 

~100 amino acid long region known as either STIM1 Orai activating region (aa. 344-

442) (Yuan et al., 2009), CRAC activation domain (CAD; aa. 342-448) (Park et al., 

2009), or the slightly longer sequence Orai1 activating small fragment (aa 283-450) 

(Muik et al., 2009). These regions were identified by progressive truncations of STIM1 

and their ability to activate CRAC current. As all regions described have the same 

functional properties and encompass largely the same part of the STIM1 sequence, a 

single name, CAD, will be used for this region herein. CAD is highly conserved 

between STIM homologues, and across species. Ectopic expression of any of these 

truncated forms of STIM1 with any of the Orai proteins is sufficient to cause a 

constitutively active CRAC current, and expression of STIM1 deletion of CAD is 

unable to activate current following store depletion (Muik et al., 2009; Park et al., 2009; 

Yuan et al., 2009).  

One interesting property of CAD-mediated currents is that they consistently show 

reactivation rather than FCDI (Mullins et al., 2009; Yuan et al., 2009). This indicates 

that another region of STIM1 is likely to be required for inactivation. By generating 

progressive truncations of STIM1 while leaving CAD intact, a region C-terminal to 
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CAD was identified as being required for FCDI.  This region was independently 

defined as amino acids 475-483 (Lee et al., 2009; Mullins et al., 2009), named IDSTIM, 

or 474-485, named CRAC modulatory domain (CMD) (Derler et al., 2009b). 

Regardless of whether STIM1 475-483 or STIM1 474-485 is used in an experiment, as 

the properties of both are indistinguishable, they will both be referred to as CMD 

herein. Expression of truncated STIM1 containing CAD and CMD with Orai1 produces 

currents which retain FCDI. The sequence of CMD, 475-DDVDDMDEE-483, is rich in 

negatively charged glutamate and aspartate residues. The role of each of these residues 

appears to be complex, with alanine neutralisation of different residues able to cause a 

reduction in FCDI in the case of D475/6A and D478/81G, and increased and 

accelerated FCDI in the case of E482/3A (Mullins et al., 2009). Neutralisation of six of 

these residues, including both E482 and E483, completely abolished FCDI of Orai1 

(Mullins et al., 2009). Similarly, neutralisation of all seven negatively charged residues 

of CMD produced Orai3 current which displayed no FCDI (Lee et al., 2009). 

1.8. Important structural elements of Orai1 

Orai1 is a 301 amino acid protein and is expressed on the plasma membrane of most 

cell types. Sequence analysis has predicted Orai1 to have four transmembrane domains, 

with N and C termini as well as a single loop within the cytoplasm. Figure 1.2 shows 

the sequence of Orai1, with key domains and residues marked. 

1.8.1. N-terminus 

The first functionally important residue of Orai1 to be identified was R91 in the 

cytoplasmic N-terminus of human Orai1 (Feske et al., 2006). R91 was found to be 

mutated to tryptophan (R91W) in patients suffering from hereditary SCID. This R91W 

mutation was the cause of abrogated SOCE in the T lymphocytes and subsequent lack 

of T lymphocyte activation in these patients. Other experimental mutations of the R91  
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Figure 1.2. Sequence and key domains of Orai1 

The N-terminus and C-terminus are within in the cytoplasm, and there are two 

extracellular loops. Key domains and residues marked are CBDOrai1 (blue), R91 (blue 

diamond), V102 (red), E106 selectivity filter (red star), D110/112/114 (red), and E190 

(red). 
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residue have demonstrated that only amino acids with large hydrophobic side chains, 

such as tryptophan and phenylalanine, cause loss of Orai1 function (Derler et al., 

2009a; Zhang et al., 2011). If mutated to cysteine, R91C Orai1 can be chemically 

induced to form disulfide bonds with other mutants in the channel tetramer to block 

ICRAC (Zhang et al., 2011). This has led to the suggestion that R91 forms the narrowest 

part of the Orai1 pore. Truncation of the N-terminus of Orai1 in both human and murine 

cells did not affect STIM1 and Orai1 spatial rearrangement upon store depletion, but 

prevented activation of the current (Li et al., 2007; Takahashi et al., 2007). This 

indicates that the N-terminus is not required for interaction with STIM1, but is required 

for channel activation. Residues 74-90, adjacent to R91, are highly conserved amongst 

species, and are essential for channel activation; N-terminal truncations of Orai1 up to 

aa. 74 allow for current to be activated upon store depletion (Li et al., 2007). 

This N-terminal region is also likely to be involved in regulation of channel activity by 

CaM. Residues 68-91, named Calmodulin Binding Domain of Orai1 (CBDOrai1), bind 

CaM in a Ca
2+

 dependent manner (Mullins et al., 2009). Mutations of CBDOrai1 that 

prevent CaM binding, e.g. A73E, W76A, W76E, W76S and Y80E, resulted in currents 

that displayed reduced FCDI and prominent reactivation in response to hyperpolarising 

steps (Mullins et al., 2009). This is consistent with findings that expression of a Ca
2+

 

insensitive CaM mutant reduced FCDI of native ICRAC in hepatocytes (Litjens et al., 

2004). In contrast, mutations of CBDOrai1 that retained CaM binding, Y80A and Y80S, 

accelerated FCDI (Mullins et al., 2009).  

The N-terminus of Orai1 also contains one arginine and two proline rich regions 

(residues 1-47), which are either minimally conserved or completely absent in Orai2 

and Orai3. The function of these regions is poorly defined. Transfer of the Orai1 N-

terminus to Orai3 causes a change in Ca
2+

 dependent kinetics, introducing a reactivation 
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phase similar to that of Orai1, but not associated with the usually strongly inactivating 

Orai3. While only a single proline rich region is required for reactivation of Orai1, all 

three proline/arginine rich regions are required for Orai3, making it difficult to define 

an essential domain for reactivation, and suggesting that other regions may be involved 

(Frischauf et al., 2011). 

Within CBDOrai1, but closer to the intracellular mouth of the pore than the specific 

residues discussed earlier, is a series of positively charged residues which are also 

highly conserved across species. One residue in particular, K85, has been identified as 

critical for CRAC channel activation (Lis et al., 2010). Mutation of this residue to 

glutamine (K85Q) appears to have a minor effect in reducing whole cell CRAC channel 

amplitude, however, charge reversal to glutamate (K85E) results in complete loss of 

activation by store depletion (Lis et al., 2010). K85 mutants were activated by 2-APB, 

indicating that K85Q Orai1 and K85E Orai1 are correctly trafficked to the plasma 

membrane, and may be gated independently of STIM1, in a similar manner to Orai3 

(DeHaven et al., 2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008) and 

pore mutants of Orai1 (Peinelt et al., 2008). Possible models for store independent 

activation of Orai channels by 2-APB are discussed in section 1.11. K85 is located in 

one of the STIM1-CAD binding regions of Orai1 (Park et al., 2009), and CAD is able 

to coimmunoprecipitate with a short fragment of Orai1 containing the K85E mutation 

(Lis et al., 2010). However, coexpression of STIM1-CAD and K85E Orai1 does not 

yield large store operated currents, suggesting that the K85 residue may be important in 

the gating and/or stable assembly of functional CRAC channels (Lis et al., 2010). 

1.8.2. Intracellular loop 

The Orai1 intracellular loop between transmembrane domains 2 and 3 is highly 

conserved between Orai1, 2 and 3, and between species, suggesting it has an important 
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functional role (Srikanth et al., 2010b; Frischauf et al., 2011). Consistent with this 

notion, cotransfection of STIM1 and Orai1 with residues 151-154 within the loop 

mutated to alanine results in increased whole cell current amplitude compared to WT 

Orai1 in response to store depletion (Srikanth et al., 2010b). Associated with this 

increase is a complete loss of FCDI. Interestingly, in the same situation, addition of a 

short peptide derived from the intracellular loop was able to restore FCDI, leading the 

investigators to the suggestion that the intracellular loop of WT Orai1 forms the 

inactivation gate particle (Srikanth et al., 2010b). Similarly, using chimeric Orai 

constructs it has been demonstrated that the intracellular loop plays a large role in 

determining the inactivation profile of the construct. For example, an Orai1 intracellular 

loop substituted into an Orai3 construct displays inactivation similar to Orai1 (Frischauf 

et al., 2011). 

1.8.3. C terminus 

The intracellular C-terminus of the Orai family of proteins has been reported to regulate 

FCDI (Lee et al., 2009; Frischauf et al., 2011). Chimeric Orai constructs where the C-

terminus of Orai1, 2 and 3 were swapped demonstrated that the characteristic 

inactivation properties of the different Orai homologues are conferred by the C-

terminus. For example, a chimera of Orai1 with an Orai3 intracellular C-terminus 

displays robust FCDI similar to wildtype Orai3 (Lee et al., 2009). The stronger FCDI 

associated with the Orai2 and Orai3 C-termini compared to Orai1 has led to the 

hypothesis that a conserved series of three glutamates found in Orai2 and Orai3, 

compared to the two present in Orai1, may be responsible for this phenomenon. 

Consistent with this, alanine neutralisation of all three glutamates strongly reduced the 

extent of FCDI (Lee et al., 2009). However, this finding has been disputed in one report 

which did not find any change in the inactivation profile following the swap of C-
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termini between Orai1 and Orai3, suggesting that the other intracellular domains of 

Orai3 may be required to act in cooperation with the C-terminus to see this effect 

(Frischauf et al., 2011). Despite these contradicting findings, it seems likely that the 

negatively charged residues of the C-terminus of the Orai proteins play a role in 

mediating FCDI. 

1.8.4. Pore residues 

A series of studies published in the wake of the discovery of Orai1 described residues 

which were hypothesised to form the pore of CRAC channels. These studies established 

that Orai1 is indeed a channel forming subunit. Using the understanding of voltage 

gated Ca
2+

 channels, where transmembrane glutamates form the selectivity centre (Tang 

et al., 1993; Yang et al., 1993), E106 in the predicted transmembrane domain 1, E190 

in transmembrane domain 3, and D110, D112, and D114 in the first extracellular loop 

of Orai1 were identified as likely Ca
2+

 binding sites (Prakriya et al., 2006; Vig et al., 

2006a; Yeromin et al., 2006). V102 and V105 have also been suggested to modulate 

STIM1/Orai1 activity (Spassova et al., 2008). 

Importantly, immunofluorescence assays demonstrated that point mutations in the 

predicted transmembrane domains of Orai1 did not appear to interfere with trafficking 

of Orai1 to the plasma membrane, nor the accumulation of Orai1 into puncta following 

store depletion (Vig et al., 2006a; Yeromin et al., 2006). In addition, co-

immunoprecipitation experiments have shown that the same mutations did not interfere 

with Orai1-STIM1 association (Vig et al., 2006a). These results suggest that mutations 

to the pore of Orai1 prevent activation of current by store depletion by physically 

altering the pore to prevent permeation of cations, not by affecting Orai1 trafficking or 

interactions. All four of the Orai1 pore mutants discussed below are able to produce 
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current activated by store depletion. Alterations to other properties of the current such 

as selectivity and Ca
2+

 dependent regulation are discussed in subsequent sections. 

Mutation of E106 of Orai1 to glutamine (E106Q) results in a subunit that retains the 

ability to form multimers with other Orai1 proteins, but fails to produce any current 

when coexpressed with STIM1 (Prakriya et al., 2006; Vig et al., 2006a; Gwack et al., 

2007). In addition, it exhibits a dominant negative effect, suppressing any endogenous 

CRAC current (Prakriya et al., 2006; Vig et al., 2006a; Gwack et al., 2007). Mutation 

of the same residue to neutral alanine (E106A) has the same effect as E106Q (Prakriya 

et al., 2006). A conservative mutation to aspartate (E106D) (Prakriya et al., 2006; Vig 

et al., 2006a; Yamashita et al., 2007), or of the homologous residue in Drosophila Orai 

(E180D) gives a channel which retains activation by store depletion when coexpressed 

with STIM1, but alters the permeation and gating properties of the channel (Yeromin et 

al., 2006).  

Mutation of E190 in transmembrane domain 3 of Orai1 to aspartate or alanine has no 

influence on Orai1 current. Mutation of the same residue to glutamine (E190Q) results 

in a channel which is still activated by store depletion, but displays altered selectivity, 

conductance and gating (Prakriya et al., 2006; Yamashita et al., 2007). 

A series of three aspartates at positions 110, 112 and 114 in the predicted first 

extracellular loop of Orai1 may be functionally relevant to the activity of CRAC 

channels (Vig et al., 2006a; Yamashita et al., 2007). Due to the proximity of these 

residues to the extracellular mouth of the pore and E106, they have been proposed to 

coordinate Ca
2+

 binding at the mouth of the pore (Vig et al., 2006a). Alanine 

neutralisation of either two or all these residues results in a channel which activates 

upon store depletion as normal, but displays some subtle differences in selectivity (Vig 
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et al., 2006a; Yamashita et al., 2007). There are no apparent significant differences 

between the double and triple mutant, so these mutants will be referred to collectively 

as neutral loop mutants herein. 

V102 is located within the transmembrane domain of Orai1 near the selectivity filter at 

E106. The only mutation published regarding this residue is a mutation to isoleucine 

(V102I) (Spassova et al., 2008). Channels composed of this mutant are activated by 

store depletion and do not show any differences in selectivity, but have been reported to 

alter apparent voltage dependent gating (Spassova et al., 2008). 

1.9. Properties of Orai1 pore mutants 

1.9.1. Channel selectivity 

E106D Orai1 shifts the reversal potential of STIM1/Orai1 mediated current towards 0 

mV, indicating a loss of selectivity for Ca
2+

 over monovalent cations (Prakriya et al., 

2006; Vig et al., 2006a; Yeromin et al., 2006). Consistent with a loss of selectivity, this 

mutant exhibited an outward current carried by internal Cs
+
, and substitution of Na

+
 

with choline
+
 or NMDG

+
 in the extracellular solution significantly reduced inward 

current (Prakriya et al., 2006; Vig et al., 2006a; Yeromin et al., 2006). Application of 

divalent cation free extracellular solution results in a very large increase in inward 

current amplitude (Prakriya et al., 2006; Yeromin et al., 2006; Yamashita et al., 2007). 

However, in contrast to WT Orai1, the reversal potential under these conditions is close 

to 0 mV, indicating that the permeability of Cs
+
 relative to Na

+
 through E106D Orai1 is 

greatly increased. Equimolar substitution of Ca
2+

 for Ba
2+

 or Sr
2+

 in the absence of Na
+
 

has only a marginal effect on inward current amplitude (Vig et al., 2006a; Yamashita et 

al., 2007). This is in contrast to the properties of WT Orai1, indicating an increase in 

Ba
2+

 and Sr
2+

 permeability in E106D Orai1. The narrowest diameter of the E106D 

Orai1 pore has been estimated at 5.3 Å, an increase of 1.4 Å compared to WT Orai1 
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(Yamashita et al., 2007). These results conclusively demonstrated that E106 of Orai1 is 

critical in determining the selectivity of CRAC channels. 

It is interesting to note that there is little consistency between the three studies 

describing the current-voltage relationship of E190Q Orai1 (Prakriya et al., 2006; Vig 

et al., 2006a; Yamashita et al., 2007). For example, the current-voltage relationship has 

been described as linear (Prakriya et al., 2006), inwardly rectifying (Yamashita et al., 

2007), or inwardly and outwardly rectifying (Vig et al., 2006a). Furthermore, the 

reported change in selectivity in E190Q Orai1 channels for Ca
2+

 over Na
+
 is disputed 

(Prakriya et al., 2006; Vig et al., 2006a; Yamashita et al., 2007). One initial report 

observed a reversal potential of approximately 0 mV, an almost linear current-voltage 

relationship and upwards of 75% of current carried by Na
+
 in the presence of 20 mM 

Ca
2+

 (Prakriya et al., 2006). In contrast, subsequent investigations into this mutant have 

found a positive reversal potential of ranging from 25 to 50 mV, and 70% of current 

carried by Ca
2+

 in the presence of 10 mM Ca
2+

, indicating a relatively small loss of 

selectivity for Ca
2+

 over Na
+
 (Vig et al., 2006a; Yamashita et al., 2007). However, there 

is consistent evidence that E190Q has similar permeability to Na
+
 as Cs

+
 (Prakriya et 

al., 2006; Vig et al., 2006a; Yamashita et al., 2007). E190Q Orai1 displays an outward 

current at positive potentials, approximately 0 mV reversal potential in divalent cation 

free external solution with Na
+
 as the charge carrier, and large inward current amplitude 

in divalent cation free external solution with Cs
+
 as the charge carrier. An increase in 

the diameter of the pore to 7.0 Å has been estimated for E190Q Orai1 channels, larger 

than both WT Orai1 and E106D Orai1 (Yamashita et al., 2007). This is likely to 

account for its increased Cs
+
 permeability. However, E190Q Orai1 is poorly permeable 

to Ba
2+

 in the absence of Na
+
 (Vig et al., 2006a), suggesting that pore diameter does not 

affect Ba
2+

 permeability in the same way. 
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The neutral loop mutant causes a slight shift in the reversal potential to less positive 

potentials and an outward current development, indicating that the Cs
+
 permeability of 

channels formed by this mutant is increased (Vig et al., 2006a; Yamashita et al., 2007). 

Like the other two pore mutants discussed, this may be linked to an increase in the 

diameter of the pore formed by the mutant to 4.4 Å (Yamashita et al., 2007). The Ca
2+

 

selectivity and strong inward rectification seen in WT Orai1 are both retained by the 

neutral loop mutant. (Vig et al., 2006a). However, unlike WT Orai1 current and native 

ICRAC, removal of extracellular Ca
2+

 in the continued presence of Na
+
 and Mg

2+
 allows a 

Na
+
 current to be conducted, demonstrating that Mg

2+
 is unable to block monovalent 

ions through neutral loop mutant channels (Vig et al., 2006a).  

Collectively, these data strongly suggest that negatively charged residues in the Orai1 

pore form a Ca
2+

 binding site and are fundamental to CRAC channel selectivity for Ca
2+

 

over Na
+
. In addition, the estimated diameter of the pore formed by these mutants is 

directly correlated to the relative permeability of Cs
+
, indicating that WT Orai1 selects 

against Cs
+
 on the basis of size (Yamashita et al., 2007). 

1.9.2. Channel gating 

In addition to its altered selectivity profile, E106D Orai1 has also been reported to 

display altered fast kinetics compared to WT Orai1 (Yamashita et al., 2007). In 

response to steps to negative membrane potentials in 20 mM Ca
2+

 and 130 mM Na
+
, 

E106D Orai1 current undergoes a very rapid phase of current decay to a steady state. 

This decay can be fitted with a single exponential with a time constant of approximately 

1.5 ms, which is significantly faster than what is normally seen for FCDI (Yamashita et 

al., 2007). Since E106D Orai1 is permeable to Na
+
, and replacement of all Na

+
 in the 

extracellular solution with 110 mM Ca
2+

 eliminated this current decay, the investigators 

concluded that the observed phenomenon was due to the block of Na
+
 current by Ca

2+
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(Yamashita et al., 2007). Consistent with this, reduction of extracellular [Ca
2+

] to 

micromolar levels slowed down the kinetics of the block of Na
+
 current while 

progressive increases of extracellular [Ca
2+

] accelerated the kinetics of the block of Na
+
 

current (Yamashita et al., 2007). The loss of current inactivation in 110 mM Ca
2+

 was 

taken as evidence that the E106D mutant lacks FCDI, and that the mechanism of FCDI 

may be linked to the selectivity filter (Yamashita et al., 2007). Chapter 3 of this thesis, 

in part, investigates this hypothesis at more physiologically relevant extracellular Ca
2+

 

concentrations. 

The V102I Orai1 mutation has been reported to alter the gating of CRAC channels, 

potentiating current in response to hyperpolarising steps both in the presence and 

absence of Ca
2+

 (Spassova et al., 2008). Since this potentiation was observed regardless 

of the extracellular ion composition, it was suggested that this mutation introduces a 

slow voltage gate due to interaction of the V102I residue with a gating charge at the 

selectivity filter, presumably at E106 (Spassova et al., 2008). However, in this study, 

WT Orai1 channels did not carry Na
+
 current in the absence of external divalent cations, 

which contradicts the accepted understanding of ICRAC (Hoth & Penner, 1993; 

Kerschbaum & Cahalan, 1998; Bakowski & Parekh, 2002) and STIM1/Orai1 mediated 

current  (Mercer et al., 2006; Soboloff et al., 2006b; Vig et al., 2006a). The responses 

of Orai1 channels to external divalent free solutions may have been influenced by the 

unique experimental approach used by Spassova et al., specifically endogenous Orai1 

and STIM1 were knocked down, and current was reconstituted by expression of Orai1 

and a constitutively active EF-hand mutant STIM1 (Spassova et al., 2008). 

It has been observed that E190Q Orai1 displays a short current decay over the first ~40 

ms of steps to hyperpolarising potentials followed by a reactivation phase (Yamashita et 

al., 2007) qualitatively similar, but stronger than what has been reported for WT Orai1 
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(Lis et al., 2007). When all Na
+
 is replaced isotonically with Ca

2+
 to give a 110 mM 

Ca
2+

 external solution, this reactivation phase is enhanced, implying that reactivation is 

a Ca
2+

 dependent process (Yamashita et al., 2007). As there has only been one study 

into the Ca
2+

 dependent kinetics of E190Q Orai1, further investigation is required to 

determine whether the kinetics of E190Q is variable like WT Orai1. Similarly, the 

neutral loop mutation is reported to cause a small but significant reduction in FCDI 

compared to WT Orai1, though no reactivation has been observed (Yamashita et al., 

2007). Once again, given that there is no consensus on the FCDI properties of WT 

Orai1, this conclusion requires further investigation. 

1.9.3. Single channel conductance & whole cell amplitude 

There is conflicting data published regarding the whole cell current amplitude of 

STIM1/Orai1 mutant mediated currents (Prakriya et al., 2006; Vig et al., 2006a; 

Yeromin et al., 2006; Yamashita et al., 2007). Average overexpressed WT Orai1 

current amplitude is variable and dependent on the cell type, however, more reasonable 

comparisons can be made if one considers studies of Orai1 mutants using the same 

overexpression system.  

The reasons for these differences in the average whole cell current amplitude of the 

expressed mutants is unclear, though there are several possible factors which may 

contribute to give these effects. First, the single channel conductance of the Orai1 pore 

mutant channels may be lower than that of WT Orai1. While single channel recording 

from these channels is not possible, it has been demonstrated by noise analysis that 

there is no difference in the unitary conductance between WT Orai1 and E106D Orai1 

(Yamashita et al., 2007). Second, although the Orai1 pore mutants localise to the 

plasma membrane and coimmunoprecipitate with STIM1, they may not form functional 

channels as efficiently as WT Orai1 (Vig et al., 2006a; Yeromin et al., 2006). Third, the 
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expression levels of Orai1 and STIM1 may be variable and consequently the number of 

functional channels differs. This variation could be the result of regulation of 

expression by an unknown endogenous mechanism, or simply an artifact caused by 

variable efficiency of transient Orai1 or STIM1 transfection. 

1.9.4. Response to 2-APB 

It has been reported that the E106D Orai1 and E190A Orai1 mutants are activated 

independently of store depletion by 2-APB (Peinelt et al., 2008). In HEK293 cells 

overexpressing E106D Orai1 but not STIM1, application of 2-APB produces a transient 

inward and outward current transiently which is then blocked over the course of 60 s, 

before a sustained current develops with properties similar to that of store operated 

E106D Orai1 (Peinelt et al., 2008). 2-APB also causes a transient activation of inward 

and outward current through E190A Orai1 in the absence of overexpressed STIM1, 

with a current-voltage relationship similar to that seen for E190Q Orai1 (Peinelt et al., 

2008). It has been speculated that 2-APB may alter the width of the pore formed by 

Orai1, and in E106D Orai1 and E190A Orai1 this may allow ion permeation without 

activation by STIM1 (Peinelt et al., 2008). 

1.10. Forming the channel – protein-protein interactions 

1.10.1. STIM1-STIM1 interaction 

As previously outlined, STIM1 oligomerisation into puncta is a critical step in the 

activation of CRAC channels. Chimeric STIM1, containing rapamycin-inducible 

oligomerising domains in the luminal N-terminus, is able to activate SOCE upon 

application of rapamycin, independently of store depletion (Luik et al., 2008). 

However, this approach does not identify required regions of STIM1 for 

oligomerisation. Nevertheless, since CAD of STIM1 is able to form puncta and activate 

channels, the region required must reside within amino acids 342-448 of STIM1. 
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Indeed, truncation of the C-terminal amino acids 1-420 reduced the ability of STIM1 to 

oligomerise, suggesting that this region may be important (Muik et al., 2009). It is 

worth cautioning that the use of constitutively active cytoplasmic domain of STIM1 to 

investigate oligomerisation does not take into account the effects of the transition from 

resting to activated state. A further study investigating STIM1 including its ER luminal 

domains and with normal ER membrane localisation identified that a putative coiled-

coil domain within CAD mediates interaction with other STIM1 CADs as well as Orai1 

(Covington et al., 2010). STIM1 truncated at the N-boundary of CAD (1-344), and 

therefore containing the EF-hand Ca
2+

 sensing domain and transmembrane domain but 

not CAD, fail to oligomerise or form puncta as assessed by FRET and confocal 

microscopy, respectively (Covington et al., 2010). Substituting hydrophilic lysine at 

three important points of the predicted coiled-coil of CAD disrupts the formation of the 

coiled-coil (Covington et al., 2010). The functional consequence of this triple mutation 

is constitutive puncta formation regardless of the store filling state. The interaction 

between Orai1 and STIM1 through CAD is discussed later in section 1.10.3. 

1.10.2. Orai1-Orai1 interaction 

The formation of the pore in many types of ion channels is the result of multimeric 

assembly of various subunits (Unwin, 1989). Initial investigations suggested that the 

channel formed by Orai proteins may be similar, as Orai1 was able to form 

homomultimers, as well as heteromultimers with other Orai homologues (Vig et al., 

2006a; Lis et al., 2007; Mignen et al., 2007; Schindl et al., 2009) or possibly members 

of the TRP family of proteins (Ong et al., 2007; Liao et al., 2008). A number of 

techniques have been used to address which oligomeric state Orai1 exists in at rest, and 

in a functional channel. While Orai1 appears certain to function as a tetramer, some 

debate remains as to whether it exists at rest as a tetramer, or a dimer that dimerises to 
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form a tetramer following store depletion (Ji et al., 2008; Penna et al., 2008; Madl et 

al., 2010; Zhou et al., 2010b).  

The conclusion that Orai1 functions as a tetramer was first reached using expression of 

Orai1 concatemers with dominant negative subunits (Mignen et al., 2008). This 

experiment showed that linked Orai1 dimers or tetramers, but not trimers were able to 

form functional channels even while dominant negative Orai1 was expressed. The 

authors concluded that a dominant negative subunit could join a trimer to complete a 

non-functional tetramer, but the formation of functional tetramers was favoured in the 

case of a linked tetramer or two linked dimers (Mignen et al., 2008). Consistent with 

this, experiments using fluorescently tagged Orai1-GFP showed that Orai1 multimers in 

the plasma membrane of store depleted cells photobleach in four steps, suggesting that 

Orai1 functions as a homotetramer (Ji et al., 2008; Penna et al., 2008; Madl et al., 

2010). 

There are conflicting lines of evidence obtained using FRET to detect changes in Orai1-

Orai1 interaction before and after store depletion (Ji et al., 2008; Navarro-Borelly et al., 

2008; Madl et al., 2010). In some cases no change in FRET following application of 

thapsigargin has been observed (Ji et al., 2008; Madl et al., 2010), indicating that Orai1 

does not need to reorganise to form a functional channel and therefore exists as a 

tetramer at rest. However, it has also been reported that FRET is decreased following 

application of thapsigargin (Navarro-Borelly et al., 2008). While a decrease in FRET 

upon activation seems counterintuitive, the authors hypothesised that this is a 

downstream result of interaction with STIM1, which causes Orai1 subunit 

reorganisation (Navarro-Borelly et al., 2008). Disulfide crosslinking of Orai1 indicates 

that it exists as a dimer prior to store depletion (Penna et al., 2008; Zhou et al., 2010b). 

Photobleaching prior to store depletion has been reported to confirm this (Penna et al., 
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2008), however others have concluded using the same or similar techniques that Orai1 

exists as a tetramer at rest (Ji et al., 2008; Madl et al., 2010). 

The sites that govern Orai-Orai interactions are unknown. Mutations of the three 

cysteines (C126, C143, C195) present in Orai1 to valine prevented disulphide cross-

linking and activation of store operated current (Zhou et al., 2010b). However, these 

mutations have a dominant negative effect, suggesting they interact with native Orai 

proteins to form nonfunctional channels (Zhou et al., 2010b). Truncations of the N-

terminus or the C-terminus of Orai1 do not prevent the dominant negative effect of 

overexpression of Orai1 alone, and these truncated Orai1 constructs are able to 

coimmunoprecipitate with full length Orai1 (Li et al., 2007). These data suggest that the 

sites of Orai1-Orai1 interaction are located within the transmembrane regions of Orai1 

(Li et al., 2007). Although the specific sites of Orai1-Orai1 interaction remain 

unknown, the orientation of Orai1 subunits within the functional channel has been 

hypothesised. By removing all wildtype cysteines, then introducing cysteines 

protruding from Orai1 transmembrane domains, investigators were able to induce 

disulfide cross linking to see which transmembrane domains are in close proximity. 

TM1s, containing the E106 residues, were able to cross link with each other, consistent 

with electrophysiological data showing that this residue is critical to pore formation. 

However, TM3s do not cross link, suggesting that these domains are not in close 

proximity to each other at the centre of the tetramer and that E190 within TM3 is 

unlikely to play a direct role in channel selectivity (Zhou et al., 2010b). 

1.10.3. Orai1-STIM1 interaction 

The interaction between STIM1 and Orai1 has been extensively investigated. It appears 

to be a complicated phenomenon that may be dependent on multiple regions of both 

proteins (Li et al., 2007; Muik et al., 2009; Park et al., 2009). As previously discussed, 
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STIM1 puncta formation and subsequent Orai1 colocalisation is a critical step in Orai1 

channel activation, and CAD is the critical domain of STIM1 which is required for this 

interaction (Muik et al., 2009; Park et al., 2009; Yuan et al., 2009). The CC2 domain 

within CAD is associated with STIM1-STIM1 oligomerisation and is also understood to 

be critical for interaction with Orai1 (Frischauf et al., 2009). Disruption of CC2 induced 

by the L373S mutation allowed STIM1 puncta formation but abrogated colocalisation 

with Orai1 and SOCE activation (Frischauf et al., 2009). The conformational changes 

within STIM1 upon store depletion have also been investigated using cytoplasmic 

STIM1 fragments labeled at both termini in FRET experiments (Muik et al., 2011). 

Double labeled STIM1 fragments colocalised on the plasma membrane with Orai1 give 

a lower FRET than the same fragments localised in the cytoplasm, suggesting that prior 

to interaction with Orai1, STIM1 cytoplasmic domains exist in a folded state but then 

undergo a conformational change and extend to activate Orai1 (Muik et al., 2011). By 

mutating residues in CC1 and CC3 to engineer STIM1 fragments in a “locked” folded 

or extended conformation, STIM1 localisation would be favoured in cytoplasmic or 

membrane proximal regions, respectively (Muik et al., 2011). In accordance with this, 

full length STIM1 with the same locked conformations minimally activated or 

constitutively activated SOCE, respectively (Muik et al., 2011). 

CAD has been proposed to interact with two different regions of Orai1 (Park et al., 

2009). Orai1 contains a coiled coil domain in its cytoplasmic C-terminus, which when 

disrupted by mutation of a key residue (L273S) prevents activation by store depletion 

and reduces Orai1-STIM1 FRET (Muik et al., 2008). While this study predated the 

discovery of CAD, there is still no direct evidence that Orai1 coiled coil disruption 

prevents coupling with CAD. It was later confirmed using both yeast two-hybrid 

screens and coimmunoprecipitation that CAD is able to bind to the C-terminus as well 
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as the N-terminus of Orai1 (Park et al., 2009). Based on the level of β-Gal activity in 

the yeast two-hybrid assay, it was speculated that CAD may bind to the N-terminus 

with greater affinity than the C-terminus (Park et al., 2009). 

As Orai1 exists as a tetramer in its activated state, and may bind two CADs per subunit, 

it is therefore theoretically possible that up to eight STIM1 proteins may bind to an 

Orai1 channel (Mignen et al., 2008; Park et al., 2009). This raises the question as to 

what stoichiometry is required between Orai1 and STIM1 to form an active channel, 

and whether variable stoichiometry might also give variable currents through Orai1. 

This possibility would help to explain some of the differences reported in current 

properties such as amplitude and Ca
2+

 dependent kinetics discussed earlier in this 

chapter. Indeed, it has been demonstrated that CRAC current amplitude is graded 

depending on the number of STIM1 bound to the channel, reaching maximum 

amplitude when eight STIM1 proteins are bound (Li et al., 2011). This conclusion was 

also reached by Hoover et al., who reported that while two STIM1 proteins were 

sufficient to trap Orai1 at puncta, a minimum of four STIM1 proteins were required for 

minimal activation (Hoover & Lewis, 2011). Chapter 2 of this thesis investigates 

whether properties of STIM1/Orai1 mediated current are dependent on the relative 

expression of STIM1 and Orai1. The most notable effect of the relative expression of 

the two proteins was on FCDI, where an excess of Orai1 resulted in Ca
2+

-dependent 

reactivation. This finding was later confirmed and expanded, with maximum FCDI 

proposed to be displayed when eight STIM1 proteins are bound to a channel, and Ca
2+

-

dependent reactivation displayed when four STIM1 proteins are bound (Hoover & 

Lewis, 2011). 

Several early studies of STIM1 reported that a polybasic sequence in its C-terminus, 

predominantly consisting of lysines (671-685), was required for STIM1 puncta 
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formation in the absence of ectopic Orai1 expression (Huang et al., 2006; Liou et al., 

2007). However, it has been demonstrated numerous times that when overexpressed 

with Orai1, the STIM1 CAD lacking this sequence correctly colocalises with and 

activates Orai1 (Li et al., 2007; Muik et al., 2009; Park et al., 2009; Yuan et al., 2009). 

Therefore, the polybasic sequence may assist in targeting of STIM1 under physiological 

conditions where there is much less Orai1 expressed (Li et al., 2007; Park et al., 2009), 

or interacts with the proline rich domain in the Orai1 N-terminus, negatively regulating 

the ability of CAD to activate Orai1. Another study also suggests that truncation or 

neutralisation of this region may enhance current amplitude (Yuan et al., 2009). 

1.11. Other molecules involved in the CRAC channel 

Using the yeast Saccharomyces cerevisiae, which lacks the mammalian store operated 

Ca
2+

 entry pathway, it has been demonstrated that ectopically expressed Orai1 and 

cytoplasmic STIM1 fragments are minimally sufficient to reconstitute functional CRAC 

channels in vitro (Zhou et al., 2010a). However, it has been shown that homologues of 

Orai1 are able to form functionally distinct store operated channels, and it is likely that 

other proteins or molecules are able to form a complex with STIM1 and Orai proteins 

(Lis et al., 2007; Mullins et al., 2009; Srikanth et al., 2010a). One line of evidence is 

derived from estimations of the gap required between the ER and PM for interaction 

between STIM1 and Orai1. This gap has been estimated at between 10 and 25 nm by 

electron microscopy (Wu et al., 2006) whereas fluorescently tagged Orai1 has been 

estimated to require a gap of between 8 and 14 nm to enter the junction (Varnai et al., 

2007). Given these distances, it has been suggested that the intracellular protrusion of 

Orai1 is much larger than that of STIM1 and likely to comprise a larger complex of 

molecules (Varnai et al., 2007). Consistent with this it has been demonstrated by 

inducing disulfide crosslinking that some proteins are present in a complex with Orai1 
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after store depletion (Srikanth et al., 2010a). Some of the potential additional 

components of the CRAC channel complex are described below. 

1.11.1. Orai2 and Orai3 

As briefly discussed in section 1.5, there are two mammalian homologues of Orai1 that 

have been identified, Orai2, and Orai3 (Feske et al., 2006; Vig et al., 2006b). Like 

Orai1, both homologues are able to reconstitute CRAC-like currents when 

overexpressed with STIM1 in response to store depletion (Lis et al., 2007). Each 

homologue is predicted to contain four transmembrane domains and their amino acid 

sequences are highly conserved between the membrane proximal region of the N-

terminus and the third transmembrane domain (Orai1 aa. 52-199). While little is known 

about the physiological expression and roles of Orai2 and Orai3, the biophysical 

characteristics of both when overexpressed with STIM1 have been described previously 

(Lis et al., 2007). 

The amplitude of ectopically expressed Orai2 or Orai3 mediated currents have been 

widely reported to be smaller than those of Orai1 mediated currents (Mercer et al., 

2006; DeHaven et al., 2007; Lis et al., 2007). Orai2 has consistently been demonstrated 

to display currents between 3 and 10 times smaller than that of Orai1 (Mercer et al., 

2006; DeHaven et al., 2007; Lis et al., 2007). Some early studies reported that 

overexpression of Orai3 with STIM1 is not sufficient to reconstitute SOCE (Mercer et 

al., 2006; DeHaven et al., 2007). However, there more recent studies demonstrated that 

Orai3 is indeed able to mediate SOCE (Lis et al., 2007; DeHaven et al., 2008; Peinelt et 

al., 2008; Schindl et al., 2008; Zhang et al., 2008) though it has been suggested that it 

activates with a slower time course than Orai1 or Orai2 (Lis et al., 2007). 
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The selectivity of Orai2 or Orai3 channels is similar to that of Orai1 (DeHaven et al., 

2007; Lis et al., 2007). Following activation, all three homologues have a positive 

reversal potential and negligible outward current, demonstrating that they are strongly 

selective for Ca
2+

 over monovalent cations (Lis et al., 2007). In addition, all three 

homologues show large monovalent conductances in the absence of external Ca
2+

 

(DeHaven et al., 2007; Lis et al., 2007). One study reported that depotentiation of Na
+
 

current was significantly lower for Orai3 than Orai2 or Orai1 (DeHaven et al., 2007). 

However, given the other reported characteristics of Orai3 from the same study 

contradict the bulk of the literature (Lis et al., 2007; DeHaven et al., 2008; Peinelt et 

al., 2008; Schindl et al., 2008; Zhang et al., 2008), further investigation into this 

phenomenon is required. 

Unlike Orai1, the reported Ca
2+

 dependent kinetics of Orai2 and Orai3 have been 

reasonably consistent. Current mediated by Orai2 displays moderate FCDI and no Ca
2+

 

dependent reactivation (Lis et al., 2007). Current mediated by Orai3 shows prominent 

and rapid FCDI, and no Ca
2+

 dependent reactivation (Lis et al., 2007). As previously 

discussed in section 1.8.3, it has been proposed that the C-termini of Orai proteins 

determine the Ca
2+

 dependent kinetics of the channel (Lee et al., 2009). 

Current mediated by Orai3 displays another unique and startlingly different property 

compared to current mediated by Orai1, Orai2, and native CRAC channels (DeHaven et 

al., 2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008). While, as 

discussed in sections 1.4.5 and 1.6, 50-100 μM 2-APB typically causes a transient 

potentiation of current followed by complete block of ICRAC or Orai1/STIM1 mediated 

current, a similar dose activates a current through Orai3 completely distinct to that of 

SOCE in a rapidly reversible manner (DeHaven et al., 2008; Peinelt et al., 2008; 

Schindl et al., 2008; Zhang et al., 2008). This activation by 2-APB does not require 
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overexpression of STIM1 nor store depletion, and is therefore store independently 

activates Orai3 (DeHaven et al., 2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang 

et al., 2008). The current activated by 2-APB shows a large outward conductance 

carried by Cs
+
 and a reversal potential shifted leftwards to between 10 and 30 mV 

(DeHaven et al., 2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008). 

Substitution of Na
+
 in the external solution for choline

+
 or TEA

+
 results in a decrease in 

inward current (DeHaven et al., 2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang 

et al., 2008). These data collectively indicate a loss of Ca
2+

 selectivity compared to the 

store operated, STIM1 dependent Orai3 conductance. Since Orai channels activated by 

store depletion are impermeable to Cs
+
 due to steric hindrance, it is likely that 2-APB 

widens the channel pore (Schindl et al., 2008). Consistent with this, sizing of the pore 

using incrementally larger cations estimates an increase in minimum pore diameter 

from 3.8 Å to 5.34 Å (Schindl et al., 2008). In addition to inducing store-independent 

gating of Orai3 channels, 2-APB also blocks store operated Ca
2+

 entry (Yamashita et 

al., 2011). Orai3 conductance activated by 2-APB results in a current that displays no 

FCDI, even in 110 mM Ca
2+

, suggesting that store operated Orai3 current is no longer 

present (Yamashita et al., 2011). The timecourses of the two effects of 2-APB on Orai3 

have been studied to hypothesise how 2-APB may act on the channel. One model has 

proposed that Orai3 must disengage STIM1 puncta, as has been suggested for Orai1 

block by 2-APB (DeHaven et al., 2008; Peinelt et al., 2008), before it is able to be 

activated by 2-APB (Yamashita et al., 2011). The kinetics of store independent 

activation seem to support this model, since the initial application of 2-APB activates 

outward current with a latency of approximately 10 s, while subsequent application of 

2-APB activates outward current with a reduced latency, dependent on the level of store 

operated current inhibition by 2-APB (Yamashita et al., 2011). 
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Whilst retaining fundamental properties of Orai1; namely forming channels activated 

by store depletion that are highly selective for Ca
2+

 over monovalent cations, there are 

distinct biophysical properties displayed by Orai2 and Orai3 (Lis et al., 2007). While 

the expression patterns of Orai2 and Orai3 are unknown, these differences may help in 

identifying the presence of different Orai channels. Additionally, there is substantial 

evidence that heteromultimers of different Orai proteins can be formed (Vig et al., 

2006a; Gwack et al., 2007; Lis et al., 2007). Orai1 is able to coimmunoprecipitate with 

Orai2 or Orai3 (Gwack et al., 2007), and expression of a dominant negative Orai1 

mutant abolishes current through overexpressed Orai2 and Orai3 (Vig et al., 2006a; Lis 

et al., 2007). A store independent, STIM1 regulated channel known as arachidonate-

regulated Ca
2+

 (ARC) channel, has been found to be comprised of a pentamer of three 

Orai1 and two Orai3 subunits (Mignen et al., 2009). This opens a largely unexplored 

possibility that a wide range of functionally distinct CRAC channels may be formed 

depending on their subunit composition in a tissue or in response to external stimuli. 

One study into heteromeric channels has suggested that Orai1-Orai3 channels display 

reduced Ca
2+

 selectivity and that less Ca
2+

 selective SOCs could be the result of 

heteromeric Orai channels (Schindl et al., 2009). 

1.11.2. CRAC Regulator 2A 

CRAC Regulator 2A (CRACR2A) was identified as an STIM1/Orai1 interacting 

molecule by protein affinity purification (Srikanth et al., 2010a). It was found to be 

located in the cytoplasm of HEK293 cells, and it was suggested that it may act as a 

cytoplasmic Ca
2+

 sensor as its structure revealed two EF-hand Ca
2+

 binding domains 

(Srikanth et al., 2010a). CRACR2A was able to coimmunoprecipitate with both the 

CaM binding N-terminal domain of Orai1 (64-93) and the cytoplasmic region of STIM1 

(Srikanth et al., 2010a). These interactions were inhibited when [Ca
2+

] was raised to 2 
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mM. Consistent with an EF-hand mediated Ca
2+

 dependence for this interaction, 

CRACR2A EF-hand mutants bind strongly to Orai1 regardless of the presence of Ca
2+

 

(Srikanth et al., 2010a). Overexpression of CRACR2A and Orai1 did not enhance 

SOCE indicating that it cannot replace STIM1 in activating Orai channels. However, 

siRNA knockdown of CRACR2A reduced ICRAC by 50%, suggesting it may have a role 

in modulating CRAC channel activity, possibly by stabilising the formation of the 

STIM1/Orai1 complex at ER-PM junctions following store depletion (Srikanth et al., 

2010a). Collectively, these data suggest that the STIM1/Orai1 complex may be 

augmented in a cytoplasmic Ca
2+

 dependent manner with CRACR2A. This may be a 

mechanism by which cytoplasmic Ca
2+

 may regulate CRAC channel function, 

decreasing Ca
2+

 entry when cytoplasmic Ca
2+

 is elevated. A homologue of CRACR2A, 

named CRACR2B, responded similarly, but showed a different expression profile 

between tissues and had a milder effect on ICRAC amplitude when knocked down using 

siRNA (Srikanth et al., 2010a). 

1.11.3. Calmodulin 

Prior to the discovery of STIM1 and Orai1 as the essential components of the CRAC 

channel, it had been suggested that the Ca
2+

 binding regulatory molecule CaM could be 

a regulator of CRAC channel activity (Litjens et al., 2004). It was demonstrated that 

CaM is able to regulate FCDI, since expression of Ca
2+

 binding mutant CaM or 

application of CaM inhibitor peptides reduce the extent of FCDI (Litjens et al., 2004). 

Consistent with this, and as previously discussed in section 1.8.1, Orai1 contains a 

cytoplasmic N-terminal CaM binding domain which appears to regulate FCDI. In 

addition, CaM has been found to bind in a Ca
2+

 dependent manner to the polybasic 

cytoplasmic C-terminus of STIM1 (Bauer et al., 2008). While this suggests a role for 
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CaM in the regulation of STIM1 activity, no direct evidence for a role in Ca
2+

 handling 

has been identified for CaM binding to STIM1. 

1.11.4. Phospholipase C 

As previously mentioned in section 1.2, isoforms of PLC are required for the 

production of IP3, and therefore are indirectly linked to the activation of CRAC 

channels (Berridge, 1983). However, apart from this enzymatic role in IP3 production, 

PLCγ1 has also been suggested to be directly involved in the regulation of plasma 

membrane Ca
2+

 channels, including SOCs (Patterson et al., 2002; Litjens et al., 2007). 

siRNA knockdown of PLCγ1 or PLCγ2 caused a reduction in agonist induced Ca
2+

 

entry independent of its enzymatic activity (Patterson et al., 2002). Similarly, 

knockdown of PLCγ1 or the application of an inhibitor of PLC caused a reduction in 

SOCE activated by intracellular perfusion with IP3 or thapsigargin (Litjens et al., 2007). 

While PLCγ1 and STIM1 do not coimmunoprecipitate under store depleted conditions 

(Litjens et al., 2007), possible interaction between PLCγ1 and Orai proteins is yet to be 

investigated. 

1.12. Conclusions and project aims 

The discovery of the Orai and STIM proteins represented a major leap in the 

advancement of the understanding of CRAC channels. This discovery has expanded the 

field of SOCE and subsequent studies have utilised biochemical techniques in 

combination with biophysical and calcium imaging techniques. This has allowed us to 

not only understand the molecular basis for the properties of SOCE, but revealed the 

physiological roles that SOCE plays, in particular in the immune response. 
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The research described in this thesis aims to further advance our understanding of the 

molecular basis of CRAC channel function. The specific aim of the first set of 

experiments was: 

- To investigate whether variable relative expression of STIM1 and Orai1 

affects the properties of STIM1/Orai1 mediated current.  

The findings from the first experimental chapter provided an alternative explanation to 

recently published studies focused on the role of pore residues in FCDI, in particular 

studies by Spassova et al. (2008) and Yamashita et al. (2007). Therefore, the aim of the 

second experimental chapter was: 

- To investigate the properties of the Orai1 V1021, E106D and E190Q 

mutants in relation to the relative expression of STIM1. In particular, to test 

whether reported changes in FCDI are solely due to the mutations 

themselves, or are also influenced by relative expression of STIM1.  

At the time of commencing this project, there was little known about the properties of 

Orai2 or Orai3. Preliminary experiments in the early stages of this project identified a 

unique response to 2-APB by Orai3. Building upon this, the aim of the third chapter 

was: 

- To investigate the properties of STIM1/Orai3 mediated current, and to 

investigate the effect of 2-APB on heterologously expressed Orai3. 
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CHAPTER 2:   

Properties of Orai1 mediated store-operated 

current depend on the expression levels of STIM1 

and Orai1 proteins.   
 

2.1. Introduction 

A two decade long search for the molecular components of SOCE and CRAC channel 

in particular, has been rewarded by the discovery of two cellular proteins, STIM1 (Liou 

et al., 2005; Roos et al., 2005; Zhang et al., 2005; Feske et al., 2006; Vig et al., 2006b). 

STIM1 is localised both on the plasma membrane and the ER (Manji et al., 2000; Liou 

et al., 2005; Spassova et al., 2006). STIM1 that is expressed in the ER plays the role of 

the Ca
2+

 sensor in the ER lumen, while Orai1 is expressed on the plasma membrane and 

contributes to the Ca
2+

 selective pore of the channel (Prakriya et al., 2006; Taylor, 

2006; Yeromin et al., 2006; Putney, 2007). Knockdown of either STIM1 or Orai1 by 

siRNA leads to a suppression of the native ICRAC in hematopoietic and other cell types, 

and a missense mutation in the gene encoding Orai1 has been linked to one form of 

hereditary SCID syndrome, associated with a reduced SOCE in lymphocytes (Roos et 

al., 2005; Feske et al., 2006; Litjens et al., 2007; Luik & Lewis, 2007). Ectopic 

expression of either STIM1 or Orai1 alone has little effect on the amplitude of the 

native ICRAC, but ectopic expression of both proteins together produces a large store-

operated Ca
2+

 current with properties very similar to those of ICRAC (Roos et al., 2005; 

Peinelt et al., 2006; Soboloff et al., 2006a; Vig et al., 2006b). 

Present understanding of the SOCE mechanism suggests that depletion of intracellular 

Ca
2+

 stores causes STIM1 to accumulate in junctional ER which is located in close 

proximity to the plasma membrane, while Orai1 accumulates in the areas of plasma 

membrane apposed STIM1 puncta (Luik et al., 2006; Varnai et al., 2007). Interaction 
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between  STIM1 and Orai1, either direct through cytoplasmic coiled-coil regions, or 

indirect through other binding partners results in activation of Ca
2+

 entry (Huang et al., 

2006; Li et al., 2007; Varnai et al., 2007; Muik et al., 2008). Accumulation of STIM1 

into puncta near the plasma membrane is essential for activation of the current through 

the channels formed by the Orai1 peptides, and reversal of STIM1 localisation by either 

replenishment of Ca
2+

 stores, or pharmacologically, terminates Ca
2+

 entry (Smyth et al., 

2008).    

Site-directed mutagenesis has been used to confirm basic functions and to localise some 

functionally important regions of STIM1 and Orai1. Several mutations in the putative 

EF-hand Ca
2+

-sensing domain of STIM1 have been shown to produce constitutively 

active Ca
2+

 currents, confirming that STIM1 is the Ca
2+

 sensor that communicates the 

filling state of Ca
2+

 stores to the plasma membrane (Zhang et al., 2005; Spassova et al., 

2006). The observation that mutations of several acidic residues in Orai1 result in 

significant changes in the selectivity of Orai1/STIM1 mediated current supported the 

notion that Orai1 forms the pore of the CRAC channel (Prakriya et al., 2006; Spassova 

et al., 2006; Vig et al., 2006a). Recent investigations of the stoichiometry of the Orai1 

pore and stoichiometry of interaction between Orai1 and STIM1 suggested that the pore 

of the channel is formed by two Orai1 dimers, while two STIM1 peptides are required 

for activation of one channel (Ji et al., 2008; Mignen et al., 2008; Penna et al., 2008). It 

is not yet clear, however, whether 4Orai1:2STIM1 is the only stoichiometry that 

produces a functional channel, and whether STIM1, apart from being Ca
2+

 sensor in the 

ER, plays any role in defining the properties of the Orai1 mediated current. 

In the present study we expressed Orai1 and STIM1 at various ratios in a heterologous 

expression system and investigated the properties of the resulting store-operated 

currents. Transfection of H4IIE liver cells with STIM1 and Orai1 plasmids mixed in 
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different proportions revealed that cells transfected with an excess of STIM1 were more 

likely to express currents showing fast Ca
2+

 dependent inactivation , while cells 

transfected with an excess of Orai1 produced currents that showed little inactivation, or 

even activation at negative potentials. Furthermore, expression ratios of Orai1 and 

STIM1 affected Ca
2+

, Ba
2+

 and Sr
2+

 conductance and potentiation of the currents by 2-

APB. This suggests that some key properties of Orai1/STIM1 mediated currents that 

have been used to identify ICRAC in the past, including the kinetics of fast Ca
2+

 

dependent inactivation, arise from interaction between STIM1 and Orai1 and cannot be 

attributed to Orai1 alone.  

2.2. Methods 

2.2.1. Cell culture and transfections 

H4IIE (ATCC CRL 1548) cells and HEK293 cells were cultured at 37
o
C in 5% (v/v) 

CO2 in air in DMEM supplemented with 100 M MEM non-essential amino acids, 2 

mM L-glutamine and 10% (v/v) FBS (complete DMEM).  To express Orai1 and STIM1 

proteins, H4IIE cells growing on glass coverslips at a 10-20% density were transfected 

using PolyFect transfection reagent (QIAGEN, Germany) according to the 

manufacturer specifications.  

2.2.2. Sub-cloning of STIM1 and Orai1 

Full-length cDNAs for hOrai1 (NM_032790) and hSTIM1 (NM_003156) were 

purchased from OpenBioSystems (Huntsville, Alabama, USA). The Orai1 and STIM1 

open reading frames were then PCR amplified and subcloned into the expression vector 

pCMV-Sport6 (OpenBioSystems) and the GFP-coexpressing vector pAdTrack-CMV 

(gift from Drs Lei Zhang and S. Brookes, Flinders University, Adelaide.). The GFP 

fused Orai1 and STIM1 were expressed from constructs pEX-GFP-Myc-Orai1 (gift 
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from Prof. R. Lewis and Dr. R. Dolmetsch, Stanford University, USA) and pApuro-

GFP-STIM1 (gift from Dr. T. Kurosaki, Research Centre for Allergy and Immunology, 

Kanagawa, Japan) respectively. Integrity of the constructs was verified by DNA 

sequencing.  

2.2.3. Western blotting 

 HEK293 cells transfected with  pEX-GFP-Myc-Orai1 and pApuro-GFP-STIM1 were 

harvested and incubated on ice for 30 min in the lysis buffer containing  150 mM NaCl, 

50 mM Tris-HCl (pH 7.4), 1mM EDTA (pH 8.2), 0.25% sodium deoxycholate, 1% 

NonIdet P-40, 0.1% SDS and 0.1% protease inhibitor cocktail (Sigma). The 

concentration of crude proteins was measured using the BCA Protein Determination Kit 

(Sigma). Equal amounts of protein were separated on 10% SDS-PAGE gel and 

transferred to nitrocellulose membranes. The blots were then blocked for 1 h in TBST 

buffer (150 mM NaCl, 25 mM Tris, pH 7.4, 0.1% Tween-20) containing 5% non-fat 

milk powder and incubated in the blocking solution for 1 h with the appropriate primary 

antibody, including anti-STIM1 Monoclonal Antibody (1:1000 diluted, BD 

Biosciences), anti-GFP polyclonal antibody Ab290 (1:10000 diluted, Abcam) and anti-

GAPDH (1:500 diluted, SCBT). After four washes in TBST buffer and 1 h incubation 

with the secondary antibodies (horseradish peroxidase-conjugated anti-mouse IgG 

(1:5000 diluted, Sigma) or anti-Rabbit IgG (1:1000 diluted, Rockland)) the protein 

bands were visualised with an enhanced chemiluminescence detection system 

(Amersham Biosciences). The autoradiographs were scanned using a GS-800 

densitometer (Bio-Rad Laboratories, Hercules, CA, U.S.A.) and the band intensities 

quantified using Quantity One software version 4.3.1 (Bio-Rad Laboratories). 
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2.2.4. Patch Clamping 

Whole-cell patch clamping was performed at room temperature using a computer-based 

patch-clamp amplifier (EPC-9, HEKA Electronics, Germany) and PULSE software 

(HEKA Electronics).  The bath solution contained (mM):  NaCl, 140; CsCl, 4; CaCl2, 

10; MgCl2, 2; glucose 10; and HEPES, 10; adjusted to pH 7.4 with NaOH.  The internal 

solution contained (mM): Cs glutamate, 130; CaCl2 5; MgCl2 5; MgATP 1; EGTA, 10; 

and HEPES, 10; adjusted to pH 7.2 with NaOH. The calculated internal free Ca
2+

 

concentration was about 100 nM (EQCAL, Biosoft, Cambridge, UK). Depletion of the 

intracellular Ca
2+

 stores was achieved by addition of 20 µM IP3 (Amersham) to the 

internal solution. Patch pipettes were pulled from borosilicate glass and fire-polished; 

pipette resistance ranged between 3 and 5 M. Series resistance did not exceed 10 M 

and was compensated by 50-70%.  In order to monitor the development of ISOC, 100 ms 

voltage ramps between -138 and +102 mV were applied every 2 s, starting immediately 

after achieving the whole-cell configuration. Acquired currents were filtered at 2.7 kHz 

and sampled at 10 kHz.  All voltages shown have been corrected for the liquid junction 

potential of -18 mV between the bath and electrode solutions (estimated by JPCalc 

(Barry, 1994)).  The holding potential was -18 mV throughout.  Cell capacitance was 

compensated automatically by the EPC9 amplifier.  

2.2.5. Data analysis 

Normalised instantaneous tail currents for voltage steps to -118 mV after test pulses in 

the range of -158 to 102 mV were used to produce the apparent open probability (Po) 

curves by fitting with the Boltzmann distribution with an offset of the form: 

                            
)/)exp((1

1
)(

2/1

min
min

kVV

P
PVPo




                              (eq. 2.1)  
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Where Pmin is an offset, V is the membrane potential, V1/2 is the half maximal activation 

potential, and k is the slope factor. 

To determine the amplitude of the instantaneous tail currents and to minimise the error 

due to the cell capacitance the tail currents were fitted with a single exponential 

function to the beginning of the -118 mV pulse. 

To obtain bell-shaped apparent Po curves to fit some of the experimental data we used 

multiple of two Boltzmann distributions with independent parameters: 

                                    )()()( 21 VPVPVP ooo                                               (eq. 2.2) 

Where )(1 VPo  and )(2 VPo  are independent Boltzmann distributions of the form shown 

by the equation 2.1. Equation 2.1 assumes that there is a voltage dependent gate present 

in the channel, while equation 2.2 assumes presence of two such voltage dependent 

gates independent of each other. Neither of these statements is necessarily correct for 

the channel under study, as voltage dependence of the open probability does not 

necessarily imply presence of a voltage sensor in the channel. Nevertheless, these 

equations provide the means for quantitative description of the data. 

2.3. Results 

2.3.1. Ectopic expression of Orai1 and STIM1 in H4IIE liver cells 

In order to investigate the properties of the heterologously expressed Orai1/STIM1 

mediated current, we co-transfected plasmids containing STIM1 and Orai1 cDNA at a 

1:1 ratio into H4IIE liver cells. To facilitate identification of the transfected cells, either 

the STIM1 or Orai1 plasmid contained cDNA encoding eGFP. The time course of 

activation of Orai1/STIM1 mediated currents varied between transfected cells, with 

some cells showing no constitutively active currents and relatively slow activation by 
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intracellular IP3 (Fig 2.1A, cell 1), while others showed very large initial currents that 

inactivated to a steady state (Fig 2.1A, cell 4). The majority of transfected cells showed 

intermediate patterns, with some exhibiting a constitutively active current (Fig 2.1A, 

cells 2 and 3). The presence of an apparently constitutively active current at the start of 

the recording could be a result of very fast activation, within 2-3 sec of achieving whole 

cell configuration, due to IP3 diffusing from the pipette. However, when transfected 

cells were patched with a pipette containing no IP3 and Ca
2+

 buffered to 120 nM, a 

constitutively active current was still present in a high proportion of cells (~30%, data 

not shown), suggesting that fast diffusion of IP3 is an unlikely explanation. Similar 

constitutively active Orai1/STIM1 currents were reported in a recent study (Zhang et 

al., 2008). 

The I-V plots in all transfected cells showed strong inward rectification and very 

positive reversal potential, similar to that reported in other studies with ectopic 

expression of Orai1 and STIM1(Peinelt et al., 2006; Soboloff et al., 2006b). The shape 

of I-V plots varied between cells, with some showing stronger inward rectification at 

potentials below -100 mV than others (Fig 2.1B). 

Further experiments showed that the variation in the shape of the I-V plots recorded 

from different cells was caused by the variations in the fast Ca
2+

 dependent inactivation 

of the currents at negative potentials. Thus we observed cells with very strong fast Ca
2+

 

dependent inactivation (Fig 2.1C, i), cells with very little or no inactivation (Fig 2.1C, 

iii), and all stages in between (Fig 2.1C, ii). Such variations in the kinetics of 

Orai1/STIM1 mediated currents suggest that fast Ca
2+

 dependent inactivation is not an 

intrinsic property that can be ascribed to Orai1 alone, otherwise it would be very similar 

in all transfected cells. Rather, the results suggest that inactivation arises from 

interaction of Orai1 with some other protein in the cell, the amount of which varies  
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Figure 2.1. Overexpression of STIM1 and Orai1 in H4IIE cells 
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of the I-V plots obtained from cells expressing both STIM1 and Orai1. (C) Examples of 

the currents obtained in response to 200 ms steps to -138 mV. Note significant 

variations in current kinetics. Cells were transfected with Orai1/STIM1 in a molar ratio 

of 1:1. Leakage was determined by applying 50 M 2-APB at the end of the experiment 

and was corrected for in panels B and C, but not A.  
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from cell to cell. The obvious candidate for such a protein that interacts with Orai1 and 

changes the kinetics of the current is STIM1.  

To investigate this possibility we varied the ratio between the plasmids in the 

transfection mixture in order to change the relative amounts of expressed Orai1 and 

STIM1 proteins in the cell. First, the amount of STIM1 plasmid in the transfection 

mixture was kept constant at 0.4 pmole and the amount of the plasmid containing Orai1 

varied between 0.05 and 0.8 pmole.  Subsequently, the amount of Orai1 plasmid in the 

transfection mixture was kept constant at 0.4 pmole and the amount of the plasmid 

containing STIM1 varied between 0.2 and 1.2 pmole. The volume of the transfection 

mixture was kept constant in all transfections. To compare inactivation of Orai1/STIM1 

currents recorded from different cells, similar to those shown in Fig 2.1C, we 

normalised amplitude of the current at the end of a 200 ms, -100 mV pulse (I200) to the 

amplitude of the current at the beginning of the pulse (I0). In cells transfected with 0.4 

pmole STIM1 and 0.4 pmole Orai1 plasmids (1:1 ratio) the average extent of 

inactivation (I200/I0) was 0.800.06 (n=13) (Fig 2.2A), although inactivation varied 

significantly between individual cells. With decreasing concentration of Orai1 plasmid 

in the transfection mixture, the inactivation became more pronounced and the 

variability between cells reduced. At the ratio of 1:8 (0.05 pmole Orai1/0.4 pmole 

STIM1) all cells produced inactivating currents with an average I200/I0 of 0.460.03 

(n=7) (Fig 2.2A). Similarly, the inactivation became more pronounced when the 

concentration of Orai1 plasmid was kept constant and the concentration of STIM1 

plasmid increased (Fig 2.2B). Comparison of the results obtained with different 

amounts of each plasmid revealed that the extent of inactivation depended on the ratio 

between the amounts of the plasmids, but not on their absolute amounts (Fig 2.2A, B).  
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In these experiments, we have found that more consistent results were obtained if the 

plasmid containing the GFP sequence was in excess. Therefore, in all subsequent 

experiments we transfected cells with mixtures of 1:2 or 1:4 Orai1/(STIM1 + GFP) and 

2:1 or 4:1 (Orai1 + GFP)/STIM1 to investigate the properties of inactivating and non-

inactivating currents, respectively. Examples of such currents are shown in Figure 2.2C 

and D. With longer hyperpolarising pulses, most cells transfected with an excess of 

Orai1 showed strongly activating currents at negative potentials (Fig 2.2D).  

We have shown previously that H4IIE cells express ISOC with properties virtually 

identical to those of ICRAC in hematopoietic cells (Litjens et al., 2004; Aromataris et al., 

2008). The amplitude of the native ISOC in H4IIE cells (~2.5 pA/pF at -118 mV) is at 

least several fold smaller than the amplitude of the currents mediated by ectopically 

expressed Orai1/STIM1 (15-60 pA/pF). Therefore, the presence of native STIM1 and 

Orai in H4IIE cells was unlikely to have a significant impact on the results. 

Nevertheless, to investigate the possibility that the kinetics of the currents mediated by 

ectopically expressed Orai1/STIM1 was influenced by the presence of the endogenous 

ISOC or some other proteins in H4IIE cells we used HEK293 cells, which have very 

small native ISOC (Mercer et al., 2006; Soboloff et al., 2006b).  Similarly to H4IIE cells, 

HEK293 cells produced inactivating currents when transfected with an excess of 

STIM1 and activating currents when transfected with an excess of Orai1 (Fig 2.2E). 

Furthermore, results similar to those shown in Figure 2.2B, C, and D were obtained 

using plasmids containing GFP fused Orai1 and STIM1 (GFP-Orai1 and GFP-STIM1, 

data not shown). 
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Figure 2.2. Kinetics of the Orai1/STIM1 mediated current under different 

transfection conditions  
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(A) Dependence of the inactivation at negative potentials on the amount of the Orai1 

plasmid. Each point represents the relative amplitude of the Orai1/STIM1 mediated 

current at the end of the 200 ms step to -118 mV (I200) normalised to the peak current at 

the beginning of the step (I0). Open circles represent averaged data for the 0.4 pmol of 

STIM1. For comparison, the averaged data for 0.1 pmol STIM1 and 0.1 pmol Orai1 is 

presented (filled circle). Number of cells is indicated in brackets.  Note that the extent 

of the current inactivation in the cells transfected with 0.1 pmol STIM1 and 0.1 pmol 

Orai1 is not different from that in cells transfected with 0.4 pmol STIM1 and 0.4 pmol 

Orai1 (P=0.6). Solid line represents linear regression for the data obtained with the 

range of Orai1 concentrations and 0.4 pmol STIM1 (r
2
 = 0.48; P<0.0001). (B) 

Dependence of the inactivation at negative potentials on the amount of the STIM1 

plasmid. Solid line represents linear regression for the data obtained with the range of 

STIM1 concentrations and 0.4 pmol Orai1 (r
2
 = 0.98; P<0.01). (C) Example of the 

currents recorded from a cell transfected with 1Orai1/2(STIM1+GFP) mixture. (D) 

Example of the currents recorded from a cell transfected with 2(Orai1+GFP)/1STIM1 

mixture. Current traces were obtained in response to 600 ms steps ranging from -138 

mV to -38 mV in 20 mV increments. (E) Example of the currents obtained in HEK293 

cells using similar transfection mixtures. 
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In the next set of experiments we transfected HEK293 cells with GFP-STIM1 and GFP-

Orai1, and used western blots probed with anti-GFP to estimate the relative amounts of 

the STIM1 and Orai1 proteins expressed under the transfection conditions used in patch 

clamping. GFP-STIM1 appeared on a western blot as a clear single band above 100 

kDa (Fig 2.3). The same single band was obtained if we used anti-STIM1 (data not 

shown). GFP-Orai1, however, appeared as a double band above 60 kDa (Fig 2.3). The 

wide band of higher molecular weight for GFP-Orai1 was likely to be the result of 

posttranslational modification of Orai1 (glycosylation) (Gwack et al., 2007). On 

average, the intensities of the bands corresponded well with the amounts of the 

transfected plasmids. For the 4Orai1:1STIM1 transfection (Fig 2.3, first lane) the 

intensity ratio between the GFP-Orai1 single band of lower molecular weight and the 

GFP-STIM1 band was 5.750.47 (n=3), while for the 1Orai1:4STIM1 transfection (Fig 

2.3, second line) this ratio was 0.480.01 (n=3).  

A fourfold increase in the amount of a plasmid in the transfection mixture resulted in 

3.650.13 and 3.210.27 (n=3) fold increase of GFP-STIM1 and GFP-Orai1 expression 

respectively (Fig 2.3).  Similar results for STIM1 were obtained when anti-STIM1 was 

used instead of anti-GFP (data not shown). These results demonstrate that variations in 

the amounts of the STIM1 and Orai1 containing plasmids in the transfection mixtures 

were closely followed by the changes in the expression levels of the corresponding 

proteins. 

2.3.2. Ca
2+

 dependence of the amplitude and kinetics of the Orai1/STIM1 

mediated currents 

Reduction of the Ca
2+

 concentration in the bath solution from 10 to 2 mM resulted in  
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Figure 2.3. Western blotting of the expressed GFP-labelled Orai1 and STIM1 
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Each lane was loaded with lysates (2 g of protein) of HEK293 cells transfected with 

either: GFP-Orai1 and GFP-STIM1 containing plasmids at a molar ratio of 4:1 (lane 1); 

GFP-Orai1 and GFP-STIM1 containing plasmids at a molar ratio of 1:4 (lane 2); or 

GFP alone containing plasmid (lane 3). The blot was probed with anti-GFP antibody. 

The relative amounts of the expressed Orai1 and STIM1 proteins in the same 

transfection and between transfections were estimated by measuring optical densities of 

the corresponding bands (n=3). 
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the reduction of the amplitude by about 55% for both activating (4:1 Orai1/STIM1 

ratio) and inactivating (1:4 Orai1/STIM1 ratio) Orai1/STIM1 mediated current (Fig 

2.4A, B). Increase of the Ca
2+

 concentration to 50 mM caused a sharp increase in the 

amplitude which was followed by an exponential decline. A further increase to 100 mM 

resulted in a small potentiation and further decline in the amplitude. Upon return to 10 

mM Ca
2+

 the amplitude of the current was reduced and then slowly returned to the 

initial level. Qualitatively, dependence of the amplitude of inactivating and activating 

currents on Ca
2+

 concentration was similar and could be explained by slow feedback 

inhibition of the channel by Ca
2+

 entering the cell. Similar slow Ca
2+

 dependent 

inhibition has been previously described for ICRAC in lymphocytes (Zweifach & Lewis, 

1995b).  Quantitatively, however, the steady state amplitudes of the activating current 

in 50 mM and 100 mM Ca
2+

 were significantly larger than that in 10 mM Ca
2+

; while 

the steady state amplitudes of the inactivating current in 50 mM and 100 mM Ca
2+

 were 

significantly lower (Fig. 2.4A, B). The initial potentiation, both relative and absolute, of 

the current by higher Ca
2+

 concentrations was also significantly stronger for activating 

currents.  

In the next experiment we compared Ca
2+

 dependence of the currents on a much shorter 

timescale. As expected, the kinetics and the extent of the fast Ca
2+

 dependent 

inactivation of the currents recorded from cells transfected with an excess of STIM1 

were strongly dependent on the external Ca
2+

 concentration, similarly to that of native 

ISOC in H4IIE cells or ICRAC in hematopoietic cells (Fig 2.4C) (Zweifach & Lewis, 

1995a; Litjens et al., 2004). At higher Ca
2+

 concentrations the inactivation was faster 

and more complete. In contrast, the kinetics of activating currents recorded from cells 

transfected with an excess of Orai1  showed no dependence on the external Ca
2+

 

concentration between 2 and 100 mM (Fig 2.4D).  
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Figure 2.4. Dependence of the Orai1/STIM1 current on the external Ca
2+
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(A) Amplitude of the Orai1/STIM1-mediated current at -118 mV at different Ca
2+

 

concentrations. Data was obtained in cells transfected with Orai1 and STIM1 plasmids 

at a molar ratio of either 4:1 (blue trace) or 1:4 (red trace). Each point represents the 

amplitude of the current at -118 mV measured from the responses to voltage ramps 

ranging from -138 mV to 102 mV and applied every 2 s. Zero-time point on panels A 

and B corresponds to 60 s after obtaining whole cell configuration. (B) The same data 

as in panel A normalised to the current amplitude in 10 mM Ca
2+

. (C) (D) Dependence 

of current kinetics on the external Ca
2+

 concentration. All traces are recorded in 

response to voltage steps to -118 mV and normalised to the current amplitude at the 

beginning of the pulse. Traces were taken 30-40 seconds after changing Ca
2+

 

concentration in the bath when the amplitude of the current reached steady-state (see 

panel A). 
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2.3.3. Selectivity for Ba
2+

 and  Sr
2+

 

In cells transfected with an excess of Orai1 (4:1 Orai1/STIM1 ratio) that produced 

activating currents, replacement of Ca
2+

 with Ba
2+

 or Sr
2+

 in the bath solution led to a 

decrease of the current amplitude. On average, at -100 mV, Ba
2+

 current was ~70% 

smaller than the Ca
2+

 current. Current carried by Sr
2+

 at -100 mV was ~35% smaller 

than Ca
2+

 current (Fig 2.5A). In the cells transfected with an excess of STIM1 (1:4 

Orai1/STIM1 ratio) and producing inactivating currents, replacement of Ca
2+

 with Ba
2+

 

or Sr
2+

 the bath solution led to instantaneous reduction in the current amplitude 

followed by its gradual increase. On average, at -100 mV, Ba
2+

 current was just 10% 

smaller than the Ca
2+

 current, while current carried by Sr
2+

 at -100 mV was ~40% larger 

than Ca
2+

 current (Fig 2.5A).  The shape of the I-V plots obtained in response to voltage 

ramps in the presence of Ba
2+

 and Sr
2+

 suggested a reduced open probability of the 

channel at holding potential and activation of the current by hyperpolarisation (Fig 

2.5B). This was confirmed by applying voltage steps to -100 mV (Fig 2.5C). 

Replacement of Ca
2+

 with Ba
2+

 or Sr
2+

 in cells expressing either inactivating or 

activating Ca
2+

 currents produced currents activated by hyperpolarisation. The kinetics 

of the current activation at -100 mV in the presence of Ba
2+

 was significantly faster in 

cells with inactivating Ca
2+

 currents (Fig 2.5C). 

2.3.4. Voltage dependence of open probability 

The change in the current kinetics from inactivating to activating suggests a change in 

the voltage dependence of the open probability of the channel. To quantify the relative 

open probability of the expressed channels under different conditions we used peak tail 

currents at -100 mV (see Methods, Fig 2.6). In cells transfected with an excess of 

STIM1 and showing inactivating Ca
2+

 currents, the maximum open probability was at 0 

mV and above, while the relative minimum open probability saturated at about 0.25 at  
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Figure 2.5. Effects of Ba
2+

 and Sr
2+

 on the Orai1/STIM1 currents obtained under 

different transfection conditions. 

 

0 100 200

-80

-60

-40

-20

0

Ba2+ Sr2+

1

2

Time (s)

C
u
rr

e
n
t 
(p

A
/p

F
)

-600

-400

-200

-120 60

100

  Sr2+

Ca2+

Ba2+
Voltage (mV)

C
u
rr

e
n
t 
(p

A
)

-600

-400

-200

-120 60

100

Voltage (mV)

C
u
rr

e
n
t 
(p

A
)

Ba2+

Sr2+

Ca2+

0 50 100 150 200

-500

-250

0

  Ca2+

 Ba2+

 Sr2+

Time (ms)

0 50 100 150 200

-500

-250

0

 Ca2+

 Ba2+

Sr2+

Time (ms)

C
u
rr

e
n
t 
(p

A
)

10 20 30 40

-400

-200

0

2

1

Time (ms)

A

B

C

(i) (ii)

(i) (ii)

(iii)

 



 

81 

 

 (A) Dependence of the amplitude of the Orai1/STIM1-mediated current at -118 mV on 

Ba
2+

 and Sr
2+

. Data was obtained in cells transfected with Orai1 and STIM1 plasmids at 

a molar ratio of either 4:1 (trace 1) or 1:4 (trace 2). Each point represents the amplitude 

of the current at -118 mV measured from the responses to voltage ramps ranging from -

138 mV to 102 mV and applied every 2 s. Zero-time point corresponds to 60 s after 

achieving whole cell. (B) Representative I-V plots of the data shown on panel A. (i) 

corresponds to trace 1, and (ii) corresponds to trace 2 on panel A.  (C) Representative 

current traces in response to steps to -118 mV of the data shown on panel A. (i) 

corresponds to trace 1, and (ii) corresponds to trace 2 on panel A. (iii) The same Ba
2+

 

traces as shown on panels (i) and (ii) but on a shorter time scale. Traces shown on 

panels B and C were taken 40-60 seconds after applying Ba
2+

 or Sr
2+

 in the bath. 
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potentials below -140 mV (Fig 2.6A). The normalised amplitude of the peak tail 

currents plotted against voltage could be fitted with a single Boltzmann function (see 

Methods).   Increasing the length of the voltage steps from 100 ms to 600 ms in these 

cells did not reveal any other type of voltage dependence of the current and did not shift 

the Boltzmann curve (data not shown). The half-maximum activation voltage was -72 

mV and the slope of the curve corresponded to a gating charge of approximately -1.  

In cells expressing activating Ca
2+

 currents, the amplitude of the peak tail currents at -

100 mV showed complex dependence on the voltage of the preceding steps. In general, 

relative open probability of activating currents showed bell-shaped voltage dependence 

between -120 and 80 mV with a maximum at about -30 mV (Fig 2.6B, C, and D).  The 

voltage dependence of the open probability between -140 mV and -20 mV was very 

similar to that of the inactivating Ca
2+

 currents and presumably was due to the same 

gating process, while the open probability between -20 and 80 mV had the opposite 

voltage dependence (Fig 2.6C).  The data points could be well fitted with a multiple of 

two independent Boltzmann functions (eq. 2.2, Methods). Slight upward deviation of 

the points obtained after the steps to 100 and 120 mV could be due to a poor fit of very 

fast tail currents, or due to the activity of some native channels present in H4IIE cells at 

these potentials.  

In the presence of Ba
2+

, voltage dependence of the inactivating currents was reversed 

(Fig 2.7A, C). The data points between -100 and 120 mV could be fitted with a single 

Boltzmann function with the half-maximum activation voltage of -63 mV and the slope 

corresponding to a gating charge of 1. There was, however, evidence of an opposite 

voltage dependence at potentials below -100 mV as open probability started to decrease 

after that point (Fig 2.7C). It was likely that in a wider range of voltages the open 

probability would be described by a bell shaped curve, however, it was impossible to  
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Figure 2.6. Voltage dependence of the Orai1/STIM1 mediated Ca
2+

 current  
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(A) Current traces obtained in response to 100 ms voltage steps ranging from -158 to 

102 mV in 20 mV increments followed by a step to -118 mV. H4IIE cells were 

transfected with Orai1 and STIM1 at a 1:4 molar ratio. (B) Current traces obtained in 

response to 600 ms voltage steps ranging from -138 to 102 mV in 20 mV increments 

followed by a step to -118 mV. H4IIE cells were transfected with Orai1 and STIM1 at a 

4:1 molar ratio. (C) Tail currents shown on panel B on a shorter time scale. (D) 

Apparent open probability of the Orai1 channel obtained by normalising tail currents 

shown on panels A and B. Open circles represent averaged data (n=6) obtained in cells 

expressing inactivating currents. Data from inactivating currents were fitted with a 

single Boltzmann function (eq. 2.1, Methods). Filled triangles represent averaged data 

(n=9) obtained in cells expressing activating currents. Data from activating currents 

were fitted with a multiple of two Boltzmann functions (eq. 2.2, Methods). Data points 

marked with asterisks were excluded from fitting. Open triangles represent the data 

obtained from cell shown on panel B.  
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obtain a reasonable number of points below -100 mV for proper fitting. In cells 

expressing activating Ca
2+

 currents, replacement of Ca
2+

 with Ba
2+

 did not change the 

shape of the voltage dependence of open probability, but shifted it to more 

hyperpolarising potentials by approximately 60 mV (Fig 2.7B, D). 

2.3.5. Selectivity in the absence of divalent cations 

In the absence of divalent cations in the bath solution the pore of the channel formed by 

Orai1 peptides becomes permeable to monovalent cations (Mercer et al., 2006). In 

H4IIE cells expressing either activating or inactivating Orai1/STIM1 mediated Ca
2+

 

currents replacement of divalent cations in the bath solution with Na
+
 caused an 

approximate fourfold increase of the inward current amplitude (Fig 2.8A, B).  In the 

absence of divalent cations channels formed by Orai1 were more selective for Na
+
 than 

Cs
+
. The relative conductance for Na

+
 over Cs

+
 (GNa/GCs) was 4.90.73 (n=4) and 

4.60.57 (n=6) for activating and inactivating currents respectively (Fig 2.8B). 

Application of the voltage protocol also used in Fig 2.6A revealed that both activating 

and inactivating currents lost their voltage dependence in the absence of divalent 

cations (data not shown), and that Na
+
 currents  showed neither activation nor 

inactivation during steps to negative potentials (Fig 2.8C).   

2.3.6. Differential effects of 2-APB 

2-APB is a known inhibitor of endogenous ISOC and ectopically expressed Orai1/STIM1 

mediated current (Gregory et al., 2001; Lis et al., 2007). It has complex effects on 

Orai2 and Orai3, but the mechanisms of these effects are not yet understood (Lis et al., 

2007). In this section we investigated the effects of 2-APB on Orai1/STIM1 mediated 

currents of different kinetics. While 50 M 2-APB blocked 100% of the Orai1/STIM1  
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Figure 2.7. Voltage dependence of the Orai1/STIM1 mediated current in the 

presence of Ba
2+ 
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(A) Current traces obtained in cells expressing inactivating Ca
2+

 currents (Orai1 and 

STIM1 at a 1:4 molar ratio) in response to 100 ms voltage steps ranging from -158 to 

102 mV in 20 mV increments followed by a step to -118 mV. Calcium in the bath 

solution was replaced with 10 mM Ba
2+

. Inset shows tail currents shown on panel A at a 

shorter time scale. (B) Current traces obtained in cells expressing activating Ca
2+

 

currents (Orai1 and STIM1 at a 4:1 molar ratio) in response to 600 ms voltage steps 

ranging from -138 to 102 mV in 20 mV increments followed by a step to -118 mV. Ca
2+

 

in the bath solution was replaced with 10 mM Ba
2+

. (C) Apparent open probability of 

the Orai1 obtained by normalising tail currents shown on panel A. Filled triangles 

represent averaged data (n=4) obtained in the presence of Ba
2+

 in cells expressing 

inactivating currents. Data was fitted with a single Boltzmann function (eq. 2.1, 

Methods). Data points marked with asterisks were excluded from fitting. For 

comparison, data obtained in the same cells in the presence of Ca
2+

 is shown (open 

circles). (D) Apparent open probability of the Orai1 obtained by normalising tail 

currents shown on panel B. Open circles represent averaged data (n=3) obtained in the 

presence of Ba
2+

 in cells expressing activating currents. For comparison, data obtained 

in the same cells in the presence of Ca
2+

 is shown (filled triangles).  
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mediated current irrespective of the current kinetics, the non-inactivating current 

showed a marked transient potentiation by 2-APB, while fast inactivating current 

showed much smaller or no potentiation by 2-APB (Fig 2.9A, B). On average, 

potentiation of the amplitude of non-inactivating current by 50 M 2-APB (Imax/I2-

APB=3.6±0.65, n=14) was 6 times stronger than for the inactivating current (Imax/I2-

APB=0.55±0.13, n=14, p<0.0001). At the peak of potentiation by 2-APB, the kinetics of 

the strongly inactivating current was virtually unaffected (Fig 2.9C). However, if the 

current showed little inactivation during 200 ms steps to -118 mV in the control 

solution, it showed strong activation at the peak of potentiation by 2-APB (Fig 2.9C).    

To exclude the possibility that 2-APB activates Orai1 directly in the absence of STIM1 

we expressed these proteins separately and investigated the effect of 2-APB on the ISOC. 

Expression of Orai1 alone in H4IIE cells did not produce any store-operated current. 

Moreover, it resulted in a complete suppression of the native ISOC (data not shown), as it 

does in HEK293 cells and rat basophilic leukaemia (RBL) cells (Soboloff et al., 2006b). 

Application of 2-APB in H4IIE cells expressing Orai1 alone failed to enhance any 

current (data not shown), suggesting that in the absence of sufficient amounts of STIM1 

2-APB does not activate Orai1 even if the stores have been depleted.  
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Figure 2.8. Orai1/STIM1 mediated cation current in the absence of divalent 

cations 
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(A). Normalised amplitude of the Orai1/STIM1 mediated currents in divalent cation 

free (DVF) solutions in the presence of Na
+
 or Cs

+
 in cells expressing inactivating 

(filled circles) or activating (open circles) Ca
2+

 currents. Zero-time point corresponds to 

60 s after obtaining whole cell configuration (B). I-V plots of Ca
2+

, Na
+
 and Cs

+
 

currents recorded in cells expressing inactivating (i) and activating (ii) Orai1/STIM1 

mediated Ca
2+

 currents. (C) Current traces recorded in response to 200 ms step to -118 

mV in cells expressing inactivating (i) and activating (ii) Orai1/STIM1 mediated Ca
2+

 

currents in DVF solution containing Na
+
.  Traces shown on panels B and C were taken 

100-120 seconds after applying DVF solution in the bath. 
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Figure 2.9. Effect of 2-APB on Orai1/STIM1 mediated current. 
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(A) Potentiation and block by 2-APB of Orai1/STIM1 mediated currents recorded 

under different transfection conditions. Each point represents the amplitude of the 

current at -118 mV measured from the responses to voltage ramps ranging from -138 

mV to 102 mV and applied every 2 s. (B) Examples of 2-APB potentiation of size 

matched inactivating and non-inactivating Orai1/STIM1 currents. Inset shows current 

traces from the corresponding cells obtained before application of 2-APB. (C) 

Dependence of Orai1/STIM1 mediated current kinetics on 2-APB. Examples of current 

traces obtained in cells expressing different ratios of Orai1 and STIM1 in response to -

118 mV steps before application of 2-APB (black) and at the peak of potentiation by 2-

APB (red).   
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2.4. Discussion 

The main result of this study is that several key properties of Orai1/STIM1 mediated 

currents depend on the relative expression levels of STIM1 and Orai1 proteins. 

Increasing the Orai1:STIM1 ratio in the transfection mixture from 1:4 to 4:1 drastically 

reduces the extent of  fast Ca
2+

 dependent inactivation of the current, changes 

dependence of the whole cell Ca
2+

 conductance on external Ca
2+

, reduces relative Ba
2+

 

and Sr
2+

 conductance, changes voltage dependence of the open probability, and 

increases potentiation by 2-APB. 

There are several possible mechanisms which might explain the results of ectopic 

expression of Orai1 and STIM1. (i) The interaction between Orai1 and STIM1, either 

direct or through other binding partners, occurs at variable stoichiometry depending on 

their relative levels of expression. (ii) The stoichiometry of interaction between Orai1 

and STIM1 is constant, but there are other binding partners that interact with STIM1 

and Orai1. The amount of these other binding partners is limited. High concentrations 

of either STIM1 or Orai1 not partnered with each other reduce the availability of other 

binding partners for the functional Orai1/STIM1 complex. (iii) Overexpression of 

STIM1 and Orai1 modifies the junctional ER and therefore the structure of the 

microdomains where the functional interaction between them occurs.     

Of these mechanisms, the second and the third seem less likely for the following 

reasons. If the properties of the Orai1/STIM1 currents were dependent on a binding 

partner present in the cell in limited amounts, which could bind to either STIM1, or 

Orai1, or both of them, the properties of the current would depend on the absolute 

amounts, rather than relative amounts of the expressed proteins. We, however, observed 

clear dependence of the properties of the Orai1/STIM1 currents on the relative but not 

absolute expression levels of Orai1 and STIM1. It was possible to record currents with 
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identical kinetics, either inactivating or activating, which differed by up to 10 fold in 

size, by maintaining the ratio of the plasmids in the transfection mixture but varying 

their absolute amounts. Furthermore, currents identical in size exhibited opposite 

voltage dependence if the ratios between Orai1 and STIM1 in the transfection mixture 

were reversed.   

If the levels of expression of either STIM1 or Orai1 were affecting the properties of 

Orai1/STIM1 mediated current by affecting the properties of junctional ER (Luik et al., 

2006), this effect would also depend on the absolute but not relative expression levels 

of these proteins. The only possibility for this mechanism to work would be if there was 

a particular component in junctional ER that regulated Orai1/STIM1 properties, which 

was affected by the expression of STIM1 and Orai1 in opposite ways. At present, there 

is no experimental data to support this idea.  

Overall, of all possibilities, variable stoichiometry of binding between Orai1 and 

STIM1 seems most plausible. There is ample experimental support for the hypothesis 

that Orai1 and STIM1 interact to form functional complexes that mediate Ca
2+

 entry (Ji 

et al., 2008; Muik et al., 2008; Zhang et al., 2008). Whether there are any other binding 

partners in those complexes is still a matter of debate (Li et al., 2007; Varnai et al., 

2007). Recent evidence suggests that ectopically expressed Orai1 form homotetramers 

and each tetramer interacts with two STIM1 peptides (Mignen et al., 2008; Penna et al., 

2008; Zhang et al., 2008). Results presented by Zhang et al. are consistent with the 

notions that stoichiometry of Orai1/STIM1 interaction in the complex varies depending 

on the relative expression levels of these proteins, and that at least two different 

stoichiometries are possible (Zhang et al., 2008).  
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Regardless of the mechanism, it is clear that relative expression levels of Orai1 and 

STIM1 affect regulation of the channel by Ca
2+

 coming through the pore. In the absence 

of divalent cations in the external medium there was no difference between 

Orai1/STIM1 mediated currents recorded in cells under different transfection 

conditions. Both inactivation and activation were absent, and the relative sizes of Na
+
 

conductance were identical, as was the selectivity for Na
+
 over Cs

+
. This suggests that 

the relative expression levels of Orai1 and STIM1 do not affect the properties of the 

pore but rather modify the regulation of open probability of the channel by Ca
2+

.  

The difference between inactivating and activating currents in regard to regulation by 

extracellular Ca
2+

 is evident at both fast and slow time scale. Qualitatively, dependence 

of the Ca
2+

 conductance on extracellular Ca
2+

 is very similar in cells expressing 

inactivating and activating Orai1/STIM1 currents. However, compared to cells 

expressing inactivating currents, cells expressing activating current show significantly 

larger Ca
2+

 currents at 50 and 100 mM external Ca
2+

, which is consistent with a 

reduction of feedback inhibition by Ca
2+

.  

On a shorter time scale, as expected, kinetics of fast inactivation of Orai1/STIM1 

mediated current in cells expressing an excess of STIM1 strongly depended on the 

external Ca
2+

 concentration between 2 mM and 100 mM.  In contrast, in this range of 

concentrations, kinetics of activation of the current in cells expressing an excess of 

Orai1 was independent of extracellular Ca
2+

. However, the activation was removed in 

the absence of the divalent cations in the bath. This suggests that the site responsible for 

current activation in cells expressing an excess of Orai1 does depend on Ca
2+

, but at a 

much lower concentration range than the site responsible for fast Ca
2+

 dependent 

inactivation in cells expressing an excess of STIM1.    
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The fast Ca
2+

 dependent inactivation of the native ICRAC and the ectopically expressed 

Orai1/STIM1 current is thought to be due to Ca
2+

 binding to a regulatory site 

somewhere close to the internal mouth of the pore. Using general assumptions about 

Ca
2+

 diffusion in the cytoplasmic space it has been suggested that the Ca
2+

 binding site 

responsible for fast inactivation is likely to be 3-4 nm away from the intracellular mouth 

of the pore and therefore is likely to be a part of the channel itself (Zweifach & Lewis, 

1995a). On the other hand, recent investigation of the properties of Orai1 pore mutants 

suggests that the role of the inactivation gate is played by residues forming the 

selectivity centre within the pore region of Orai1 (Yamashita et al., 2007; Spassova et 

al., 2008). At present it is not yet known if voltage dependence of the current is 

conferred by the voltage dependent binding of Ca
2+

 to a regulatory site, or by voltage-

dependent movement of a part of the Orai1/STIM1 complex with Ca
2+

 bound to it, or 

both. While this paper was under review, Park et. al. (2009) produced convincing 

evidence that there is a direct binding between STIM1 and Orai1 (Park et al., 2009). 

These authors show that the so-called CRAC activation domain (CAD) of STIM1 binds 

to both C and N termini of Orai1 and activates ICRAC, and that tetramers of CAD bind to 

multiple sites on the CRAC channels and create large clusters of Orai1 (Park et al., 

2009).  Moreover, apparently, current activated by CAD lacks fast Ca
2+ 

dependent 

inactivation, but inactivation is restored by increasing the length of C terminus of the 

peptide (Park et al., 2009).  This supports the notion that the function of the Ca
2+

 

binding site responsible for fast Ca
2+

 dependent inactivation depends on the interaction 

between STIM1 and Orai1. The results presented in this paper suggest that this 

interaction between STIM1 and Orai1, and therefore the properties of the regulatory 

Ca
2+

 binding site(s), or the conformational change within the Orai1/STIM1 complex 

following Ca
2+

 binding to this site, are affected by the relative expression levels of 
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Orai1 and STIM1. With eight potential binding sites for STIM1 present in Orai1 

tetramer, relative expression levels of Orai1 and STIM1 may affect the way how the 

Orai1/STIM1 complex is formed, and therefore, the properties of the regulatory Ca
2+

 

binding site. This can explain the observed complex dependence of the channel open 

probability on voltage and divalent cations.      

Lack of inactivation in the presence of Ba
2+

 or Sr
2+

 reported here can be a result of a 

lower affinity of these cations to the Ca
2+

 binding site involved in inactivation, or their 

lower efficacy. Similarly, lack of inactivation in cells expressing an excess of Orai1 can 

be explained by lower affinity of this site for Ca
2+

, or its lower efficacy. Consistent with 

that, in the cells where Orai1/STIM1 mediated current showed little inactivation at 

negative potentials, Ba
2+

 had little effect on current kinetics and the apparent open 

probability curve, just shifting it to more negative potentials, while in cells expressing 

Orai1/STIM1 current showing strong inactivation, Ba
2+

 abolished most of the 

inactivation and revealed a different type of gating that opened the channel at negative 

potentials.  

Interestingly, Ba
2+

 has been shown to have different effects on native ICRAC in different 

cell types. In RBL cells at potentials below -80 mV, Ba
2+

 current through CRAC 

channels was bigger than Ca
2+

 current, while in Jurkat cells Ba
2+

 current was 

significantly smaller at all potentials (Hoth, 1995). This difference in Ba
2+

 permeability 

led to a suggestion that there might be different subtypes of CRAC channels expressed 

in different cell types.  Our data suggests that different cell types that express the same 

isoforms of Orai and STIM still can have ICRAC with different properties if the ratios of 

expression of Orai1 and STIM1 are different. 
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Another salient property of ICRAC is potentiation by lower and inhibition by higher 

concentrations of 2-APB (Prakriya & Lewis, 2001). It has been suggested that 2-APB 

potentiates ICRAC by increasing the number of active CRAC channels on the plasma 

membrane (Prakriya & Lewis, 2006). Potentiation by 2-APB of Orai1/STIM1 mediated 

currents has been reported in some overexpression studies but not the others (Mercer et 

al., 2006; Lis et al., 2007). Here we show that the extent of potentiation of the 

Orai1/STIM1 current by 2-APB depends on relative levels of expression of Orai1 and 

STIM1 and correlates with the kinetics of the current. As this potentiation is much 

greater when the size of the current is limited by the expression of STIM1, one can 

speculate that 2-APB increases the probability of STIM1 interacting with Orai1 thus 

increasing the number of active channels on the membrane. With Orai1 in excess this 

would favour formation of Orai1/STIM1 complexes with fewer STIM1 bound. 

Alternatively, 2-APB could facilitate opening of the pre-formed channels with fewer 

STIM1 in the complex. Both these notions are consistent with the observation that 

potentiation of the amplitude of the Orai1/STIM1 current by 2-APB in cells expressing 

an excess of Orai1 was accompanied by an increase of activating component of the 

current recorded at negative voltage steps.  Such strong activation of the current at 

negative potentials could also be achieved in the absence of 2-APB in some cells where, 

apparently, expression of Orai1 relative to STIM1 was exceptionally high.  

In conclusion, we have shown that relative expression levels of Orai1 and STIM1 affect 

the properties of the ectopically expressed CRAC channels – the fast Ca
2+

 dependent 

inactivation, relative Ba
2+

 conductance, and potentiation by 2-APB. These data provide 

explanation for the previously observed variations in the properties of native ICRAC in 

different cell types, and for some apparent inconsistencies of over-expression studies 

where both inactivating and non-inactivating Orai1/STIM1 mediated currents were 
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reported. We believe that relative expression levels of Orai1 and STIM1 affect the 

stoichiometry of their assembly, and therefore, the properties of the Ca
2+

 binding site 

responsible for inactivation. 
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CHAPTER 3:   

  
NOTE:   

This publication is included on pages 99-132 in the print copy  
of the thesis held in the University of Adelaide Library. 

  
It is also available online to authorised users at: 

  
http://doi.org/10.1042/BJ20110558 
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Scrimgeour, N.R., Wilson, D.P. & Rychkov, G.Y. (2012) Glutamate 106 in the Orai 1 pore contributes 
to fast Ca2+ -dependent inactivation and pH dependence of Ca2+ release-activated Ca2+ (CRAC) 
current. 
Biochemical Journal, v. 441, pp. 743-753 
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CHAPTER 4:   

Store independent activation and properties of 

Orai3/STIM1 mediated current  
 

 

4.1. Introduction 

Store operated Ca
2+

 channels are activated following IP3-mediated Ca
2+

 release and 

depletion of intracellular Ca
2+ 

stores. This allows Ca
2+

 entry across the plasma 

membrane for prolonged elevations in intracellular [Ca
2+

] and refilling of the stores 

(Parekh & Putney, 2005). The store operated CRAC channel has been extensively 

characterised and is present in many cell types, including haematopoietic cells, 

endothelial cells, hepatocytes, and skeletal muscle (Zweifach & Lewis, 1993; 

Kurebayashi & Ogawa, 2001; Rychkov et al., 2001; Abdullaev et al., 2008). Two 

essential molecular components of CRAC channels, STIM1 and Orai1, were identified 

using high throughput RNAi screens (Liou et al., 2005, Roos et al., 2005; Feske et al., 

2006; Vig et al., 2006b). Heterologous coexpression of STIM1 with Orai1 results in 

reconstitution of a highly selective inwardly rectifying Ca
2+

 current activated following 

intracellular store depletion (Mercer et al., 2006; Soboloff et al., 2006b). In addition to 

Orai1, there are two other Orai homologues, Orai2 and Orai3, which can also form 

highly Ca
2+

 selective channels activated by store depletion (Mercer et al., 2006; Vig et 

al., 2006b; Lis et al., 2007). The channels formed by each of the Orai homologues can 

be distinguished from each other by a number of characteristics, including their Ca
2+

 

dependent kinetics, and response to extracellular application of 2-APB (Lis et al., 

2007). 

The majority of investigations following the identification of the Orai family of proteins 

have focused on Orai1 primarily due to its established role in T cell activation and 

therefore critical role in secondary immune responses, but a handful of recent studies 
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have focused on the properties of Orai3. Some initial studies reported that Orai3 could 

not mediate store operated Ca
2+

 entry (Mercer et al., 2006; DeHaven et al., 2007). 

However, it has since been firmly established that Orai3 co-expressed with STIM1 is in 

fact able to mediate ICRAC, albeit with a smaller whole cell amplitude than Orai1, and 

distinct biophysical and pharmacological properties (Lis et al., 2007; DeHaven et al., 

2008; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008).  

Ectopically expressed STIM1-Orai3 mediated currents have been consistently reported 

to show FCDI stronger than that of native CRAC currents (Lis et al., 2007; Lee et al., 

2009; Schindl et al., 2009). In contrast, STIM1-Orai1 mediated current FCDI varied 

between early studies, with some reporting FCDI similar to native CRAC channels 

(Yamashita et al., 2007; Spassova et al., 2008), while others found very weak FCDI or 

currents that potentiated over the same time course (Lis et al., 2007). It has been 

identified that a possible reason for the variance in Orai1 FCDI was a difference in the 

relative amount of STIM1 present, where an increased relative amount of STIM1 would 

result in stronger FCDI (Fig 2.2). Consistent with a STIM1 role in FCDI, a negatively 

charged C-terminal region of STIM1, CMD, was discovered to be required for FCDI of 

Orai1 (Derler et al., 2009b; Lee et al., 2009; Mullins et al., 2009). Co-expression of 

Orai3 with truncated STIM1 lacking CMD resulted in current which lacked strong 

FCDI, suggesting that STIM1 is also involved in Orai3 gating (Lee et al., 2009). 

However, the effect of the relative expression of STIM1 and Orai3 remains to be 

investigated. 

One of the most commonly used pharmacological agents in the investigation of ion 

channels is 2-APB. 2-APB has been described as a modulator of IP3 receptors 

(Maruyama et al., 1997) and some TRPV channels (Hu et al., 2004), and is generally 

regarded as a blocker of store operated Ca
2+

 channels. However, it has complex time 
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and dose dependent effects on native CRAC and ectopically expressed STIM1/Orai1-3 

channels. At low concentrations (<5 μM), 2-APB slightly potentiates, while at higher 

(>10 μM) concentrations it transiently potentiates then blocks native CRAC and 

STIM1/Orai1 currents (Prakriya & Lewis, 2001; Lis et al., 2007). The likely 

mechanism of the block by 2-APB is that it reverses the formation of STIM1 puncta 

and therefore reverses channel activation (DeHaven et al., 2008; Peinelt et al., 2008). 

The effect of 2-APB on Orai3 is startlingly different. Application of 50-100 μM 2-APB 

to cells overexpressing Orai3 blocked store operated Ca
2+

 entry (Yamashita et al., 

2011), but also rapidly activated a non-selective cation current larger than the Ca
2+

 

current normally carried by Orai3, as well as an outward current carried by Cs
+
 

(DeHaven et al., 2007; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008). 

Associated with the 2-APB induced change in selectivity was an increase in estimated 

minimum pore diameter from 3.8 Å to 5.34 Å (Schindl et al., 2008). The current was 

able to be activated without overexpressed STIM1, or without depletion of intracellular 

stores, indicating that this is a store independent mechanism of Orai3 activation 

(DeHaven et al., 2007; Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008). 

Another characteristic property of ICRAC and STIM1/Orai1 mediated current is a strong 

dependence on external pH, where current is maximally inhibited at below pH 6.0, and 

is increasingly potentiated by raising pH as high as 9.0 (Malayev & Nelson, 1995) (Fig. 

3.8B). This phenomenon is likely to be due to protonation of the negatively charged 

Ca
2+

 binding selectivity centre of Orai1 (E106) (Fig. 3.8). Like Orai1 E106, Orai3 E81 

has been confirmed to be critical for Ca
2+

 permeation and selectivity of STIM1/Orai3 

mediated current (Zhang et al., 2008), and can therefore be regarded as the selectivity 

centre of Orai3. However, whether this pH dependence also exists for STIM1/Orai3 

mediated current or 2-APB activated Orai3 current is unknown. 
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In this study, which was performed prior to publication of most papers on Orai3, we 

overexpressed Orai3 and STIM1 in H4IIE rat liver cells in order to investigate the 

biophysical properties of channels formed by Orai3, and to further investigate the effect 

of 2-APB on these channels. We report that overexpressed Orai3 is able to mediate 

store operated Ca
2+

 entry in the H4IIE rat liver cell line and independently confirm the 

subsequently published basic properties of Orai3 mediated store dependent and 

independent currents. Our investigations revealed that compared to Orai1, Orai3 

mediated current has a much weaker dependence of its FCDI on the relative expression 

of STIM1, and shows a weaker dependence on the external pH, with a reduced 

potentiation of the current by alkaline bath solution. Finally, we confirmed that 2-APB 

activates a non-selective, store independent current through Orai3. Beyond the already 

established properties of the 2-APB activated current, we have also found that this 

current exhibits no dependence on external pH, and that the divalent cation conductance 

characteristics are distinct to those of store operated Orai3 current. 

4.2. Methods 

4.2.1. Cell culture & transfection 

H4IIE rat liver cells (ATCC CRL 1548) were cultured at 37°C in 5% (v/v) CO2 in air in 

DMEM supplemented with 100 µM non-essential amino acids, 2 mM L-Glutamine and 

10% fetal bovine serum. To express STIM1 and Orai3, these genes were subcloned into 

pCMV-Sport6 and the GFP co-expressing vector pAdTrack-CMV, as previously 

described (Section 2.2) and transfected into cells plated on glass cover slips using 

Polyfect (Qiagen, Germany) transfection reagent according to the manufacturer’s 

instructions. Where given, the two plasmids were transfected in the ratios shown. 

Where the ratio is not shown, the ratio used was 2 STIM1: 1 Orai3. Experiments were 

performed 24-48 hours following transfection. 
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4.2.2. Electrophysiology 

Whole-cell patch clamping was performed at room temperature using a computer based 

patch-clamp amplifier (EPC-9, HEKA Elektronik) and PULSE software (HEKA 

Elektronik). The control bath solution contained 140 mM NaCl, 4 mM CsCl, 10 mM 

CaCl2, 2 mM MgCl2, and 10 mM Na-HEPES adjusted to pH 7.4 with NaOH. The 

internal solution contained 130 mM caesium glutamate, 4 mM CaCl2, 1 mM MgATP, 5 

mM MgCl2, 10 mM EGTA, and 10 mM Na-HEPES adjusted to pH 7.2 with NaOH, 

with 20 μM IP3 (Sigma) added to deplete intracellular Ca
2+

 stores, except where stated 

otherwise. Patch pipettes were pulled from borosilicate glass and fire polished to give a 

pipette resistance of between 3 and 5 MΩ. Series resistance did not exceed 15 MΩ and 

was 50-70% compensated. 

Following the establishment of whole cell configuration, the development of ICRAC was 

monitored by applying voltage ramps from –138 to +102 mV every two seconds. All 

voltages shown have been corrected for the liquid junction potential between the bath 

and electrode solutions, -18 mV when Na
+
 is the dominant external cation (estimated by 

JPCalc (Barry, 1994)). The holding potential was -18 mV throughout. The EPC-9 

amplifier automatically compensated for cell capacitance. 

4.2.3. Data analysis  

Normalised instantaneous tail currents for voltage steps to -118 mV after test pulses in 

the range of -158 to 102 mV were used to produce the apparent open probability (Po) 

curves by fitting with the Boltzmann distribution with an offset of the form: 

                            
)/)exp((1

1
)(

2/1

min
min

kVV

P
PVPo




                              (eq. 4.1)  
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Where Pmin is an offset, V is the membrane potential, V1/2 is the half maximal activation 

potential (please note that V1/2 corresponds to the inflexion point of the Po curve), and k 

is the slope factor.  

To determine the amplitude of the instantaneous tail currents and to minimise the error 

due to the cell capacitance the tail currents were fitted with a single exponential 

function to the beginning of the -118 mV pulse. 

4.3. Results 

4.3.1. Orai3 is activated by store depletion in H4IIE cells 

To investigate whether Orai3 can mediate SOCE in H4IIE cells, plasmids containing 

Orai3 and STIM1 were co-transfected in equimolar amounts, and currents were 

measured using patch clamping following store depletion by intracellular perfusion with 

20 µM IP3. Orai3/STIM1 transfected H4IIE cells produced ICRAC with a mean 

maximum amplitude of -16.0 ± 2.3 pA/pF (n=15) (Fig 4.1A). In comparison, native 

ISOC in H4IIE cells activated by intracellular perfusion with IP3 develops to a mean 

maximum amplitude of -2.53 ± 0.55 pA/pF (Rychkov et al., 2001). We observed 

variable activation kinetics from Orai3/STIM1 transfected cells, where some currents 

developed from zero following establishment of whole cell configuration, while some 

cells displayed a spontaneously active present current that further developed to a steady 

state (data not shown). This phenomenon has been previously reported for 

Orai1/STIM1 mediated currents (Fig 2.1A) (Zhang et al., 2008).  

Native ICRAC and Orai1/STIM1 mediated currents are highly selective for Ca
2+

 over 

monovalent cations. As a result, the current-voltage relationship for native and 

Orai1/STIM1 mediated currents shows strong inward rectification, a reversal potential 

positive to +50 mV and negligible outward current (Hoth & Penner, 1993; Rychkov et 

al., 2001, Mercer et al., 2006; Soboloff et al., 2006b). The current-voltage relationship 
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for Orai3/STIM1 mediated current in H4IIE cells revealed strong inward rectification at 

negative membrane potentials and a reversal potential positive to +40 mV and 

negligible outward current indicating that it is also highly selective for Ca
2+

 over 

monovalent cations
 
(Fig 4.1B).  

Orai3/STIM1 mediated current has been consistently reported to show robust FCDI. 

Our experiments were in agreement with this, as following development of the current, 

hyperpolarising steps to -118 mV resulted in rapid inactivation of the current along a 

double exponential time course approaching a steady state after 200 ms (Fig 4.1C). To 

characterise the apparent voltage dependence of Orai3 FCDI, we estimated the open 

probability (Po) of Orai3/STIM1 mediated current at a range of membrane potentials. 

The maximum Po was at potentials positive to 42 mV, with a minimum Po of 

approximately 0.1 at potentials negative to -118 mV, and a V½ of -36 mV (Fig 4.1D). 

Compared to STIM1/Orai1 mediated current displaying strong FCDI (Fig 2.6D), this 

represents a rightward shift in the curve of approximately 55 mV (Fig 4.1D). This 

suggests that ICRAC due to Orai3 is ~70% inactivated at a resting potential of -60 mV. 

4.3.2. FCDI of Orai3 is independent of relative transfection ratio 

We have previously shown that the relative expression of Orai1 and STIM1 is linked to 

differences in FCDI and other properties of Orai1/STIM1 mediated current. A 4:1 

excess of Orai1 plasmid relative to STIM1 plasmid in the transfection was correlated to 

the relative amount of each protein detected by Western blot, and resulted in ICRAC that 

showed a robust reduction of FCDI and activation in response to 200 ms 

hyperpolarising steps (Fig 2.4D). Similar results have since been published by 

combining patch clamp recording with fluorescent imaging techniques (Hoover & 

Lewis, 2011; Li et al., 2011). While Orai3 has been reported to show very strong FCDI 

(Lis et al., 2007) (Fig 4.1 C, D), in light of the role of the relative expression ratios of  
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Figure 4.1. Properties of STIM1/Orai3 mediated current 
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(A) Development of the STIM1/Orai3 mediated current (n=15). Each point represents 

the average amplitude of the current at -118 mV measured in response to 100 ms 

voltage ramps from -138 mV to 102 mV applied every 2s immediately following 

establishment of whole cell configuration. (B) Example I-V plot obtained in response to 

a 100 ms voltage ramp from -138 to 102 mV from a cell displaying STIM1/Orai3 

mediated current. (C) Example of a STIM1/Orai3 mediated current trace recorded in 

response to a 200 ms step to -118 mV from the holding potential of -18 mV. (D) 

Apparent open probability of the Orai1 obtained by normalising tail currents recorded 

in response to 100 ms voltage steps ranging from -158 to 102 mV in 20 mV increments 

followed by a step to -118 mV (n=3). The data was fitted using a Boltzmann function 

(Eq. 4.1). Shown for comparison is the apparent open probability of STIM1/Orai1 

mediated current displaying strong FCDI, obtained using the same protocol over a 

different range of voltages. 
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Orai1 and STIM1 on FCDI we aimed to determine whether Orai3/STIM1 mediated 

current may be similarly affected. A similar protocol modifying the relative amount of 

each plasmid transfected was used here to investigate whether a similar relationship 

exists between Orai3 and STIM1. 

In contrast to STIM1/Orai1, STIM1/Orai3 mediated currents showed strong FCDI with 

both STIM1:Orai3 ratios - 4:1 and 1:2 (Fig 4.2A, B). In order to see if the dependence 

on the transfection ratio may be shifted, the ratio was progressively increased in favour 

of Orai3 up to a ratio of 1:10, however current with strong FCDI continued to be 

displayed (Fig 4.2C). Beyond this transfection ratio, the likelihood of recording an 

STIM1/Orai3 mediated current was very low, presumably due to the lack of sufficient 

amount of STIM1. It has been reported that at least 4 STIM1s are required to bind to an 

Orai1 tetramer in order to produce a current, and this may also be the case for Orai3 

(Hoover & Lewis, 2011). The extent of FCDI was quantified by normalising the current 

at the end of a 200 ms step from the holding potential to -118 mV, to the peak current at 

the beginning of the step (I200/I0). No change in the average extent of FCDI was found 

between the three transfection conditions (Fig 4.2D). Therefore, Orai3/STIM1 mediated 

current shows very strong FCDI independently of the transfection ratio. 

4.3.3. Selectivity of Orai3/STIM1 mediated current. 

Ba
2+

 conductance through ectopically expressed CRAC channels made up of STIM1 

and any of Orai homologues was shown to be smaller than Ca
2+

 conductance. It was 

even suggested that a significant portion of ICRAC recorded in the presence of Ba
2+

 is 

carried by Na
+
 ions (Li et al., 2007). In our hands Ba

2+
 and Sr

2+
 conductance through 

Orai1 was dependent on the inactivation/reactivation kinetics of ICRAC. In cells which 

expressed ICRAC displaying strong FCDI, whole cell amplitude was increased when Ca
2+

 

was replaced with Sr
2+

 or Ba
2+

, whereas in cells expressing ICRAC with weak FCDI  
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Figure 4.2. STIM1/Orai3 mediated current independence from relative expression 

ratio 
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Example current traces recorded in response to a 200 ms step from the holding potential 

to -118 mV in cells transfected with STIM1 and Orai1 plasmids in relative ratios of (A) 

4 STIM1: 1 Orai3, (B) 1 STIM1: 2 Orai3 and (C) 1 STIM1: 10 Orai3. (D) Mean I200/I0 

for 4 STIM1: 1 Orai3 (n=5) 1 STIM1: 2 Orai3 (n=6) and 1 STIM1: 10 Orai3 (n=4). 

One-way ANOVA revealed no significant difference between any two transfection 

conditions (p>0.05). 
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replacement of Ca
2+

 with Sr
2+

 or Ba
2+

 resulted in much smaller currents (Fig 2.5A). 

Here, we investigated the divalent ions permeability and conductance through Orai3 

using the same Ca
2+ 

substitutions. In response to 10 mM Ca
2+

 substitution with 10 mM 

Ba
2+

 or 10 mM Sr
2+

, as with inactivating Orai1/STIM1 current, we observed no change 

in reversal potential. There was, however, an increase in amplitude of Ba
2+

 current by 

~60% and Sr
2+

 current by ~130% (Fig 4.3A). Orai3/STIM1 mediated current showed 

inactivation in response to hyperpolarising steps regardless of the divalent charge 

carrier in the external solution (Fig 4.3B). Ca
2+

 and Sr
2+

 exhibited almost identical 

kinetics, while Ba
2+

 had relatively weaker inactivation (Fig 4.3C). This was in contrast 

to Orai1/STIM1 mediated current, which displayed activation at negative potentials 

when Ba
2+

 or Sr
2+

 was the charge carrying divalent cation (Fig. 2.5).  

In the absence of external divalent ions, both native ICRAC and Orai1/STIM1 mediated 

current become permeable to Na
+
, exhibiting larger inward current amplitude, weaker 

rectification, and becoming marginally permeable to internal Cs
+
 (Hoth & Penner, 

1993; Kerschbaum & Cahalan, 1998; Feske et al., 2006; Prakriya et al., 2006). 

Similarly, in a divalent cation free external solution buffered with 2 mM EDTA, Orai3 

conducted a Na
+
 current with an approximately 15-fold larger amplitude than the Ca

2+
 

current. When Na
+
 was replaced by Cs

+
 as the charge carrier, there was a nearly 

complete loss of inward current (Fig 4.3D).  

4.3.4. Orai3 mediated current shows reduced external pH dependence 

compared to Orai1 

Reductions in external pH resulted in a reduction of Orai3 current amplitude, with a 

maximum of 70% block seen at pH 5 or lower. Increases in external pH caused a 

maximum increase in current amplitude of 85% at pH 8 or higher. The pKa of the pH 

dependence was 7.5 (Fig 4.4A). By comparison, CRAC channels are blocked by  
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Figure 4.3. Selectivity of STIM1/Orai3 mediated current 
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(A) Example I-V plot obtained from a cell displaying STIM1/Orai3 mediated current 

with 10 mM Ca2+ (red), 10 mM Sr2+ (black), or 10 mM Ba2+ (blue) as the charge 

carrying divalent cation, as marked. (B) Example current traces recorded in response to 

a 200 ms step to -118 mV with 10 mM Ca2+, 10 mM Sr2+, or 10 mM Ba2+ as the charge 

carrying divalent cation, as marked. (C) Current traces from Fig 3B normalised to peak 

current at the beginning of the 200 ms step. (D) Example I-V plot obtained from a cell 

displaying STIM1/Orai3 mediated current in divalent free extracellular solution 

containing either Na+ or Cs+ as the monovalent charge carrier, as marked. Shown for 

comparison is the STIM1/Orai3 mediated current in 10 mM Ca2+ (red) from the same 

cell. 
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reducing external pH to 6.0 or below, and potentiated up to 2.5-fold by alkaline 

extracellular solutions. The pKa of this pH dependence has been estimated at 8.3 in 

CRAC channels of macrophages, (Malayev & Nelson, 1995) and we have estimated a 

similar dependence for STIM1/Orai1 mediated current, with a pKa of 7.8 (Fig. 3.8B, 

4.4B).   

We considered that a change in current amplitude may be the result of a change in 

single channel conductance, and that FCDI may be altered as a result. In the case of the 

potentiation in alkaline pH in STIM1/Orai3 mediated current no change in the 

maximum extent of FCDI, nor in the voltage dependence of Po was found (Fig 4.4C). 

As current was rapidly blocked as external pH was reduced, analysis of FCDI of 

STIM1/Orai3 at these low pH was not possible. This is also what we have observed for 

potentiation of STIM1/Orai1 mediated current by alkaline pH, where there was no 

effect on FCDI (Fig 4.4D).  

 

4.3.5. The selectivity centre of Orai3 is a pH dependent site 

We have previously demonstrated that the pH dependence of Orai1 is due to 

protonation of the negatively charged selectivity centre of the pore, comprised of a ring 

of E106 residues (Fig 3.8). We aimed to investigate whether the selectivity centre of 

Orai3 is also the site of pH dependence despite a smaller change, compared to Orai1, in 

response to altering pH. We constructed a mutant, E81D Orai3, which is homologous to 

the E106D Orai1 mutant we previously investigated in relation to external pH 

dependence (Section 3.3). Similarly to E106D Orai1, E81D Orai3 displayed reduced 

selectivity for Ca
2+

 over Na
+
, and an outward Cs

+
 conductance (Fig 4.5A). Steps to 

negative potentials reveal fast current decay over the first 10 ms (Fig 4.5B), which can 

be largely attributed to Ca
2+

 block of Na
+
 current (Fig 4.5C). In the absence of external  
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Figure 4.4. pH dependence of STIM1/Orai1 and STIM1/Orai3 mediated current 
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(A) Titration curve of STIM1/Orai3 mediated current obtained by recording the 

amplitude of currents at -118 mV in response to a voltage ramp at different pH and 

normalising to the amplitude at pH 7.4. Data points were fitted with the standard Hill 

equation. (B) Titration curve of STIM1/Orai1 mediated current obtained as in (A). (C) 

Apparent Po of STIM1/Orai3 mediated current in response to extracellular pH as 

marked, obtained as in Fig 1D (n=3). (D) Apparent Po of STIM1/Orai1 mediated 

current in response to extracellular pH as marked, obtained as in Fig 1D (n=3).  
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Na
+
, E81D Orai3 exhibited an accelerated form of FCDI, where current decayed 

exponentially with a time constant of less than 5 ms in response to negative steps from a 

prepulse of +62 mV (Fig 4.5C). This is similar to what we have observed for E106D 

Orai1 (Fig 3.3B). The voltage dependence of this accelerated FCDI is shifted to more 

positive potentials compared to WT Orai3, and is nearly identical to that seen for 

E106D Orai1 (Fig 4.5D). 

In contrast to WT Orai3, and similarly to E106D Orai1, application of pH 5.0 external 

solution greatly increased the inward current of E81D Orai3 (Fig 4.6A). Application of 

steps to negative potentials revealed that this increase was due to a loss of the Ca
2+

 

block of Na
+
 current (Fig 4.6B). The extent of Ca

2+
 block of Na

+
 current was measured 

at pH 5.0, 6.8 and 7.4, revealing that this is a strongly pH dependent phenomenon (Fig 

4.6C).  These points correspond closely to the pH titration curve of Ca
2+ 

block of Na
+
 

current through E106D Orai1, indicating that the pH dependence of these two 

homologous mutants is identical (Fig 4.6C). This suggests that the negatively charged 

selectivity centre within the pore of Orai3 is dependent on external pH and able to be 

protonated. The similarity in the properties of the homologous pore mutants E81D 

Orai3 and E106D Orai1 is in contrast to the distinct FCDI and pH dependent properties 

of WT Orai3 and WT Orai1. This supports the notion that the negatively charged Ca
2+

 

binding site within the pore of channels formed by Orai proteins is critical for Ca
2+

 

dependent gating. This suggests that Ca
2+

 binding within the pore may allosterically 

affect intracellular domains of the channel involved in FCDI, or that Ca
2+

 binding 

within the pore at E106 Orai1 or E81 Orai3 is itself part of the gating mechanism. This 

also suggests that the difference between Orai1 and Orai3 mediated ICRAC is likely to be 

due to the difference in their interaction with STIM1. 
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Figure 4.5. Properties of STIM1/E81D Orai3 mediated current. 
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(A) Example I-V plot obtained from cell displaying STIM1/E81D Orai3 mediated 

current, in the presence of either 140 mM Na
+
 or 140 mM NMDG

+
 as the dominant 

external cation, as marked. (B) E81D Orai3 current recorded in 140 mM Na
+
 and 10 

mM Ca
2+

 or (C) 140 mM NMDG
+
 and 10 mM Ca

2+
, in response to the following 

voltage protocol: 50 ms prepulse to 62 mV followed by steps ranging from -138 mV to 

62 mV in 20 mV increments. (D) Apparent Po of E81D Orai3 current, obtained as in 

Fig 1D (n=6). Shown for comparison is the apparent Po of E106D Orai1 current, 

obtained using the same protocol. 
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4.3.6. 2-APB activates a large inward and outward current through 

Orai3 

Following development of Orai3/STIM1 mediated current, application of 50 μM 2-APB 

caused a rapid 3.5 fold potentiation of inward current at negative potentials which 

followed an exponential time course with mean  = 31.54 s. This was followed 

approximately 10 seconds later by the activation of a very large outward current which 

developed with an exponential time course with mean  = 19.21 s to an amplitude more 

than twice that of the 2-APB potentiated inward current (Fig 4.7A). These changes were 

also accompanied by a leftward shift in the reversal potential to approximately 0 mV. 

The development of an outwardly rectifying component and leftward shift in reversal 

potential in response to 2-APB suggested that there was a decrease in Orai3 selectivity 

for Ca
2+

 over monovalent cations. The Ca
2+

-dependent kinetics of 2-APB activated 

Orai3 was also significantly altered, compared to store-operated Orai3. The current 

potentiated by 2-APB showed no discernable FCDI in response to steps to negative 

potentials (Fig 4.7B). Taken together with the loss of Ca
2+

 selectivity, these results  

suggested that 2-APB activated channels wholly or partly composed of Orai3, but 

bearing little resemblance to CRAC channels usually formed by Orai subunits. 

We considered that the current amplitude of Orai3 may be increased by 2-APB by 

recruiting additional Orai3 or non-Orai channels to the plasma membrane, or activating 

additional channels already present on the membrane. To determine if this was the case, 

we hypothesised that if there are no additional channels recruited/activated then it 

would be  expected that the maximum current activated by 2-APB would be 

proportional to the current activated by store depletion. Consistent with this there was a 

strong linear correlation between maximum ICRAC activated by 20 μM intracellular IP3, 

and the maximum inward current activated by 50 μM 2-APB (p<0.05, r
2
=0.91) (Fig 
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Figure 4.6. pH dependence of E81D Orai3 
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 (A) Example I-V plots from a cell displaying E81D Orai3 current in extracellular 

solution of pH 7.4 and pH 5.0, as marked. (B) E81D Orai3 current recorded in 140 mM 

Na+ and 10 mM Ca2+ at pH 5.0 in response to the same voltage protocol as Fig 5C. (C) 

pH titration of E81D Orai3 obtained by normalising the steady state current to the peak 

current (I50/I0) in response to a step to -118 mV following a prepulse to 62 mV at 

different pH (n=3). Points are compared to the same titration performed using E106D 

Orai1 (grey). 
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4.7C). This indicates that the 2-APB activated current amplitude is dependent on the 

number of Orai3 channels already present in the plasma membrane, and 2-APB does 

not recruit or activate additional channels. Only Orai3 that could interact with STIM1 

contributed to 2-APB activated current.  

4.3.7. Orai3 is activated by 2-APB in a store independent manner 

The potentiating effect of 2-APB was rapidly reversible and repeatable by removing 

and reapplying 2-APB through the bath solution (data not shown). Interestingly, the IP3-

mediated current was no longer present after washing off 2-APB, suggesting that 2-

APB may work on Orai3 channels in two ways; firstly to block store depletion activated 

Ca
2+

 current in a slowly reversible manner similar to what is seen when applied at 50 

μM to Orai1, and secondly to acutely activate it through a different pathway. While it 

was previously suggested that 2-APB has no blocking effect on Orai3 current, it was 

also acknowledged that any blocking effect may be masked by potentiation (Peinelt et 

al., 2008) and subsequently, it has been reported that store operated Orai3 mediated 

current is indeed blocked by 2-APB (Yamashita et al., 2011). 

2-APB blocks Orai1/STIM1 mediated current in a slowly reversible manner by 

physically separating STIM1 puncta from Orai1 on the plasma membrane (Peinelt et 

al., 2008). If 2-APB blocks store operated current through Orai3 in a similar manner as 

the data suggests, and the STIM1 dependent mechanism FCDI is lost, then it raises the 

possibility that the acute activation by 2-APB occurs independently of STIM1, and 

therefore independently of Ca
2+

 stores. To test this hypothesis, we overexpressed Orai3 

without overexpressing STIM1, and/or without IP3 in the pipette solution. With no 

activation of store operated current under either or both of these conditions, 50 μM 2-

APB still activated large inwardly and outwardly rectifying currents near identical to 

those seen following IP3-mediated current development and subsequent application of  



 

153 

 

Figure 4.7. 2-APB activation of a STIM1 independent Orai3 current 
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(A) Example I-V plot obtained from a cell displaying STIM1/Orai3 mediated current, 

and current from the same cell 120 s following application of 50 μM 2-APB. (B) 

Example current traces recorded from the same cell in response to a 200 ms step from 

the holding potential to -118 mV prior to and following application of 50 μM 2-APB, as 

marked. (C) Correlation between the maximum STIM1/Orai3 mediated current and 

maximum 2-APB activated current (I2-APB). Linear regression revealed r
2
 =0.91, and a 

slope of 3.5, representing the fold increase in whole cell current amplitude at -118 mV 

following application of 50 μM 2-APB. (D) Mean inward and outward current in cells 

overexpressing Orai3 alone, with no intracellular IP3 perfusion, in response to 50 μM 2-

APB and subsequent washout (n=2). 
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50 μM 2-APB (Fig 4.7D). This indicates that neither store depletion nor STIM1 is 

required to see this effect, and rather than potentiating store operated Orai3 current, 2-

APB is activating a different current involving Orai3. 

4.3.8. Orai3 current activated by 2-APB is non-selective 

We performed ion substitution experiments to confirm whether 2-APB activated Orai3 

is permeable to monovalent cations, as suggested by the current-voltage relationship. 

Following activation by 2-APB, Na
+
 in the external solution was substituted with a 

large organic cation, TEA
+
, which is impermeable to most ion channels due to its size. 

This substitution resulted in an approximate 40% reduction in 2-APB activated inward 

current amplitude, proving that 2-APB activated Orai3 is highly permeable to Na
+
 

compared to STIM1/Orai3 mediated current (Fig 4.8A). The substitution was also 

accompanied by a shift in the apparent reversal potential towards more positive 

voltages, which is likely to be the result of complex effects of Ca
2+

 bound in the pore on 

monovalent cation permeation (Fig 4.8A). Application of divalent free external solution 

resulted in a greater than 10-fold increase in inward current amplitude when Na
+
 was 

used as the charge carrier (Fig 4.8B). Unlike STIM1/Orai3 mediated current, there was 

a significant inward conductance when Cs
+
 was used as the charge carrier in a divalent 

free external solution (Fig 4.8B). TEA
+
 was not conducted under these conditions (Fig 

4.8B). 

Native ICRAC, Orai1/STIM1 mediated current and Orai3/STIM1 mediated currents are 

largely impermeable to external Cs
+
 even in the absence of Ca

2+
 (Hoth & Penner, 1993; 

Kerschbaum & Cahalan, 1998; Feske et al., 2006; Prakriya et al., 2006) (Fig 4.3D).  

However, as 2-APB activated Orai3 displays inward Cs
+
 conductance in divalent free 

solutions (Fig 4.8B), in addition to a very large outward conductance with Cs
+
 as the 

dominant intracellular cation, it seemed likely that Cs
+
 is the outward current charge  
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Figure 4.8. Selectivity of 2-APB activated Orai3 current 
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(A) Example I-V plots obtained from a cell displaying 2-APB activated current with 

either 10 mM Ca
2+

 and 140 mM Na
+
, or 10 mM Ca

2+
 and 140 mM TEA

+
 in the 

extracellular solution, as marked. (B) Example I-V plots obtained from a cell displaying 

2-APB activated current in divalent free extracellular solution with either Na
+
, Cs

+
, or 

TEA
+
 as the charge carrying monovalent cation, as marked. Shown for comparison is 

the current recorded from the same cell in the presence of Ca
2+

. (C) Mean I-V plots 

from cells displaying 2-APB activated current internally perfused with either 135 mM 

Cs-Glut (n=3), or 135 mM NMDG-Met-Sul (n=3), as marked. (D) Example I-V plot 

obtained from a cell displaying 2-APB activated current with 140 mM Na
+
 and either 

10 mM Ca
2+

, 10 mM Sr
2+

, or 10 mM Ba
2+

 in the extracellular solution, as marked. 
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carrier of 2-APB activated Orai3. To test this, Cs-Glut in the internal solution was 

substituted with NMDG-Methane-Sulphonate. Cells internally perfused with the large 

impermeable NMDG
+
 had 4-fold smaller outward current amplitude at +102 mV 

relative to the inward current amplitude at -118mV compared to cells internally 

perfused with Cs
+
 (Fig 4.8C). Therefore the outward current of 2-APB activated Orai3 

is predominantly carried by Cs
+
 under standard conditions. Orai3 current activated by 

2-APB also shows an increase in inward current amplitude following 10 mM Ca
2+

 

substitution with other divalent cations, with an approximate 170% increase in response 

to Ba
2+

, and a 110% increase in response to Sr
2+ 

(Fig 4.8D). These changes in inward 

current were accompanied by weaker rectification of the outward current, suggesting a 

weaker binding of these cations in the pore compared to Ca
2+

 (Fig 4.8D) 

Unlike STIM1/Orai3 mediated current, 2-APB activated Orai3 current was not inhibited 

by acidic external pH. Lowering pH to 5.0 instead resulted in a further leftward shift of 

reversal potential and a further increase in outward current amplitude (Fig 4.9). 
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Figure 4.9. pH dependence of 2-APB activated Orai3 current 
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Example I-V plots from a cell displaying 2-APB activated Orai3 current in extracellular 

solution of pH 7.4 and 5.2, as marked. 
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4.4. Discussion 

Overexpression of Orai3 and STIM1 has been demonstrated to reconstitute CRAC-like 

channels in HEK293 cells (DeHaven et al., 2007; Lis et al., 2007; Schindl et al., 2008; 

Zhang et al., 2008), however the properties of Orai3 were previously yet to be 

investigated in any other heterologous expression system. In this study we demonstrate 

that Orai3 is able to mediate CRAC current in combination with STIM1 in H4IIE cells. 

This Orai3 current is functionally distinct from that mediated by Orai1 in that it 

consistently displays very strong FCDI even with relatively small amounts of 

transfected STIM1 plasmid, and exhibits comparatively smaller potentiation by 

extracellular alkaline pH. In addition, Orai3 is activated by external application of 2-

APB independently of STIM1 and intracellular Ca
2+

 store depletion in H4IIE cells. 

Current activated in this manner is poorly selective for Ca
2+

 over monovalent cations.  

Unlike STIM1 mediated Orai1 or Orai3 currents, 2-APB activated Orai3 current is not 

inhibited by acidic external pH, which suggests a fundamentally different structure of 

the selectivity centre of the 2-APB activated channel. 

The intracellular Ca
2+

 binding site responsible for FCDI of Orai mediated currents is 

unknown, but appears to involve both STIM1 and Orai proteins. A negatively charged 

region of STIM1 known as CMD (474-485) or IDSTIM (475-483) is required for FCDI 

of all Orai homologues (Derler et al., 2009b; Lee et al., 2009; Mullins et al., 2009). 

Changes in the relative level of expression of Orai1 and STIM1 affect the extent of 

FCDI, suggesting that variable Orai1:STIM1 stoichiometries with subsequently variable 

current properties are possible (Section 2.3) (Hoover & Lewis, 2011; Li et al., 2011). 

The concept of variable stoichiometry of Orai1/STIM1 channel formation is also 

supported by the finding that STIM1 may bind at the N-terminus or C-terminus of 

Orai1, with a greater affinity for the N-terminus (Park et al., 2009), where either one or 
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two STIM1 proteins could bind to each Orai1 pore forming subunit to activate the 

channel. As Orai1 is understood to function as a tetramer (Mignen et al., 2008; Penna et 

al., 2008), anywhere between 4 and 8 STIM1 peptides are bound to a functional 

channel, offering a range of different stoichiometries and channel properties (Hoover & 

Lewis, 2011). Whether this understanding applies to Orai3 as well is unknown, 

however given the differences in FCDI of Orai1 and Orai3, it would seem likely that 

there are also differences in their respective interactions with STIM1.  

Each of the Orai homologues is a 4 transmembrane domain protein with three 

cytoplasmic domains; the N-terminus, 2-3 intracellular loop, and C-terminus. Each of 

these domains contributes to the FCDI profile of both Orai1 and Orai3 (Frischauf et al., 

2011). The N-terminus of Orai1 (68-91) containing the calmodulin binding domain has 

been reported to be required for inactivation (Mullins et al., 2009), however this domain 

is highly conserved across Orai1-3, so is unlikely to be the reason for the different 

FCDI properties of Orai1 and Orai3. The N-terminus also contains a proline/arginine 

rich region which has been implicated in Ca
2+

 dependent reactivation of Orai1, and this 

region is not present in Orai3 (Frischauf et al., 2011). The intracellular loop of Orai1 

has been suggested to form the inactivation particle which physically blocks the channel 

during FCDI (Srikanth et al., 2010b). One reason that Orai3 displays such strong FCDI 

has been hypothesised to be a negatively charged region of its cytoplasmic C-terminus 

containing three glutamate residues which are not present in Orai1. When these 

glutamate residues are neutralised by mutation to alanine, Orai3 displays reduced FCDI 

(Lee et al., 2009). In support of a role in FCDI for this region, chimeric Orai1 with an 

Orai3 C-terminus display inactivation similar to that of Orai3, and chimeric Orai3 with 

an Orai1 C-terminus displays inactivation similar to Orai1 (Frischauf et al., 2011). 
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In the present work, FCDI of ICRAC mediated by Orai3 showed no dependence on the 

relative expression of STIM1, which was in clear contrast to ICRAC mediated by Orai1. 

There are several explanations how that could happen: (i) the minimum number of 

STIM1 required for a functional Orai3 CRAC channel is sufficient to form a fully 

functional site responsible for FCDI; (ii) FCDI in ICRAC recorded in cells transfected 

with excess of Orai1 is still present, but is masked by a strong potentiation. The 

proline/arginine rich region of the N-terminus responsible for this potentiation is absent 

in Orai3 (Frischauf et al., 2011), therefore FCDI is always visible; (iii) there is positive 

cooperativity for STIM1 binding to Orai3 tetramer, therefore 4Orai3:8STIM1 

stoichiometry is favoured; (iv) the number of Orai3 expressed on the plasma membrane 

is always low, compared to Orai1, therefore high Orai3:STIM1 ratios are never 

achieved. 

At present these suggestions are purely speculative and require further investigation. 

However, our data showing very strong linear correlation between store-operated and 2-

APB mediated Orai3 current (Fig 4.7C) suggests that in all these cells Orai3 is fully 

activated by STIM1 and there are no additional Orai3 available for activation by 2-

APB. Therefore, the last explanation is quite likely. However, in order to further 

investigate the stoichiometry of Orai3/STIM1 channels, it will be important to 

determine whether Orai3 has the same two STIM1 binding sites as Orai1. There are 

extensive sequence differences in both the N and C termini of Orai1 and Orai3. This 

potentially means that Orai3 has missing or altered STIM1 binding sites to those 

present in Orai1, or that there is a change in the relative affinity of the two STIM1 

binding sites. This may be determined using Orai3 and the activating domain of STIM1 

in yeast two-hybrid screens, similarly to previous investigations of Orai1 and STIM1  

(Park et al., 2009).  
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Other techniques used to investigate STIM1 and Orai1 could also be applied to STIM1 

and Orai3 to conclusively determine if Orai3 FCDI is dependent on the stoichiometry of 

binding with STIM1. For example, constructs expressing an Orai1 subunit concatenated 

with activation domain(s) of STIM1 have been generated to allow for fixed 1:1 or 1:2 

expression and localisation of the two proteins (Li et al., 2011). Applying this to Orai3 

may allow the channel stoichiometry to be fixed at 4Orai3:4STIM1 or 4Orai3:8STIM1. 

Alternatively, the amount of STIM1 and Orai1 within a cell has been measured using 

fluorescent tags to closely estimate the relative amounts of each protein in each cell 

recorded from (Hoover & Lewis, 2011), and this could also be applied to Orai3.  

The 2-APB binding site for activation of Orai3 remains unknown. The site is likely to 

involve extracellular domains, as when applied intracellularly, 2-APB does not activate 

Orai3 (Peinelt et al., 2008). One obvious candidate region is the 3-4 extracellular loop, 

which is considerably longer than that of Orai1 or Orai2. However, 2-APB may have an 

allosteric intracellular effect or involve the second and third transmembrane domains, as 

studies of chimeric Orai1-Orai3 constructs suggest that only these domains and the 

linking 2-3 intracellular loop of Orai3 are required for a chimeric Orai protein to be 

activated by 2-APB (Zhang et al., 2008). Along these lines, the E165 residue in the 

third transmembrane domain of Orai3 has been suggested to be a possible binding site 

for 2-APB. In addition to being within the suggested region required for 2-APB 

activation, mutation of this residue to glutamine (Orai3 E165Q) gives a store operated 

current with outward rectification and is only weakly sensitive to further stimulation by 

2-APB, suggesting that neutralisation of this residue mimics the effect of 2-APB 

(Schindl et al., 2008). It was speculated that as 2-APB has a pKa of 9.6 and is positively 

charged at physiological pH, that an electrostatic interaction between 2-APB and this 

residue may be possible (Schindl et al., 2008). Our results with low pH suggest that 
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even if this residue is accessible to protons or 2-APB through the pore, this is unlikely. 

While glutamine has a pKa of 4.3 in aqueous environments, within a protein its pKa can 

be as high as 8.8 (Fitch et al., 2002; Forsyth et al., 2002), and E106 in the Orai1 pore 

has a pKa of 7.8 (Fig 3.8B). If Orai3 E165 residues in the functional tetramer are at least 

partly protonated at pH 5.0, as investigated in this study, 2-APB binding efficacy at this 

site would be reduced. In our study, 2-APB maintained its ability to potently activate 

Orai3 at acidic pH, suggesting that the binding site for 2-APB is not protonatable, or 

that the pKa of this residue is shifted to very low pH.  

We have found that, similarly to Orai1 E106D (Fig. 3.8E), Orai3 E81D is a pH 

dependent site within the predicted pore. When protonated, Ca
2+

 block of Na
+
 current is 

prevented, resulting in a large monovalent current. Similarly to WT Orai1, protonation 

of WT Orai3 by acidic external pH results in block of the current. However, the current 

potentiation by alkaline external pH is smaller for Orai3 than Orai1. We speculate that 

this could be due to the presence of a narrow, pH independent section of the Orai3 pore 

that becomes the conductance limiting factor when the selectivity centre is completely 

deprotonated at alkaline pH. Alternatively, altering the external pH may change the pH 

in the areas around the intracellular mouth of the pore. If this is the case, then, in 

conjunction with STIM1, Orai1 and Orai3 may respond differently to these pH changes 

to alter the conductance properties of the channel. Characterisation of the intracellular 

pH dependence of Orai1 and Orai3 channels by buffering the pipette solution to acidic 

or alkaline pH would help to resolve whether extracellular pH changes act 

intracellularly as well as within the pore. 

The suggested mechanism of Orai3 activation by 2-APB is that it dilates the pore 

sufficiently to allow non-selective cation passage. The minimum diameter of the Orai3 

pore is estimated to increase from 3.8 Å to 5.34 Å following application of 2-APB 
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(Schindl et al., 2008). The lack of pH dependence of 2-APB activated Orai3 cannot be 

explained solely by the dilation of the pore, as Orai1 mutants E106D and E190Q which 

dilate the pore to 5.3 Å or 7.0 Å respectively (Yamashita et al., 2007), retain external 

pH dependence (Fig 3.8E), as does an equivalent mutant, Orai3 E81D (Fig 4.6C). It is 

therefore likely that 2-APB causes more extensive changes in the pore which eliminate 

or mask the role of the negatively charged selectivity centre which determines the 

permeation and gating properties of the store operated Orai3 channel.  

In conclusion, the data presented here demonstrate a number of key differences between 

Orai1 and Orai3 channels. It is clear that the structural determinants of FCDI differ 

between the two homologues. Whether these structural differences have this effect 

directly on the FCDI mechanism, or cause changes in FCDI indirectly through altering 

stoichiometry or the nature of STIM1 binding remains to be thoroughly investigated. 

The effect of external pH on the Orai3 E81D channel reveals that the selectivity centre 

of the Orai3 pore can be protonated and is the site responsible for pH dependent block 

of the channel. The 2-APB activated channel is independent of STIM1 and is not 

dependent on pH, suggesting that the pore is fundamentally altered and the E81 residue 

is no longer important. Further investigation is required to resolve the binding site of 2-

APB. 
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CHAPTER 5:   

Discussion 
 

5.1. Summary 

The research comprising this thesis commenced little more than 12 months following 

the discovery of Orai1, when understanding of the molecular basis of CRAC channel 

function was in its infancy. The discoveries of STIM1 and Orai1 allowed a rapid 

advancement in the understanding of the molecular determinants of channel properties 

and physiological roles for CRAC channels. Research described in this thesis has been 

important in contributing to this advancement, in particular in the initial development of 

the hypothesis that variable stoichiometry of STIM1:Orai1 binding is possible, and that 

this stoichiometry is a key determinant of CRAC channel properties, in particular FCDI.  

The primary finding from the research presented in Chapter 2 of this thesis is that 

increasing the amount of Orai1 protein relative to the amount of STIM1 altered the 

properties of ICRAC, most notably reducing FCDI and introducing the reactivation phase 

not seen in endogenous ICRAC. This finding provided an explanation for the inconsistent 

descriptions of Ca
2+

-dependent kinetics of overexpressed ICRAC across the many studies 

published in the wake of the discovery of Orai1 and STIM1. Importantly, the 

publication of these findings represented the earliest evidence that certain ICRAC 

properties, most notably FCDI, cannot be ascribed solely to Orai1 or STIM1. Instead, 

they are dependent on the relative amounts of Orai1 and STIM1 expressed in a cell. We 

hypothesised that the differences in ICRAC properties seen were due to variable 

stoichiometry of STIM1/Orai1 binding in the formation of a functional channel. Our 

findings and our proposed explanation have since been supported and extended by 

studies published by Hoover & Lewis (2011) and Li et al. (2011), which used 

fluorescence imaging techniques and concatemers of Orai1 and STIM1, respectively, to 
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directly quantify the relative amounts of Orai1 and STIM1 on an individual cell basis 

(Hoover & Lewis, 2011; Li et al., 2011). While it was well established prior to 

publication of the research described in Chapter 2 that Orai1 functions as a tetramer, it 

is now clear that a minimum of four STIM1 subunits are required to activate the 

tetramer, and up to eight STIM1 subunits are able to bind to the tetramer. It is in this 4 

Orai1: 8 STIM1 stoichiometry that ICRAC is maximally activated and exhibits the 

greatest extent of FCDI. In contrast, in the 4 Orai1: 4 STIM1 stoichiometry Ca
2+

 

dependent reactivation of ICRAC is shown. These results also explain the initially 

counter-intuitive observation that overexpression of Orai1 alone inhibits native ICRAC. 

There were three primary findings of the research presented in Chapter 3. Firstly, in 

contrast to reports published prior to our description of the significance of Orai1:STIM1 

relative expression, V102I and E190Q mutations of the Orai1 pore did not affect the 

Ca
2+

-dependent kinetics of ICRAC. The FCDI of both these Orai1 mutants was found to 

be dependent on the relative expression of STIM1, in the same fashion as WT Orai1. 

While these specific mutations had no effect on FCDI, this does not rule out these 

residues being involved Ca
2+

-dependent gating, especially as other mutations of V102 

have been recently reported to affect FCDI (McNally et al., 2012). Secondly, E106 of 

Orai1, often described as the selectivity filter of the CRAC channel, is also a critical 

residue for FCDI. This confirmed the conclusion reached by Yamashita et al. (2007) 

that permeation and gating were coupled at E106. We were also able to elaborate on the 

effect of the E106D mutation used to investigate this residue. The voltage dependence 

of FCDI of E106D Orai1 was found to be shifted to more positive potentials, and was 

accelerated compared to WT Orai1. Importantly, FCDI was found to be independent of 

relative STIM1 expression levels, [Ca
2+

]c, and supported by permeating Sr
2+

, suggesting 

that the mutation may affect the interaction between Orai1 and STIM1 or the 
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mechanism of inactivation within the pore. Thirdly, E106 of Orai1 was found to be a 

likely site of pH dependence of the CRAC channel, as the E106D Orai1 mutant was not 

blocked by low pH unlike WT Orai1, and instead exhibited a loss of Ca
2+

 dependent 

block of Na
+
 current. 

At the time the majority of the experiments for Chapter 4 were performed, only one 

detailed study into the properties of Orai3 current had been published (Lis et al., 2007). 

Independent studies from four groups were soon published, prior to the completion of 

our experiments, that were in general agreement with our results (DeHaven et al., 2008; 

Peinelt et al., 2008; Schindl et al., 2008; Zhang et al., 2008). In addition to 

independently confirming the properties of both the store operated and 2-APB activated 

store independent modes of Orai3 activity, we studied whether the phenomena we 

described in Chapters 2 and 3 with regard to Orai1 also applied to Orai3. Orai3 did not 

display any FCDI dependence on the relative amount of STIM1 transfected. The store 

operated Orai3 current showed similar external pH dependence to Orai1, albeit less 

pronounced at alkaline pH. In contrast, the 2-APB activated current was not pH 

dependent, further supporting the notion that this current is the result of a completely 

different pore to the store operated Orai3 channel. 

5.2. FCDI 

Early investigations of CRAC channels concluded that the Ca
2+

 binding site responsible 

for FCDI is situated close to the intracellular mouth of the pore (Zweifach & Lewis, 

1995a). However, exact binding site and the mechanism of FCDI remains unclear and 

appears to be a complex process influenced by the stoichiometry of binding between 

STIM1 and Orai1, cytoplasmic domains of STIM1 and Orai1, and the selectivity centre 

within the Orai1 pore. 
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The studies dealing primarily with the role of the relative expression or stoichiometry of 

binding of Orai1 and STIM1 (Scrimgeour et al., 2009; Hoover & Lewis, 2011; Li et al., 

2011) represent only part of the progression of the understanding of the molecular basis 

of FCDI that has occurred in recent years. A number of other regions of both Orai1 and 

STIM1 have been implicated in the FCDI mechanism and are discussed in sections 1.7 

and 1.8. Of these regions, the most notable is CMD of STIM1, spanning aa. 474-485 

and containing 7 negatively charged residues, which was independently reported by 

three different groups to be required for FCDI. Truncation or neutralisation of CMD 

results in ICRAC which displays no FCDI (Derler et al., 2009b; Lee et al., 2009; Mullins 

et al., 2009). All three intracellular domains of Orai1 have also been reported to 

influence FCDI, including a CaM binding domain in the N-terminus (68-91) (Mullins et 

al., 2009). Finally, we have shown that the E106D mutation in the Orai1 pore 

selectivity centre produces a current with accelerated inactivation independently of 

[Ca
2+

]c, the relative expression of STIM1 and the presence of CMD of STIM1. It is 

reasonable to assume that selectivity and FCDI are coupled. 

Since the publication of the work detailed in Chapter 2, the understanding of STIM1-

Orai1 binding has been expanded by a number of studies. Perhaps most pertinent to the 

effects of different Orai1/STIM1 stoichiometries is a study by Park et al. (2009) that 

demonstrated that STIM1 binds to both the C-terminus and N-terminus of Orai1, with a 

higher affinity for the N-terminus (Park et al., 2009). It would therefore be reasonable 

to assume that in the case of low STIM1 presence, available Ca
2+

 binding sites 

associated with STIM1 would only be present at the N-terminus which would favour 

Ca
2+

 dependent reactivation. In the case of a saturating amount of STIM1, a completely 

different set of Ca
2+

 binding sites would be available, favouring FCDI. 
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One plausible model to explain FCDI of CRAC channels is similar to that proposed for 

CaV 1.2, where Ca
2+

-dependent CaM binding to an cytoplasmic site of the channel 

increases the affinity of the selectivity filter for Ca
2+

, causing Ca
2+

 to “stick” in the pore 

and prevent further ion permeation. This model can be used to link the similar 

observations made between the E106D Orai1 FCDI we have described, and the FCDI 

described for the Y80A and Y80S Orai1 mutants, which retained CaM binding (Hoover 

& Lewis, 2011). All three mutants exhibited greatly accelerated FCDI, compared to WT 

Orai1, that followed a single exponential timecourse. While it could be that the E106D 

mutation allosterically alters the Orai1 CaM binding domain, it would seem more likely 

that the both the E106D pore mutant and the Y80A/Y80S mutants put Orai1 in a “pre-

inactivated” state that shortens the process of inactivation. It may be that the E106D 

Orai1 mutant selectivity centre is a permanently “sticky” site, regardless of CaM 

binding intracellularly, which would explain the E106D Orai1 channel dependence on 

extracellular [Ca
2+

], but not intracellular [Ca
2+

]. The Y80A and Y80S mutants may 

either greatly increase Orai1 affinity for CaM, or cause a conformational change that 

mimics CaM binding, therefore causing a permanently “sticky” selectivity centre. 

There are currently no physiological examples of ICRAC displaying properties now 

associated with low STIM1 expression relative to Orai1, such as Ca
2+

-dependent 

reactivation. However, it is plausible that variable stoichiometry of STIM1:Orai1 and 

subsequent variable ICRAC properties may have functional significance. Little is known 

about the regulation of Orai1 and STIM1 expression with respect to many cell types, if 

expression changes during development, or during stressful or pathophysiological 

conditions. There is some evidence that these may be the case, for example in the 

dynamic expression patterns of STIM1 throughout muscle development (Stiber et al., 

2008), and oncogene or tumour suppressor dependent expression of STIM1 in a model 
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cancer cell line (Ritchie et al., 2010). Future work is likely to focus on endogenous 

regulation mechanisms of STIM and Orai protein expression, given that these data have 

provided the framework to link naturally occurring examples of altered relative 

STIM1/Orai1 expression with the functional consequences of altered Ca
2+

 signalling. 

5.3. pH dependence 

The pH dependence of endogenous ICRAC was first described by Malayev & Nelson 

(1995). We have demonstrated that STIM1/Orai1 mediated current shows a very similar 

dependence, being blocked at pH 5.5 or less and enhanced at higher pH. We suggest 

that the site of pH dependence of Orai1 is the E106 residue, as we have demonstrated 

that the E106D mutant is not blocked by low pH, and instead loses Ca
2+

 block of Na
+
 

current. We hypothesise that this site is protonated at low pH, reducing the affinity for 

Ca
2+

 and narrowing the pore by reducing the electrostatic repulsion of charges within 

the pore. Following this model, the pore is narrowed to an extent that prevents ion 

permeation in the case of WT Orai1, but insufficiently narrowed in the case of E106D 

Orai1 and therefore allowing Na
+
 permeation. WT Orai3 and E81D Orai3 mediated 

current responded similarly to acidic pH compared to WT Orai1 and E106D Orai1, 

respectively, demonstrating that the two homologues share a similar dependence on 

acidic extracellular pH through the selectivity filter. 

Current amplitude was increased in response to alkaline external pH in Orai1 and to a 

lesser extent in Orai3, suggesting that the Orai pore is partially protonated in the 

standard pH 7.3 bath solution. However, when pH was elevated there was no 

discernable impact on the behaviour of the Orai1 E106D or Orai1 E81D mutants, 

raising the possibility that basic pH has no additional deprotonation effect on the pore 

and instead that an extracellular site is affected. Additionally, it is clear that in 

extracellular solution of pH 9.0 there is an increase in outward current. Whether this 
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increase is due to a change in Orai channel selectivity, the activity of other pH 

dependent channels present in the cell, or simply a change in the leak current remains to 

be thoroughly investigated.  

Despite the strong buffering of internal pH due to the presence of 10 mM EGTA in the 

pipette solution, it is possible that pH changes may have occurred in the vicinity of the 

intracellular mouth of the pore creating an experimental artefact. If there were any such 

changes, an effect on CRAC channels is likely, as it has been shown that increases in 

internal pH augment CRAC channel activity in both platelets and vascular smooth 

muscle cells (Marumo & Wakabayashi, 2003; Wakabayashi et al., 2003). 

Characterisation of the internal pH dependence of CRAC channels will allow the extent 

of any experimental artefact to be determined, and possibly lead to uncovering of 

internal pH dependent CRAC channel regulation mechanisms. 

The range at which CRAC channels show pH dependence are within the ranges at 

which pH disturbances could occur in response to exercise, metabolic or respiratory 

acidosis/alkalosis, or locally in response to inflammation or tumours. A physiological 

implication of the pH dependence of CRAC channels has already been demonstrated in 

the reduced activation of platelets and thrombus formation at low pH (Marumo et al., 

2001). Given the well established importance of CRAC channels in other cell types 

likely to be affected by alkalosis/acidosis such as lymphocytes, the pH dependence of 

CRAC channels is an area that warrants further study. 

5.4. Orai3 

Orai3 protein expression has been detected in many tissues, including liver, lymphoid 

organs, skin, and skeletal muscle (Gwack et al., 2008; Vig et al., 2008). However, in 

addition to forming store operated CRAC channels, Orai3 has also been reported to be a 

pore forming subunit of the functionally distinct, store independent ARC channel, 
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meaning that Orai3 expression does not necessarily equate to store operated Orai3 

channels (Mignen et al., 2007). Therefore, the characterisation of heterologously 

expressed STIM1/Orai3 mediated current is an important step which has enabled the 

identification of store operated Orai3 channels. For this purpose, the profoundly 

different effect of 2-APB, compared to Orai1 and Orai2, is a particularly useful tool. 

This understanding has enabled the identification of a store operated Orai3 conductance 

in estrogen receptor-negative breast cancer cell lines (Motiani et al., 2010). This has led 

to the finding that knockdown of Orai3 in breast cancer cells arrests cell growth, 

suggesting that Orai3 could be a useful therapeutic target for cancer treatment (Faouzi 

et al., 2011). 

The formation of heterotetramers made up of different Orai subunits is an intriguing 

concept that remains largely unexplored. There is conclusive evidence that heteromeric 

Orai channels are able to be formed (Vig et al., 2006a; Lis et al., 2007; Mignen et al., 

2007; Schindl et al., 2009). However, the biophysical properties of heterotetramer Orai 

channels have not been extensively investigated and the endogenous presence of such 

channels has not been reported.  

The functional properties of STIM1/Orai3 mediated current we have identified with 

regard to dependence on relative STIM1 expression, pH dependence, selectivity and 

response to 2-APB might be expected to be partially conferred to a channel containing 

at least one Orai3 subunit. In reality, it may not be this simple. For example, 

Orai1/Orai3 heteromeric channels display reduced Ca
2+

 selectivity compared to Orai1 

or Orai3 homomeric channels (Schindl et al., 2009). When added layers of complexity 

such as including Orai2 subunits within the heteromultimer or altering the relative 

expression of STIM1 are added to this equation, it is plausible that store operated 
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channels formed by Orai subunits may be able to display a wide range of characteristics 

and be tuned for specific roles in certain tissues or under certain conditions.  

5.5. Conclusion 

While the discovery of STIM1 and Orai1 has led to many advances in the 

understanding of the biophysics of the CRAC channel, much remains unknown about 

the physiological roles it plays. It is unclear as to why a loss of function mutation in 

Orai1 or STIM1 leads to complete loss of T cell activation and profound effects on 

skeletal muscle, but seems to have little to no effect in the same patients in many other 

tissues where Orai1 and STIM1 are highly expressed and in many cases SOCE has been 

detected, such as in liver cells. It may be that Orai2, Orai3 or STIM2, or other Ca
2+

 

channels on the plasma membrane are able to help compensate for loss of Orai1/STIM1 

mediated SOCE.  

Orai2 and Orai3 are both widely expressed at the mRNA level and are able to function 

as STIM1 mediated store operated channels, but are functionally distinct from Orai1. 

While they may provide a degree of redundancy with Orai1, it is unclear what other 

physiological roles Orai2 or Orai3 may have. To date, there are no reports of Orai2 or 

Orai3 deficient patients or knockout animal models. As has been shown in the case of 

STIM1-Orai1-Orai3 mediated ARC channels (Mignen et al., 2009), it is possible that 

they could also form store independent channels possibly in a complex involving other 

proteins.  

Understanding the factors that regulate Orai and STIM protein expression may help to 

determine whether compensation is able to occur in response to Orai1 deficiency in 

some cell types, and why it does not in others, such as T cells. In addition, it may reveal 

endogenous mechanisms of altering the relative expression of Orai and STIM proteins 

and consequently the functional properties of CRAC channels. Given the ubiquity of 



 

173 

 

Ca
2+

 signaling, the role of CRAC channels in helping to maintain Ca
2+

 homeostasis, and 

the links to, for example, cell cycle regulation, smooth muscle function and platelet 

function, it is possible that altered expression of STIM and Orai proteins could be 

associated with tumourigenesis, development of hypertension, or thrombosis. However, 

the development of therapies for these disease states is likely to rely on the discovery of 

drugs specific to the CRAC channel. Understanding the mechanism of action of 

compounds such as 2-APB and SK&F96365 on the CRAC channel may provide an 

avenue for developing more effective or more specific drugs. X-ray crystallography 

may prove to be very informative in providing a clear picture of how STIM1 and Orai1 

interact to determine the channel properties, but also in drug development, allowing the 

identification of binding sites and mechanisms of action of these active compounds 

within the CRAC channel.  
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