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Series Preface
The concept of signal transduction is now long established as a central tenet of 
 biological sciences. Since the inception of the field close to 50 years ago, the number 
and variety of signal transduction pathways, cascades, and networks have steadily 
increased and now constitute what is often regarded as a bewildering array of mecha-
nisms by which cells sense and respond to extracellular and intracellular environ-
mental stimuli. It is not an exaggeration to state that virtually every cell function is 
dependent on the detection, amplification, and integration of these signals. Moreover, 
there is increasing appreciation that in many disease states, aspects of signal trans-
duction are critically perturbed.

Our knowledge of how information is conveyed and processed through these cel-
lular molecular circuits and biochemical switches has increased enormously in scope 
and complexity since this series was initiated 15 years ago. Such advances would 
not have been possible without the supplementation of older technologies, drawn 
chiefly from cell and molecular biology, biochemistry, physiology, pharmacology, 
with newer methods that make use of sophisticated genetic approaches, as well as 
structural biology, imaging, bioinformatics, and systems biology analysis.

The overall theme of this series continues to be the presentation of the wealth of 
up-to-date research methods applied to the many facets of signal transduction. Each 
volume is assembled by one or more editors who are preeminent in their specialty. In 
turn, the guiding principle for editors was to recruit chapter authors who can describe 
procedures and protocols with which they are intimately familiar in a reader-friendly 
format. The intent is to assure that each volume is of maximum practical value to a 
broad audience, including students and researchers just entering an area, as well as 
seasoned investigators.

It is hoped that the information contained in the books of this series will constitute 
a useful resource to the life sciences research community well into the future.

Joseph Eichberg
Michael Xi Zhu

Series Editors
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Preface
Virtually every eukaryotic cell expresses at least some type of calcium channel, in the 
plasma membrane, in intracellular organelles, or typically both. Calcium channels in 
the plasma membrane have long been of interest to biologists because of their vulner-
ability to modulation by extracellular factors, with either pathological or therapeutic 
consequences. Plasma membrane calcium channels are regulated by membrane volt-
age or by ligands, and in some cases by both. Not surprisingly, voltage-activated 
channels are generally encountered in cells that depend largely on excitable behavior, 
for example, muscle and nerve. Calcium channels that are activated by ligands are 
more broadly distributed but are the exclusive mediators of transmembrane calcium 
flux in non-excitable cells, for example, blood cells and epithelial cells.

The history of voltage-activated calcium channels is nicely summarized in a review 
by Richard Tsien [1], dating back to the seminal work of Sidney Ringer at the end of 
the nineteenth century. In non-excitable cells, the history is more recent, and much of 
the early work was carried out in smooth muscles, a tissue that expresses both voltage-
activated and ligand-gated calcium channels. It might be said that the first mechanis-
tic insights into calcium channels in non-excitable cells came not from studies of the 
channels themselves but of the initial receptor mechanisms upstream. By far, the most 
commonly encountered receptor signaling mechanism leading to calcium regulation 
in non-excitable cells is the receptor-activated phosphatidylinositol 4,5-bisphosphate–
directed phospholipase C. Through distinct downstream mechanisms, this initial enzy-
matic event gives rise to the activation of the two major classes of non-voltage-activated 
calcium channels, the store-operated channels and TRPC channels, a subgroup of the 
larger TRP ion channel superfamily. The store-operated channels are activated in 
response to the depletion of endoplasmic reticulum stores by the phospholipase C prod-
uct, inositol 1,4,5-trisphosphate, while the TRPCs appear to be activated by phospholi-
pase C–mediated changes in membrane lipid composition. And not surprisingly, there 
are instances in which the two channels interact and regulate one another. The history 
of the phospholipase C signaling field is well described by Robert Michell [2], and the 
histories of the TRP channels and store-operated channels are well described by Craig 
Montell and Roger Hardie [3,4] and Jim Putney [5], respectively. This volume focuses 
on physiologically and potentially clinically important channels in non-excitable cells, 
primarily the store-operated channels and TRP channels, including TRPC channels and 
the highly Ca2+-selective TRPV5 and TRPV6. In keeping with the theme of this series, 
there is considerable emphasis on the specific methods required for studying them. 
This topic was addressed in part in an earlier volume in this series published in 1999 
focusing more broadly on calcium signaling [6]. An underlying impetus to produce the 
current volume comes from the remarkable advances in this field in the past few years. 
Following the discovery of the first mammalian TRP channels by Zhu and Birnbaumer, 
the superfamily of TRP channels virtually exploded. After years of false leads, the 
molecular components of store-operated channels were revealed by the use of modern 
high-throughput genetic screens, first the calcium sensor STIM, and subsequently the 
pore-forming store-operated channel subunit, Orai.
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In addition to the in-depth analysis of the molecular and physiological aspects of 
these channels, the reader will no doubt be struck by the breadth of methodological 
approaches involved in studying them. Enough cannot be said of the contributions of 
the late Roger Tsien in developing readily available chemical as well as genetically 
encoded calcium indicators, making possible the measurement of calcium concentra-
tion in the cytoplasm and in organelles in real time. Complementing this approach 
is the use of the techniques of electrophysiology, FRET, optogenetics, and x-ray 
crystallography, to name a few. Hopefully, this collection will be of use to scientists 
investigating these important channels, from professor to graduate student, and in 
academia, government, or industry.

MATLAB® is a registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508-647-7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1  INTRODUCTION

During the past two decades, great advances have been made in the electrophysio-
logical and molecular identification of calcium entry pathways in non-excitable cells. 
The term “non-excitable” refers to a variety of cell types that are not capable of firing 
action potentials. Essentially, except for neurons, muscle cells, and some endocrine 
cells, all other cells in the body are non-excitable. For the most part, they lack the 
necessary levels of expression of voltage-gated Na+ channels (NaV family) and also 
voltage-gated Ca2+ channels (CaV family). Ca2+ influx in these cell types is therefore 
thought to rely on unrelated, voltage-independent channels, such as Orai (CRACM) 
and TRP family members. In this chapter, we will discuss direct electrophysiological 
methods used to record the electrical activity of these proteins, focusing on calcium-
selective Orai/STIM and TRPV5/TRPV6 channels.
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1.2  CHARACTERISTICS OF CALCIUM ENTRY 
IN NON-EXCITABLE CELLS

One of the first non-excitable cell types used to investigate the function of non- voltage-
gated Ca2+ channels was cells of the immune system [1]. In T lymphocytes and mast 
cells, store-operated calcium entry is the main pathway providing cytoplasmic cal-
cium elevations necessary for key cellular functions, such as antigenic activation, 
proliferation, and degranulation. Calcium stores inside the cell that were shown to be 
important for CRAC channel activation and functions are the endoplasmic reticulum 
(ER) and mitochondria [2–6].

Direct evidence for calcium entry following store depletion was demonstrated 
using the now classical calcium readdition protocol in cells loaded with calcium 
indicator dyes, such as Fura-2. Figure 1.1 shows a calcium imaging experiment in 
Jurkat T lymphocytes loaded with Fura-2 ratiometric calcium dye. Upon the removal 
of calcium and the simultaneous addition of sarcoplasmic/endoplasmic reticulum 
calcium ATPase (SERCA) pump inhibitor cyclopiazonic acid (CPA) [7], a transient 
calcium elevation was observed. This is believed to represent the release of ion-
ized calcium from the ER into the cytoplasm (Fura-2 indicator is in the cytoplasm). 
Calcium release in this case is mediated through a “Ca2+ leak” pathway operating in 
the ER membrane. Normally, SERCA acts to sequester cytoplasmic calcium into the 
ER, counteracting this outwardly directed calcium leak. When SERCA is blocked by 
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FIGURE 1.1 Fura-2 measurement of cytosolic calcium in intact human Jurkat T lympho-
cytes (a) and murine MIN6 β cells (b). (a) Calcium entry through endogenous Orai channels 
was measured with the calcium readdition protocol after ER store depletion with 20 μM CPA. 
External [K+] was either 4 mM (shown in black) or elevated to 140 mM (in red) after calcium 
was reintroduced to the bath. [Na+] was 140 and 4 mM for (a) and (b), respectively. What, if 
any, influence the concomitant changes in bathing [Na+] have on SOCE is not known. Each 
black and red symbol represents the mean response from 49 and 36 cells. (b) Calcium entry 
through endogenous CaV channels [142] was evoked by [K+] elevation in the bathing solution 
(as in (a)). Cl− concentration was kept constant in (a) and (b). Each symbol represents the mean 
response from 14 cells. Error bars in (a) and (b) represent SEM.
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CPA, however, the calcium flux into the cytoplasm due to the leak pathway is no lon-
ger counteracted and this is manifested as a calcium elevation. The transient nature of 
this elevation is likely due to plasma membrane Ca2+ ATPase (PMCA), which is not 
sensitive to CPA and can still expel calcium ions from the cytoplasm.

The basal ER “Ca2+ leak” pathway remains an enigma both in terms of its molecu-
lar identity and the factors that regulate it. It is thought to participate in determining 
the ER calcium content (also termed “calcium load”). Over the years several ion 
channels have been proposed to underlie the ER leak such as the translocon complex 
(translocation channel), pannexins, TRPP2 (polycystin), Bcl2 anti-apoptotic pro-
teins, and even IP3R channels functioning in the absence of ligand binding [8–12]. 
It is presently unclear if Ca2+ leak channels are regulated by ER calcium content and 
cytoplasmic Ca2+ or if they are constitutively open. In whole-cell patch-clamp experi-
ments, the leak pathway appears to function throughout the duration of the recording, 
enabling the prolonged continuous detection of CRAC channel activity with passive 
store depletion. Almost no information is available on their pharmacology. Basal 
leak pathways have also been described in the cardiac sarcoplasmic reticulum, and 
ryanodine receptors have been suggested to participate in basal leak under specific 
circumstances [10].

The reintroduction of calcium to the bathing solution (in the presence of CPA) 
results in a large calcium elevation, which represents store-operated calcium entry 
(SOCE). This process is a direct consequence of emptying the ER calcium store, 
as this pathway is not active without CPA or thapsigargin application. In lympho-
cytes, SOCE is usually larger than the ER release transient and also decays more 
slowly. When extracellular [K+] is increased from 4 to 140 mM (Figure 1.1b) cal-
cium increases are drastically diminished. K+ elevation moves the potassium Nernst 
potential from −90 mV to approximately 0 mV, a 90 mV depolarization. This is 
expected to depolarize the membrane potential of the Jurkat T cell, which is set 
by the voltage-gated KV1.3 and calcium-activated KCa3.1 channels, as well as the 
two-pore voltage-independent K+ channels [13,14]. Depolarized potentials result 
in a reduced driving force for Ca2+, thereby decreasing Ca2+ influx. This in turn 
reduces KCa3.1 currents in a positive feedback loop, causing Ca2+ transients to 
decay faster [1]. Importantly, the shape (time course) of SOCE is set by PMCA 
activity [6,15–18]. In short, membrane depolarization reduces rather than increases 
SOCE, demonstrating that in lymphocytes, voltage-gated CaV channels are not the 
underlying calcium influx pathway. Accordingly, the blockade of KV1.3 in lympho-
cytes invariably inhibits SOCE and suppresses proliferation, which requires SOCE 
[19,20]. Similar SOCE-K+ channel systems exist in other cell types [21]. Note that 
the CPA-induced store calcium transient is not affected by the rise in the extracel-
lular K+ concentration since it does not depend on the plasma membrane potential. 
SOCE is not entirely abolished in high K+, presumably because the calcium equi-
librium potential is well above 0 mV [22]. By contrast, in excitable cells, such as 
pancreatic β cells, depolarizations caused by increasing [K+] result in a substantial 
Ca2+ influx through voltage-gated Ca2+ channels of the CaV family (Figure 1.1b). 
In β cells the major CaV subtype is the dihydropyridine-sensitive L-type channel, 
which opens at membrane potentials above −10 mV [23,24].
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1.3  CRAC CHANNELS

1.3.1  CRAC ChAnnels in the nAtive enviRonment

Early electrophysiological evidence for the existence of a non-voltage-gated calcium 
channel was published in the 1990s (reviewed in [25]). Two groups demonstrated 
that the intracellular application of inositol trisphosphate (IP3) and high concentra-
tions of Ca2+ buffer EGTA resulted in the gradual development of an inwardly rec-
tifying current that did not exhibit any dependence of gating on voltage. This Ca2+ 
current was characterized in detail in Jurkat T and rat basophilic leukemia (RBL) cell 
lines. The channels responsible were named CRAC, for calcium release– activated 
Ca2+, even though they are in fact activated by store depletion and not calcium release 
per se [26,27]. It was debated for some time whether calcium release causes cal-
cium influx [28] or if IP3 directly activates calcium influx channels in the plasma 
 membrane [29–33].

In the past decade, the molecular identity of CRAC channels has been discovered 
to consist of two key components, STIM and Orai (CRACM). STIM1, stromal inter-
action molecule, is a single-pass transmembrane protein residing in the ER (but also 
in the plasma membrane) that via its EF hand domains senses Ca2+ concentration in 
the ER lumen [34]. Upon the emptying of the Ca2+ stores, STIM1 concentrates in 
junctional ER in close apposition to the plasma membrane, being able now to acti-
vate the pore subunit of the CRAC channel, Orai [35] (see Chapter 3). Orai1–3 form 
a three-member family of four transmembrane domain proteins, which can be acti-
vated by store depletion in overexpression systems [35–37]. STIM2, a homologue of 
STIM1, has been shown to have a role in setting the resting cytoplasmic calcium lev-
els by virtue of its sensing smaller reductions of ER [Ca2+] [38] (see also Chapter 6).

In the following, we discuss in detail the steps required to record CRAC currents 
in whole-cell patch clamp. In order to deplete ER calcium stores, it is sufficient to 
simply include high concentrations of calcium chelators EGTA or BAPTA in internal 
recording solutions. Normally, CRAC channel activity is not detectable immediately 
after establishing the whole-cell configuration (i.e., break-in), because the calcium 
stores are full. As the chelator diffuses into the cell, cytoplasmic calcium is drasti-
cally lowered. The ER stores are then gradually emptied through ER leak channels 
[39,40], transporting calcium down its concentration gradient into the cytoplasm, 
where it is captured by the chelator and prevented from being pumped into ER by 
SERCA [41]. CRAC channel activation is proportional to the degree of store empty-
ing, that is, inversely proportional to ER [Ca2+] [42,43].

Under physiological conditions, the ER calcium stores are emptied by the second 
messenger inositol trisphosphate (IP3) [2,44]. IP3 is generated from the hydrolysis of 
the plasma membrane phospholipid PI(4,5)P2 by phospholipase C enzymes [5,45]. 
Various types of PLC are stimulated by G proteins or tyrosine kinase–linked recep-
tors, depending on the tissue and ligand [46]. IP3 can bind to its receptors (IP3R) in 
the ER membrane, which are calcium-permeable channels and provide a pathway 
for the diffusion of calcium into the cytoplasm. Compared to passive store depletion 
with chelators, the inclusion of IP3 in internal solutions results in a faster activation 
of CRAC channels due to rapid store depletion [47].
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1.3.2  CRAC CuRRent–voltAge RelAtion

The most common protocol used to record CRAC channels is the application of com-
mand voltage ramps spanning −100 to +100 mV. Ramp durations can be anywhere 
between 50 and 500 ms in order to generate bona fide current–voltage (I–V) curves. 
Ramp durations shorter than 50 ms may result in deformed I–V curves. The advantage 
of a ramp protocol is that instantaneous I–V relations can be obtained every 1–2 s. 
This is important, particularly for monitoring the development of other, unrelated 
conductances, such as Mg2+-inhibited cation (MIC/TRPM7) channels discussed in 
the following section. The drawback of ramp protocols is lack of detailed kinetics 
information. Thus, CRAC channels inactivate when calcium influx is increased by 
raising the bathing Ca2+ concentration [48–51]. In cell types traditionally used for 
recording native CRAC channels (e.g., lymphocytes, mast cells), even when mea-
sured at −100 mV, a nonphysiological membrane potential, the current magnitude is 
usually quite small, in the vicinity of 5–10 pA (corresponding to current densities of 
0.5–3 pA/pF). The time course of current development is monitored by plotting the 
inward current amplitude at negative potentials (usually at −100 or −80 mV) where 
current is maximal. Outward whole-cell current at a positive membrane potential 
can also be plotted to ascertain that the leak does not increase during the recording. 
Because of the steep inward rectification and calcium selectivity of CRAC channels, 
an outward ionic current at +50 mV or above should be minimal even when calcium 
stores are completely empty.

1.3.3  CuRRent sepARAtion

All cell types have numerous ion channels in their membranes that contribute to the 
overall ionic conductance of the cells [52]. The particular channel complement is 
dependent on the cell type. In order to record CRAC channels in isolation, appropri-
ate ion substitutions and membrane potentials are used. To minimize contribution 
from endogenous K+ channels, pipette K+ is substituted with Cs+, which perme-
ates poorly through most K+-selective channels such as KV1.3 highly expressed in 
lymphocytes [13]. High concentrations of tetraethyl ammonium (TEA) or tetra-
methyl ammonium (TMA) can be included in recording solutions for this purpose. 
The addition of external Cs+ (1–10 mM) is often used to block inwardly rectify-
ing K+ channels, such as Kir2.1 present in RBL cells and macrophages [53,54]. 
Alternatively, external K+ is entirely substituted with Cs+. The holding membrane 
potential between ramps is near 0 mV, which minimizes CRAC channel ampli-
tude but is also depolarized enough to inactivate contaminating voltage-dependent 
channels, such as KV1.3. The frequency of voltage ramps is kept at 0.5–1 Hz, which 
favors KV channel inactivation.

Contributions from intermediate or small conductance calcium-activated K+ chan-
nels are reduced by Cs+ substitution and inclusion of large amounts of EGTA or 
BAPTA in the pipette solution. Most Ca2+-activated K+ channels require free calcium 
of 200 nM or higher to open [55]. Also, these channels can be blocked with relatively 
specific blockers such as charybdotoxin or TRAM-34 [56–58].
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Chloride currents are reduced by substituting chloride both in the pipette and in 
the bathing solution with larger anions, such as aspartate, glutamate, gluconate, meth-
anesulfonate, or isethionate. It should be kept in mind, however, that most organic 
anions bind Ca2+ and Mg2+ to some extent and can significantly reduce the concen-
trations of free divalent cations in the solution. This chelating effect is especially 
pronounced with citrate. In most cell types, large volume-sensitive chloride channels 
are expressed and an effort should be made to prevent cell swelling, which transiently 
activates these channels [59]. It needs to be noted that even the said large anions can 
pass through chloride channels to some degree [60]. Assuming that the background 
chloride conductance is constant throughout the recording, it can be subtracted out 
in most cases [61]. Maintaining correct and consistent osmolality of the internal and 
external recording solutions is also important to minimize volume-activated chloride 
channel activation. Osmolality can be adjusted with mannitol, which does not affect 
CRAC channels.

Magnesium-inhibited cation (MIC/TRPM7) channels are ubiquitously expressed 
and have in the past contaminated many recordings of CRAC channels. Like CRAC 
channels, MIC channels were first identified by patch-clamp electrophysiology in 
RBL and Jurkat cells [54,62,63]. All commonly used mammalian cell lines such 
as HEK293, CHO-K1, HeLa, COS-7, Jurkat, RBL1 and 2H3, Neuro-2A, and oth-
ers express large Mg2+-inhibited cation currents encoded by TRPM7 (or possibly by 
TRPM6 which is also inhibited by Mg2+). TRPM7 channels are inhibited by micro-
molar to millimolar cytosolic Mg2+ concentrations in a non-voltage-dependent man-
ner [54,64,65]. This current was initially confused with CRAC channels because the 
conditions for activation of both channels were similar; in both cases, high internal 
EGTA concentrations are used. While EGTA is used to passively deplete ER Ca2+ 
stores (see preceding text), it also chelates cellular Mg2+, albeit more weakly. In 
the absence of Mg2+, it can lead to the slow development of TRPM7 channels by 
virtue of gradual channel disinhibition. Moreover, the slow time course of current 
development is reminiscent of CRAC current development. However, major differ-
ences exist between these two conductances: the current voltage relation of TRPM7 
is steeply outwardly rectifying although this is only apparent at membrane potentials 
above +40 mV. Upon removal of external divalent cations, TRPM7 I–V is drastically 
modified, becoming semilinear, as TRPM7 conducts Na+ and Cs+ equally well. By 
contrast, CRAC channels maintain their inward rectification both in the presence of 
Ca2+ and other divalent cations and in their absence. Na+ is permeant, whereas Cs+ is 
almost impermeant through CRAC channels [54,63,66,67]. TRPM7 inward unitary 
conductance is approximately 39 pS in the absence of divalent cations [64]. By con-
trast, CRAC channel unitary conductance is much smaller and cannot be measured 
directly. From noise analysis, it is inferred to be in the range of 100 fS (see succeed-
ing text). CRAC channel inward rectification is not Mg2+ dependent [54,68] unlike 
TRPV6 or inwardly rectifying K+ channels (KIR) and appears to be intrinsic to the 
protein. It should be noted that the voltage-gated CaV open channel I–V plot is also 
inwardly rectifying (e.g., [69]). In addition to ion substitution, the pharmacological 
properties of CRAC channels can also be used for current separation and are dis-
cussed in some detail in Chapter 16.
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1.3.4  peRfoRAted-pAtCh ReCoRding

The perforated-patch variety of the whole-cell patch clamp has been successfully 
used to record CRAC channels [70–73]. It was originally used to prevent a rundown 
of voltage-gated calcium channels [74]. In this method, the patch pipette is back-
filled with internal solution supplemented with dissolved nystatin or amphotericin B. 
These are polyene antibiotic ionophores that form ion channels in mammalian cell 
 membranes. Nystatin and amphotericin channels are permeable to monovalent 
 cations and anions but not to divalent ions, such as Ca2+, Mg2+, or SO4

2− [75]. 
Such ion selectivity allows the maintenance of physiologically relevant buffering of 
these ions for the duration of the recording. The pipette tip is filled with an antibiotic- 
free internal solution. After seal formation, it takes roughly 10 min for the ionophore 
to diffuse to the pipette tip and the cell surface and begin forming channels. This is 
detectable by the increased slow membrane capacitance transients, a kind of whole-
cell break-in “in slow motion.” Perforated-patch recording requires more skill than 
the simple whole-cell configuration, however, mostly because at high concentrations 
these ionophores prevent gigaohm seal formation. The shape of the pipette is crucial 
for facilitating the diffusion of pore-forming antibiotics to the tip. Both nystatin and 
amphotericin are light sensitive, particularly the former, and lose their activity in 
4–5 h when diluted in the internal solution. In our experience, amphotericin B is eas-
ier to use because it forms pores in the membrane more readily, and access resistance 
falls to lower values (~10 MΩ) than for nystatin [76]. If physiological anion concen-
trations are desired, then gramicidin can be used instead of nystatin or amphotericin, 
since gramicidin channels are believed not to conduct chloride, and the steady-state 
cellular anion concentrations will be undisturbed [24,75,77].

IP3, EGTA, and BAPTA cannot pass through the antibiotic-formed channels; 
therefore, CRAC channels can be elicited by the bath application of antigens, mito-
gens, hormones, or SERCA inhibitors thapsigargin and CPA, which are uncharged 
and membrane permeant [43,70,78]. The perforated patch should also prevent Mg2+ 
depletion and spontaneous TRPM7 activation [79]. In perforated patch, care must be 
taken to rule out the accidental rupture of the patch and formation of a conventional 
whole-cell configuration. This can be done by including high (millimolar) concen-
trations of Ca2+ in the internal solution expected to kill the cell after entering the 
cytoplasm. In order to minimize Ca2+-dependent inactivation [26], it is especially 
important to use a depolarized holding potential to avoid Ca2+ loading in the absence 
of EGTA or BAPTA.

1.3.5  CRAC ChAnnel ACtivity with vARious peRmeAting CAtions

As with CaV channels, in order to maximize the CRAC channel current, the exter-
nal calcium concentration can be elevated to 50 or ~110 mM [70,80]. (This con-
centration is close to the upper limit imposed by osmotic pressure.) This results in 
increased current amplitude, because the concentration of the conducting ion and 
driving force is increased. The increased calcium influx, however, also triggers 
calcium-dependent inactivation, both fast and slow, which eventually reduces the 
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current amplitude [48,81]. Interestingly, the calcium-dependent inactivation appears 
to involve Orai and STIM proteins themselves but not calmodulin, unlike the case 
for TRPV5/6 channels (see succeeding text) [49–51]. A good trade-off between these 
two Ca2+ effects is a bathing concentration of 6–10 mM Ca2+, which is sufficiently 
low to prevent substantial inactivation [37,82]. Command voltage ramps can be pre-
ceded by a conditioning hyperpolarizing step to bring inactivation to a quasi-steady 
state and avoid the distortion of the instantaneous I–Vs due to fast Ca2+-dependent 
inactivation [78].

It is now firmly established that in the virtual absence of divalent cations in the 
external medium, Ca2+-selective channels become permeable to small monovalent 
cations. The amplitude of the monovalent cation current through Ca2+ channels in the 
absence of divalents is usually 6–10 times larger than when carried by Ca2+. This was 
originally demonstrated for L-type voltage-gated (CaV) Ca2+ channels [83–85]. Since 
then, the removal of divalent cations has been tested for other Ca2+ channels and 
shown to generally increase current amplitude. CRAC channels also belong to this 
group [26]. The removal of divalent cations results in a significantly larger current 
amplitude but with a twist: the increase is transient, unlike the Ca2+-mediated CRAC 
current recorded when internal solution contains high concentrations of chelators 
[86]. It is thought that this time-dependent reduction of monovalent CRAC current 
(termed inactivation) is a result of depotentiation caused by the removal of external 
Ca2+. Other divalent metal cations such as Ni2+ and Zn2+ could not substitute for the 
potentiating effect of Ca2+ in RBL cells [80], but Ni2+ was found to be effective in 
Jurkat T cells [87–89]. In an overexpression system, it was demonstrated that under 
certain conditions the monovalent Orai current can be stable [37]. It is now thought 
that this is a consequence of changes in Orai to STIM1 ratios during transfection 
[90]. The CRAC I–V shape in divalent-free (DVF) solutions is identical to its shape 
in Ca2+, preserving its inward rectification, unlike the case for TRPM7 [67].

The overwhelming majority of CRAC channel recordings have been performed 
at room temperature. Increasing the bath temperature to 37°C significantly increased 
CRAC current amplitudes in RBL cells [71,78]. Additionally, in perforated-patch 
recording, CRAC channels could only be activated by antigen application at 37°C 
but not at room temperature [78], unlike the case for SERCA inhibitors.

1.3.6  CRAC single-ChAnnel ConduCtAnCe

One of the fundamental characteristics of an ion channel is its conductance. The first 
recordings of ICRAC in mast cells and lymphocytes suggested that the conductance 
of a single CRAC channel is well below the levels that can be resolved by patch 
clamping as single-channel currents [26,70,91]. The standard approach in cases 
when single-channel conductance is too small for patch-clamp recording is to use the 
so-called nonstationary noise analysis (analysis of variance) [92]. Due to the stochas-
tic nature of single-channel opening, a steady-state macroscopic current mediated 
by a constant number of channels fluctuates with time around its mean value. The 
nonstationary noise analysis is based on the fact that the magnitude of these fluctua-
tions depends on the amplitude of the single-channel current, the number of chan-
nels, and their open probability [92,93]. The relationship between current variance 
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(σ2; averaged squared current fluctuations from its mean) and single-channel current 
is given by the following equation:
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(1.1)

where
I is the mean amplitude of the macroscopic current
i is the single-channel current
N is the number of channels

I, i, and N parameters can be used to determine the open probability Po:
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Originally, nonstationary noise analysis was used for voltage-gated channels, where 
current is recorded in response to a voltage step that promotes channels to either open 
or close, so that the Po of the channels under investigation would change significantly 
during that voltage step, preferably by more than 50% [93]. The recorded  current traces 
(at least 100 sweeps are normally required) are averaged to obtain a mean current 
trace and variance. The calculated variance is then plotted against the mean current 
and the data points fitted with a parabola (Equation 1.1), which gives unitary channel 
current i and the number of channels N [92,93].

Although CRAC channels show some voltage dependence due to fast Ca2+-
dependent inactivation at negative potentials [26,94], it is virtually impossible 
to record a large enough number of current sweeps in response to voltage steps 
below −100 mV in one cell due to an ICRAC drift and rundown. The first attempts 
of CRAC unitary conductance estimation used traces of ICRAC development in 
Jurkat T cells at a constant voltage of −80 mV in a bath solution containing 2 mM 
Ca2+, which was then switched to 110 mM Ca2+ [70]. This approach was based 
on the assumption that the changes in ICRAC amplitude during current develop-
ment and its slow inactivation in a solution containing 110 mM Ca2+ were due to 
the changes in CRAC channel Po. Current variance was calculated from 200 ms 
episodes taken from every 2 s of continuous recording and plotted against cor-
responding mean current amplitudes [70]. In these plots, variance showed linear 
dependence on the current amplitude, which suggested a low Po of CRAC chan-
nels [70] (Figure 1.2). The calculated single-channel current amplitudes were 
−1.4 fA in 2 mM Ca2+ and −3.6 fA in 110 mM Ca2+ at −80 mV. The estimated 
single-channel conductances were 9 and 24 fS, respectively [70].

As discussed earlier, in the absence of Ca2+ and Mg2+, CRAC channels become per-
meable to monovalent cations. Replacing physiological (Ca2+-containing) bath solu-
tions with divalent cation-free solutions causes a 7–8-fold increase in ICRAC amplitude 
followed by current deactivation to about 20%–30% of its peak value within 30–60 s, 
which suggests a significant change in CRAC channels Po in that time [86]. This 
property of ICRAC was utilized to estimate monovalent CRAC single-channel currents 
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using an approach similar to that of Zweifach and Lewis [87]. In these experiments, 
the variance of Na+ current through ICRAC also exhibited linear dependence on the 
current amplitude, supporting the notion of low Po of CRAC channels [70]. However, 
the calculated unitary CRAC channel conductance of 2.6 pS in the absence of diva-
lent cations was significantly higher than what would be expected from the estimates 
of CRAC unitary conductance in 110 mM Ca2+ [70], considering that the removal of 
divalent cations causes only about a 7–8-fold increase in ICRAC amplitude. The dis-
crepancy was later explained by a possible contamination of these recordings with 
endogenous MIC/TRPM7 channels that were incompletely blocked by 3 mM MgCl2 
in the pipette solution [63]. Using a higher internal concentration of Mg2+ (8 mM), 
Prakriya and Lewis reported a unitary monovalent cation (Na+) CRAC conductance 
of ~0.2 pS, which agreed well with Ca2+ unitary conductance [63].

All measurements described earlier were based on the assumption that the 
observed changes in ICRAC amplitude resulted from changes in Po and not the number 
of functional CRAC channels on the plasma membrane. The linear dependence of 
variance on current amplitude was explained by low Po of CRAC channels [70]. The 
linear variance–current plot, however, could result from the changes in the number 
of active CRAC channels during ICRAC development and depotentiation in divalent 
cation-free solutions, with constant and high Po [89]. To investigate this possibility, 
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FIGURE 1.2 Fluctuation analysis of currents stimulated by thapsigargin in Jurkat T cells. 
(a) Macroscopic Ca2+ current (upper) and variance (lower) elicited by 1 μM thapsigargin. 
(b)  Variance plotted against mean current for the data from (a). Linear regression fits are 
superimposed on the data collected in 2 and 110 mM (Ca2+)o. Unitary current amplitudes are 
−1.3 fA (2 mM Ca2+) and −2.9 fA (110 mM Ca2+), as indicated by the slopes. (Reproduced 
from Zweifach, A. and Lewis, R.S., Proc. Natl. Acad. Sci. USA, 90, 6295, 1993, Figure 3.)
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Prakriya and Lewis used nonstationary noise analysis of Na+ current through CRAC 
channels in the presence of a range of micromolar Ca2+ concentrations in the bath 
solution [89]. An application of up to 20 μM of Ca2+ to the bath solution increased 
the Na+ current noise, although the amplitude of the current declined [89], which 
suggested that, indeed, the Po of CRAC channels was above 0.5 and the previous 
assumption of low Po of CRAC channels was incorrect. The variance–current plot 
of the data obtained using a Ca2+ block of Na+ CRAC conductance followed a para-
bolic function (Equation 1.1), giving a CRAC Na+ conductance of ~0.7 pS and Po of 
about 0.8 [89]. Similar results were later obtained for overexpressed Orai1/STIM1 
and Orai3/STIM1 channels [95,96]. In conclusion, a higher than previously thought 
single-channel conductance and high Po of CRAC channels opens a possibility of 
direct single-channel current measurements. The single-channel conductance of 
0.7 pS corresponds to a 70 fA unitary current per 100 mV of driving force. Assuming 
that the equilibrium potential for Na+ is about +50 mV, the amplitude of the monova-
lent cation unitary CRAC current at a membrane potential of −100 mV should be in 
the vicinity of 0.1 pA. A single-channel current of such amplitude can be recorded 
using low-noise patch-clamp amplifiers and appropriate filtering, provided that the 
right conditions for the current activation are met [97]. It remains to be determined, 
however, if this can be achieved in practice for CRAC channels.

1.3.7  heteRologously expRessed oRAi/stim ChAnnels

The molecular components of CRAC channels were discovered more than a decade 
ago and include Orai1–3 (CRACM1–3) pore subunits and STIM1–2, ER resident 
luminal calcium sensors (reviewed in [33,35] and Chapters 2 and 3). Thus, mam-
malian cells express three different pore subunits, which was not predicted before 
they were cloned. Orai1 and Orai2 amino acid sequences are ~60% homologous. 
Orai3 also has a high percentage of homology with the remaining members: ~63% 
with Orai1 and ~66% with Orai2. In the transmembrane domains the homology per-
centages are even higher, reaching 90% [98,99]. All three isoforms are expressed in 
human T lymphocytes [82]; however, a familial defect in Orai1 results in severe com-
bined immunodeficiency even in the presence of normal Orai2 and Orai3 expressed 
in these cells. This strongly suggests that Orai2 and 3 cannot substitute for Orai1 
function, at least in that case [100]. It should be noted that in cells where Orai1 
expression has been knocked down with siRNA, small SOCE signals mediated by 
Orai2 or Orai3 are still evident [101,102].

When coexpressed with STIM1, all three Orai proteins give rise to robust 
inwardly rectifying currents (Figure 1.3). Orai1–3 isoforms are permeable to Ca2+ 
and some other divalent cations (Ba2+, Sr2+) [90,103]. For Orai2 and Orai3, inward 
Ba2+ currents were larger than for Orai1, although they could only be detected in 
the presence of Na+ but not TEA, suggesting that Na+ may carry part of the current 
[103]. In the complete absence of divalent cations, Orai1–3 readily conduct mon-
ovalents, such as Na+, Li+, and Rb+ [103,104]. Interestingly, Orai isoforms can be 
distinguished in heterologous expression systems by their sensitivity to 2-aminoethyl 
diphenyl  borinate (2-APB), a compound originally identified as an IP3 receptor 
blocker [105] (see Chapter 16). Orai1 and 2 are potentiated by low (5–10 μM) but 
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inhibited by high 2-APB (above 50 μM) concentrations [106]. By contrast, 2-APB 
activates Orai3/STIM1, altering its I–V relation, which is normally inwardly rectify-
ing (Figures 1.3 and 1.4). 2-APB-mediated activation results in an outwardly rectify-
ing current, which can be conducted by both Cs+ and Na+. Similar to native CRAC 
channels, overexpressed Orai1 and Orai2 conduct Cs+ poorly (~10% of Na+ conduc-
tance) in the absence of divalent cations. Consequently, it has been suggested that 
2-APB widens the Orai3 pore and allows it to conduct monovalent cations even in 
the presence of Ca2+ [107]. In contrast to Orai3, 2-APB does not change Orai1 and 
Orai2 selectivity [106]. Whether this divergence of 2-APB effects for overexpressed 
Orai1–3 can be used to distinguish endogenous Orai isoform activity is still unclear. 
It remains to be discovered if the Orai3 nonselective channel state can be achieved 
under physiological conditions without 2-APB and what that means in terms of cel-
lular calcium metabolism.

Orai1 to STIM1 transfection ratios significantly influence the electrophysiologi-
cal properties of these channels. Specifically, the kinetics of the channel activation 
and inactivation were changed in addition to selectivity to divalent metals (Ba2+ and 
Ca2+). Increasing STIM1 to Orai1 expression ratios results in an inactivating current 
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whereas Orai1 excess to STIM1 leads to non-inactivating currents [90]. Orai currents 
can be evoked by coexpressing full length STIM1 but also by overexpressing only 
the SOAR region [37] (discussed in Chapter 2).

Orai/STIM channels have primarily been studied in human embryonic kidney 
(HEK) cells transfected with their various isoforms. The recording conditions are 
essentially the same as for recording the native CRAC channels. The internal solu-
tion should contain calcium chelators alone or with IP3 for depleting ER Ca2+ stores 
[104,106]. However, in most cases, overexpressed Orai/STIM channels are to some 
extent constitutively active, unlike CRAC channels in Jurkat or RBL cells [37]. The 
overexpression of either Orai or STIM proteins in isolation does not usually result in 
large CRAC currents.

The murine and human Orai2 exist in two forms, long and short [108–110]. The 
Orai2 expression pattern is somewhat different from that of Orai1, although in many 
cases they are coexpressed [109]. For example, neurons and chondrocytes show 
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high expression of Orai2, even though its function in these cells is unknown [111]. 
When coexpressed with STIM1, human Orai2 form inwardly rectifying channels 
(Figure 1.3) sharing many biophysical properties with Orai1 [103]. In an early 
detailed study of overexpressed murine Orai2, Gross and colleagues recorded cur-
rents from HEK cells overexpressing both long and short splice variants [108]. 
Orai2 and STIM1 were transfected at a 2:1 ratio. Infusion of cells with high EGTA 
and IP3-containing buffers evoked currents reminiscent of native CRAC channels. 
Interestingly, the levels of expression depended on the cell type chosen for trans-
fection, HEK vs. RBL. One striking difference of Orai2 from Orai1 was the appar-
ently increased (slow) calcium-dependent inactivation. It was concluded that calcium 
influx through Orai2 channels causes the inactivation that can be relieved by the fast 
removal of calcium from the vicinity of the channels. Inactivation was proportional 
to the peak current amplitude. The dependence of channel expression on the type 
of the background cell line was explained by the fact that HEK cells express very 
little Orai1 and Orai2 protein detected in Western blots, whereas RBL cells express 
both channels at high levels. Accordingly, the overexpression of STIM1 alone in 
HEK cells did not increase CRAC current density but doubled it in RBL cells. When 
coexpressed with Orai1, Orai2 was shown to reduce current expression, suggesting 
that it can form heteromers with other Orai isoforms [108]. Similar conclusions were 
reached by Inayama and colleagues by coexpressing Orai1 E106Q point mutant with 
the wild-type Orai2 in chondrocyte cell lines [111].

1.4  TRPV5 AND TRPV6 CHANNELS

1.4.1  heteRologously expRessed tRpv5/6

TRPV5 and TRPV6 channels are present in kidney and gastrointestinal epithelial cells 
at high levels [112,113]. TRPV5 (ECaC1) is thought to be expressed mostly in the 
kidney, whereas TRPV6 (CaT1, ECaC2) expression is higher in the gastrointestinal 
tract, placenta, and epididymal epithelia [114–118] (see Chapter 13). Both are absent 
in lymphocytes [119]. TRPV5/6 channels were first identified by patch-clamp elec-
trophysiology only after their cDNA sequence was discovered. In an overexpression 
system (primarily plasmid-transfected HEK or CHO cells but also mRNA-injected 
Xenopus oocytes; Chapter 13), they are either constitutively active or activated (i.e., 
revealed) by calcium removal from the cytosol when they become permeable to mon-
ovalent cations [120–126]. Increasing bathing calcium concentration potentiates the 
currents as expected for a Ca2+-selective channel. This appears to be a simple increase 
in ionic current due to increased driving force for calcium. The extracellular calcium-
dependent potentiation effect described for CRAC channels has not been reported 
for these channels. Notably, the holding potential essentially determines the current 
magnitude in a given cell [121,127]. Current increase resulting from increased [Ca2+]o 
is usually short-lived and depends on the holding membrane potential [120]. This is 
thought to be the consequence of calcium loading into the cell (in the vicinity of the 
channels) via constitutively open TRPV5/6 channels [122]. Accordingly, the depen-
dence on the holding potential disappears when e xternal DVF solutions are used. 
Internal Ca2+ inhibits TRPV5/6 channels with an IC50 of ~130 nM, explaining the 
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current inactivation seen when Ca2+ is present in the bath solution [128]. As for Orai/
STIM channels, internal recording solutions should contain high concentrations of 
EGTA or BAPTA, in this case to avoid Ca2+-dependent inactivation.

In addition to Ca2+, TRPV5 and 6 also conduct Sr2+, Ba2+, and Mn2+ [128]. When 
Ba2+ is used as the charge carrier instead of Ca2+, inactivation is drastically reduced 
for both TRPV5 and 6 [128]. Mn2+ permeation through TRPV5/6 becomes rel-
evant when Mn2+ quenching of Fura-2 signals is used to evaluate calcium entry 
[129,130].

Like Orai channels, TRPV5 and TRPV6 are steeply inwardly rectifying. And 
as with Orai channels, the removal of divalent cations from the bathing medium 
results in vastly magnified TRPV5 and TRPV6 currents. This simple maneuver has 
been used to record channel activity without the fast inactivation caused by Ca2+ 
influx through these channels (see preceding text) [127,131]. Primarily Na+ has 
been used, but K+ and especially Li+ are also highly permeant [128]. Cs+ is less 
permeant (~80% of Na+), as is the case for voltage-gated Ca2+ channels. It appears 
that channel sensitivity to blockers, ruthenium red or econazole, is not affected by 
the permeating ion [131].

It was discovered early on that TRPV5 and 6 channels exhibit a rundown of activ-
ity during prolonged electrophysiological recordings [120]. Intracellular MgATP 
is required to maintain TRPV5 and TRPV6 channel activity and prevent rundown, 
whereas NaATP cannot substitute for this effect of MgATP [128]. Most likely the 
MgATP effect reflects maintaining PI(4,5)P2 levels through lipid kinases, although 
other mechanisms have also been proposed [128,132,133]. Cytosolic Mg2+ alone 
induces slow inhibition which can be relieved by PI(4,5)P2 binding [134]. The strong 
inward rectification of TRPV6 also depends on intracellular Mg2+ and is mediated by 
an aspartate residue [135].

1.4.2  endogenous tRpv5/6 ChAnnels

Endogenous TRPV5/6 channel activity has been reported mainly in two studies: 
TRPV5 channel currents were measured in rat renal cells [136] and TRPV6 in a 
human colonic cell line [137] using whole-cell patch clamp. In epithelial cells, 
native TRPV5/6 channels are not normally active/detectable in the presence of 
physiological concentrations of Ca2+ (1–2 mM). In order to detect measurable cur-
rents, bathing calcium was increased to 20 or 100 mM combined with EGTA-
containing internal solutions [136,137]. The addition of the steroid hormone 
17β-estradiol markedly increased TRPV5 and TRPV6 currents carried by Ca2+. 
It remains to be discovered under what metabolic conditions native TRPV5/6 chan-
nels conduct measurable current at more physiological calcium and intracellular 
buffering. To date, however, most patch-clamp studies of TRPV5/6 have been per-
formed in heterologous expression systems. It should be kept in mind that in the 
conventional whole-cell recording configuration used for TRPV5/6 recording, the 
ER stores will also most likely be depleted due to low calcium and the presence 
of chelators in the internal solution. A way around this would be to use a perfo-
rated patch, which however will prevent the depletion of cytoplasmic calcium and 
reduce current amplitudes by inactivation [121,122].
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1.4.3  single-ChAnnel ConduCtAnCe

For (rabbit) TRPV5, a range of single-channel conductances has been determined in 
DVF Na+-based solutions, 59 pS [138], 64 pS [139], and 77.5 pS [140], and has been 
shown to depend on pH [138]. Inside-out patch recording configuration was used in 
these studies. For TRPV6 the unitary conductance in DVF Na+-based solutions was 
found to be 51 pS [127]. The single-channel conductance for calcium or other per-
meant divalent cations has not been reported for TRPV5 or TRPV6 but is expected 
to be much smaller than their Na+ conductance. Unlike CRAC channels, TRPV5/6 
channels do not exhibit depotentiation after the removal of Ca2+, enabling prolonged 
recordings of Na+ currents.

In summary, Orai/STIM and TRPV5/6 exhibit many common properties, such as 
inward rectification and calcium selectivity but also significant differences, such as 
single-channel properties and mechanism of inward rectification. Chapters 9, 11, and 
15 provide useful details on the more technical aspects of electrophysiological record-
ings (amplifiers, vibration isolation tables, perfusion systems, micromanipulators, 
etc.). Chapter 9 discusses the patch-clamp recording of overexpressed Orai/STIM and 
site-directed mutagenesis. Chapter 13 describes the expression of TRPV5/6 channels 
in Xenopus oocytes. Detailed compositions of solutions used for electrophysiologi-
cal recordings of Orai/STIM channels can be found in several recent publications: 
[47,141] describe the recording of native CRAC channels in the whole-cell mode.
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2.1  INTRODUCTION

Among all known second messengers in eukaryotic cells, Ca2+ is one of the most ver-
satile and is involved in a multitude of physiological and cellular processes includ-
ing cell proliferation, growth, gene expression, muscle contraction, and exocytosis/
secretion [1,2]. To act as an intracellular signal molecule, Ca2+ has to enter the cell 
at specific physiological/cellular situations and time points. One major pathway that 
allows Ca2+ entry into the cells involves the Ca2+ release–activated Ca2+ (CRAC) 
channels, which belong to the group of store-operated channels (SOC) [3–14]. In 
the beginning of the CRAC/SOC channel analysis, these channels were studied 
and characterized using mainly cells of the immune system, that is, T-lymphocytes 
and mast cells [9,10,14,15]. Finally, in 2005–2006, the major key players forming 
the functional CRAC channel complex were identified [16–27]: first, the stromal 
interaction molecule (STIM), which represents the Ca2+ sensor in the endoplasmic 
reticulum (ER), and second, Orai, which is located in the plasma membrane (PM) 
and builds the ion-conducting transmembrane (TM) protein complex. Feske and col-
leagues [16] had studied a defect in CRAC channel function linked to one form of 
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hereditary severe combined immune deficiency (SCID) syndrome, which allowed 
the identification of the Orai1 (also initially termed CRACM1) channel protein and 
its mutated form (Orai1 R91W) in SCID patients. By successfully employing and 
combining a modified linkage analysis with single-nucleotide polymorphism arrays 
and a Drosophila RNA interference screen, light was shed on the gene and pro-
tein that forms the Ca2+ conducting CRAC channel [16]. Furthermore, the search 
for homologous proteins using a sequence database research revealed Orai1, Orai2, 
and Orai3 in higher vertebrates. The three members of the Orai protein family have 
been analyzed with bioinformatics methods showing that they represent TM proteins 
with 4 PM spanning domains connected by one intracellular and two extracellular 
loops and cytosolic N-and C-termini [16,20,28,29]. Several research groups have 
concentrated on the electrophysiological examination and characterization of Orai 
proteins revealing the typical high Ca2+ selectivity and low single-channel conduc-
tance, concluding that these proteins unequivocally represent the pore-forming entity 
of the CRAC channel.

The CRAC channel–activating protein—stromal interaction molecule (STIM)—
has been presented and published by Liou et al. as well as Roos et al. in 2005 
[18,19]. Screening about 2300 signaling proteins in Drosophila S2 cells and HeLa 
cells using an RNA interference–based gene knockdown approach, 2 homolo-
gous proteins highly involved in ER store depletion–mediated Ca2+ influx were 
elucidated—STIM1 and STIM2. These proteins serve as ER-resident Ca2+ sen-
sors, which closely communicate with the CRAC channels upon Ca2+ depletion 
of the ER [18,19]. Both STIM1 and STIM2 are single-pass TM proteins with the 
N-terminus in the ER lumen and the larger C-terminal part facing the cytosol. The 
ER luminal part, which functions as a Ca2+ sensor of [Ca2+]ER, contains, among 
other parts, a Ca2+-sensing EF hand followed by the α-helical TM domain. The 
larger cytosolic part of STIM is responsible for coupling to and activation of Orai 
channels [6,30–33]. Confocal microscopy images reveal an intracellular tubular 
distribution of STIM1 under resting conditions with full ER Ca2+ stores; however, 
a small percentage of STIM1 has also been detected in the PM [34]. Lowering 
the ER-intraluminal Ca2+ concentration represents the initial trigger for STIM1 
activation. In the course of store depletion, Ca2+ is released from the STIM1 EF 
hand domain followed by STIM1 homomerization and translocation to the cell 
periphery into the so-called ER–PM junctions—regions where the ER membrane 
is in tight proximity to the plasma membrane. Low [Ca2+]ER finally leads to the 
formation of oligomeric STIM1 clusters/punctae in these microdomains where 
Orai channels localize as well. This physical coupling of STIM1 to Orai channels 
therefore induces Ca2+ influx linked to specific downstream signaling and ER store 
refilling [30,35–39]. Besides the activation of CRAC channels, STIM1 has been 
shown to play a role in arachidonate as well as leukotriene C4–stimulated Ca2+ 
channels (see Chapter 11) as well as TRP channel regulation [40].

After the initial characterization of STIM and Orai with limited structural 
 knowledge based on bioinformatics predictions, in 2012, the crystal structures of 
cytosolic fragments of STIM1 and full-length Orai were reported, allowing new and 
more focused studies of STIM1 and Orai related to their intra- and intermolecular 
interactions [41].
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2.2  STIM1

In resting cells, ER membrane–resident STIM1 reveals a dynamic constitutive move-
ment along microtubules, whereas store depletion results in the redistribution of 
STIM1 into clusters/punctae at ER–PM junctions [42,43]. Dissection of STIM1 for 
examination of specific ER luminal as well as cytosolic STIM1 domains has shown 
that cytosolic coiled coil (CC) domains and the S/P domain are involved in the con-
stitutive movement, whereas the luminal portion, in combination with cytosolic 
domains, is essential for STIM1 oligomerization and cluster formation upon store 
depletion [43–45]. Furthermore, STIM1 directly binds to EB1, a microtubule plus end 
tracking molecule. Both STIM1 and EB1 are required for tip attachment complex–
mediated ER tubule extension where an ER tubule elongates with a growing micro-
tubule [46,47]. The trigger preceding cytosolic CC interactions resulting in STIM1 
oligomerization has been localized to the ER luminal STIM1 part as its substitution 
using an artificial luminal cross-linker clearly replaced the store depletion–dependent 
activation mechanism of STIM1 [48]. In conclusion, the initial publications on the 
activation of STIM1 showed that the initial step is induced by ER store depletion 
resulting in STIM1 oligomerization on its luminal side consequently leading to 
oligomerization on its cytosolic side [18,19,27,30,38,43,49–51]. The STIM1 luminal 
part contains a canonical and a hidden EF hand followed by a sterile-α motif (SAM) 
[44,45,52] (Figure 2.1a). The EF hand structurally represents a helix-loop-helix motif 
with negatively charged residues (Asp and Glu) binding Ca2+ (Kd ~ 200–600 μM) in 
the high [Ca2+]ER conditions. ER store depletion (lowering [Ca2+]ER) results in Ca2+ 
dissociation from the STIM1 EF hand, therefore destabilizing the entire EF-SAM 
entity [44]. CD-spectroscopy measurements of that crucial domain performed by 
Stathopulos and colleagues revealed that EF-SAM with bound Ca2+ results in high 
α-helicity in contrast to the apo-EF-SAM (without Ca2+). Furthermore, the apo-EF-
SAM domain proved to exist in at least dimeric form, whereas in the presence of 
Ca2+ the monomeric form is predominant [44,45]. An additional study by Covington 
and colleagues [53] using Förster resonance energy transfer (FRET) has shown 
that a STIM1 deletion mutant containing only the luminal part and the TM domain 
responds with FRET increase that depends on store depletion. Structurally, STIM2 is 
very similar to STIM1; however, comparisons of the EF-SAM domains in their ER 
luminal part reveal different degrees of structural stability explaining the observation 
that STIM2 reacts faster upon smaller decreases in [Ca2+]ER [54–56]. Following the 
EF-SAM domain, a TM helix spans the ER membrane (Figure 2.1a). Ma et al. [57] 
were the first to identify a gain of function mutation in STIM1 TM. Screening the 
whole TM domain, the mutant STIM1 C227W exhibits the highest potency for elicit-
ing constitutive Ca2+ influx. The function of C227W is to uncouple distinct activation 
steps, allowing the examination of STIM1 TM structural states without manipulating 
luminal or cytosolic functional components. Based on FRET and cross-linking experi-
ments, it was concluded that C227W allows the close proximity of the N-terminal part 
of the TM domains, mimicking the store-depleted state with oligomerized EF-SAM 
domains. Furthermore, FRET analysis revealed a decreased CC1–SOAR (STIM-Orai 
activating region) interaction in the C227W mutant similar to store depletion–induced 
STIM1 activation [57] (Figure 2.2). By combining biochemical and bioinformatics 
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FIGURE 2.2 Cartoon of a hypothetical model depicting STIM1 conformational changes in 
the process of STIM1 activation and coupling to Orai upon store depletion. (a) STIM1 quiescent 
state is accomplished by STIM1 CC1/CC3 interaction in the presence of full ER Ca2+ stores. 
After store depletion, intraluminal STIM1 EF-SAM domains lose bound Ca2+ triggering a con-
formational rearrangement in the luminal part of STIM1, which changes the angle of the TM 
domains relaying the signal to the STIM1 cytosolic parts. (b) The following CC1α1 homomer-
ization results in the release of the CC1/CC3 clamp leading to a more extended conformation 
with SOAR flipping to the top of the molecule. (c) Changes in angles of CC2 and CC1α3 in the 
dimeric STIM1 assembly and release of CC3 reveal SOAP (STIM–Orai association pocket) in 
combination with coupling to Orai C-terminus. (d) Additionally, STIM1 CC3 including SHD 
(STIM1 homomerization domain) connects STIM1 dimers forming higher-order oligomers. 
The inset depicts intermolecular interactions between STIM1 and Orai1 C-terminus.
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approaches they further present a structural change of STIM1 TM domain dependent 
on the activation state. In their model, STIM1 TM dimers are not parallel but cross at 
a specific position, whereas the crossing angle is big enough to explain the separation 
of the luminal portions in a high ER Ca2+ condition. In contrast, store depletion results 
in a reduction of the crossing angle allowing the dimerization/oligomerization of the 
luminal STIM1 EF-SAM domains and consequent change of the relative positions of 
STIM1 cytosolic parts (Figure 2.2). Additionally, the TM domain contains three gly-
cines (223, 225, 226) that yield high flexibility and are potentially involved in bend/
kink formation representing a structural change in the course of signal transmission 
from the luminal to the cytosolic STIM1 parts [57,58].

The cytosolic portion following the TM domain includes three CC regions (CC1, 
CC2, and CC3), a CRAC modulatory domain (CMD), and a serine/proline- and a 
lysine-rich region (Figure 2.1a). Early studies by Huang et al. and Muik et al. demon-
strated that the cytosolic expression of the STIM1 C-terminus is able to activate Orai1 
[30,59]. As the STIM1 C-terminus (aa233–685) represents a large molecule, the goal 
has been laid on the identification of the STIM1 region representing the minimal frag-
ment required to activate Orai channels. In a very narrow time frame, several Orai-
activating STIM1 fragments were identified and published: (CRAC activation domain) 
CAD (aa342–448), SOAR (aa344–442), (Orai activating small fragment) OASF 
(aa233–450), and Ccb9 (aa339–444) [39,60–62] (Figure 2.1). All these Orai1-activating 
fragments contain CC2 (aa363–389), CC3 (aa399–423), and the STIM1 homomeriza-
tion domain SHD (~aa421–450) for correct oligomerization and coupling to and activa-
tion of Orai channels [60]. At that time, no detailed knowledge about the structures of 
small Orai-activating fragments and only large segments within SOAR were suggested 
to form CC domains. It took 3 more years until Yang et al. presented the crystal struc-
ture of hSOAR (345–444L374M, V419A, C437T) [63] (Figure 2.1b). They reported a dimeric 
assembly of the SOAR molecules with multiple intra- and intermolecular interactions. 
However, it is still not clear which activation state this structure represents. The mono-
meric SOAR consists of an antiparallel arrangement of CC2 and CC3 with two short 
α-helices linking these domains, resembling the capital letter “R” (Figure 2.1b). These 
regions are named Sα1 (345–391), Sα2 (393–398), Sα3 (400–403), and Sα4 (409–437). 
The dimeric SOAR arrangement represents an overall V-shape with N-terminal amino 
acids (T354, L351, W350, L347) from an SOAR monomer interacting with C-terminal 
residues (R429, W430, I433, L436) of the other monomer, respectively. Furthermore, 
the dimer contains a crossing point at position Y361 of both CC2 domains and a cluster 
of positively charged amino acids (K382, K384, K385, K386, R387) located on either 
tip of the V-shaped dimeric SOAR structure [63] (Figure 2.1c).

The STIM1 CC1 (aa238–343) domain, which is located between the TM 
domain and SOAR, includes three α-helical segments (CC1α1 aa238–271, CC1α2 
aa278–304, and CC1α3 aa308–337) [32,64,65] and has been demonstrated to play a 
key role in keeping STIM1 in a locked tight inactive conformation when ER stores 
are full [57,63,65–67]. The decrease of [Ca2+]ER, which leads to luminal di-/oligo-
merization followed by closer proximity of the TM domains, triggers a conforma-
tional change in the cytosolic strand where CC1 adopts an extended conformation, 
thereby releasing SOAR [57,65,67] (Figure 2.2). Using FRET, Covington et al. exam-
ined the homomerization potential of different STIM1 C-terminal truncation mutants 
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(i.e., STIM1-CC1 [aa1–344] and STIM1-CC1-CAD [aa1–448]), concluding that CC1 
and CC3/SHD are both involved in homomerization [53]. However, further studies 
examining the role of CC1 have made clear that CC1 is a key domain in the STIM1 
activation cascade integrating additional functions. One of the first hypothetical mod-
els of the control mechanism of CC1 has been proposed by Korzeniowski et al. [68]. 
They suggested a quiescent STIM1 state resulting from an autoinhibitory clamp based 
on attractive electrostatic interactions between a highly negatively charged segment 
within CC1α3 (aa308–337) and a positively charged region (aa382–387) within CC2 
[68]. However, this hypothesis is not in line with the crystal structure of CC1-SOAR 
(from Caenorhabditis elegans) as the acidic region within CC1α3 (also called “inhibi-
tory helix”) is too distant from the basic region at the tip of the structure to form the 
proposed electrostatic clamp [63]. Based on their crystal structure, Yang et al. describe 
intramolecular interactions involving residues of CC1α3 and residues at the beginning 
of CC2 as well as the end of CC3 in the SOAR dimer. This dimerized conformation 
is suggested to represent the inactive, resting state where SOAR is occluded by the 
inhibitory helix [63]. Another study focusing on the CC1α3 describes its role involv-
ing intramolecular shielding leading to the STIM1 quiescent state, however, without 
the contribution of electrostatic or CC interactions, as deletions or substitutions within 
this segment revealed no clear effect [69]. Further examination of CC1α3 by mul-
tiple substitutions affecting its amphipathic character has led to the conclusion that 
the amphipathic nature of this segment has an impact on the regulation of STIM1 
activation [69]. Another FRET-based approach developed by Romanin’s group has 
allowed the monitoring of conformational changes within the cytosolic STIM1 region 
233–474 (OASF) [66]. For this purpose, the OASF has been double labeled with yel-
low fluorescent protein (YFP) at the N-terminus and cyan fluorescent protein (CFP) 
at the C-terminus revealing different intramolecular FRET values depending on the 
OASF conformation. The wild-type OASF conformational sensor results in a robust 
FRET, suggesting a tightly packed structure representing the quiescent state of STIM1 
when Ca2+ stores are full [66]. Another study performed by Hogan’s group reported 
a tight conformation of the STIM1 C-terminus (233–685) based on Tb3+-acceptor 
energy transfer measurements [67]. The obvious question arising is: what are the 
molecular steps that guide the cytosolic strand of STIM1 from the quiescent into the 
active form? To solve this task, several mutations as well as artificial cross-linking 
experiments have been performed. Point mutations within the OASF sensor with a 
high impact on the CC probability of CC1α1 (L251S) and CC3 (L416S L423S) result 
in decreased intramolecular FRET values consistent with an extended conformation 
representing the activated STIM1 state [66]. Introducing the same point mutations 
in full-length STIM1 and coexpressing these mutants with Orai1 in HEK cells has 
revealed constitutive inward Ca2+ currents independent of [Ca2+]ER. These results sug-
gest that intramolecular CC1–CC3 interactions within STIM1 lock the quiescent state 
that is released upon store depletion or point mutations affecting the CC formation 
[65,66]. In an alternative approach, Zhou et al. succeeded in extending STIM1-CT 
by cross-linking of the CC1 domains. They also showed the “activating” mutation 
L251S resulting in a conformational extension of STIM1-CT in line with the OASF 
conformational sensor [67]. In summary, these results point to the high impact of 
CC1α1 as a key structure in the transition of STIM1 from the tight quiescent state 
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to the extended active state [65–67]. The tight state has been suggested to involve an 
interaction between CC1 and CC3, whereas the active state via CC1 homomerization 
releases the CC1–CC3 clamp, leading to extended conformation.

Another FRET-based approach called “FIRE” (FRET Interaction in a Restricted 
Environment) was developed by Romanin’s group to further dissect the STIM1 acti-
vation mechanism [65]. In that study, the role of CC1 in controlling the different 
cytosolic STIM1 activation states has been examined. The FIRE system has been 
engineered to mimic ER-targeted two-dimensional localization rather than using 
cytosolic expression. It consists of cytosolic STIM1 domains of interest linked via 
a flexible, 32 glycine linker to the ER STIM1 TM helix that is attached to a fluores-
cent protein (YFP or CFP) on the ER luminal side. The use of the FIRE system is 
accompanied by the advantages of a two-dimensional system, that is, low-affinity 
interactions of the protein domains of interest “survive” with higher probability in 
contrast to their cytosolic expression with three-dimensional degrees of freedom. 
Furthermore, FIRE allows the use of small fragments without the concern of steric 
hindrance as the fluorophores are attached on the ER luminal side. In case of an 
interaction of the peptides on the cytosolic side, the attached fluorophores on the ER 
luminal side achieve relatively close proximity, which is detected by FRET. In the 
study of Fahrner et al., using STIM1 fragments, the direct CC1α1–CC3 interaction 
has been established as a molecular determinant maintaining the quiescent STIM1 
state. In line with the extended state, introduction of the activating L251S substitu-
tion in CC1α1 disrupted the interaction with CC3. CC1α3 is also involved in locking 
the inactive STIM1 state but not in a predominant manner as shown with deletion 
mutants [63,65]. Another result by this study has revealed a destabilizing role of 
CC1α2 that may be related to the Stormorken syndrome–associated mutant STIM1 
R304W [65,70–72]. Possibly, this point mutation enhances the destabilizing force 
induced by CC1α2, leading to an extended and activated STIM1 that is able to couple 
to and activate Orai independent of [Ca2+]ER.

Based on all recent functional and structural STIM1 data, a hypothetical STIM1 
activation model has been designed, including distinct STIM1 conformations reflect-
ing the different steps of STIM1 activation upon store depletion [65] (Figure 2.2). In 
the STIM1 activation model, the inactive state is represented by a dimer where the 
intramolecular CC1α1 and CC1α3 interact with CC2/CC3, forming a clamp keep-
ing STIM1 quiescent and tightly packed. Ca2+ depletion from the ER is the first step 
affecting the luminal STIM1 conformation [57,65]. Decreased [Ca2+]ER results in 
luminal EF-SAM domain destabilization, which represents a signal that is transmit-
ted via the TM domain to the cytosolic portion of STIM1 [45,52,57]. Ultimately, 
the CC1–CC3 interactions are released most likely accompanied by an increased 
CC1 homomerization and a conformational rearrangement of CC2 and CC3 (CAD/
SOAR) resulting in the formation of STIM–Orai association pocket (SOAP) and CC3 
oligomerization and clustering [57,65–67,73]. The current model does not directly 
involve CC1α2; however, the Stormorken syndrome–relevant STIM1 R304W point 
mutation [70–72], which is at the very end of CC1α2, induces the extended confor-
mation consistent with constitutive Orai1 activation (M. Fahrner et al., unpublished 
data). How exactly this substitution is able to induce the extended STIM1 structure 
is still under examination.
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2.3  ORAI

The Orai family consists of three homologous proteins named Orai1, Orai2, and 
Orai3, which reside in the PM and represent Ca2+-selective ion channels allowing 
Ca2+ influx upon stimulation [16,20,74,75]. Each Orai molecule contains a cytosolic 
N- and C-terminus and four TM helices that are connected via two loops on the 
extracellular and one loop on the intracellular side [40] (Figure 2.3a). TM1 has the 
highest sequence similarity between the three Orai proteins, whereas the non-TM 
domains are less conserved. Orai1 and Orai3 share 34% sequence identity in the 
N-terminus and 46% in the C-terminus [76,77]. Another obvious difference applies 
to the third loop, which is much longer in Orai3. It has been shown by several groups 
that both the Orai C-terminus and the N-terminus are involved in functional coupling 
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to STIM1. Upon activation by STIM1, Orai channels open, giving rise to inwardly 
rectifying Ca2+currents with a low single-channel conductance [30,39,78–81].

The stoichiometry of Orai proteins forming a functional channel has been exten-
sively investigated, suggesting that four Orai1 monomers constitute the Ca2+-selective 
CRAC channel [4,76,82–86]. A heteromeric pentameric assembly, consisting of three 
Orai1 and two Orai3 subunits, has also been proposed for a Ca2+-selective channel 
that is activated via arachidonic acid [87]. However, in 2012, dOrai (from Drosophila 
melanogaster) was crystallized, revealing an unexpected hexameric arrangement of 
the Orai subunits forming the functional channel [41]. In this architecture, three Orai 
dimers with crossing C-termini are combined to end in a quaternary structure with 
six Orai molecules per channel (Figure 2.3b). The ion-conducting pore is located 
right in the middle and is mainly created by TM1 of the six Orai subunits forming the 
first ring (Figure 2.3c). TM2 and TM3 form a ring surrounding TM1 and therefore 
separating TM1 from the PM lipid environment. TM4 contributes the third ring that 
is in tight contact with the components of the PM [41]. The cytosolic TM1 proximal 
N-terminal part of Orai represents the “Extended Transmembrane Orai1 N-terminal” 
region (ETON), which is an α-helical extension of TM1 reaching about 20 Å into the 
cytosol [78]. The helices of TM2 and TM3 expand into the cytosol too, to a smaller 
extent, and are connected via the intracellular loop 2, which is unfortunately not rep-
resented in the x-ray structure, as is the case for the two extracellularly located loops 
(loop 1 and loop 3), which are also missing in the structure [41]. Molecular modeling 
and molecular dynamics simulations have been performed for the missing parts of 
the crystal structure, suggesting a high flexibility of loop 3 [88]. The cytosolic exten-
sions of TM4 representing the C-termini reveal two different kink angles in a highly 
conserved hinge region leading to an antiparallel dimeric interaction of the C-termini 
of two adjacent Orai molecules in the hexamer [41,73].

2.4  STIM1: ORAI INTERACTION

ER store depletion results in the activation of STIM1 that unfolds into an extended 
conformation, homo-oligomerizes forming clusters, translocates to the cell periphery, 
and eventually couples to Orai, thereby opening this channel [40]. The small Orai-
activating fragment CAD has been shown to directly bind to the Orai1 C-terminus, 
which seems to be the major interaction site between these two proteins [39,61]. 
CAD–Orai1 N-terminus interaction was determined as well, whereas the interaction 
with Orai1 loop 2 has not been detected [39]. NMR structure of a STIM1 fragment 
(312–387) including CC1α3 and CC2 has been presented with and without an Orai1 
C-terminal fragment (272–292), respectively, which for the first time has revealed 
a potential STIM1–Orai1 C-terminus interaction on a structural basis [73]. Here, 
two STIM1 fragments form an antiparallel dimeric structure that interacts with two 
antiparallel Orai1 C-terminal fragments in line with the Orai C-terminal conforma-
tion presented in the hexameric dOrai crystal structure [41,73]. The NMR struc-
ture of SOAP reveals the residues that are in close proximity to amino acids of the 
Orai1 C-terminus. With respect to STIM1, the side chains of L347, L351, Y362, 
L373, and A376 are involved in hydrophobic interactions with Orai1 C-terminal 
residues. Another part of STIM1 comprising the positively charged residues K382, 
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K384, K385, and K386 forms a highly charged region providing electrostatic com-
plementarity to an acidic portion within the C-terminus. With respect to Orai1, on 
one hand, hydrophobic residues including L273 and L276 are involved in hydropho-
bic interactions, and on the other, negatively charged side chains of Orai1 (D284, 
D287, and D291) form electrostatic interactions with complementary STIM1 regions 
within SOAP, respectively. Point mutations of these hydrophobic as well as charged 
residues on either STIM1 or Orai1 have been reported to functionally disrupt the 
STIM1–Orai1 communication, however to a different extent, which is in agreement 
with the NMR structure [73]. Therefore, the STIM1–Orai1 C-terminal coupling is 
well described on a functional and structural level; however, the interaction between 
STIM1 and Orai1 N-terminus is only marginally defined. Possibly, F394 in STIM1 
plays a critical role in binding to a hydrophobic counterpart of the ETON region as 
the point mutation F394H abolishes the activation of Orai1 [89].

Structurally, the Orai1 C-terminus adopts two different orientations in the crystal 
structure depending on the angles of the hinge region (aa261–265), which represents 
the link between TM4 and the cytosolic C-terminal part of Orai. With respect to an 
Orai dimer, the two C-termini cross each other at an angle of 152° [41]. The probabil-
ity of forming CC for the Orai1 C-terminus is relatively weak, whereas for Orai2 and 
Orai3 it is about 17-fold higher [90]. Examination of strategically important positions 
of the CC domain (the hydrophobic “a” and “d” positions) of Orai1 using single point 
mutations (L273S and L276S) to decrease the CC probability, interferes with coupling 
to STIM1 [30,90]. Indeed, the NMR structure presenting SOAP as the STIM1–Orai1 
binding domain is consistent with the previous functional experiments as positions 
L273 and L276 are engaged in hydrophobic interactions with STIM1 counterparts 
in SOAP [73]. Concerning Orai2 and Orai3, single point mutations do not reveal the 
same dominant effect, which may be explained by their higher C-terminal CC prob-
abilities. Therefore, double mutations are required to robustly decrease the CC proba-
bility, resulting in full disruption of the communication with STIM1 [90]. Orai1 R281, 
L286, and R289 represent additional important residues in the Orai1 C-terminus con-
tributing to SOAP. In accordance to the structural data, adjacent residues not involved 
in SOAP had no significant impact on channel activation [73]. The Orai1 C-terminal 
positions L273 and L276 are worth mentioning, as they are not solely involved in 
STIM1 binding within SOAP, but they also represent the crossing point of two anti-
parallel C-termini of each Orai dimer within the hexameric Orai. Substituting L273 
and L276 in Orai1 with cysteines resulted in disulfide bond formation under oxidizing 
conditions in cross-linking experiments fully abolishing STIM1 binding. The addi-
tion of reducing agents breaking the disulfide bonds rescued STIM1 coupling [80,91]. 
The hinge region in Orai1 connecting TM4 and Orai C-terminus has a key role in 
defining the correct orientation and conformation of the C-terminus. As expected, 
mutations within the hinge region affect STIM1 coupling and Orai channel activation; 
however, to fully disrupt STIM1–Orai1 communication, additional Orai1 C-terminal 
mutations were necessary [80]. In summary, the hinge region is relevant for deter-
mining the optimal position of the C-termini for efficient coupling to STIM1, but the 
direct coupling of STIM1 to Orai C-terminal downstream regions is essential.

How do the crossing Orai C-termini reported in the crystal structure fit in with the 
NMR structure of SOAP? A closer look at the SOAP structure reveals antiparallel 
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Orai C-termini with an angle of 136° [73] in contrast to 152° measured in the crystal 
structure without STIM1 [41]. Possibly, the different angles arise from the differ-
ent origins of Orai as dOrai was crystallized for the x-ray structure determination, 
whereas the NMR structure is based on the human Orai1. However, it has to be 
pointed out that the two structures also represent different activation states of Orai1. 
The crystal structure corresponds to the closed Orai state without STIM1, whereas 
the NMR SOAP structure is derived from a complex of STIM1/Orai1 C-termini. 
Therefore, the observed difference of angles could hypothetically reflect the activa-
tion state, that is, Orai1 C-termini undergo a mild angle modification upon coupling 
to STIM1, resulting in a conformational shift.

Biochemically an Orai1 N-terminus–STIM1 interaction is detectable too, but to a 
weaker extent [39,78]. As the ETON region (Orai1 aa73–90) represents the elongated 
TM1 and incorporates relevant binding residues, Orai1 N-terminal deletion mutants 
reveal different effects depending on the size of truncation. Full channel activation 
is observed in case of Orai1 Δ1–72, whereas Δ1–74 results in only 50% activation 
and Δ1–76 abolishes current activation completely [78]. Several studies analyzing 
the ETON region within full-length Orai1 have revealed an inhibition of coupling 
to STIM1 as well as channel activation by substituting various residues in ETON 
[78,89,92]. The positively charged side chains within ETON seemingly have various 
functions, that is, interaction with STIM1, stabilization of the elongated pore, and an 
electrostatic barrier to cations [78,93]. Although Orai1, Orai2, and Orai3 all contain 
the conserved ETON region, equivalent N-terminal truncations have revealed differ-
ent effects in the three Orai homologs. Strikingly, Orai3 store-operated activation is 
still preserved even with extensive truncations that fully abolish Orai1 function [78]. 
Probably, additional structures present in Orai3 are able to compensate for the large 
N-terminal deletions; however, their position still remains elusive. In summary, resi-
dues within ETON most likely are engaged in communicating with STIM1; however, 
a structural view of this interaction is still missing.

Based on structural and functional data, the STIM1–Orai1 interaction is predomi-
nantly achieved by the binding of STIM1 C-terminus to Orai1 C-terminus as well as 
N-terminus. The presence of both cytosolic Orai strands is absolutely necessary for 
channel activation by STIM1 as deletions or mutations of either Orai N- or C-terminus 
result in fully nonfunctional channels [78–80,94]. However, the C-terminus seems to 
have a superior role in this coupling, as a deletion/mutation of the Orai C-terminal 
binding sites completely inhibits the interaction with STIM1 or STIM1 C-terminal 
fragments, whereas Orai N-terminal deletions or mutations lead to nonfunctional 
channels but still allow partial coupling to STIM1 [30,31]. Structural and biochemi-
cal evidence point to the fact that the Orai C-terminus is indeed the primary STIM1 
coupling site and the Orai N-terminus most likely is involved in gating [30,93,95]. 
In addition to STIM1, calmodulin and cholesterol have been reported to regulate 
Orai1 via its N-terminus [96–99]. In summary, both N- and C-terminal cytosolic 
Orai strands are necessary for Orai channel activation; however, the detailed molecu-
lar choreography of STIM1–Orai coupling and activation still remains a mystery. 
A commonly accepted hypothetical picture includes as the first step STIM1 coupling 
to the Orai C-terminus consequently attaching STIM1 to Orai, thereby allowing the 
next interaction involving the Orai N-terminus for channel gating. This finally results 
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in a bridging of Orai1 N- and C-termini by the CAD/SOAR domain of STIM1. In 
addition to the hypothetical interaction sequence, the Orai C-terminus could not only 
be responsible for STIM1 coupling but also for discrete conformational changes 
propagating through the Orai TM domains via rearrangements of TM4 upon interac-
tion with STIM1; however, this is still speculative.

To shed light on the interaction of Orai1 N- and C-termini with STIM1 upon store 
depletion, various Orai1 proteins with CAD fragments linked to the cytosolic Orai1 
N-terminal and C-terminal strands, respectively, have been explored [79,80,94]. The 
direct linkage results in a local enrichment of STIM1-CAD close to Orai1. Combining 
the Orai1–CAD fusion with N-terminal (Δ1–76) and C-terminal (Δ276–301) loss of 
function deletions of Orai1, respectively, yields slight compensation resulting in par-
tial channel activation. However, a tethered CAD cannot compensate for more severe 
deletions pointing to the fact that the presence of Orai1 residues 77–90 (N-terminus) 
and 267–275 (C-terminus) is necessary for preserved activation via tethered CAD. 
On the other hand, single loss of function point mutations in either Orai1 N- or 
C-terminus lose their dominant effect in the presence of attached CAD [80,94]. 
Obviously, the local CAD enrichment results in a higher likelihood of coupling to 
and activation of Orai1 channels even in the presence of point mutations that other-
wise lead to a loss of function. To fully destroy the CAD–Orai1 interaction using the 
Orai1–CAD fusion protein, mutations in both Orai1 N- and C-termini are necessary, 
emphasizing that both Orai1 cytosolic strands contribute to the interaction with the 
STIM1 C-terminus. Hence, an alternative to the sequential STIM1–Orai coupling 
model has been proposed by Palty et al. proposing the formation of a distinct STIM1 
binding pocket by Orai1 N- and C-terminal sites [80,94].

The NMR 3D structure representing a dimerized STIM1 fragment (312–387) 
with two Orai1 C-termini (272–292) shows a clear picture of the interacting residues 
within the SOAP. Based on this holo-structure, point mutations have been introduced 
in STIM1 as well as Orai1 for functional electrophysiological analysis revealing 
strong agreement with the presented structural data [73]. It is important to note, 
however, that full-length Orai1 involves both C-terminus and N-terminus for func-
tional coupling and activation [30,31,39,78], whereas the NMR holo-structure only 
contains a C-terminal fragment of Orai1. Furthermore, the STIM1 fragment lacks 
residues 388–442, which represent an important domain within SOAR [61]. To gain 
more evidence for the physiological STIM1–Orai1 interaction, a structure containing 
a larger STIM1 fragment together with Orai1 cytosolic strands or even the full-length 
Orai1 channel complex would be of high benefit. Moreover, the cytosolic loop2 of 
Orai could play a cooperative role in CRAC activation too, however this possibility 
needs to be specifically examined and analyzed.

A comparison of the SOAR crystal and the NMR STIM1 312–387 reveals different 
tertiary and quaternary structures probably reflecting different conformational activa-
tion states of the protein. Both share only a small overlapping part (residues 344–387) 
containing the crossing pivotal point around Y361; however, the angles between CC2 
and CC2′ in the dimer are different in the two structures. The NMR structure of STIM1 
fragments within SOAP fits well with the antiparallel crossing C-termini of Orai1 sug-
gesting a conformation close to the STIM1-activated state, whereas the SOAR crystal 
possibly reflects a structure close to the STIM1-inactivated tight state [63,73].
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The NMR resolution of the STIM1 312–387 + Orai1 272–292 structures allows 
the interpretation that one STIM1 dimer interacts with one Orai1 dimer during the 
coupling and activation process. However, several studies have been performed 
analyzing the stoichiometry of the oligomeric STIM1–Orai1 complex reveal-
ing divergent results. Electrophysiological experiments suggest that the extent of 
Orai1 activation depends on the number of STIM1 molecules present [100–102]. 
Furthermore, the CRAC current inactivation depends on the STIM1 protein number, 
as less STIM1 proteins interacting with Orai1 result in less CRAC channel inactiva-
tion [103]. Various approaches have been performed to elucidate the STIM1–Orai1 
stoichiometry, including varying STIM1/Orai1 ratios or direct fusion proteins of 
Orai1 connected to CAD dimers. Results point to the fact that eight STIM1 mol-
ecules per four Orai1 subunits lead to maximal CRAC channel activation and inacti-
vation [100,101]. Analyses of Orai1 and constitutively active Orai1 V102A mutants 
connected to single or tandem CAD molecules result in increased Ca2+ selectivity 
with an increased number of STIM1 fragments, showing that CRAC channel activa-
tion is not an “all or none” phenomenon but rather a gradual process depending on 
the number of Orai1 subunits in a tetramer with an undisturbed C-terminal STIM1 
binding site [101]. In the past, most studies pointed to an Orai1 tetramer forming the 
CRAC channel activated by eight STIM1 molecules ending in a 2:1 STIM1:Orai1 
ratio. However, the crystallized dOrai structure reveals a hexameric assembly and 
it is difficult to explain how eight STIM1 proteins interact with six Orai subunits. 
Based on the NMR structure of interacting dimeric STIM1 fragments with two Orai1 
C-terminal fragments a STIM1:Orai1 ratio of 1:1 is most likely present in the active 
complex [73]. Connecting this view to the hexameric Orai channel suggests an inter-
action of six STIM1 proteins with six Orai1 subunits displaying a picture where 
three STIM1 dimers couple to three Orai1 dimers in the hexameric CRAC channel 
complex. An alternative hypothesis has been presented by Zhou et al. suggesting a 
new STIM1–Orai1 coupling model based on experiments using a STIM1 F394H 
mutant, which disrupts STIM1–Orai1 coupling and activation [89,104]. Fusing two 
SOAR molecules either containing two wild type or one wild type and one F394H 
SOAR mutant has revealed a similar interaction with and activation of Orai1. To 
disrupt the coupling to and activation of the CRAC channel, both SOAR domains 
have to carry the F394H substitution. Another experiment using a PM-anchored 
Orai1 C-terminus reveals an interaction with the SOAR tandem construct and ~50% 
decreased coupling in the case of the SOAR tandem with one F394H mutant mono-
mer. These results suggest a unimolecular interaction involving one Orai monomer 
of the hexameric assembly and one STIM1 molecule within the STIM1 dimer [104]. 
This interpretation is based on the assumption that each SOAR monomer within a 
dimeric construct acts independently of the other in the Orai channel activation pro-
cess, excluding a potential cooperative effect. This picture allows for the hypotheti-
cal interaction of the second STIM1 molecule of the dimer with an Orai subunit of 
an adjacent Orai hexameric channel. Connection of two Orai hexameric channels by 
one STIM1 dimer may result in a lattice structure of CRAC channels where STIM1 
dimers grab neighboring Orai hexamers, consequently forming STIM1–Orai1 clus-
ters at ER–PM junctions. However, one point difficult to explain is how the anti-
parallel crossing Orai C-termini reported in the dOrai crystal structure are released 
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and structurally change position and orientation to fit the unimolecular interaction 
model proposed by Zhou et al. [104] (see Chapter 7). Potentially, one Orai dimer 
interacts with two STIM1 molecules but not from the same STIM1 dimer. The alter-
native to the unimolecular coupling and activation model is the bimolecular binding 
model presenting the interaction of one STIM1 dimer with one Orai1 dimer, as seen 
in the NMR structure [73]. This model would similarly enable cluster formation 
by the intrinsic ability of STIM1 to form higher-order oligomers via CC3ext upon 
store depletion that link STIM1 dimers between adjacent Orai channel complexes, 
meaning that Orai is not necessary for cluster formation, which follows the inherent 
STIM1 clustering propensity. However, further functional and structural evidence is 
required to shed light on the STIM1–Orai1 coupling process and oligomeric cluster 
formation.

2.5  ION CONDUCTION PATHWAY OF THE ORAI PORE

In the absence of STIM1 binding and store depletion, Orai1 channels remain in a 
closed conformation. However, specific mutations in the pore of Orai1 have been 
shown to yield constitutively active currents, suggesting that the pore itself is an 
essential gating domain [80,105–108]. To allow Ca2+ influx through the centrally 
located Orai1 pore by STIM1 requires energy to switch the Orai1 pore into a perme-
able state. The pore domain of Orai1 is formed by a ring of TM1 helices extending 
into the cytosol. The hexameric crystal structure of Orai1 reveals an external vesti-
bule in the vicinity of the selectivity filter, a hydrophobic cavity, and a basic region 
[41] (Figure 2.3b and c). Such a long α-helical pore formation is further supported 
by cysteine cross-linking experiments [109,110]. Molecular dynamics simulations 
have revealed that Ca2+ ions can frequently bind to the external vestibule, named the 
Ca2+ accumulating region (CAR) [88] (Figure 2.3c). This external vestibule in Orai1 
is formed by the TM1–TM2 loop, which includes three negatively charged residues 
(D110, D112, D114). D110 that is most centrally located to the pore contributes most 
frequently to Ca2+ ion binding. D112 instead not only binds Ca2+ but also basic resi-
dues of the longer extracellular loop 3, which affects Ca2+ binding and permeation 
[88]. Neither the negatively charged amino acids in loop 1 nor the positively charged 
residues in loop 3 are fully conserved among the three Orai isoforms [88]. Hence, 
these sequence differences may add to the plasticity of Ca2+ permeation of the Orai 
family members. The main role of the extracellular CAR in Orai channels is to raise 
local Ca2+ levels near the outer entrance of the pore and favor Ca2+ binding in the 
selectivity filter. CAR and the selectivity filter, which is exclusively formed by E106 
residues, are only 1 nm apart [41,88] (Figure 2.3c). Even a conservative mutation 
E106 to D yields nonselective cation currents and widens the minimum pore diame-
ter [111]. The relatively slow time of binding and unbinding of Ca2+ to the selectivity 
filter regulates the Ca2+ selectivity of the Orai1 channel [112]. This Ca2+ (un-) binding 
process likely also includes the closely located CAR segment. The more central part 
of the pore formed by hydrophobic residues hinders Ca2+ permeation in the closed 
conformation. Not surprisingly, a mutation of a rather bulky valine 102 to an alanine 
resulted in constitutively active Orai1 channels [105]. It is of note that these currents 
of Orai1-V102A are less Ca2+ selective, while the coexpression of STIM1 robustly 
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increases their Ca2+ selectivity. These experiments suggest that the Ca2+ selectivity 
is not an intrinsic property of the Orai pore itself but rather is formed in a concerted 
manner with STIM1. The V102 residues may act as a hydrophobic gate upon the cou-
pling of STIM1 with Orai1 to bend away from its pore blocking position and allow 
Ca2+ influx. Computer simulations of Orai1-V102 show that the hydrophobic barrier 
is lowered when this valine is changed to an alanine [113]. Consequently, water 
molecules can access the pore more easily and may help to shield Ca2+ charges and 
to allow Ca2+ influx. Additionally, STIM1 may induce additional pore conformations 
to the selectivity filter, as determined from terbium-binding experiments [114]. This 
observation also fits nicely with the altered Ca2+ selectivity of the pore mutant experi-
ments in the absence and presence of STIM1 [105]. A second site that is essential for 
gating is the basic segment located at the cytosolic exit of the Orai1 TM1 pore. This 
is consistent with the disease-causing Orai1-R91W mutation that completely blocks 
the pore [16,95]. Remarkably, the crystal structure of dOrai was solved together with 
a small negatively charged plug that is surrounded by side chains of R91 and R87 
[41]. It is yet unclear if such a negatively charged plug plays an essential physiologi-
cal role, but Cl− ions in the vicinity of the basic pore segment could play a similar 
role in preventing Ca2+ permeation. A second constitutive pore mutant, Orai1-G98P, 
has been shown to regulate the proposed R91 gate [106]. While the positive ring of 
R91 is, after the selectivity filter, the narrowest part of the wild-type Orai1 pore, the 
constitutively active Orai1-G98P extended the basic pore segment [106]. Again, the 
pore mutation not only affected gating but also the selectivity of the Orai1 channel 
[106]. Hence, an open Orai1 pore conformation might affect the whole pore, includ-
ing the selectivity filter, the hydrophobic segment, and the basic segment. Within 
the conserved N-terminus of Orai1, a putative cholesterol binding site has recently 
been reported [99]. Upon cholesterol depletion, STIM1/Orai1-mediated as well as 
endogenous CRAC currents were enhanced without affecting the selectivity of the 
Ca2+ currents and retaining association of STIM1 to Orai1. Cholesterol binding to an 
Orai1 N-terminal peptide comprising the ETON region has been observed, and point 
mutations disrupting the cholesterol binding motif enhanced store-operated currents 
similar to cholesterol depletion. Since overall coupling of STIM1 to Orai1 remains 
unaffected by the amount of cholesterol in the plasma membrane, this lipid seems 
to interfere mainly with STIM1-dependent channel gating via the ETON region 
[99]. Clearly, further studies are required to resolve this unique channel modulation 
mechanism.

2.6  PERSPECTIVES

Within the past decade, major efforts have been made to identify the molecular 
components of the CRAC channel family together with the discovery of their 3D 
atomic structures. Nevertheless, several questions remain unresolved and need fur-
ther examination. Regarding STIM1, different cytosolic C-terminal parts including 
a portion and the whole CAD/SOAR domain have been characterized by NMR and 
x-ray crystallography, revealing significant differences in their 3D atomic structures. 
In particular, larger STIM1 C-terminal fragments would be of benefit for the elucida-
tion of intra- and intermolecular interactions that trigger the switch mechanism of 
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STIM1, resulting in its tight, inactive or its extended, active conformation. The use 
of point mutations like L251S or R426L would help locking the STIM1 C-terminal 
structures in their extended or tight conformation, respectively.

With respect to Orai1, the crystal structure shows the closed state, and hence, 
Orai1 point mutants like P245L that yield a constitutively active Orai1 channel 
would lock the open state and may help elucidate the open channel conformation. 
How exactly STIM1 triggers the gating of Orai channels into the open state is only 
partially understood. NMR resolution and characterization of the SOAP, including a 
STIM1 fragment and part of the Orai1 C-terminus, have suggested a direct STIM1–
Orai1 coupling mechanism. However, the gating mechanism, which may involve 
other Orai1 cytosolic domains, is still not fully understood and needs further efforts to 
obtain structural data including these cytosolic Orai1 domains together with STIM1 
C-terminal parts. Possibly, these studies may elucidate conformational rearrange-
ments within Orai1 cytosolic strands as well as TM domains revealing aspects of the 
molecular Orai1 gating mechanism. The emerging field of optogenetics will further 
allow to obtain more detailed mechanistic insights of the STIM1–Orai communica-
tion via a sophisticated control by light (see Chapter 8). Finally, proteins potentially 
modulating the STIM1–Orai interaction and communication, like STIMATE [115], 
Septin [116], SARAF [117], or CRACR2A [118] (see Chapters 4 and 10), have to be 
taken into consideration, pointing to the complexities of the native CRAC channel 
system.
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3.1  INTRODUCTION

3.1.1  ER CalCium REpositoRy

Cells maintain an inward Ca2+ gradient from the extracellular fluid to the cytosol, 
entrenched by the action of plasma membrane pumps/transporters that actively 
“pump out” Ca2+ and organellar pumps/transporters that mold the Ca2+ transients by 
storing it away in intracellular reservoirs [1,2]. External stimuli trigger Ca2+ influx 
driven by the electrochemical gradient between a plenteous extracellular reservoir 
of Ca2+ (millimolar ranges) and a Ca2+-free cytosol. This Ca2+ surge is indispensible 
for its role as a second messenger, controlling a wide range of cellular functions like 
exocytosis, mast cell degranulation, and immune cell proliferation.

Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) family proteins drive 
excess Ca2+ from the cytosol into the ER lumen. Low-affinity, high-capacity buffers 
like calsequestrin and calreticulin soak up the incoming Ca2+, increasing the storage 
and Ca2+ buffering capacity of the ER [3,4]. Concurrently, Ca2+ overload and associ-
ated toxicity are prevented by the release channels inositol trisphosphate receptors 
(InsP3R) and ryanodine receptors. Maintaining ER Ca2+ concentration in the range 
of ~100 μM is essential for its protein synthesis and folding activities.

The concept of the ER as the “capacitator” of Ca2+ entry was pioneered by James 
Putney and found traction in experiments where blocking ER Ca2+ uptake using 
thapsigargin, a noncompetitive inhibitor of SERCA pump, led to Ca2+ influx [5,6]. 
Exhaustibility of ER Ca2+ reserve is an essential feature that orchestrates cellular 
signaling initiated by Ca2+ entry. Plasma membrane receptor stimulation generates a 
second messenger, inositol 1,4,5-trisphosphate (IP3), which signals ER Ca2+ release 
by organellar channels [7]. Diminution of free Ca2+ from ER stores is sensed and 
compensated by a highly selective influx of the extracellular Ca2+, termed store- 
operated calcium entry (SOCE). Besides replenishment of the stores, initiation of 
specific local pathways that control downstream cellular responses is believed to be 
a driving force for SOCE [8].

3.1.2  CRaC CuRREnt and thE undERlying playERs

SOCE is measured as an inwardly rectifying Ca2+ current supporting a small but 
significant Ca2+ uptake (see Chapter 1). The current, ICRAC (CRAC: acronym for 
Ca2+ release–activated Ca2+), was first detected in Jurkat T cells and mast cells using 
a combination of whole-cell patch clamping and single-cell Ca2+ imaging [9,10]. 
Depletion of organellar stores, and not mere alteration in intracellular Ca2+, trigger 
ICRAC, substantiated by studies using IP3 or the Ca2+-specific ionophore ionomycin in 
mast cells and using thapsigargin or intracellular Ca2+ chelators like BAPTA in Jurkat 
T cells and the revocable ER Ca2+ chelator TPEN ([11–13]; reviewed in [14]). The 
biophysical features of ICRAC are indicative of a unique ion channel that conducts Ca2+ 
more precisely than any other characterized channel. In particular, it has a low con-
ductance of <30 fS. This channel is ~1000-fold selective for Ca2+ over Na+, blocked 
by low concentrations of Gd3+, and detectably permeable to other divalent cations 
(Ca2+, Ba2+, Sr2+). Both fast and slow inactivation of ICRAC, attributed to either a local 



53Signaling ER Store Depletion to Plasma Membrane Orai Channels

increase in Ca2+ levels or a gradual refilling of store, are Ca2+-dependent feedback 
processes that regulate the channel activity [15,16]. CRAC channel can operate inde-
pendent of the potential difference across the plasma membrane, necessitating the 
role of a ligand in gating [10,17].

CRAC channel identity remained elusive for years after ICRAC was first recorded, 
and a pair of ER Ca2+ sensor and plasma membrane Ca2+ channel controlling the Ca2+ 
influx was predicted. Two independent genome-wide RNAi screens identified the ER 
component that controls SOCE as STIM1, an ER membrane–located Ca2+-binding 
protein with the features of a signaling molecule [18,19]. Drosophila S2 cells that 
have mammal-like CRAC channel properties were instrumental in expounding the two 
molecular players responsible for ICRAC [20]. Another set of coincident genome-wide 
RNAi studies identified Drosophila Orai (dOrai) as the plasma membrane compo-
nent responsible for store-operated Ca2+ influx in these cells [21–23]. Accompanying 
genetic analysis of human severe combined immunodeficiency (SCID) patients devoid 
of SOCE activity and a restoration of Ca2+ uptake function by ectopic expression of 
human ORAI1 confirmed its role as the CRAC channel [21].

3.1.3  soCE CuRREnt as an outComE of stim–oRai Coupling

Coexpression of STIM1 and ORAI1 proteins is sufficient for generating SOCE cur-
rent of large amplitude across various cellular systems [24–26]. Light microscopy 
studies with fluorescent proteins show a strong correlation between Ca2+ influx and 
a major redistribution of homogeneous ER-localized STIM1 into puncta in ER com-
partments adjoining the plasma membrane [27,28]. Implication from this finding is 
that STIM1 physically interacts with ORAI1 across a narrow gap between the ER 
and the plasma membrane.

ORAI1 protein forms a Ca2+-permeable ion channel in the plasma membrane, 
and mutation of a conserved acidic residue in the pore can block Ca2+ flux through 
the channel [22,29] (Figure 3.1a). ER Ca2+ depletion is sensed by the Ca2+-binding 
luminal EF-hand domain of STIM1, a disruption of which leads to a constitutive 
activation of STIM1 (Figure 3.1b) [19,28]. Following activation, STIM1 can recruit 
ORAI channels into clusters, and both puncta and clusters spatially correspond with 
the sites of Ca2+ entry [30]. Store depletion is essential for STIM1 redistribution 
[27,28,31–34], and interaction with STIM is sufficient for ORAI1 clustering and 
Ca2+ influx [30,31,35]. The obligatory role of STIM–ORAI interaction in generat-
ing SOCE current has been demonstrated through various biochemical studies, for 
the details of which, the reader is referred to other comprehensive literature reviews 
[36,37] (see Chapters 2 and 7).

The entire process of STIM1- and ORAI1-mediated Ca2+ influx calls for both pro-
teins to switch from a high-Ca2+ inactive state to a low-Ca2+ active state. In the case of 
STIM, Ca2+-binding status of the sensor itself can determine its conformation, while 
for ORAI1, STIM1 binding is essential for its gating. This conformational coupling 
can be regulated by several cellular factors, but STIM–ORAI interaction is adequate 
for SOCE. This chapter surveys the wealth of structural and biophysical studies to 
offer a mechanistic overview of STIM and ORAI functioning, focusing on the archi-
tectural changes these proteins undergo in response to store depletion.
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3.2  ORAI CHANNEL STRUCTURE

Mammalian ORAI1 (also known as CRACM1) is a ~33 kDa four-transmembrane 
cell surface protein [21,22]. Mammals express three ORAI-family proteins, namely, 
ORAI1, ORAI2, and ORAI3, with high sequence similarity in the transmembrane 
(TM) regions. ORAI homologs are named after the three mythological gatekeep-
ers of heaven. ORAI1 forms an ion-conducting pore in the plasma membrane, and 
its subunit topology, confirmed experimentally, shows both N and C termini to be 
 cytoplasmic [29,38,39] (see Chapter 2). ORAI1 is the principal ORAI-family protein 
contributing to store-operated Ca2+ entry in most mammalian cells studied.

3.2.1  CalCium Binding sitE

ORAI proteins distinctively lack sequence similarity to not just other ion chan-
nels but also any other known protein. However, like other Ca2+ channels, ORAI 
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FIGURE 3.1 An illustration of ORAI1 and STIM1 proteins at rest under store replete con-
ditions. (a) ORAI1 hexamer in the plasma membrane shown with Ca2+ bound to a ring of 
negatively charged E106 residues that mark the extracellular mouth of the channel. (b) Inactive 
STIM1 showing Ca2+ bound to the luminal EF–SAM domain and the cytoplasmic CC1 hold-
ing the ORAI1-interacting SOAR in a folded conformation. An index of feature description 
is given on the right. Only regions corresponding to STIM1 aa1–450 are depicted for clarity.
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proteins utilize the negative charge on a glutamate residue to bind and select for 
Ca2+ (Figure 3.2a). TM1 residue E106 (E178 in dOrai) is central to the Ca2+ bind-
ing and conductance of ORAI1, and alanine or glutamine substitutions result in 
a drastic loss of SOCE current [22,29,38]. E106D, a smaller negatively charged 
substitution, restores channel function only partially, with a concomitant increase 
in permeability to monovalent cations, emphasizing the need for a glutamate to 
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FIGURE 3.2 ORAI1 channel features highlighted in a homology model generated based 
on dOrai structure (PDB: 4HKR). (a) An overview of the channel showing only two sub-
units of the hexamer, the central line formed by TM1 helices, and the cytoplasmic extensions. 
Locations for channel features discussed in the text are marked. (b) Zoomed-in view of a 
section of the pore (region boxed in (a)), showing the Ca2+ binding site, a proposed vestibule 
comprised of aspartate residues in TM1–TM2 loop, nonpolar region with the gate at V102, and 
a part of the basic region with R91.
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maintain ion selectivity [29]. Introduction of one copy of E106Q into a tandem 
tetramer of ORAI1 is sufficient to eliminate CRAC current [40]. E106C shows a 
high degree of oxidative cross-linking and coordinates Cd2+ (ionic size similar to 
Ca2+) efficiently to result in a current blockade, demonstrating that the sidechains 
at position 106 are positioned to directly coordinate Ca2+ ions and hence form the 
Ca2+ binding site(s) [41,42].

3.2.2  poRE fEatuREs mappEd By Cd2+ BloCk and 
disulfidE CRoss-linking ExpERimEnts

Analysis of the packing of engineered cysteine substitutions against their counterparts 
from separate monomers of the ORAI1 channel has been instrumental in defining the 
ion permeation path. Cysteines replacing the TM1 residues along one helical face 
cross-link proficiently with oxidizing agents like copper phenanthroline and molec-
ular iodine, demarcating the pore-facing amino acids [42]. The pore allows small 
probes like Cd2+ to penetrate and cause a current block due to coordination by the 
pore-lining cysteine substitutions while being impermeable to other cysteine-reactive 
probes with diameters >3 Å [41]. Both studies conclusively show a long narrow pore 
entirely composed of TM1 helices, with tightly packed E106 residues, a constricted 
nonpolar region spanning residues 99–104, and the TM1 apposition extending to 
at least residue 91 (Figure 3.2b). It is important to note that while oxidative cross-
linking experiments report the architecture of resting channel pore, Cd2+ blocks the 
inward Ca2+ current through a conducting ORAI1 channel. Correspondence of the 
pore-facing residues in the two states implies that subtle changes in the pore can 
convert a closed channel into an open one.

3.2.3  Drosophila oRai stRuCtuRE

The 3.35 Å crystal structure of the nonconducting dOrai channel (PDB: 4HKR) 
shows that TM1 helices indeed form a central pore independent of other TM heli-
ces, which are arranged concentrically around the pore [43]. The crystal structure, 
disuccinimidyl suberate cross-linking of the dOrai channel expressed in HEK293 
cell membranes, and SEC-MALS measurements of the Orai channel mass indicate 
that the channel is hexameric. Although this conclusion differs from the tetramer 
model previously proposed on the basis of single-molecule photobleaching experi-
ments and electrophysiology of concatenated ORAI1 constructs, a consensus has 
developed that this is the correct stoichiometry (discussed in Reference 44 and 
Chapters 2 and 14). The hexameric arrangement results in six negatively charged 
E178 residues (Drosophila equivalent of E106 discussed earlier) in close vicinity 
of each other, forming a Ca2+-binding ring at the extracellular mouth of the pore 
[43]. Electron density of a putative Ca2+ ion bound to the glutamate ring reiter-
ates the role of E106 as a Ca2+ binding site. Since the pore is devoid of any other 
acidic residue forming an ancillary cation binding site, one hypothesis to be tested 
is whether backbone carbonyls of residues adjacent to E106 are ligands that assist 
the inward flux of Ca2+ ions.
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3.2.4  poRE fRom outsidE to insidE

The extracellular accessibility to E106 and the ORAI1 channel pore is through a 
loop connecting TM1 and TM2, a region featuring clusters of conserved aspar-
tates. Structural information for the TM1–TM2 loop is absent in the dOrai struc-
ture, possibly due to the typical flexibility associated with protein loop regions 
[43]. Although Cd2+ block analysis indicates high accessibility and mobility of 
the loop, experiments with larger cysteine-modifying reagents ~5–8 Å in diam-
eter show an elevated block of D110C current, indicating a positioning of at least 
a part of the loop in line with the permeation pathway in the active state [41]. 
Alanine substitutions of all the loop aspartates result in altered ion selectivity 
and decrease substantially the luminescence intensity of Tb3+ bound in the vicin-
ity of E106 in reconstituted ORAI1  channels [38,45,46a]. These findings and a 
molecular dynamics study simulating Ca2+ entry into ORAI1 pore indicate that 
TM1–TM2 loop might form a cation “focusing” vestibule that facilitates fast Ca2+ 
permeation [41,46a,47] (see Chapter 2).

The wide vestibule tapers at the mouth of the pore at the glutamate ring, j uxtaposed 
to which is a constricted nonpolar section of the pore (Figure 3.2b). The hydrophobic 
residues of this region are well ordered in the engineered cysteine assays and show 
little variation in thermal motion in the Drosophila Orai structure [41–43]. As dis-
cussed in a later section on ORAI1 gating, this region evidently forms a barrier in the 
path of ion conductance and is presumably moved aside by STIM [46a,48].

A noteworthy feature of the pore captured in the crystallized state of dOrai is 
an anionic electron density trapped in the lysine–arginine-rich basic section that 
runs contiguous with the nonpolar region. The dOrai protein can cocrystallize with 
complex anions like iridium hexachloride, and mass spectrometric analysis of ions 
copurifying with dOrai detects considerable iron species, suggesting that binding an 
Fe-anion complex or other anions can overcome the strong repulsive forces and offer 
the constraint required for crystallization [43]. In a native closed channel, it is pos-
sible that common cytoplasmic anions remain bound in this region. However, cyste-
ine cross-linking and Cd2+ block experiments find this basic region to be moderately 
accessible, suggesting flexibility in both states of the channel [41,42].

3.2.5  CytoplasmiC ExtEnsions of oRai1

A protracted cytoplasmic region was inferred from experiments where forced narrow-
ing of ER–plasma membrane distance to ≤9 nm causes an exclusion of ORAI1 channels 
[49]. According to the dOrai structure, TM1 helix extends deeper into the cytoplasm 
than what is observed in chemical cross-linking studies and forms an N-terminal exten-
sion, contiguous with the pore (Figure 3.2a). The C-terminal extension is comprised of 
a helix that originates from the TM4 helix through a hinge formed by residues 263–266 
of ORAI1 (aa306–309 in dOrai), and an intramembrane bend at TM4 residue P245 
(P288 in dOrai) causes the C-terminal half of TM4 to run more or less parallel to the 
membrane with the extension angled away from the body of the channel (Figure 3.2a). 
Neighboring C-terminal extensions homodimerize through a hydrophobic patch con-
taining L273 and L276 (I316 and L319 in dOrai) (Figure 3.2a). C-terminal dimerization 
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confers upon ORAI the threefold down–up symmetry, as viewed from the cytoplasm, 
and forms the primary interaction site for STIM binding [32,43,50].

3.3  OVERVIEW OF STIM1 STRUCTURE

STIM1 is a multidomain protein anchored in the ER membrane through a single-pass 
transmembrane helix (Figure 3.1b). STIM1, an abbreviation for Stromal Interaction 
Molecule 1, was initially believed to be either a protein secreted by bone marrow 
stromal cells or a leukemia cell surface protein [51,52], but it has since been shown 
to act as an ER-localized regulator of SOCE [19]. STIM1 is largely localized in the 
ER, with a smaller fraction in the plasma membrane [52–54]. In addition to its well- 
studied role in SOCE, it has additional functions in both locations [55–57]. Mammals 
express two STIM proteins with complementary, and nonredundant, functions in 
Ca2+ signaling [58]. STIM1 and STIM2 are likely to share common mechanisms of 
sensing and communicating store depletion, given the high degree of sequence con-
servation between the proteins in their core functional domains.

The function of STIM proteins in Ca2+ sensing is manifest in their structure and 
orientation in the ER membrane, with a Ca2+-sensing domain facing the ER lumen, 
and an extensible region and ORAI1-binding domain in the cytoplasm, enabling 
STIM to relay a Ca2+ depletion signal from the ER to the plasma membrane (reviewed 
in References 59 and 60 and Chapter 2).

3.3.1  Ca2+ sEnsing By stim1 luminal domain

The luminal “sensor” domain of STIM1 was predicted, from its sequence, to contain 
an EF-hand motif, a common helix–loop–helix structural element that binds Ca2+. A 
solution nuclear magnetic resonance (NMR) structure of the luminal region of human 
STIM1 (residues 58–201; PDB: 2K60) in the presence of millimolar Ca2+, which 
is likely to represent the conformation of STIM1 in the ER lumen in resting cells, 
revealed the presence of two EF-hands in tandem: a canonical EF-hand followed in the 
linear sequence by a noncanonical “hidden” one [61]. Although the hidden EF-hand 
retains a recognizable EF-hand fold, the expected Ca2+-binding residues at positions 1 
and 3 in the loop are replaced by Phe and Gly, respectively, consistent with the finding 
that only one Ca2+ is bound per luminal domain [34]. This leads to a model in which 
Ca2+ is bound in the canonical EF-hand site, and the second EF-hand provides struc-
tural stabilization, both through the β-strand interaction typical of paired EF-hands and 
through its participation in a hydrophobic pocket that partially envelops the STIM1 
sterile alpha motif (SAM) domain that follows immediately in the linear sequence. 
Ca2+ binds to recombinant STIM(58–201) with a relatively low affinity, whether bind-
ing is monitored with 45Ca2+ or by following changes in intrinsic protein fluorescence 
or far-UV circular dichroism, the Kd ranging between 200 and 600 μM [34].

3.3.2  CytoplasmiC domain of stim1

The cytoplasmic “effector” domain of STIM1, expressed as a soluble protein frag-
ment, can activate native ORAI1 channels in Jurkat T cells [62] and recombinant 
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ORAI1 channels expressed in other cells [32,63,64]. The Ca2+ influx through ORAI1 
channels under these conditions is constitutive and uncoupled from regulation by ER 
Ca2+ stores. “Effector” function of the STIM cytoplasmic domain is further verified 
by the ability of purified recombinant STIM1(233–685) to trigger Ca2+ efflux from 
lipid vesicles or artificial liposomes containing ORAI1 channels [46a,65]. The region 
sufficient to activate ORAI1 channels is STIMSOAR (residues 344–442; STIM1 Orai 
Activating Region) or a similar fragment containing SOAR [32,66,67].

Then why does STIM1 not activate ORAI1 channels in resting cells? The short 
answer is that SOAR is retained near the ER under these conditions. The first evidence 
that the cytoplasmic domain folds back on itself came from the determination of the 
distance in recombinant STIM1CT between a label placed adjacent to residue 233 and 
a label at the C terminus [68]. The measurement by luminescence resonance energy 
transfer (LRET) showed that the two sites are in close proximity, only 3–4 nm distant, 
implying that STIM1CT has a preferred conformation in which the polybasic tail would 
be near the ER rather than near the plasma membrane (see Chapter 7). Furthermore, 
the purified CC1 fragment (STIM1(233–343)) interacts with purified SOAR in vitro 
[68], and membrane-anchored STIMEFSAM-TM-CC1 expressed in cells recruits cytosolic 
SOAR to the ER as evidenced by colocalization and by Förster resonance energy 
transfer (FRET) between the labeled proteins [69]. In the latter experiment, even a 
truncated EFSAM-TM-CC1(233–261) construct is effective, showing that SOAR is 
held very close to the ER membrane. These findings indicate that CC1 is not simply a 
tether linking SOAR to the ER but is intimately involved in maintaining the inactive 
conformation of STIM1, a point that will be taken up in the next section.

3.3.3  oRai-intERaCting maChinERy

Critical features of the STIM1CT structure remain to be filled in, with definition of the 
structural interactions that retain SOAR near the ER being a prime goal. One piece of 
the puzzle is a crystal structure of human SOAR (PDB: 3TEQ) showing intramono-
mer antiparallel coiled coils that supercoil to form a V-shaped dimer [70]. There 
is a plausible argument that this structure might reflect the inactive conformation 
of the STIM1SOAR [50], but even if so, there is very limited information about how 
this subdomain is packed with the remainder of the STIM1CT. An elegant analysis 
of peptide–peptide interactions using short fragments of STIM1CT [71] is consis-
tent with available data from mutational studies and points to intramolecular con-
tacts that might stabilize the inactive form of STIM1CT but has not so far provided 
sufficient constraints to predict a three-dimensional structure. A crystal structure of 
Caenorhabditis elegans SOAR (PDB: 3TER) captures in addition a short piece of 
the CC1 region, equivalent to residues 318–337 in human STIM1, making contact 
with the SOAR domain [70]. A caveat in extending this structural finding to the 
human protein is that the neighboring CC1 residues 310–317 and residues 275–300 
of human STIM1 have no counterparts in the C. elegans STIM sequence, suggesting 
that the mode of CC1–SOAR packing in the human protein may be distinct. Another 
cautionary note is that in an NMR structure of human STIM1 residues 312–387 
(PDB: 2MAJ), representing a part of CC1 and a part of SOAR, the positioning of the 
313–340 helix differs appreciably from that of the 257–279 helix in the C. elegans 



60 Calcium Entry Channels in Non-Excitable Cells

SOAR structure [50]. On the other hand, the STIM1(312–387) structure also displays 
an altered arrangement of helices when compared to the human SOAR structure, and 
the difference could be satisfactorily explained if the STIM1(312–387) structure rep-
resents an activated conformation of STIM1 [50], as discussed below.

3.4  STIM ACTIVE STATE

Experimental depletion of the resting ER Ca2+ stores triggers a development of 
CRAC current that correlates inversely to the level of Ca2+ remaining in the ER. 
Current is highly cooperative with the Ca2+ concentration and reaches its half-
maximal value at ~170 μM Ca2+ [72]. Store depletion acts as a switch for STIM1 
activation, a process that can be visualized by confocal, total internal reflection 
fluorescence (TIRF), and electron microscopy as a redistribution of appropriately 
tagged STIM1 [19,27,28]. The newly redistributed STIM1 is localized in “puncta” 
or ~100–300 nm wide regions where ER is closely apposed to the plasma mem-
brane (reviewed in Reference 73). ICRAC requires STIM1 puncta formation and 
shows a similar Ca2+ concentration dependence and cooperativity [72,74]. The 
studies discussed here have utilized STIM1 fragments or mutant proteins to gain 
valuable insights into the conformational changes in STIM1 that enable commu-
nication between the ER lumen and the plasma membrane. However, the precise 
sequence of events in STIM1 activation following Ca2+ store depletion and the 
detailed architecture of activated STIM1 are still active areas of investigation.

3.4.1  aCtivation of thE luminal domain

The first response to a decline in store Ca2+ levels comes from the luminal EF-hand. 
Mutating one of the consensus Ca2+-coordinating positions, D76, to alanine causes 
STIM1 to localize into puncta independent of store depletion [19]. Constitutive 
STIM1 activation is likewise observed with the E87Q mutant of the EF-hand, cor-
roborating that an inability to bind Ca2+, and by extrapolation a loss of bound Ca2+, 
is responsible for STIM1 redistribution [28]. The high micromolar Kds estimated 
for Ca2+ binding to isolated STIM1EFSAM or to the STIM1 EF-hand grafted into a 
scaffolding protein domain are arguably suited to sensing physiological changes in 
ER-luminal Ca2+ [34,75,76]. Direct evidence that Ca2+ depletion is coupled to a con-
formational change comes from far-UV CD spectra and NMR spectra of isolated 
recombinant STIMEFSAM, which indicate a striking loss of α-helical structure in the 
absence of Ca2+. This change in secondary structure is accompanied by a transition of 
STIMEFSAM from monomer to dimer and, in one study, the formation of higher aggre-
gates [34,76]. In cells, an increase in intramolecular FRET efficiency between fluo-
rophores attached to the luminal domain of STIM1 occurs upon store depletion and, 
notably, precedes the relocalization of STIM1 to puncta, reinforcing the idea that a 
STIM1 conformational change might drive subsequent relocalization [33,63]. The 
FRET change in cells could represent both the dimerization that has been observed 
with isolated STIM1 luminal domains and a further STIM1 oligomerization step as 
discussed in the following section.



61Signaling ER Store Depletion to Plasma Membrane Orai Channels

3.4.2  aCtivation involvEs ExtEnsion of stim1 CytoplasmiC domain

A key insight into the active conformation of the STIM cytoplasmic domain came from 
the constitutively activated L251S and L416S/L423S mutants of STIM1 [77]. When 
expressed in cells together with ORAI1, the mutant proteins are constitutively colocal-
ized with ORAI1 channels in puncta and trigger a constitutive La3+-blockable current. 
The mutations result in an extended conformation of the recombinant ORAI1-activating 
small fragment (OASF) (STIM1(233–474)) as assessed by intramolecular FRET. LRET 
analysis of the purified recombinant STIM1 cytoplasmic domain carrying the L251S 
mutation shows a physical extension of the molecule by at least several nanometers 
compared to wild-type STIM1CT [68]. LRET is not suitable for measuring distances 
greater than 10 nm, but it is arguable that STIM1 has been directly visualized in EM and 
cryo-electron tomography studies of cells overexpressing STIM1, as filaments spanning 
the 10–20 nm distance between cortical ER and plasma membrane [78,79]. These data 
support a model in which the ORAI-interacting SOAR/CAD domain of resting STIM1 
is retained near the ER, whereas it is freed to interact with plasma membrane ORAI1 in 
the active form of the protein (Figure 3.3).

1. Loss of bound Ca2+

2. Dimerization of
EF–SAM domain

3. TM and CC1
conformational changes

4. Association of CC1

5. Release of SOAR to
interact with ORAI

D76

L251

FIGURE 3.3 Proposed series of events in the process of STIM1 activation, based on the cur-
rent research findings. Left panel shows a resting state STIM1 that undergoes at least the five 
steps listed in the figure, resulting in an active form of the protein that is proficient in ORAI1 
binding (right panel). Domain organization is the same as in Figure 3.1. Positions of the D76 
and L251 are marked. Only regions corresponding to STIM1 aa1–450 are depicted for clarity.
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3.4.3  CC1 and thE RElEasE of oRai1-intERaCting maChinERy

A series of experiments with engineered proteins dissected the mechanism underly-
ing STIM1 activation. As noted earlier, recombinant STIM1CC1 interacts with immo-
bilized MBP-tagged STIM1SOAR in vitro [68]. The individual replacements L251S, 
L258G, and L261G in STIM1CC1 reduce this binding [68,69]. Parallel experiments 
in cells have shown that the mutations L258G and, to a lesser extent, L261G in full-
length STIM1 resemble L251S in causing constitutive Ca2+ entry, suggesting that 
they also free SOAR to interact with plasma membrane ORAI [69]. It is unlikely that 
these mutations are disrupting a folded structure of the protein. Despite its designa-
tion as a predicted coiled coil, the isolated CC1 fragment is partially α-helical and 
partially unstructured, and monomeric [68]. Moreover the thermal melting curve for 
CC1 obtained by monitoring its CD spectrum offers no suggestion that intramolecu-
lar interactions stabilize parts of the α-helical secondary structure. Thus, it is most 
likely that L251, L258, and L261 engage SOAR directly.

The predicted propensity of CC1 to form a coiled coil comes into play in a further 
series of experiments. When STIMCC1 is forced to form dimers by oxidation of an 
N-terminally appended cysteine, there is an increase in α-helical content, along with 
a partial stabilization against thermal denaturation suggesting intradimer helix pack-
ing [68]. Dimerized STIM1CC1 binds less well to SOAR, and similar cross-linking of 
CC1 within the dimeric STIM1CT fragment triggers an extended conformation of the 
protein as measured in LRET experiments [68]. It has not been rigorously proven 
that the conformational change detected upon dimerization of CC1 involves the for-
mation of a partial coiled coil. However, this is the most straightforward explanation, 
in light of the facts that the residues L251, L258, and L261 are predicted to be buried 
in a coiled coil interface, that an L251S replacement in CC1 prevents the increase in 
α-helical content and a stabilization against thermal denaturation [68], and that each 
of the leucine replacements is effective in releasing SOAR [68,69].

The final link connecting depletion of ER Ca2+ stores and the STIM1CT confor-
mational change that releases SOAR comes from the FRET-based assay in cells in 
which STIMEFSAM-TM-CC1 recruits cytosolic SOAR to the ER. The assay detects a con-
siderable loss of FRET between ER-localized STIMEFSAM-TM-CC1 and cytosolic SOAR 
after Ca2+ store depletion [69]. The current model for STIM1 activation [68] is that 
inactive STIM1 is a dimer because of its dimeric SOAR domains, that association 
of the ER-luminal domains within a STIM dimer brings together the CC1 segments, 
and that, by burying the critical CC1 residues that contact SOAR in the inactive 
conformation, this structural rearrangement of CC1 triggers the activating conforma-
tional change in STIM1CT. Note that the model does not require that CC1 associate 
into a stable coiled coil. Temporary coiled coil formation in the segment containing 
residues 248–261 may trigger release of SOAR, and thereafter either an α-helical 
or partially α-helical extended CC1 chain would be of sufficient length to position 
SOAR in the vicinity of ORAI1 in the plasma membrane.

The demonstrated CC1–SOAR interaction implies that CC1 must have a partner 
surface in SOAR. A candidate region in SOAR was suggested by the early find-
ing that L416S/L423S is an activating mutation [77]. Recent evidence that L416G, 
V419G, and L423G mutations in STIM1 all result in constitutive Ca2+ entry [69] 
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gives additional support to this possibility. Indeed, studies using CC1 and SOAR 
fragments find an interaction between the CC1α1 helix (residues 233–276) and the 
SOAR helix CC3430 (residues 388–430), and this interaction is abolished by the 
L251S substitution [71]. Special emphasis has been given to the role of CC1α1 in 
maintaining the inactive conformation, based on the finding that STIM1 with a dele-
tion of residues 278–337 is still fully regulated by Ca2+, and an L251S mutation in 
this protein results in constitutive current [71]. The emphasis is undoubtedly justi-
fied, but other parts of CC1 help to stabilize the inactive conformation of full-length 
STIM1. For example, the 318EEELE322 > AAALA substitutions constitutively acti-
vate STIM1 and lead to physical extension of OASF and STIM1CT [68,77,80], and 
the single Y316A replacement causes appreciable though incomplete constitutive 
activation [81]. A full understanding of STIM1 activation will require the determina-
tion of how intramolecular packing changes throughout the CC1–SOAR region.

3.4.4  highER-oRdER stim1 oligomERization

Because of the very steep Ca2+ concentration dependence of STIM relocalization to 
ER–plasma membrane junctions [72,74], it has been thought that STIM assembles 
into higher-order oligomers at some point during the activation process. Any oligo-
merization is likely to be through the SOAR/CAD domain [82,83], and a possible 
structural basis for oligomerization has been proposed in a documented CC3–CC3 
interaction [71]. Persuasive as the data are, it should be recognized that all the stud-
ies thus far have been carried out with STIM1 fragments and with overexpressed 
STIM1. It remains to be tested whether the strength of STIM–STIM interactions 
is sufficient to drive the formation of higher-order oligomers of STIM1 in cells, at 
native levels of STIM1 and prior to the relocalization that concentrates STIM1 in 
ER–plasma membrane junctions.

3.5  ACTIVATION OF ORAI1 CHANNELS BY STIM1

SOCE is linked with the redistribution of ORAI1 to plasma membrane sites that cor-
respond precisely to STIM puncta [30,31,35]. STIM1 activation and redistribution 
are independent of ORAI1 expression [27,28,31–33], whereas ORAI1 is recruited to 
ER–plasma membrane junctions only in the presence of activated STIM1 [30,31,35]. 
Close proximity between STIM1 and ORAI1 is evident in FRET measurements of 
appropriately labeled proteins, indicating that activated STIM1 at ER–plasma mem-
brane junctions couples to ORAI1 itself or to a closely associated protein [63,84,85] 
(see Chapter 2).

SOAR/CAD decorates the plasma membrane of cells when ORAI1 is coex-
pressed, and SOAR/CAD coimmunoprecipitates with ORAI1, indicating a close 
interaction between the two proteins [32,66]. Purified STIM1CT protein triggers Ca2+ 
efflux from PC/PS liposomes into which purified ORAI1 has been reconstituted and 
from membrane vesicles isolated from yeast expressing human ORAI1, conclusively 
proving that direct STIM1–ORAI1 interactions are sufficient to gate the channel 
[46a,65]. Considerable work has been directed toward defining these interactions. 



64 Calcium Entry Channels in Non-Excitable Cells

The current model favors multiple sites of contact between STIM and the ORAI1 
channel [32,63,86–88]. This section considers the proposed sites of interaction and 
the role(s) attributed to each site in activation of ORAI1.

3.5.1  intERaCtion of aCtivatEd stim1 with oRai1

Truncated ORAI1 channels missing either aa267–301 at the C terminus or aa74–90 at 
the N terminus fail to generate CRAC currents, although only the C-terminal deletion 
shows a lack of ORAI1 redistribution [35,66]. The single replacement L273S in the 
C-terminal region of ORAI1 blocks both STIM–ORAI interaction and CRAC chan-
nel activation [63,66]. Purified STIM1CT can interact specifically with a GST-tagged 
C-terminal peptide of ORAI1 [65,66]. ORAI1ΔC and other C-terminal mutants fail to 
show ORAI1 clustering and STIM–ORAI FRET after store depletion [63,84,89,90]. 
ORAI1 mutants L273D, L276D, and truncations of the C-terminal helix that remove 
aa272–283 indicate that the hydrophobic face of this helix is important for STIM inter-
action [32,84,91]. Although earlier studies focused on the role of STIM1 interaction 
with the ORAI1 C terminus in recruiting ORAI1 to ER–plasma membrane junctions, 
McNally et al. [86] have given persuasive evidence that mutations and deletions in the 
C-terminal region of ORAI1 affect channel gating as well as STIM–ORAI clustering.

The C-terminal ORAI1 segment implicated in STIM1 binding maps within a jux-
tamembrane cytoplasmic helix in the dOrai structure [43]. These juxtamembrane 
helices are connected to their TM4 helices by a short flexible segment that adopts 
two configurations in the crystals, permitting the cytoplasmic helices of adjacent 
ORAI1 monomers to pack in a short antiparallel coiled coil stabilized by L273–
L276′ and L276–L273′ contacts [43]. STIM1 binding appears to displace the cyto-
plasmic C-terminal helices, since STIM1–ORAI1 interaction and CRAC current are 
disrupted when cysteine side chains of engineered L273C ORAI1 monomers are 
chemically cross-linked [87]. This cross-linking has been interpreted as locking the 
ORAI1 C-terminal helices in a STIM-inaccessible conformation resembling that in 
the Drosophila Orai crystal structure.

There are two distinct proposals on the mode of STIM–ORAI interaction. In one, 
based on the solution NMR structure of the complex of ORAI1(272–292) peptide with 
a STIM1(312–387) fragment, an active STIM1 dimer binds a pair of ORAI1 helices, 
supplanting the ORAI–ORAI interaction by providing two hydrophobic grooves on 
the surface of STIM1 to accommodate the ORAI1 helices [50]. The antiparallel ori-
entation of the ORAI1 helices is maintained in this complex, but there is a shift in 
the relative positions of the ORAI1 helices compared to the dOrai crystal structure. 
An alternative proposal [43] is that the individual C-terminal ORAI1 helices extend 
away from the plasma membrane, unpaired, to interact with STIM. This possibility 
gains some support from the recent finding that SOAR dimers with an F394H substi-
tution in only one subunit are fully able to bind and activate ORAI1 channels, while 
those with an F394H substitution in both subunits are severely impaired in interact-
ing with ORAI [92] (see Chapter 7). No specific structural model for monomeric 
ORAI1 peptide binding to STIM has been put forward. Both proposals are consistent 
with the experimental finding that ORAI1 C-terminal helices locked in the crystal 
configuration cannot interact productively with STIM [87].
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In the ORAI1 N-terminal region, the segment spanning residues 74–90,  corresponding 
to a cytoplasmic extension of the TM1 helix in the dOrai structure [43], is implicated 
in channel gating. SOAR/CAD can elicit normal currents with ORAI1Δ1–73 but no 
current with ORAI1Δ1–88 [35,93,94], even though STIM1 still recruits the truncated 
proteins to ER–plasma membrane junctions [35,46a,63,84]. Further, specific muta-
tions in the region of residues 81–85 reduce or disrupt CRAC current [46a,94,95]. 
What is unclear is whether this region contacts STIM1 directly during channel gating. 
Coimmunoprecipitation and pulldown experiments have demonstrated an interac-
tion between STIM1 and the ORAI1 fragments ORAI1(48–91) and ORAI1(65–87) 
[32,65], and a fluorescence polarization assay established that STIM1CT can bind 
the synthetic peptide ORAI1(66–91) [46a]. However, it has neither been proven nor 
disproven that such an interaction takes place in the context of the intact ORAI1 
channel. Recent data indicate that the same mutations at residues 81–85 that com-
promise STIM1-activated current also block the constitutive current carried by an 
ORAI1 channel mutated in residues 261–265, the cytoplasmic hinge region follow-
ing TM4 [46b]. Because the channel mutated at residues 261–265 adopts an open, 
Ca2+-selective conformation in the absence of STIM1, these findings suggest that the 
N-terminal ORAI1 peptide interacts with another region of ORAI1, rather than with 
STIM1, during channel gating.

3.5.2  gating of thE oRai1 ChannEl

STIM binding causes movements of ORAI1 transmembrane helices TM1 and TM4 
that can be detected directly or inferred from biochemical experiments [46a,87,88]. 
The TM1 helix movements are part of the gating movement that opens the channel. 
The presence of a gate in the external region of the pore was first evident from the 
fact that the G98C sulfhydryl was inaccessible to a cysteine-modifying methane-
thiosulfonate reagent in resting ORAI1G98C/E106D, but became accessible after store 
depletion [48]. This result indicated that a barrier to ion flux lies external to G98 and 
implied that STIM1 can trigger a movement in the vicinity of V102. Along those 
lines, replacement of either V102 or F99 with a small polar residue results in a con-
stitutive and nonselective ion flux through the channel (Reference 48; Yamashita and 
Prakriya, personal communication). The simplest view is that these constitutively 
conducting channels are leaky channels that remain in the resting conformation. 
In silico simulations support this interpretation, indicating that water molecules in 
the narrowest part of the pore are less constrained in the V102A channel than in the 
wild-type channel and that the reduced local constraints on water reduce the energy 
barrier for Na+ ions to pass through this region [96]. The simulations show that the 
change in Na+ permeability occurs without appreciable displacement or rotation of 
the transmembrane helices. Experimentally, a truncated ORAI1 channel that deletes 
the entire N-terminal cytoplasmic region (residues 1–88) and replaces R91 with gly-
cine is a closed channel, offering direct evidence for a gate within the nonpolar pore-
lining segment of TM1, L95–V102 [46a].

The helix bundle consisting of the N-terminal cytoplasmic extensions of TM1 
helices in the dOrai structure is a possible second location for the channel gate 
[43,90,98]. Blockade of the R91C channel by Cd2+ and by diamide cross-linking 
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[48,96] has been taken as evidence for such an internal gate, although the chemical 
cross-linking pattern of the ORAI1 region from S90C to L96C suggests that the 
helices have considerable flexibility [42] and hence that the helix bundle observed 
in the dOrai crystal structure might be just one representative of an ensemble of 
conformations. Hydrophobic residues substituted at R91, most notably the SCID 
mutation R91W [21], can block ORAI1 channel current and can even override the 
constitutive conductance of the V102C channel, presumably due to stabilization 
of the bundle of helices [48,90,97]. A key question, given the multiple positive 
charges on the individual wild-type helices in residues 77–91, is whether the helix 
bundle is stably “closed” in wild-type ORAI1. One conceivable way to stabilize 
the helix bundle would be by association of intracellular anions with the basic 
region of the pore, plausible evidence for which is seen in the dOrai structure [43]. 
Assuming that there is in fact a second, internal gate in the closed ORAI1 chan-
nel, the expectation is that both gates must open in a concerted way when STIM 
activates the channel.

Gating of ORAI1 involves conformational changes in other parts of the channel 
[86,87], including at residue P245 in the middle of the TM4 helix [88] and at a hinge 
region in the TM4 cytoplasmic extension [46b,87]. It seems very probable that all the 
ORAI1 transmembrane helices rearrange during gating. However, judging from the 
relatively small movements that have been detected in the pore-lining TM1 helix due 
to gating (References 41 and 42; Yamashita and Prakriya, personal communication), 
these rearrangements are likely to be subtle.

Detecting gating movements experimentally is important for further analyses of 
ORAI1 channel function, but the extremely small single-channel current has impeded 
the use of conventional electrophysiological approaches. Two new approaches have 
circumvented this roadblock. A Tb3+ luminescence assay that utilizes the intrinsic 
ability of Tb3+ to bind to the E106 Ca2+ site in ORAI1 channels clearly reports the 
gating movement at the mouth of the channel triggered by recombinant STIM1 [46a]. 
In cells, ORAI1 channels with genetically fused calcium indicators have been suc-
cessful in measuring Ca2+ entry at the internal mouth of single ORAI1 channels [99]. 
These complementary tools can be used to study ORAI1 channel gating by STIM1 
in parallel measurements made in cells and made with purified recombinant STIM1 
and ORAI1 in vitro.

3.6  CONCLUSIONS

In summary, ER store depletion is a primary event in Ca2+ signaling that results in 
CRAC current. We have presented a glimpse of our current understanding of the 
structural changes that lead to activation of the ER Ca2+ sensor STIM1, its interaction 
with the plasma membrane Ca2+ channel ORAI1, and the gating of ORAI1. We have 
also pointed out where current knowledge of each of these processes is incomplete. 
Challenges such as resolving the structure of the entire STIM1 molecule in its rest-
ing state and its activated state, precisely defining the STIM–ORAI binding sites that 
control recruitment and gating of the channel, and solving the structure of the open 
ORAI1 channel physiologically gated by STIM1 will be met by further biophysical 
and biochemical studies of STIM1 and ORAI.
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4.1  INTRODUCTION

Store-operated Ca2+ entry (SOCE) is a ubiquitous mechanism in eukaryotic cells 
to elevate the intracellular Ca2+ concentration and stimulate downstream signaling 
pathways. SOCE is especially important for Ca2+ entry in cells with immune recep-
tors, including T cells, B cells, and mast cells. Under resting conditions, cytoplas-
mic Ca2+ concentration ([Ca2+]) is very low (~100 nM) in T cells, while that in the 
endoplasmic reticulum (ER), which serves as an intracellular Ca2+ store, is much 
higher (~4,000–10,000-fold higher—0.4–1.0 mM) [1,2]. Extracellular [Ca2+] reaches 
almost 2 mM concentration, establishing a huge [Ca2+] gradient between the extra-
cellular space and the cytoplasm (~20,000-fold). Therefore, dynamic regulation of 
Ca2+ flow occurs constantly to maintain these gradients even in resting T cells. When 
T cells are activated, there is a sustained increase in intracellular Ca2+ concentration 
([Ca2+]i), which is initiated by emptying of the ER Ca2+ stores. The increase in cyto-
plasmic [Ca2+] by depletion of ER Ca2+ stores can be minor especially in T cells, due 
to small volume of the ER. Instead, ER Ca2+ depletion induces Ca2+ entry via store-
operated Ca2+ (SOC) channels, which raises [Ca2+]i up to micromolar concentrations 
[3–6]. Therefore, SOCE via the Ca2+ release–activated Ca2+ (CRAC) channels is a 
primary mechanism for activation of Ca2+ signaling in T cells.
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Upon pathogen infection or self-peptide presentation in autoimmunity, antigen-
presenting cells (APCs, e.g., dendritic cells or B cells) present antigens on their sur-
face together with major histocompatibility complex class II to activate CD4+ helper 
T cells. Antigen engagement of T cell receptors (TCRs) triggers a conformational 
change of TCRαβ chain, which induces a cascade of tyrosine phosphorylation events 
mediated by CD3ζ chain–ZAP70 (zeta chain–associated protein kinase 70) com-
plexes [7,8]. This results in phosphorylation of a signaling adaptor Lat, which dis-
sociates from CD3ζ chain–ZAP70 complex and activates phospholipase C-γ (PLCγ). 
In turn, PLCγ hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 
trisphosphate (IP3) and diacylglycerol. IP3 binds to the IP3 receptor on the ER mem-
brane and releases Ca2+ from the ER into the cytoplasm, and this depletion leads to 
activation of CRAC channels. The CRAC channel is a prototype SOC channel, well 
characterized in immune cells. Because ER Ca2+ store especially in T cells is limited, 
SOCE via CRAC channels is important to maintain elevated levels of [Ca2+]i, which 
are required for activation of downstream signaling pathways including the protein 
kinase C, extracellular signal–regulated kinases, or nuclear factor of activated T cell 
(NFAT) pathways to affect the transcriptional programs for generating a productive 
immune response (see Chapter 5). Defective function or lack of expression of the 
CRAC channel components causes severe combined immune deficiency in humans 
[9]. Hence, an in-depth understanding of CRAC channel–mediated Ca2+ signaling in 
T cells is crucial for developing drug therapies for immune deficiency or inflamma-
tory disorders.

Identification of essential components of CRAC channels revealed a unique 
mechanism of its activation, which is mediated by protein interactions. Genome-
wide RNAi screens identified Orai1 as a pore subunit of the CRAC channels [10–13]. 
Prior to identification of Orai1, limited RNAi screens in Drosophila and HeLa cells 
had identified STIM1, a Ca2+-binding protein localized predominantly in the ER as 
an important regulator of SOCE [14–16]. STIM1 senses [Ca2+]ER via its N-terminal 
EF-hands and gates Orai1 by direct interaction. The EF-hand of STIM1 has a low 
affinity for Ca2+, between 0.2 and 0.6 mM [17], and remains Ca2+ bound at rest. Under 
resting conditions, Orai1 and STIM1 are homogeneously distributed at the plasma 
membrane (PM) and the ER membrane, respectively. Upon ER Ca2+ depletion trig-
gered by TCR stimulation, STIM1 loses Ca2+ binding, multimerizes, translocates to 
the ER–PM junctions, mediates clustering of Orai1 on the PM, and stimulates Ca2+ 
entry (Figure 4.1a) [14–16]. Detailed studies have identified a minimal domain of 
STIM1 necessary for activation of Orai1 as the CRAC activation domain (CAD)/
STIM1–Orai1 activating region (SOAR) that directly binds to the cytosolic N and 
C termini of Orai1 [18,19] (see Chapter 2). This region, containing coiled-coil (CC) 
domains 2 and 3 of STIM1 is located in its cytoplasmic C terminus (Figure 4.1a). 
Further studies showed that Ca2+-bound STIM1 under resting conditions exhibits a 
folded structure mediated by intramolecular protein interaction between the posi-
tively charged residues within its CAD/SOAR domain and the negatively charged, 
autoinhibitory region preceding the CAD/SOAR domain, located in the CC1 region 
[20]. STIM1 activation requires unfolding of this intramolecular interaction to allow 
the basic residues within the CAD/SOAR domain to interact with the acidic resi-
dues within the C terminus of Orai1 [20]. While Orai1 and STIM1 are the major 
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FIGURE 4.1 Molecular mechanisms of CRAC channel regulation. (a) Schematic showing 
protein interactions among Orai1, STIM1, and auxiliary proteins at the ER–PM junctions. Under 
resting conditions, Orai1 and STIM1 are distributed at the PM and the ER. Upon store deple-
tion, STIM1 oligomerizes by sensing ER Ca2+ depletion with its ER-luminal EF-hand domain 
and translocates to form clusters at the ER–PM junctions predetermined by the junctate–JP4 
complex in T cells. By physical interaction with Orai1 through the CAD/SOAR domain (CC2 
and CC3, indicated in red), STIM1 recruits and activates Orai1 in the ER–PM junctions. Junctate 
also contains Ca2+-sensing motif in the ER lumen, and ER Ca2+ depletion increases its interac-
tion with STIM1. SARAF and TMEM110 have been shown to translocate together with STIM1 
to the ER–PM junctions. SARAF interacts with STIM1 CAD/SOAR domain to modulate slow 
CDI of CRAC channels, while TMEM110 directly interacts with the CC1 region of STIM1 via 
its cytoplasmic C terminus. While both the N and C termini of TMEM110 face the cytoplasm, 
the transmembrane topology (4 or 5 TMs) is based on prediction by bioinformatics programs 
(TMHMM2.0, TMPred, and TOPCONS). (b) Schematic of Orai1. Orai1 has four transmem-
brane segments (TM1–TM4). It has two extracellular domains, and the second extracellular 
domain between TM3 and TM4 contains the asparagine (N223) residue involved in glycosylation. 
The TM1 lines the pore and the residues in TM1 involve Ca2+ selectivity and gating. Orai1 con-
tains three intracellular domains including the N terminus, intracellular loop, and C-terminal CC 
domain that are important for protein interactions and channel activation/inactivation. Arginine 
at position 91 was mutated in patients (R91W) with nonfunctional CRAC channels suffering 
from severe combined immunodeficiency. The schematic indicates a dimeric form for conve-
nience of representation.
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TABLE 4.1
Summary of Associating Partners of Orai1 and STIM1

Interacting Partners
Binding Region 
(Orai1/STIM1) Function References

Orai1 Modulators

CRACR2A-c N terminus Stabilization of Orai1–STIM1 
protein complex

[33]

Calmodulin N terminus Ca2+-dependent inactivation [30] but see 
also [32]

α-SNAP C terminus Formation of functional CRAC 
channel

[36]

Adenylyl cyclase 8 (AC8) N terminus cAMP signaling [37]

Vesicle components
Caveolin N terminus Orai1 recycling [38,39]
CRACR2A-a N terminus Stabilization of Orai1–STIM1 

protein complex
[34]

Channels
Orai2/Orai3 TM Channel formation [13]
TRPC channel N.D. Store-/agonist-operated Ca2+ 

entry
[65–68] but 
see also [69]

Store independent
SPCA2 N and C termini Store-independent gating [41]
SARAF (TMEM66) N.D. Inactivation of ARC channels [57]

STIM1 Modulators
CRACR2A-c Cytoplasmic Stabilization of Orai1–STIM1 

protein complex
[33]

SARAF (TMEM66) CAD/SOAR Ca2+-dependent inactivation [57]
α-SNAP CAD/SOAR Formation of functional CRAC 

channel
[36]

ERp57 ER luminal Negative regulation of STIM1 [77]
Golli MBP Cytoplasmic Negative regulation of STIM1 [84]
Polycystin1-P100 N.D. Inhibition of STIM1 translocation [85]
Stanniocalcin 2 (STC2) N.D. Negative regulation of STIM1 [86]
POST (TMEM20) N.D. Inhibition of PMCA [87]
EB1 Cytoplasmic ER tubulation [74,75]

Channel or pump
TRPC channel Cytoplasmic Activated by STIM1 [65–68] but 

see also [69]
PMCA Cytoplasmic Inhibited by STIM1 [71,72]
Cav1.2 CAD/SOAR Inhibited by STIM1 [59,60]
ARC channels N.D. Store-independent activation by 

STIM1
[43]

Junctional proteins
Junctate ER luminal Recruiting STIM1 to junctions [50]
Junctophilin-4 (JP4) CC1+2 Recruiting STIM1 to junctions [51]
TMEM110 CC1 Recruiting STIM1 to junctions/

formation of junctions
[54,55]

Phospholamban (PLN) N.D. Regulation of SR Ca2+ [88]

Notes: Orai1 contains three intracellular domains including the N terminus, intracellular loop, and C-terminal 
CC domain. The interacting partners for each domain are summarized. The associating partners of 
STIM1 are also indicated. N.D. (not determined) indicates that their binding domains are not known.
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components of CRAC channels, multiple auxiliary proteins have been shown to 
regulate CRAC channel function. Some of these have been reviewed in detail before 
[21,22] and are only briefly summarized in Table 4.1. In this chapter, we focus on the 
recently identified molecules regulating the function of Orai1 and STIM1.

4.2  MODULATORS OF ORAI1 VIA PROTEIN INTERACTION

As demonstrated by STIM1, protein interactions broadly regulate gating, Ca2+ selectiv-
ity, intracellular localization, and clustering of Orai1. The pore subunit of the CRAC 
channels comprises of Orai1 multimers with each monomer containing four transmem-
brane segments (TM1–TM4). The monomers contain the N and C termini facing the 
cytoplasm as well as an intracellular loop between TM2 and TM3, which is impor-
tant for channel inactivation (Figure 4.1b) [23–27]. The residues R91, G98, V102, and 
E106 within TM1 of Orai1 and D110xD112xD114 facing the extracellular milieu line the 
pore and are important for Ca2+ selectivity and gating [3–6,28,29]. Therefore, interact-
ing partners can potentially induce conformational changes to regulate gating and Ca2+ 
selectivity in a STM1-dependent or STM1-independent manner. In addition to direct 
regulation of channel gating, it is also possible that interacting partners of Orai1 regu-
late its localization, clustering, posttranslational modification, or degradation. Various 
aspects of these regulatory mechanisms are currently under investigation.

It was previously proposed that calmodulin (CaM) binds to the N terminus 
of Orai1 at elevated [Ca2+]i and potentiates a negative feedback to induce Ca2+-
dependent inactivation (CDI) to inhibit SOCE [30]. However, recent crystal structure 
of the Drosophila melanogaster Orai protein showed that side chains of the residues 
corresponding to W76 and Y80 of Orai1, previously shown to interact with CaM, are 
facing the lumen of the pore, and this can potentially create steric hindrance between 
CaM and other Orai TMs [31]. Careful analyses of CDI of Orai1 in the presence of 
various CaM mutants defective in Ca2+ binding suggested that CaM binding may 
not be important for CDI [32]. Mullins et al. found that the residues W76 and Y80 
are actually involved in conformational changes within the pore and accordingly 
proposed a conformational gating model for induction of CDI in Orai channels [32]. 
Hence, the role of CaM in regulating CRAC channels, particularly CDI, needs fur-
ther investigation. In addition to STIM1 and CaM, other proteins interacting with the 
N terminus of Orai1 include a novel cytoplasmic EF-hand-containing protein, CRAC 
channel regulator 2A (CRACR2A, EFCAB4B or FLJ33805), which was identified 
from large-scale affinity protein purification using Orai1 as bait [33]. CRACR2A 
has two splice isoforms, CRACR2A-a (~80 kDa) and CRACR2A-c (45 kDa). The 
short isoform CRACR2A-c is cytoplasmic and forms a ternary complex with Orai1 
and STIM1 to stabilize their interaction after store depletion. Accordingly, its deple-
tion decreases STIM1 clustering at the ER–PM junctions and, hence, SOCE. This 
interaction with Orai1 and STIM1 is [Ca2+]i dependent, with low [Ca2+]i favoring 
association and high [Ca2+]i favoring its dissociation, and thus fine-tunes Ca2+ entry. 
The long isoform CRACR2A-a encodes a large Rab GTPase (Figure 4.2) [34,35]. 
Recently, α-SNAP was identified as a cytosolic factor that interacts with both Orai1 
and STIM1 [36]. The original function of α-SNAP is disassembly of the SNARE 
(NSF attachment protein receptor) complex, a cellular machinery used for vesicle 
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fusion. Different from its original function, α-SNAP, a predominantly cytoplasmic 
protein, physically interacts with the cytosolic CAD/SOAR domain of STIM1 and 
the C-terminal tail of Orai1. Through this interaction, α-SNAP regulates an active 
molecular rearrangement within Orai1–STIM1 clusters to obtain the STIM1/Orai1 
ratio required for optimal activation of CRAC channels, without affecting the rate of 
STIM1 translocation into the ER–PM junctions. Accordingly, after store depletion, 
α-SNAP-deficient cells stably expressing Orai1 and STIM1 exhibited an increase 
in density of Orai1 in clusters without altering STIM1 density, leading to a reduced 
ratio of STIM1/Orai1 in individual clusters, thereby reducing SOCE. A direct bind-
ing to the C terminus of Orai1 and the CAD/SOAR domain of STIM1 suggests that 
α-SNAP may regulate CRAC channel gating, which has not been investigated so far.

Protein interactions are not only important for CRAC channel regulation but also 
essential for activation of signaling pathways downstream of Orai1. Cyclic adenos-
ine monophosphate (cAMP), an important second messenger, is generated by adeny-
lyl cyclase (AC)-mediated cleavage of adenosine triphosphate and in turn activates 
downstream protein kinase A pathway. A recent study demonstrated a direct inter-
action between AC8 and Orai1 N terminus using Forster resonance energy transfer 
(FRET) and GST pulldown and immunoprecipitation analyses [37]. This interaction 
places AC8 close to Ca2+ microdomains to mediate its Ca2+-dependent activation. 
These studies reveal that the interaction with Orai1 is important not only for posi-
tive or negative feedback to regulate CRAC channels but also for crosstalk between 
SOCE and other signaling pathways.

Rab GTPase

N C

Coiled-coilEF-hand

CRACR2A (EFCAB4B) 

PRD

1 198 731540
CCx

CRACR2A-a 

CRACR2A-c

N
1 198 395

C

DxDxNGxxxxxE EF-hand 2

DxExKGxxxxxD EF-hand 1
7463

97 108

GTP
prenylation

Orai1–STIM1Ca2+

binding
Vav1

FIGURE 4.2 Schematic depicting the different isoforms of CRACR2A proteins. Schematic 
showing the predicted domain structure of human CRACR2A proteins. CRACR2A gene 
encodes two splice isoforms, CRACR2A-a and CRACR2A-c. Both proteins share EF-hand 
motifs (dotted box), coiled-coil domains (CC1 and CC2), and leucine-rich region (LR), which 
interact with the Orai1–STIM1 complex to regulate Ca2+ entry. CRACR2A-a contains addi-
tional PRD that interacts with Vav1 and a Rab GTPase domain with an unconventional prenyl-
ation site at the C terminus (CCx; x, any amino acid).
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4.3  VESICULAR COMPONENTS IN REGULATION OF ORAI1

Orai1-interacting molecules also play a role in its trafficking. Machaca and 
colleagues used Xenopus oocyte as a model and showed that during meiosis, 
SOCE is inactivated due to internalization of Orai1 into an intracellular vesicu-
lar compartment and inhibition of STIM1 clustering [38]. In a follow-up study, 
the authors showed that Orai1 internalization occurred via a caveolin- and 
dynamin-dependent endocytic pathway. The authors mapped a caveolin-binding 
site in the N terminus of Orai1 and showed that a significant fraction of total 
Orai1 is intracellular, and at rest, Orai1 actively recycles between an endosomal 
compartment and the PM [39]. Vesicles are also involved in translocation of 
Orai1 from the intracellular pool into the PM after store depletion. Recently, 
the same group showed that a large portion of Orai1 (~60%) exists in intracel-
lular vesicles rather than the PM during the steady state in CHO and HEK293 
cells [40]. A subset of these vesicles localize in close proximity to the PM and 
fuse to it after store depletion, increasing surface Orai1 levels. Furthermore, 
this study also showed that Orai1 trafficking to the PM after store depletion 
is dependent on interaction with STIM1 (in a “trafficking trap” mechanism). 
Accordingly, depletion of STIM1 blocked enrichment of surface Orai1 after 
store depletion. Conversely, overexpressed STIM1 caused intracellular trapping 
of Orai1-containing  vesicles, resulting in reduced SOCE. Therefore, an optimal 
ratio between Orai1 and STIM1 is not only important for gating but also for 
enrichment of Orai1 to the PM.

Recently, we identified a long isoform of CRACR2A, CRACR2A-a, which is 
localized to the proximal Golgi area and vesicles, and uncovered its role in TCR sig-
naling pathways including the SOCE pathway [34]. While the regions for Ca2+ bind-
ing and interaction with Orai1 and STIM1 are conserved between the two isoforms 
(Figure 4.2), CRACR2A-a has an additional proline-rich domain (PRD) and a Rab 
GTPase domain in its C terminus and is enriched in lymphoid organs. CRACR2A-a 
is unique because it clearly distinguishes itself from small Rab GTPases (~20 kDa) 
due to its large size (~85 kDa) and presence of multiple f unctional domains [34,35]. 
Interestingly, the Rab GTPase domain establishes the localization of CRACR2A-a 
in a GTP-/GDP-binding and prenylation-dependent manner. GTP-bound and pre-
nylated CRACR2A-a localizes within vesicles close to the trans-Golgi network, 
whereas GDP-bound or unprenylated CRACR2A-a is cytosolic and rapidly degraded. 
Prenylation of CRACR2A-a involves geranylgeranylation at an unconventional site 
(CCx, x; any amino acid) in the C terminus. Upon TCR stimulation, CRACR2A-a 
translocates into the immunological synapse via interaction of its PRD with Vav1, a 
proximal TCR signaling molecule, to activate SOCE and the Ca2+–NFAT and the JNK 
signaling pathways. CRACR2A-a also translocates into the ER–PM junctions via 
vesicle trafficking after passive ER Ca2+ store depletion and recovers SOCE in Jurkat 
T cells depleted of both the isoforms, similar to CRACR2A-c. Because CRACR2A-a 
retains the Orai–STIM interaction domain, one can assume that it s upports SOCE 
by interacting with both Orai1 and STIM1, similar to CRACR2A-c. The molecular 
mechanism of translocation of CRACR2A-a and activation of SOCE upon passive 
store depletion remains to be investigated.
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4.4  STORE-INDEPENDENT REGULATION OF 
ORAI1 VIA PROTEIN INTERACTION

Only a few cases of store-independent regulation of Orai1 have been identified so far. 
An isoform of the secretory pathway Ca2+ ATPase, SPCA2, was shown to enhance 
mammary tumor cell growth by raising [Ca2+]i via a direct interaction with the N and C 
termini of Orai1 in a STIM1 and store-independent manner [41]. Another example of 
store-independent interaction is the one between STIM1 and arachidonate- regulated 
Ca2+ (ARC) channels, which are activated by low concentrations of arachidonic acid. 
While CRAC channels are formed of homomultimers of Orai1, ARC channels are 
heteromers of Orai1 and Orai3 monomers and are opened by a pool of STIM1 that 
constitutively resides in the PM [42,43]. Albarran et al. showed that in addition to 
the ER, SOCE-associated regulatory factor (SARAF) also localizes to the PM (see 
Section 4.6). Addition of the ARC channel agonist, arachidonic acid, increases the 
association of PM-resident SARAF with Orai1 to negatively regulate Ca2+ entry 
via the ARC channels [44]. Accordingly, knockdown of SARAF increases arachi-
donic acid–induced Ca2+ entry, while its overexpression decreases arachidonic acid–
induced Ca2+ entry (see Chapter 11). These studies describe a novel and interesting 
aspect of Orai channel activation via store depletion–independent mechanisms, and 
future studies are needed to uncover other mechanisms regulating Orai and STIM 
function in a store-independent manner.

4.5  STIM1-INTERACTING MOLECULES AT THE ER–PM JUNCTIONS

Orai1 and STIM1 cluster at preexisting junctions of the ER and the PM, a space of 
10–25 nm [45,46]. In excitable cells (e.g., muscle cells), proteins localized to the 
junctions between the PM and ER/sarcoplasmic reticulum (SR) membrane form a 
structural foundation for Ca2+ dynamics essential for excitation–contraction coupling 
[2,47]. Various biochemical screening approaches have identified junctophilins, 
mitsugumins, sarcalumenin, junctin, and junctate as components of these junctions 
[47–49]. Recent studies have shown that homologues and isoforms of these junc-
tional proteins are also expressed in T cells. Srikanth et al. identified the EF-hand-
containing protein, junctate, as an interactor of STIM1 [50]. Junctate localization 
defined the sites of accumulation of CRAC channel components since after store 
depletion, Orai1 and STIM1 accumulated at junctions that were already marked by 
junctate (Figure 4.1a). In a recent study, Woo et al. identified an important role of 
another junctional protein, JP4, in regulation of SOCE in T cells [51]. Junctophilin 
family consists of four genes, JP1, JP2, JP3, and JP4, that are expressed in a tissue-
specific manner and are known to form ER–PM junctions in excitable cells includ-
ing skeletal muscle, cardiac, and neuronal cells [48,52]. Junctophilins contain eight 
repeats of the membrane occupation and recognition nexus motifs that bind to phos-
pholipids in the N terminus and a C-terminal ER membrane–spanning TM [48,53]. 
Depletion of JP4 inhibited STIM1 recruitment into the ER–PM junctions and sig-
nificantly decreased SOCE. Biochemical analyses showed a direct interaction of JP4 
cytoplasmic domain with CC1 and CC2 regions of STIM1. JP4 was also shown to 
interact with the N-terminal cytoplasmic region of junctate. Therefore, this study 



81Modulation of Orai1 and STIM1 by Cellular Factors

demonstrates that junctate–JP4 complex is an important component of the ER–PM 
junctions in T cells that synergistically recruits STIM1 into these junctions by protein 
interaction (Figure 4.1a). When overexpressed, STIM1 alone is sufficient to estab-
lish the ER–PM junctions using its C-terminal polylysine regions. However, in a 
physiological condition when the concentration of STIM1 is low or STIM1 has a 
defect in its phospholipid-binding capacity (e.g., low [PIP2] in the PM), interaction 
of STIM1 with the junctate–JP4 complex can be important for efficient assembly of a 
functional CRAC channel complex at the junctions. This junctional protein complex 
also acts as a determinant of the site of Ca2+ entry because it is preassembled at the 
regions where Orai1 and STIM1 accumulate after store depletion.

Two studies identified transmembrane protein 110 (TMEM110 or STIM-activating 
enhancer) as a positive regulator of Ca2+ influx by the Orai1 and STIM1 complex 
using biotin-labeled protein purification and a genome-wide RNAi screen, respec-
tively [54,55]. TMEM110 is a multipass ER-resident protein with its N and C ter-
mini facing the cytoplasm. Jiang et al. showed that TMEM110 physically interacted 
with the CC1 region of STIM1 and induced its active conformation to interact with 
Orai1 [54] (Figure 4.1a). The CC1 region of STIM1 contains an acidic amino acid 
motif that binds to the Orai1-interacting CAD/SOAR fragment, blocking its interac-
tion with Orai1 in an autoinhibitory manner. Interaction of TMEM110 with the CC1 
region of STIM1 facilitated the release of this autoinhibition in STIM1. Furthermore, 
this study also showed that depletion of TMEM110 had a modest influence on the 
frequency of the ER–PM junctions with 8%–12% decrease in cortical ER (ER that 
is in close proximity to the PM). Thus, the observed phenotype of more than 60% 
reduction in SOCE in TMEM110 KO cells was predominantly ascribed to its direct 
interaction with STIM1 to relieve its autoinhibition. The molecular mechanism pro-
posed in this study is different from the one reported by Hogan and colleagues, who 
showed that siRNA-mediated depletion of TMEM110 significantly reduced the den-
sity of ER–PM junctions by >60% in HeLa/HEK293 cells, both under resting condi-
tions and after store depletion. Importantly, artificial expansion of the junctions by 
overexpression of a yeast junctional protein lst2, which is unlikely to affect STIM1 
autoinhibition, significantly rescued STIM1 translocation and SOCE. Therefore, this 
study concluded that TMEM110 is important for maintenance of the ER–PM junc-
tions involved in SOCE in resting conditions and for dynamic remodeling of these 
junctions after store depletion. Although the molecular mechanism proposed in each 
study is different, the common conclusion from both studies is that TMEM110 is 
localized at the ER–PM junctions and is essential for translocation of STIM1, and 
thereby for SOCE.

In another study, extended synaptotagmin proteins (E-Syts) were shown to play a 
critical role in the formation of ER–PM junctions in HeLa cells [56]. Using siRNA-
mediated depletion of all three E-Syt proteins, the authors showed a >50% reduc-
tion in the density of ER–PM junctions; however, E-Syts-dependent junctions were 
completely dispensable for SOCE. The authors did observe a significant decrease in 
accumulation of Orai1 and STIM1 at the ER–PM junctions; however, this decrease 
in accumulation did not significantly affect SOCE. Collectively, these studies sug-
gest that specialized proteins like TMEM110, junctate, or JP4 may play a significant 
role in the formation and/or dynamic regulation of junctions specifically involved 
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in SOCE, which are likely to be distinct from those involved in other functions of 
ER–PM junctions including PIP2 replenishment and lipid transfer.

4.6  MODULATORS OF STIM1 FUNCTION

An ER-resident protein SARAF was identified as an interacting partner of STIM1 
that facilitates the Ca2+-dependent slow inactivation of CRAC channels [57]. By 
screening a cDNA overexpression library, Palty et al. identified SARAF as a can-
didate that reduces mitochondrial Ca2+ accumulation. It turned out that this over-
expression strategy was useful specially to identify inhibitors of Orai1 and STIM1 
function because siRNA-based screens are excellent to pick up positive regulators, 
but not inhibitory proteins. SARAF plays multiple roles in regulation of basal and 
ER [Ca2+] as well as SOCE. Human SARAF encodes a 339-amino acid protein con-
taining a single transmembrane segment (aa 173–195) with its N terminus facing 
the ER lumen (aa 1–172) and its C terminus facing the cytoplasm (aa 196–339) 
(Figure 4.1a). It shares similarities with STIM1 in global domain structure together 
with the presence of positively charged residues, which may interact with the PM 
phospholipids and a serine/proline-rich domain in its C-terminal end. Depletion of 
SARAF increased intracellular Ca2+ concentration and enhanced SOCE after store 
depletion, whereas its overexpression showed an opposite effect. Therefore, SARAF 
plays a negative role in SOCE with different modes of action: first, it interacts with 
the inactive form of STIM1 in the resting condition to stabilize its inactive state in the 
ER; second, it translocates to the ER–PM junctions together with STIM1 to induce 
CDI of Orai1 channels; and finally it also facilitates dissociation of clustered STIM1 
proteins. More detailed structure–function studies identified a C-terminal inhibitory 
domain (CTID, aa 448–530) within STIM1 that regulates SARAF–STIM1 interac-
tion [58]. STIM1 CTID is located at the C-terminal region of the Orai1-interacting 
CAD/SOAR domain, and interestingly, deletion of CTID from full-length STIM1 
resulted in constitutively active Orai1 channels. CTID does not bind to SARAF 
directly but mediates the interaction of SARAF with the CAD/SOAR region. 
Therefore, this study highlights the important role of STIM1 and SARAF in CDI 
of Orai1, which is necessary to avoid excessive Ca2+ entry and its ensuing outcomes 
including cell death.

4.7  STIM1 AS A REGULATOR FOR NON-CRAC 
CHANNEL-RELATED FUNCTIONS

Two independent studies have shown an interaction between STIM proteins and 
Cav1.2 [59,60]. STIM1 interacted with Cav1.2 and inhibited the channel activity in 
a short term and blocked its surface expression in a long term [59,60]. Both stud-
ies showed a direct interaction between the CAD/SOAR domain of STIM1 and 
the C terminus of the Cav1.2 channel. These results provide an interesting scenario 
where the same region of STIM1 plays exactly opposite roles in regulation of CRAC 
channels and Cav1.2 channels. This must be a useful strategy in excitable cells where 
timing and activities of Cav1.2 and SOC channels can be simultaneously regulated. 
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However, in T cells, the activation of CRAC channels and Cav1 channels occurs 
simultaneously; hence, it would be interesting to understand how STIM1 interacts 
with both these channels at the same time. Recently, several reports have shown a 
positive role of Cav1 family of Ca2+ channels in activation, homeostatic proliferation, 
and cytokine production by CD4+ and CD8+ T cells [61–64]. It would be interesting 
to examine the activity of Cav1 channels in T cells isolated from mice lacking the 
expression of STIM proteins. In addition to CRAC and Cav channels, STIM1 also 
interacts with and activates transient receptor potential type C (TRPC) channels via 
an electrostatic interaction between dilysine motif in its polybasic tail and a con-
served diaspartate motif in TRPC1 (and other TRPC channels) [65–69]. One report 
shows expression of TRPC3 among all the TRP channels in human T cells; however, 
the authors did not observe any significant defect in T cell activation, SOCE, or 
proliferation in the presence of physiological amounts of extracellular [Ca2+] [70]. 
Only under Ca2+-limiting conditions, with an extracellular [Ca2+] of ~30–50 μM, the 
authors observed very mild reduction in TCR stimulation–induced SOCE and prolif-
eration of human T cells. Hence, the role of TRPC channels in T cell activation and 
proliferation awaits further detailed investigation.

STIM1 negatively regulates plasma membrane Ca2+ ATPase (PMCA) pump 
directly or indirectly via a novel 10-transmembrane segment–containing protein, 
POST (partner of STIM1, TMEM20). Ritchie et al. showed that STIM1 interacts 
with PMCA and inhibits its Ca2+ clearance function, while Quintana et al. suggested 
that Ca2+ buffering by mitochondria in the immunological synapse inhibits PMCA 
activation [71,72]. In addition, while POST expression did not affect CRAC currents, 
POST negatively regulated PMCA activity. These studies suggest that both stimu-
lation of CRAC channels and inhibition of PMCA activity at the immunological 
synapse may be important for generation of sustained, local Ca2+ entry required for 
NFAT activation. As discussed earlier, STIM1 also functions in a completely store-
independent manner. STIM1 in the PM interacts with and activates ARC channels 
independent of Ca2+ stores as previously described [73]. Another function of STIM1, 
which is independent from store depletion, is growth of microtubules. When a grow-
ing microtubule tip comes across the ER membrane, STIM1 bound to a microtubule 
tip–binding protein, EB1, and pulled out a new ER tubule through the “tip attach-
ment complex” mechanism [74,75]. This interaction of STIM1 with EB1 does not 
affect SOCE and does not require store depletion [74]. Together, STIM1 plays an 
important role not only in gating of CRAC channels but also in the function of other 
Ca2+ transport proteins including Cav, TRPC, PMCA, or ARC channels as well as 
SOCE-independent functions such as growth of microtubule tips [74,75].

4.8  METHODS USED TO IDENTIFY INTERACTING 
PARTNERS OF ORAI1 AND STIM1

The history of studying Orai1 and STIM1 began with the identification of the SOCE 
mechanism and measurement of CRAC currents by electrophysiological methods 
of whole-cell patch-clamp recording by depleting Ca2+ stores with Ca2+-chelating 
reagents or a blocker for the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 
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(SERCA) pump, thapsigargin [76] (see Chapter 1). The CRAC channels were later 
shown to be present in multiple immune cell types including T cells and mast cells, 
identified by their unique biophysical properties; however, the molecular compo-
nents remained unknown for more than two decades. Orai1 and STIM1 were identi-
fied by siRNA-mediated functional screens when the discovery of siRNA allowed 
large-scale loss-of-function studies. Limited RNAi screens in Drosophila and HeLa 
cells identified STIM1 [14–16], and genome-wide RNAi screens in Drosophila 
cells identified Drosophila Orai first, which led to revealing its human homologues; 
among them, Orai1 as a pore subunit of the CRAC channels [10–13]. Two types of 
readout were used for these screens: direct measurement of SOCE by Ca2+ indicators 
(e.g., Fluo-4) and the use of translocation of GFP-fused NFAT into the nucleus as a 
readout for functional SOCE pathway. The benefits of using SOCE measurement as 
readout include a high chance of picking up direct components and identification of 
potential regulators of SOCE. Shortcomings can be potentially high false positives 
due to difficulties in plate handling for live-cell Ca2+ measurement, and a less robust 
signal-to-noise ratio between resting and stimulated conditions. On the contrary, 
NFAT translocation assay as readout yielded robust results due to the ease of plate 
handling after fixing the cells and very high signal-to-noise ratio that resulted in <30 
candidates from a whole genome-wide screen. The shortcomings include the abso-
lute necessity for a secondary screen using Ca2+ measurement because it is possible 
that the depletion of non-SOCE-involved components of the NFAT pathway (e.g., 
calcineurin) can influence its nuclear translocation.

After identification of Orai1 and STIM1, numerous interacting partners have been 
identified from protein purifications using affinity tags (e.g., FLAG) [33], biotin-
labeling techniques [54], plasmon resonance assays [77], and targeted or genome-scale 
high-throughput screens [55]. Functions of interacting partners of Orai1 and STIM1 in 
SOCE were validated by single-cell Ca2+ measurement as well as electrophysiological 
tools of CRAC current measurements when they act on channel gating or inactivation. 
In addition, SOCE levels can be measured by flow cytometry using ratiometric Ca2+ 
indicators such as Indo-1 to measure responses from a large population of cells. For 
example, one can label a mixture of cells with various cell type–specific markers (e.g., 
CD4+ T cells, CD8+ T cells, and B cells) and measure SOCE from all of them simul-
taneously. Later, during data analysis, one can specifically examine the cell type of 
their choice based on the expression of various surface markers. However, it is techni-
cally difficult to accurately determine the basal and ER Ca2+ levels using this method. 
Single-cell ratiometric Ca2+ imaging using microscopy is the method of choice to 
accurately measure basal, ER [Ca2+], as well as SOCE. The physiological outcomes of 
Ca2+ signaling can be measured by checking nuclear translocation or dephosphoryla-
tion of NFATc2, or induction of NFATc1 expression [78,79]. To determine the roles 
of these associating molecules in translocation, clustering, and dissociation of Orai1 
and STIM1, high-resolution confocal and total internal reflection fluorescence (TIRF) 
microscopy imaging are being commonly used. TIRF imaging is a very useful tool to 
determine the rate of association and dissociation of Orai1 and STIM1 at the ER–PM 
junctions and monitor if interacting partners alter this rate or translocate together with 
Orai/STIM. The shortcomings of these imaging techniques are an extensive use of 
overexpression system because these tools require fluorescently labeled Orai1/STIM1 
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and interacting molecules. It is difficult to uncover roles of these regulators in SOCE, 
when Orai1 and STIM1 are overexpressed, because overexpression of Orai1 and 
STIM1 are necessary and sufficient to restore CRAC currents in various cell types. 
The regulators are likely to play an important role in modulating the function of Orai/
STIM when their expression is limiting, as observed in physiological conditions. These 
problems can be partly resolved by selecting cells with mild expression of Orai1 and 
STIM1 for imaging or using stable cell lines, which express proteins at much lower 
levels than transient transfection, by generation of mutants defective in dominant func-
tions (e.g., STIM1ΔK) [50], and also by comparing phenotypes with loss-of-function 
studies using more physiological experimental settings without overexpression, for 
example, checking the effect on endogenous Orai1 or STIM1.

To determine protein interactions of regulators with Orai1 and STIM1, GST pull-
down and immunoprecipitation analyses have been widely used to establish a foun-
dation for other techniques. When combined with mutational analyses within specific 
domains, it can provide useful information about the site of interaction between vari-
ous molecules and unravel the working mechanism of regulators. These are common 
and conventional methods that have been used to determine protein interactions for 
many decades and are still widely used due to their straightforwardness, sensitiv-
ity, and reproducibility. The shortcoming of these techniques is that they are very 
laborious, and it is difficult to quantify the results from multiple independent experi-
ments (e.g., biological replicates). In addition, standardization of these biochemical 
techniques often requires trial and error with different kinds and concentrations of 
detergents, concentrations for monovalent or divalent cations, incubation duration, 
and the amount of proteins. Negative control proteins play a very important role 
here, because both Orai1 and STIM1 contain transmembrane segments. Appropriate 
controls/mutants will be important to validate authentic protein interactions. These 
techniques can be combined with cell-based assays such as FRET or biomolecular 
fluorescence complementation [80,81]. These techniques allow validating protein 
interactions in intact cells, but this is only possible when detailed topology of can-
didate molecules is clearly known for appropriate design of experiments. Therefore, 
these methods cannot be the best choice for any primary or secondary screening to 
identify novel proteins with unknown topology. In summary, the usage of these bio-
chemical and imaging techniques to determine protein interactions has tremendously 
advanced our understanding of the mechanism of CRAC channel regulation, and 
they have proven to be very powerful tools, especially when combined with relevant 
functional assays.

4.9  CONCLUSIONS AND PERSPECTIVES

The activation mechanism of CRAC channels provides a new paradigm of channel 
activation that solely depends on protein interactions. The studies on conformational 
changes of STIM1 from the folded inactive state to the open active state provide 
a fundamental insight into the mechanism of how signal is transmitted from sens-
ing ER Ca2+ depletion to activation of Orai1. Identification of Orai1 and STIM1 
as components of the CRAC channels has allowed the uncovering the ubiquitous 
role of SOCE in multiple cell types including immune cells, platelets, keratinocytes, 
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osteoblasts, cardiac myocytes, skeletal muscle cells, and even neuronal cells. Some 
regulators of Orai1 and STIM1 also show tissue-selective expression patterns, which 
may determine the unique properties of CRAC channels in T cells. For example, 
CRACR2A and junctophilin-4 are highly abundant in T cells to selectively support 
CRAC channel activities [34,51]. While we mostly focus on protein interactions in 
regulation of Orai1 and STIM1 functions here, second messengers such as cAMP, 
the phospholipid PIP2, or reactive oxygen species are also able to regulate Orai1 and 
STIM1 functions. Furthermore, posttranslational mechanisms such as phosphoryla-
tion and glycosylation covered elsewhere [7] also play an important role in regula-
tion of Orai1 and STIM1 functions and should be considered as topics for future 
investigations.

Ion channels are considered excellent drug targets because many of them are 
localized at the cell surface providing a relatively easily accessible target for the 
drug. There is a notion that Ca2+ signaling is broadly involved in most cellular activi-
ties because Ca2+ is a ubiquitous second messenger for many signaling pathways. 
However, numerous studies argue that cells have an amazing capability to distinguish 
minor differences in the agonists, amplitude, timing, duration, oscillation frequency, 
and location (e.g., microdomain) of Ca2+ signaling and to generate unique down-
stream responses [82,83] (see Chapter 5). Cell type–specific Ca2+ response can also 
be mediated by unique expression of regulatory proteins as discussed earlier. The 
next challenging question is to develop better therapy for immune and inflammatory 
disorders by modulation of Ca2+ signaling based on these studies, and the core of 
such trials is to understand the accurate composition of Orai1–STIM1 complex with 
its auxiliary proteins, specifically formed in immune cells.
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5 CRAC Channels and 
Ca2+-Dependent 
Gene Expression

Yi-Chun Yeh and Anant B. Parekh

5.1  INTRODUCTION

In order to respond to changes in the environment, cells need to switch genes on and 
off. One conserved mechanism that links events at the cell surface to gene expression 
in the nucleus employs intracellular Ca2+. A cytoplasmic Ca2+ rise stimulates Ca2+-
dependent transcription factors, which then regulate gene activity. In neurons, Ca2+ 
entry through voltage-gated Ca2+ channels activates Ca2+-calmodulin-dependent pro-
tein kinases, leading to the phosphorylation of the transcription factor CREB (cAMP 
response-element binding protein) [1,2]. Phosphorylated CREB is thought to be 
involved in long-term potentiation [3], a form of learning and memory in the nervous 
system. In immune cells, transcription factors such as c-fos and the nuclear factor of 
activated T cells (NFAT) are activated by Ca2+ influx through store-operated Ca2+- 
release-activated Ca2+ (CRAC) channels [4,5]. These transcription factors often work 
in tandem to control the expression of chemokines and cytokines that are involved 
in both the innate and adaptive immune responses [6]. NFAT proteins are a family of 
five cytosolic proteins that migrate into the nucleus upon activation. For four of the 
members, translocation is triggered by a rise in cytoplasmic Ca2+ concentration [5,7]. 
NFATs are extensively phosphorylated at rest, resulting in the masking of a nuclear 
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localization sequence. A rise in Ca2+ activates the enzyme calcineurin, the target of 
immunosuppressants cyclosporine A and tacrolimus. Dephosphorylation exposes 
nuclear localization sequences, enabling NFAT to migrate into the nucleus in a com-
plex with tubulin alpha [8]. Activator protein-1 (AP-1) is a transcription complex 
composed of members of the fos and jun families that can associate to form a range 
of homo- and heterodimers [9]. AP-1 activity can be increased by the stimulation of 
preexisting protein or following enhanced expression and many extracellular signals 
including G-protein-coupled receptor agonists, cytokines, and growth factors target 
AP-1 activity. Here, the involvement of cytoplasmic Ca2+, particularly localized Ca2+ 
signals or Ca2+ microdomains, in activating NFAT and c-fos will be described. The 
focus is on immune cells, where these processes have been studied in considerable 
detail.

5.2  Ca2+ ENTRY THROUGH CRAC CHANNELS 
ACTIVATES GENE EXPRESSION

In immune cells, it has been known for many years that a rise in cytoplasmic Ca2+ 
is essential for expression of various chemokines and cytokines that drive T cell 
proliferation and the subsequent immune response [10]. Although cells can raise 
Ca2+ through either Ca2+ release from internal stores or Ca2+ influx across the plasma 
membrane, Ca2+ entry was found to play the major role in immune cell activation. 
Stimulation in the absence of external Ca2+ often failed to evoke any detectable gene 
expression, whereas robust transcription occurred when external Ca2+ was present. 
For example, studies on the Jurkat human T cell line revealed that antibodies against 
the T lymphocyte antigen receptor complex evoked Ca2+ release from the stores 
but this failed to induce interleukin 2 (IL-2) expression [11]. In the murine T cell 
hybridoma B3Z expressing the lacZ reporter gene under the transcriptional control 
of NFAT, the fraction of lacZ-positive cells fell after stimulation when external Ca2+ 
was reduced [12]. Further evidence for the major role of Ca2+ influx in gene expres-
sion came from studies on T cells isolated from a 3-month-old immunodeficient boy 
[13]. Stimulation with anti-CD3 antibody evoked less IL-2 production than in the 
control and this was pinpointed to impaired Ca2+ influx. By contrast, Ca2+ release was 
unaffected. Similar conclusions were reached in rat bone marrow–derived mast cells 
and RBL-2H3 immortalized mast cell line [14]. Cross-linking of FCεRI receptors led 
to the activation of NFAT and this was suppressed by the removal of external Ca2+. 
Collectively, these and other studies established the importance of Ca2+ influx as a 
key activator of NFAT and transcription of IL-2.

Cells express a plethora of Ca2+ entry channels [15], and each could potentially 
underlie the Ca2+ influx needed for gene expression in immune cells. Several stud-
ies, using different approaches, identified the CRAC channel as being the dominant 
plasmalemmal Ca2+ channel that coupled to NFAT activation and gene expression. 
First, noise analysis of the whole cell Ca2+ current in T cells revealed that the chord 
conductance of the Ca2+ channel activated by the T cell receptor was identical to that 
evoked by thapsigargin [16] (see Chapter 1). Hence, the CRAC channel and the Ca2+ 
channel activated by the T cell receptor, which leads to NFAT activation, are one and 
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the same. Second, the elevation of external K+ depolarizes the membrane potential 
and this was found to reduce Ca2+ influx and NFAT reporter gene expression [12] (see 
Figure 1.1). Because the open probability of voltage-gated Ca2+ channels increases as 
the membrane potential decreases, these results established that the Ca2+ influx path-
way was not depolarization activated. Third, patch clamp studies on T cells from an 
immunodeficient infant, in which T cell proliferation was lost, revealed the complete 
absence of the non-voltage-activated CRAC current following stimulation of either 
the T cell receptor or after store depletion with thapsigargin [17]. Fourth, mutant cells 
selected from a population of gamma-irradiated Jurkat NZDipA cells showed defec-
tive CRAC channel activity to varying degrees, and the severity of the defect corre-
lated well with the extent of compromised NFAT-dependent reporter gene expression 
[18]. Collectively, these findings constructed a body of evidence that suggested Ca2+ 
entry through the CRAC channel was required for NFAT activation followed by gene 
expression. Direct evidence in support of this came when the CRAC channel compo-
nents were identified at a molecular level.

The first critical component to be identified was the stromal interaction molecule 
(STIM) family of proteins, STIM1 and STIM2 [19,20]. STIM proteins are found mainly 
spanning the e ndoplasmic reticulum, where they function as Ca2+ sensors to monitor the 
Ca2+ content of the store [21]. Upon store depletion, they form multimers that migrate 
to specialized regions of the endoplasmic reticulum located just beneath the plasma mem-
brane [22,23]. Here, they bind to and activate CRAC channels in the plasma membrane.

Gene linkage analysis and siRNA knockdown strategies identified Orai1 as 
being essential for CRAC channel function [24–26] (see Chapters 2 and 3). Orai1 
is a plasma membrane protein with four transmembrane domains. The mutation of 
the conserved acidic residue E106 in transmembrane domain reduced Ca2+ influx 
and changed ion selectivity, establishing Orai1 as the pore-forming subunit of 
the CRAC channel [27–29]. A point mutation, R91W, in Orai1 was identified in 
patients with one form of hereditary severe combined immunodeficiency [25]. This 
mutant channel was expressed in the plasma membrane but was unable to gate. 
Importantly, the expression of wild-type Orai1 rescued Ca2+ influx in the immuno-
deficient T cells. Consistent with a fundamental role for Orai1 in T cells, the expres-
sion of pore mutant E106Q Orai1 channels in T cells reduced cell proliferation and 
cytokine secretion [30]. Furthermore, the overexpression of the recombinant Orai1 
channel in HEK cells accelerated NFAT activation and reporter gene expression, 
whereas the knockdown of endogenous Orai1 prevented NFAT activation and gene 
expression in response to thapsigargin [31]. Moreover, the knockdown of Orai1 
suppressed NFAT-driven gene expression following stimulation of either FCεF1 
or cysteinyl leukotriene type I G-protein-coupled receptors, demonstrating the 
physiological relevance of CRAC channels to this form of excitation–transcription 
coupling [32]. Finally, a relatively specific CRAC channel blocker, Synta66 [33], 
inhibited NFAT activation following the stimulation of native CRAC channels [31].

In addition to activating NFAT, CRAC channels also induce the expression of the 
immediate early gene c-fos [34], a component of the AP-1 transcription factor com-
plex. AP-1 and NFAT are considered partners in transcriptional regulation because 
composite NFAT and AP-1 sites are found on numerous genes that are regulated dur-
ing the immune response [6].
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Stimulation with thapsigargin or leukotriene C4 (LTC4), an agonist of G-protein-
coupled cysteinyl leukotriene type I receptors, which couple to phospholipase C 
to generate IP3 and stimulate protein kinase C, increased c-fos transcription but 
only when external Ca2+ was present [35]. A pharmacological block of CRAC 
channels with Synta66 also suppressed c-fos induction [35], as did knockdown 
of Orai1 [36].

5.3  THE IMPORTANCE OF Ca2+ MICRODOMAINS NEAR OPEN 
CRAC CHANNELS IN THE REGULATION OF TRANSCRIPTION

Although Ca2+ entry through CRAC channels is important in activating NFAT and 
c-fos, several lines of evidence show that Ca2+ microdomains near the mouth of open 
channels are more effective in activating the transcription factors than a rise in bulk 
cytoplasmic Ca2+. First, the Ca2+ response to thapsigargin in Ca2+-free external solu-
tion is transient because plasma membrane Ca2+ clearance mechanisms remove cyto-
plasmic Ca2+. In rat basophilic leukemia (RBL) and human embryonic kidney (HEK) 
cells, the inhibition of the plasma membrane Ca2+ ATPase (PMCA) pump with La3+ 
leads to a large and sustained rise in bulk Ca2+ following stimulation with thapsigargin 
in a Ca2+-free solution. Although the bulk Ca2+ rise was larger than that seen when 
cells were exposed to thapsigargin in the presence of external Ca2+, c-fos transcription 
was not stimulated [37]. Interestingly, NFAT1 migration into the nucleus did occur 
upon challenge with thapsigargin in Ca2+-free solution supplemented with La3+, sug-
gesting a large, nonphysiological bulk cytoplasmic Ca2+ rise is sufficient to activate 
NFAT1 [31]. Second, one important factor that determines the size of Ca2+ microdo-
mains is the unitary flux through each channel. This is dictated by the prevailing elec-
trochemical gradient. The KD for Ca2+ permeation through CRAC channels in RBL 
cells is ~0.7 mM [38]. Therefore, the unitary flux in 0.5 mM external Ca2+ should be 
considerably smaller than in 2 mM Ca2+. When RBL cells were stimulated with thap-
sigargin in either 0.5 or 2 mM Ca2+, bulk Ca2+ was similar but the transcription of c-fos 
only occurred in the higher external Ca2+ [37]. Similar findings were obtained for 
NFAT activation in HEK cells [31]. Conversely, a reduction of the membrane potential 
by the inhibition of inward rectifier K+ channels in RBL cells had little effect on bulk 
Ca2+ but suppressed CRAC channel–driven c-fos expression [37]. Hence, manipula-
tions that reduce the unitary flux and thus the size of the Ca2+ microdomain, without 
compromising the bulk Ca2+ rise, impair c-fos and NFAT activation. Third, loading the 
cytoplasm with the Ca2+ chelators EGTA or BAPTA both substantially reduce the rise 
in bulk cytoplasmic Ca2+ following stimulation with thapsigargin. However, EGTA is 
too slow to prevent the build-up of the Ca2+ microdomain and had no inhibitory effect 
on either c-fos transcription or NFAT activation in RBL or HEK cells [31,37,39]. By 
contrast, BAPTA has an on-rate for Ca2+ ~500-fold faster than EGTA and therefore 
reduces the size and lateral extent of the microdomain. In support of a central role for 
Ca2+ microdomains, BAPTA was found to impair both c-fos and NFAT activation fol-
lowing CRAC channel opening [31,37]. Consistent with these earlier studies, BAPTA 
but not EGTA was also found to suppress NFAT activation by CRAC channels in neu-
ral stem cells [40]. Finally, a comparison of the signaling capability of clustered Orai1 
channels with dispersed constitutively active V102C mutant Orai1 channels showed 



97CRAC Channels and Ca2+-Dependent Gene Expression

that channel clustering was far more effective in activating both c-fos and NFAT than 
a similar number of active but diffuse ones [36]. Although the Ca2+ selectivity of the 
V102C Orai1 channels is slightly less than for the wild-type channel, the bulk Ca2+ 
was nevertheless increased to a similar extent. Clustering appears favored in signal 
transduction because the overlapping Ca2+ microdomains result in a much higher local 
Ca2+ signal that robustly activates downstream signaling pathways [36].

5.4  HOW LOCAL IS LOCAL?

An interesting question concerns how local the Ca2+ signal near Orai1 needs to be 
to activate NFAT. Is the Ca2+ signal spatially restricted to Orai1 or is a more general 
smearing of subplasmalemmal Ca2+ important? One way of addressing this is to 
compare the ability of two different plasma membrane Ca2+-permeable channels 
that both raise bulk cytoplasmic Ca2+ to similar extent to activate NFAT. The acti-
vation of recombinant TRPC3 channels with 1-oleoyl-2-acetyl-sn-glycerol (OAG), 
a diacylglycerol analogue, led to a rise in cytoplasmic Ca2+ that was dependent 
entirely on Ca2+ entry [31]. The rise in cytoplasmic Ca2+ was similar to that evoked 
following CRAC channel opening. However, NFAT1 consistently failed to migrate 
into the nucleus in the presence of OAG [31]. Hence, a general rise in subplasma-
lemmal Ca2+ is not sufficient for NFAT1 activation; rather, it is the Ca2+ in the vicin-
ity of CRAC channels that is important.

These findings should not be interpreted to mean that Ca2+ entry through TRPC3 
is unable to activate NFAT1 in other systems [41]. TRPC3 can form heteromultimers 
with TRPC1 [42], and TRPC1 channels can be inserted into the plasma membrane 
following local Ca2+ entry through Orai1 [43], suggesting that TRPC and Orai1 chan-
nels might colocalize in the membrane. Nevertheless, in mast cells, the direct open-
ing of recombinant TRPC3 channels with OAG is considerably less effective than 
CRAC channels in activating NFAT1.

5.5  SENSING LOCAL Ca2+ NEAR CRAC CHANNELS

For Ca2+ microdomains near CRAC channels to activate transcription factors, a 
Ca2+ sensor is required that relays local Ca2+ to a downstream signaling pathway. 
Interestingly, different signal transduction pathways are used to activate c-fos and 
NFAT [36,37].

In RBL-1 cells, Ca2+ microdomains near CRAC channels stimulate c-fos expres-
sion through recruitment of the nonreceptor tyrosine kinase Syk [33,37]. A phar-
macological block of Syk and a reduction in protein levels using an siRNA-based 
approach both inhibited c-fos expression in response to thapsigargin [37] or cys-
teinyl leukotriene type I receptor stimulation [39]. Ca2+ entry through the channels 
was unaffected, suggesting that the involvement of Syk was downstream of CRAC 
channel activation. Syk is expressed mainly at the cell periphery and remains so 
after CRAC channel opening [37]. Co-immunoprecipitation studies have found asso-
ciation between Syk and Orai1 under nonstimulated conditions and this increases 
~2-fold after store depletion with thapsigargin [36]. The signal transducers and acti-
vators of transcription (STAT) family of transcription factors are widely expressed 
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in the immune system and are activated following phosphorylation by nonreceptor 
tyrosine kinases [44,45]. Phosphorylated STATs dimerize and then rapidly trans-
locate into the nucleus, where they bind to enhancer elements to regulate gene 
expression. Following CRAC channel opening, STAT5 was phosphorylated within 
minutes and this was suppressed by the Syk inhibitor [37]. Hence, Ca2+ entry through 
CRAC channels activates c-fos through the Syk/STAT5 pathway. More recent work 
using phospho-specific antibodies for the highly related STAT5a and STAT5b pro-
teins found that STAT5a phosphorylation was significantly increased by Ca2+ entry 
through CRAC channels [46]. Basal STAT5b phosphorylation was ~2-fold higher 
than for STAT5a, but did not change after stimulation.

NFAT activation is mediated through the Ca2+-dependent stimulation of pro-
tein phosphatase 2B (calcineurin), the target of immunosuppressants cyclosporine 
A and tacrolimus. In neurons, the plasmalemmal scaffold protein AKAP79 binds 
both calcineurin and Cav1.2 Ca2+ channels, thereby bringing the phosphatase within 
the realm of the Ca2+ microdomain [47,48]. Biochemical pull-down studies revealed 
that Orai1 was associated with calcineurin after store depletion, and this was pre-
vented   following the knockdown of AKAP79 [49]. The knockdown of AKAP79 
prevented CRAC channels from activating NFAT, an effect that was rescued by the 
overexpression of AKAP79 but not by a mutant AKAP protein that was unable to 
bind calcineurin. In addition to binding calcineurin, AKAP79 was also associated 
with a fraction of the total NFAT pool [50]. These results show that calcineurin and 
NFAT are brought close to the CRAC channel microdomain after store depletion, 
providing a mechanism to activate the enzyme selectively while providing a high 
local concentration of its target NFAT.

5.6  PARALLEL PROCESSING OF THE CRAC 
CHANNEL Ca2+ MICRODOMAIN

Pharmacological and siRNA-based approaches reveal that CRAC channel–gated Ca2+ 
microdomains activate Syk and calcineurin through distinct signaling pathways [36]. 
The inhibition or knockdown of Syk impaired c-fos expression following CRAC 
channel opening without affecting NFAT activation. Conversely, the inhibition of 
calcineurin with cyclosporine A suppressed NFAT activation without affecting c-fos 
expression. Ca2+ microdomains therefore recruit two different transcription factors 
through distinct signaling mechanisms.

In addition to enhancing c-fos expression, Syk also stimulates extracellular 
 signal–regulated kinases (ERK) via protein kinase C [34,51]. This leads to the phos-
phorylation of both Ca2+-dependent phospholipase A2 (cPLA2) and 5-lipoxygenase, 
increasing activities of both enzymes. cPLA2 hydrolyzes arachidonyl phospholipids 
to release arachidonic acid, which is then metabolized by 5-lipoxygenase to produce 
leukotrienes such as LTC4, a powerful pro-inflammatory signal (see Chapter 11). 
Although a pharmacological block of Syk suppresses both c-fos transcription and 
LTC4 production, ERK inhibition impacted only on LTC4 production [34]. The paral-
lel processing of the Ca2+ microdomain by Syk through two distinct signaling path-
ways therefore constitutes an effective mechanism to evoke spatially and temporally 
different cellular responses.
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5.7  CAVEOLIN-1 DIFFERENTIALLY REGULATES 
NFAT AND c-FOS ACTIVITIES

AP-1 and NFAT often interact cooperatively to control gene expression. For example, 
genes that encode IL-2–4 and granulocyte-macrophage colony-stimulating factor are 
transcribed when both NFAT and c-fos are present [52]. By contrast, the transcription 
of some other genes such as interleukin-13 and tumor necrosis factor-α is induced 
by NFAT alone [52]. Different gene expression programs can therefore be activated 
depending on whether NFAT and c-fos operate together or in isolation. This raises 
an interesting question: If the same signal, namely, Ca2+ microdomains near open 
CRAC channels, activates both NFAT and c-fos, then how can one be activated and 
not the other? A mechanism must exist that is capable of tunneling the Ca2+ micro-
domain to recruit one transcription factor and not the other. Because Ca2+ microdo-
mains activate NFAT and c-fos indirectly, via AKAP79 and Syk, respectively, one 
possibility is that a membrane scaffolding complex that interacts with numerous 
signaling pathways determines which transcription factor is activated by the Ca2+ 
microdomain. One candidate for this role is caveolin-1, a protein found in the plasma 
membrane. Caveolin-1 forms a large oligomeric complex [53], interacts with mul-
tiple ion channels [54,55], and helps form signalosomes at the cell periphery [56]. 
Co-immunoprecipitation studies have found that caveolin-1 associates with Orai1 
[57], and two potential interaction sites are on the cytoplasmic N terminus between 
amino acids 52 and 60 [57] and on transmembrane domain 4, between amino acids 
250 and 258 [21].

The overexpression of caveolin-1 in RBL mast cells resulted in enhanced store-
operated Ca2+ entry [46], which seemed to arise through the stabilization of the 
STIM1–Orai1 interaction. This action required the scaffolding domain of  caveolin-1 
because mutations within the critical core motif that is required for association with 
signaling molecules [58,59] abolished the potentiation of Ca2+ entry. Because of 
the increase in Ca2+ flux through CRAC channels, a simple expectation would be 
that both NFAT and c-fos activities should increase in the presence of  caveolin-1. 
However, this was not the case. Although NFAT reporter gene expression increased 
after the activation of CRAC channels in cells overexpressing caveolin-1, c-fos 
expression was actually inhibited [46]. The phosphorylation of STAT5 following 
Ca2+ flux through CRAC channels was prevented by caveolin-1 [46]. Therefore, 
caveolin-1 differentially regulates the activation of the two transcription factors in 
response to the same local Ca2+ stimulus.

5.8  MODULAR REGULATION BY CAVEOLIN-1

One possible explanation for the opposing effects of caveolin-1 on NFAT and c-fos 
activities relates to the increased Ca2+ influx through CRAC channels. c-Fos activ-
ity could have a bell-shaped dependence on local Ca2+; in this scenario, Ca2+ would 
initially stimulate c-fos but a further rise would then inhibit expression. By con-
trast, NFAT activity increases quasi-monotonically with local Ca2+ until the pathway 
reaches its maximal capacity. Several lines of evidence argue against this possibility 
[46]. First, caveolin-1 expression still resulted in the inhibition of c-fos even when 
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stimulus intensity was reduced. Second, reducing the rise in cytoplasmic Ca2+ by 
loading the cytoplasm with EGTA failed to rescue c-fos expression in the presence 
of caveolin-1. Third, the application of ionomycin after exposure to thapsigargin 
in wild-type cells raised cytoplasmic Ca2+ to high levels, and this led to a further 
increase in c-fos expression. This Ca2+ rise was greater than that seen in cells express-
ing caveolin-1 and stimulated with thapsigargin, conditions that failed to activate 
c-fos. In a model where c-fos exhibits a bell-shaped dependence on Ca2+ levels, 
ionomycin stimulation after thapsigargin should have reduced c-fos expression, not 
increased it. Finally, mutations within the scaffolding domain prevented the increase 
in Ca2+ influx following store depletion but c-fos activity remained suppressed.

Evidence for modular regulation by caveolin-1 of NFAT and c-fos activities 
has come from experiments with a tyrosine phosphorylation-resistant mutant [46]. 
Caveolin-1 is phosphorylated by Src family tyrosine kinases on cytosol-facing 
amino acid residue tyrosine 14 [60], which is thought to tether the Src SH2 domain 
to phosphorylated caveolin-1 and thus retain Src at specific plasma membrane 
regions such as focal adhesions [61]. In RBL cells, recombinant caveolin-1 was 
phosphorylated on tyrosine 14 under resting conditions. Following stimulation with 
thapsigargin, phosphorylation was only slightly reduced and c-fos expression was 
suppressed [46]. Expression of a caveolin-1 protein in which tyrosine 14 had been 
mutated to phenylalanine (caveolin-1-Y14F) fully rescued STAT5a phosphoryla-
tion and c-fos expression following CRAC channel opening [46]. This mutant, like 
wild-type caveolin-1, increased store-operated Ca2+ entry as well as NFAT reporter 
gene expression.

Tyrosine 14 on the cytoplasmic region of caveolin-1 is the locus for the inhibi-
tion of c-fos transcription. The phosphorylation of Tyr14 inhibited the ability of Ca2+ 
entry through CRAC channels to activate STAT5a and thus inhibited c-fos expression 
in RBL cells. By contrast, Tyr 14 phosphorylation of caveolin-1 had no inhibitory 
effect on NFAT activation, revealing that the phosphorylation status of this site helps 
determine whether the same local Ca2+ signal is capable of simultaneously activating 
the two transcription factors.

Caveolin-1 is expressed in CD4+ and CD8+ T lymphocytes [62]. CD8+ T cells 
deficient in caveolin-1 showed normal NFkB activity but an impaired NFAT pathway 
[62]. Caveolin-1 expression has been reported to inhibit HIV replication through 
defective NFkB signaling [63]. Hence, caveolin-1 seems to regulate NFAT and NFkB 
in T cells in a reciprocal manner in certain situations, reminiscent of the regulation 
of c-fos and NFAT in mast cells.

5.9  LARGE BULK Ca2+ RISES AND C-FOS GENE EXPRESSION

In many studies of Ca2+-dependent regulation of gene expression, high doses of Ca2+ 
ionophores such as ionomycin have been used to raise bulk Ca2+ to high levels in 
order to activate NFAT or c-fos and thereby gene transcription. At low concentrations 
(sub μM), ionomycin first releases Ca2+ from the stores and this leads to the open-
ing of CRAC channels [64]. However, at higher doses (μM), ionomycin additionally 
increases Ca2+ flux across the plasma membrane directly via its ionophoretic activ-
ity. In RBL cells, CRAC channel blockers fail to prevent the rise in bulk Ca2+ due 
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to Ca2+ entry that is elicited by high concentrations of ionomycin [35]. These large 
increases in bulk Ca2+ may elevate Ca2+ sufficiently close to the plasma membrane 
to match the high local Ca2+ within the Ca2+ microdomain. However, interpretation 
is not straightforward. In RBL cells in which both CRAC channels and Ca2+ extru-
sion via the PMCA pumps were inhibited with La3+, stimulation with a high dose of 
ionomycin (5 μM) led to a large increase in cytoplasmic Ca2+ and in c-fos transcrip-
tion [35]. The inhibition of Syk or overexpression of caveolin-1, which both inhibit 
receptor and thapsigargin-evoked c-fos expression, failed to reduce c-fos activity to 
ionomycin under these conditions [46]. Hence, a large, grossly nonphysiological rise 
in bulk Ca2+ can activate c-fos gene expression through a pathway not engaged by 
more physiologically relevant stimuli.

5.10  CONCLUSION

Ca2+ microdomains near open Ca2+ channels confer several signaling advantages over 
a rise in bulk Ca2+. These include specificity, speed, and high fidelity in the signal 
transduction process. Although local Ca2+ signals near voltage-operated Ca2+ channels 
have long been known to play a major role in neurotransmitter release at presynaptic 
active zones [65], the importance of Ca2+ signals confined to the vicinity of Ca2+ chan-
nels in non-excitable cells is now being appreciated. Ca2+ microdomains near CRAC 
channels signal effectively to the nucleus through the recruitment of Ca2+-dependent 
transcription factors including NFATs and c-fos. In mast cells, the scaffolding pro-
tein caveolin-1 plays an important role in dictating whether both transcription factors 
will be activated by the Ca2+ microdomain (Figure 5.1). Whereas NFAT signaling 
is maintained in the presence of caveolin-1, c-fos activity is suppressed. The inhi-
bition is linked to the phosphorylation of tyrosine 14 of caveolin-1, although how 

Orai1 Orai1

NFATNFAT c-Fos c-Fos

Ca2+ Ca2+

Cav1
p

Y14

FIGURE 5.1 Cartoon summarizing modular regulation of NFAT and c-fos by caveolin-1 
in mast cells. In the absence of caveolin-1, NFAT and c-fos both activate in response to Ca2+ 
microdomains near open CRAC channels. However, when caveolin-1 is phosphorylated on 
tyrosine 14, the c-fos pathway is suppressed. Note the increase in Ca2+ flux through CRAC 
channels when caveolin-1 is present.



102 Calcium Entry Channels in Non-Excitable Cells

this impairs the phosphorylation of STAT5, the transcription factor that couples Ca2+ 
micro domains near CRAC channels to c-fos expression, is currently not known.

Modular regulation by the phosphorylated state of a membrane scaffolding pro-
tein like caveolin-1 might be a general way to control selectively downstream signal-
ing pathways in response to the same Ca2+ microdomain.
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6.1  INTRODUCTION

Calcium signaling is an indispensable signaling cascade for an organism. Since the 
concentration of free intracellular calcium ions ([Ca2+]i) is maintained at a very low 
level under resting conditions (100–200 nM), the activation of calcium signaling 
requires the elevation of [Ca2+]i, which is regulated by selective or nonselective Ca2+-
permeable channels and transporters upon stimulation. Studies have shown that the 
dysregulated function of Ca2+ channels or their modulators causes channelopathies, 
such as immunodeficiency and Timothy syndrome [1].

A ligand binding to cell surface receptors, for example, immunoreceptors such as 
the T cell receptors (TCR) or G-protein-coupled receptors, induces the depletion of 
Ca2+ stores in the endoplasmic reticulum (ER), which in turn induces a large and sus-
tained Ca2+ entry from extracellular space. This Ca2+ entry is called “store-operated 
Ca2+” (SOC) entry, formerly coined “capacitative” Ca2+ entry [2] (see Chapter 16). 
SOC entry has been observed in a variety of non-excitable and excitable cells and is 
now known to contribute to the function of many cell types including lymphocytes 
[3], pancreatic acinar cells [4], and skeletal muscle cells [5]. The prototypical SOC 
channel is the Ca2+-release-activated Ca2+ (CRAC) channel originally characterized 
in T lymphocytes and mast cells [6,7]. Although the molecular mechanism and iden-
tity remained a mystery for over 20 years, several groups identified two key proteins 
of the SOC entry, stromal interaction molecule 1 (STIM1) as the ER Ca2+ sensor 
[8,9] and ORAI1 (also known as CRACM1 or TMEM142A) as a pore-forming sub-
unit of the CRAC channels [10–12] a decade ago (see Chapters 2 and 3).

The aim of this chapter is to summarize how an Orai/Stim gene-deficient mouse is 
established and to describe a general protocol to make mouse embryonic fibroblasts 
(MEFs). Functions that have been elucidated using knockout mice from selected 
examples are also discussed. Readers interested in the details of gene targeting using 
ES cells are referred to an excellent textbook [13].

6.2  STRATEGIES FOR GENE TARGETING

Mice in which a specific gene is deleted are one of the most powerful tools to analyze 
the function of a gene of interest. Over the past 20 years it has become possible to 
introduce mutations into the germline of mice by using embryonic stem (ES) cells and 
homologous recombination. Three main strategies for the gene targeting have been 
utilized so far, for example, conventional gene targeting, conditional gene targeting, 
and gene trapping. In the following, the basic principles for each strategy are described.

6.2.1  Conventional Gene tarGetinG

In conventional gene targeting, a targeting vector should be designed to recombine 
with a specific chromosomal locus including the gene of interest. A targeting vector 
is composed of homologous sequences both upstream and downstream of a target 
exon(s), a positive selection marker and a linearization site outside of the homolo-
gous sequences of the vector (Figure 6.1). Ideally the vector also has a negative selec-
tion marker to enrich ES cells that correctly incorporated the targeting construct and 
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eliminate those that integrated randomly. Neomycin phosphotransferase II is most 
commonly used as a positive selection marker, but other antibiotic-resistant genes 
such as a hygromycin B phosphotransferase and a puromycin-N-acetyltransferase 
gene have been also utilized. After the transfection of the vector into ES cells, the tar-
get exon(s) is replaced with a positive selection cassette by homologous recombina-
tion, which results in the disruption of the expression of the target gene permanently. 
Initially, the integrated positive selection cassette was left in the chromosomal locus; 
however, it is now well known that positive selection cassettes have the potential to 
interfere with the normal expression of the targeted allele by promoter interference 
[14]. Thus, it is recommended that the positive selection cassette be removed by a 
recombination system.

Conventional gene targeting is a relatively easy and quick method, and research-
ers can use it to look for unexpected functions in specific tissue(s) or cell types. 
However, if the deletion of the target gene is lethal, studies are limited or become 
impossible. In addition, it is hard to evaluate a cell-type-specific function in vivo.

6.2.2  Conditional Gene tarGetinG

Conditional gene targeting utilizes site-specific recombination systems, which 
consist of a specific recombinase enzyme and a distinct target DNA sequence rec-
ognized by that enzyme, such as the Cre-loxP and Flp-FRT systems [15–18]. The 
Cre-loxP system is derived from the bacteriophage P1, while the Flp-FRT system 
stems from the budding yeast Saccharomyces cerevisiae. A target exon of a gene of 
interest is flanked by recombination sites, which have made it possible to inactivate 

FIGURE 6.1 Principle of conventional gene targeting. A targeting vector is composed of 
homologous sequences both upstream and downstream of a target exon(s) and a positive selec-
tion marker to replace the target exon(s). A negative selection marker should be placed outside 
of the homologous sequences of the vector. After the introduction of the vector into ES cells, 
the target exon is replaced with the positive selection cassette by homologous recombination, 
which results in the disruption of the expression of the target gene permanently.
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the gene in a specific cell type(s) in the living mice by crossing with transgenic (Tg) 
or knock-in mice expressing a recombinase under the promoter of a specific cell 
type(s) (Figure  6.2). These systems also can delete genes in a spatially and tem-
porally restricted manner. Especially, a variety of Cre-expressing mice have been 
established so far and many of them are commercially available from providers such 
as the Jackson Laboratory and Taconic Biosciences.

6.2.3  Gene trappinG

Gene-trap strategy is used for making gene-deficient mice and detecting patterns 
of gene expression [19–22]. A reporter gene construct is randomly integrated into 
the genome and the reporter gene is expressed under the transcriptional regula-
tion of an endogenous gene. A gene-trap vector in its most basic version contains 
a splice-acceptor sequence at the 5′ end, a reporter gene, a selectable marker 
gene, and a polyadenylation signal sequence at the 3′ end (Figure 6.3a). Since 
the Escherichia coli β-galactosidase (β-gal) protein is stable and easy to detect by 
X-Gal staining in cells, tissues, and embryos, β-galactosidase gene (lacZ) is most 
commonly utilized as the reporter gene. The gene-trap cassette is introduced into 
ES cells by electroporation or retroviral transduction method. The insertion of the 
vector construct in a genetic region typically results in complete inactivation of 
the “trapped” gene. However, in some cases, vector insertion can fail to inactivate 
the gene, lead to hypomorphic gene function, or result in a dominant negative 
phenotype [23]. To avoid these problems, it is desirable that the position of vector 
insertion is close to the 5′ end of a gene.

Target gene

loxP loxP

Exon 1 Exon 2 Exon 3

Exon 1

Cre

Exon 2 Exon 3

Exon 1 Exon 3

Exon 2

Recombinase:
Cre

Excised
target gene

FIGURE 6.2 Principle of the Cre-loxP system as an example of conditional gene targeting. 
The target exon(s) of the gene is flanked by two loxP sites. Cre recognizes loxP sites in the 
genomic DNA and excises the target exon along with one loxP sequence off the gene while 
recombining the two ends of remained sequences, causing the permanent deletion of the 
target gene.
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FIGURE 6.3 Principle of gene trapping. (a) Schematic diagram of a basic gene-trap strategy. 
A gene-trap vector is composed of a splice-acceptor (SA) sequence at the 5′ end, a reporter gene 
followed by a polyadenylation (pA) signal sequence, and a selector sequence with a strong pro-
moter (e.g., PGK) and polyadenylation signal sequence at 3′ end. Once the gene-trap vector 
is integrated into an intron of target gene, a splice donor of the target gene recognizes the SA 
sequence of the vector, which leads to formation of a fusion of reporter protein instead of the target 
protein. On the other hand, the selector protein can be expressed independently. (b) Schematic 
diagram of βGeo method. A βGeo protein is a fusion protein of β-galactosidase and a neomycin 
resistance (Neo) gene. In this case, all neomycin-resistant ES cells can express β-galactosidase.
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6.3  ESTABLISHMENT OF ORAI/STIM-DEFICIENT 
MICE AT THE WHOLE-BODY LEVEL

Patients who have nonfunctional mutations in the ORAI1 or STIM1 gene died mainly 
from immunodeficiency [24]. Therefore, knowledge obtained from these patients is 
limited. Many researchers, including us, established the Orai1, Stim1, and Stim2 
knockout mice by using various gene-targeting technologies (Table 6.1). These mice 
have made significant contributions to the advancement of our understanding of the 
roles of these gene products in vivo. In this section, we will describe how the Orai1, 
Stim1, Stim2, and other mutant mice were established.

TABLE 6.1
List of Orai/Stim-Deficient Lines

Gene Target Tissues/Cells
Targeting Method/
Cre-Deleter Line References

Orai1 Whole body Gene trap [25]

Whole body Conventional [26]

T cells Cd4-Cre, Lck-Cre [39,41]

Neural stem cells/progenitors Nestin-Cre [40]

Mammary gland MMTV-Cre [42]

Whole body, temporally UBC-Cre/ERT2 [41]

Stim1 Whole body Gene trap [35,36]

Whole body CMV-Cre, CAG-Cre [28,29]

T cells Cd4-Cre [29]

B cells mb1-Cre [43]

Macrophage and neutrophils LysM-Cre [44]

Skeletal muscle Myogenin-Cre [45]

Smooth muscle SM22α-Cre KI [46]

Purkinje cells Grid2-Cre KI [47]

Forebrain CaMKIIα-Cre [48]

Whole body, temporally UBC-Cre/ERT2 [41]

Stim2 Whole body Conventional [37]

Whole body CMV-Cre [29]

T cells Cd4-Cre [29]

B cells mb1-Cre [43]

Smooth muscle SM22α-Cre KI [46]

Forebrain CaMKIIα-Cre [48]

Stim1 and Stim2 Whole body CMV-Cre [50]

T cells Cd4-Cre, Lck-Cre [29,50]

B cells mb1-Cre [43]

Hematopoietic cells Vav-iCre [50]

Smooth muscle SM22α-Cre KI [46]

Forebrain CaMKIIα-Cre [48]

Hematopoietic cells, temporally Mx1-Cre [50]
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6.3.1  orai1 KnoCKout Mouse

Orai1 protein, encoded by the Orai1 gene located on chromosome 5 in the mouse, 
is a small and widely expressed tetraspanning membrane glycoprotein, whose N- 
and C-termini are both located in the cytoplasm [10–12]. Orai1 belongs to a novel 
class of channel proteins with no sequence homology to other known ion channels 
except its paralogues Orai2 and Orai3 (also known as CRACM2 and CRACM3, 
respectively).

Initially the Orai1 KO mouse was established by the gene trapping method 
using ES cells derived from 129P2/OraHsd [24]. The gene-trap cassette was com-
posed of a splice-acceptor site followed by a “βGeo” cassette encoding a fusion of 
β-galactosidase and a neomycin resistance (Neo) gene (Figure 6.3b). The insertion 
site for this gene-trap cassette is in intron 1 of Orai1. As a result, the Orai1-βGeo 
fusion protein contains only a part of the first transmembrane region of Orai1. Thus, 
Orai1 gene-trap mutant mouse can be considered an Orai1 KO mouse.

Orai1 KO mice using the conventional gene targeting method was generated by us 
[26]. Exon 1 of the Orai1 gene encoding the 5′ UTR, the N-terminal cytoplasmic tail 
region, and part of the first transmembrane region of Orai1 was deleted by replacing 
with a Neo gene. To save the time required for breeding and promoter interference, 
the Cre recombinase sequence and the testis-specific ACE promoter sequence were 
introduced into the targeting vector. The first loxP site was inserted upstream of the 
ACE promoter sequence and the second loxP site was inserted downstream of the 
Neo cassette. In this system, the Neo gene is constitutively transcribed, while the Cre 
recombinase is expressed under the control of the testis-specific ACE promoter; thus, 
the Neo cassette is deleted during spermatogenesis in chimeric mice, not in ES cells. 
Gene targeting of the Orai1 gene was performed by using homologous recombina-
tion in B6/3 ES cells derived from C57BL/6 mice.

6.3.2  stiM1 KnoCKout Mouse

Stim1 protein, encoding the Stim1 gene located on chromosome 7 in the mouse, is 
a type I transmembrane protein predominantly localized in the ER membrane and 
expressed broadly [27–29]. Stim1 protein is composed of several functional domains 
including a Ca2+-binding EF hand motif in the ER lumen portion and the CRAC 
activation domain (CAD)/the STIM Orai activating region (SOAR)/the Orai1 acti-
vating small fragment (OASF) domain in the cytoplasm [27,30–33]. The C-terminal 
cytosolic portion of Stim1 contains a polybasic lysine-rich region, which is required 
for attachment to the plasma membrane [31,34]. Stim1 KO mouse was generated by 
gene trapping [35,36] and conditional gene targeting technology [28,29].

As for the Orai1 gene-trap mutant mouse, the same gene-trap cassette was utilized 
to make mutant ES cells. Two groups obtained the same Stim1 gene-trap mutant ES 
cell clone (129P2/OraHsd background) from Baygenomics, then established Stim1 
gene-trap mutant mouse independently [35,36]. The insertion site is 600 bp down-
stream of exon 7, into intron 7 of the Stim1 gene, which results in the production of 
a fusion protein containing the EF hand motif, SAM domain, and transmembrane 
domain, but not most of the cytoplasmic domain of Stim1. Because of the absence 
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of the CAD/SOAR/OASF domain, the fusion protein cannot bind or activate Orai1. 
Therefore, Stim1 gene-trap mutant mice can be considered Stim1 KO mice.

Even though the Stim1 KO mouse by the conventional gene targeting technol-
ogy has not been established so far, a mouse lacking Stim1 at the whole-body level 
(Stim1(Δ/Δ) mouse) was generated by intercrossing the progeny of founder Stimflox/+ 
mice (see the following text) after breeding with CMV-Cre Tg mice [28,29].

6.3.3  stiM2 KnoCKout Mouse

Stim2, encoding the Stim2 gene located on chromosome 5 in the mouse, is a  paralogue 
of Stim1 and shares its overall protein domain architecture with Stim1 [27]. The con-
ventional Stim2 KO mouse was generated by Nieswandt and colleagues [37]. The 
targeting vector was designed to delete most of exons 4–7 of the Stim2 gene. 
The corresponding locus was replaced with neomycin resistance and LacZ cas-
settes. In addition, the Stim2(Δ/Δ) mouse was established in the same way as Stim1(Δ/Δ) 
mice [29].

6.3.4  orai1 (r93W) KnoCK-in (Ki) Mouse

The Orai1 (R93W) KI mouse was generated by us [38]. R93W, corresponding to 
R91W in a human [10], results in the loss of function of Orai1. We replaced codon 
93 (CGG encoding R93) in exon 1 of the Orai1 gene with TGG (encoding W93) and 
introduced the genomic fragments containing the mutant exon 1 in the same vector 
used for the Orai1 KO mouse. The replacement of the Orai1 gene was performed 
by using homologous recombination in B6/3 ES cells derived from C57BL/6 mice.

6.4  ESTABLISHMENT OF TISSUE-SPECIFIC 
ORAI/STIM-DEFICIENT MOUSE LINES

In contrast to the conventional KO mouse and gene-trap mouse, mice generated by the 
conditional gene targeting method may enable us to analyze a cell-type-specific func-
tion in vivo and avoid potential lethality during development. In this section, we will 
describe the strategies for making tissue-specific Orai1, Stim1, and Stim2 KO mouse.

6.4.1  orai1 Conditional Ko (CKo) Mouse

The Orai1 cKO mouse was generated by two groups [39,40]. In both cases, the first 
loxP site was inserted into intron 1 at around 1–2 kb upstream of exon 2 and the 
second loxP site was inserted at around 0.3–0.8 kb downstream of exon 2, which 
contains the polyA signal sequence and 3′ UTR. Although Prakriya and colleagues 
described the presence of exon 3 of the Orai1 gene [40], it seems to be identical to a 
part of exon 2 of the Orai1 gene available in public databases. Both groups utilized 
the Neo gene as a positive selection cassette flanked by FRT recombination sites, 
although it was inserted into a different position in the Orai1 gene.

To establish T cell–specific Orai1 KO mouse model, Orai1-floxed mice were crossed 
with mice expressing Cre under the control of the Cd4 or Lck promoter/enhancer [39,41]. 
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Although these lines express Cre recombinase in T cells, the expression of Cre 
recombinase is induced at different developmental stages in the thymus, that is, at 
the early stage of CD4 and CD8-double positive immature thymocytes in Cd4-Cre 
Tg mice and at the double negative stage in Lck-Cre Tg mice. In the case of other tis-
sues, nestin-Cre and mouse mammary tumor virus (MMTV)-Cre line D were utilized 
for generating mice to delete the Orai1 gene in neural progenitor cells and mammary 
glands, respectively [40,42]. A mouse model in which the Orai1 gene can be deleted 
at any time was established by crossing Orai1-floxed mice with Cre-ERT2 Tg mice 
expressing tamoxifen-inducible Cre recombinase [41].

6.4.2  stiM1 Conditional Ko (CKo) Mouse

The Stim1 cKO mouse was generated by two groups, including us [28,29]. We 
designed the targeting vector to delete exon 2, encoding the EF hand motif of the 
Stim1 gene, and whose deletion is predicted to result in a frameshift, which generates 
a premature stop codon in the next exon [29]. Exon 2 was flanked by loxP recom-
bination sites and the Neo gene flanked by FRT recombination sites was inserted 
upstream of exon 2. We did not detect any mRNA and protein in cells when we bred 
with Cre-expressing mice. We performed gene targeting of the Stim1 gene using 
homologous recombination in Bruce-4 ES cells derived from C57BL/6 mice. To gen-
erate the conditional Stim1flox/+ alleles, we bred founder Stim1neo/+ chimeric mice to 
Flpe Tg “female” mice to remove the neomycin resistance cassette from the targeted 
Stim1 alleles.

In another line, the deletion of exon 6, encoding the transmembrane region, of 
the Stim1 gene creates a premature stop codon in the next exon [28]. Although this 
line is capable of creating the predicted truncated form of Stim1, it was not detected 
by Western blotting, suggesting that its dominant negative effect can be excluded. 
Therefore, both lines have properties identical to Stim1 cKO mice.

Using Stim1-floxed mice, a variety of tissue-specific Stim1 KO mice have been 
established so far. In the immune system, T cell–specific Stim1 KO mice were first 
generated by crossing with Cd4-Cre Tg mice to analyze Stim1 function in periph-
eral T cells [29]. B cell–specific Stim1 KO mice were made by using mb1-Cre Tg 
mice [43]. LysM-Cre mice were used for generating macrophage and neutrophil-
specific Stim1 KO mice [44]. In the muscular system, each muscle-specific Stim1 
KO mice was generated by breeding with Myogenin-Cre Tg mice for skeletal muscle 
or SM22α-Cre knock-in mice for smooth muscle cells, respectively [45,46]. In the 
nervous system, Purkinje neuron-specific Stim1 KO mice were generated by cross-
ing Stim1-floxed mice with Grid2-Cre knock-in mice expressing Cre under the con-
trol of the GluD2 promoter δ2 [47]. CaMKIIα-Cre Tg mice were utilized to generate 
forebrain-specific Stim1 KO mice [48]. As in the case of Orai1 KO, Cre-ERT2-
mediated inducible Stim1 KO mouse model was established [41].

6.4.3  stiM2 Conditional Ko (CKo) Mouse

We also generated Stim2 cKO mice. We designed the targeting vector to delete exon 
3, encoding a part of the EF hand motif of the Stim2 gene, and whose deletion is 
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predicted to result in a frameshift, which generates a premature stop codon in the 
next exon [29]. Exon 3 was flanked by loxP recombination sites and the Neo gene 
flanked by FRT recombination sites was inserted upstream of exon 3. As with Stim1 
cKO mice, no mRNA and protein were detected in cells when we bred with Cre-
expressing mice. Bruce-4 ES cells were utilized to make Stim2neo/+ ES cell clones. 
Mice bearing the conditional Stim2flox/+ alleles were obtained by breeding with Flpe 
Tg “female” mice. Stim2(Δ/Δ) mice were established in the same way as Stim1(Δ/Δ) mice 
were generated.

In addition to Stim1 cKO mice, Kurosaki’s group also generated another line of 
Stim2 cKO mice [43]. They designed the targeting vector to delete exons 6 and 7, 
which encode the transmembrane region and a part of the first coiled-coil domain of 
the Stim2 gene. In this line, no predicted truncated form of Stim2 was detected.

As in the case of Orai1 and Stim1 cKO mice, Stim2-floxed mice were crossed 
with Cd4-Cre Tg, mb1-Cre Tg, SM22α-Cre KI, and CaMKIIα-Cre Tg mice for 
T cell-, B cell-, smooth muscle-, and forebrain-specific Stim2 KO mice, respectively 
[29,43,46,48]. In addition to crossing with Cre-expressing mouse lines, a specific 
gene deletion is achieved by introducing Cre recombinase into desired tissues 
and cells both in vitro and in vivo with viral vectors, such as lentiviral and adeno- 
associated vectors. Using a lentiviral vector encoding nuclear-targeted Cre (NLS-
cre), Stim2-deficient hippocampal neurons were established [49].

6.4.4  stiM1 and stiM2 double Conditional Ko Mouse

The Stim1 and Stim2 doubly floxed mouse was developed by crossing Stim1 floxed 
mice with Stim2 floxed mice [29,43]. All tissue-specific Stim1 and Stim2 doubly 
conditional KO mouse models were derived from one of these lines.

Stim1 and Stim2 doubly floxed mice were crossed with Cd4-Cre Tg, Lck-Cre Tg, 
mb1-Cre Tg, CaMKIIα-Cre Tg, and SM22α-Cre KI mice to generate conventional 
T cell-, B cell-, forebrain-, and smooth muscle-specific Stim1 and Stim2-double KO 
(dKO) mice, respectively [29,43,46,48,50]. In addition to the tissue-specific model 
mentioned earlier, a hematopoietic cell–specific dKO mouse model was gener-
ated by using Vav-iCre mice [50]. Inducible dKO mice were also established 
by crossing with Mx1-cre mice in which the expression of Cre recombinase in 
hematopoietic cells is induced by treatment with polyinosinic-polycytidylic acid 
(Poly I:C), which is recognized by Toll-like receptor 3 (TLR3) and induces type I 
interferon production [50].

6.5  METHODS TO ESTABLISH MURINE EMBRYONIC 
FIBROBLAST LINES FROM KO MICE

Cells isolated from genetically manipulated mouse models are indispensable tools to 
study the molecular and cellular mechanisms and regulatory gene networks involv-
ing the mutated gene but also the cell-specific function of the gene. Among vari-
ous cells, MEFs are common and very useful. MEF cells can be established even if 
gene mutations are lethal in a midgestation mouse embryo. In the case of Orai/Stim 
genes, systemically deleting each gene in the mouse results in lethality. Orai1 KO, 
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Orai1(R93W) KI, Stim1(Δ/Δ), and Stim1 gene-trap mice displayed perinatal lethality 
[28,29,35,36]. Sudden death was observed in both Stim2(Δ/Δ) mice and Stim2 KO 
mice in young adulthood [29,37].

Here we describe a standard protocol to establish MEF cells:

 1. Take out day 13.5–15.5 embryo and place them in cold phosphate buffered 
saline (PBS) on appropriate dish/plate.

 2. Remove placenta and other maternal tissues.
 3. Transfer the embryo to a new plate and cut a piece of their tail and put in a 

1.5 mL tube for genotyping.
 4. Remove the head, heart, liver, and gut.
 5. Add 1 mL trypsin and cut the embryo into small pieces with a razor blade 

or scissors.
 6. Add another 1 mL trypsin and then incubate them at 37°C for 20 min.
 7. Add 4 mL MEF media (DMEM supplemented with 10% FCS and 

antibiotics).
 8. Pipet up and down to disaggregate the tissue chunks.
 9. Transfer to a 15 mL tube.
 10. Let the undigested tissues settle to the bottom of the tube.
 11. Transfer the suspension including fibroblasts to a new tube.
 12. Add 4 mL of new medium to the tissues and repeat steps 8–11 twice.
 13. Combine the suspension.
 14. Centrifuge cells at 1200 rpm, 4°C for 5 min.
 15. Aspirate off medium and resuspend cells in 10 mL of MEF media.
 16. Plate cells on a 10 cm dish and allow cells to grow to confluency (2–3 days).
 17. Aspirate off medium and rinse with 10 mL PBS.
 18. Add 3 mL trypsin and incubate at 37°C for 5 min.
 19. Inactivate trypsin by adding 3 mL MEF medium.
 20. Transfer cells to a 15 mL tube and spin them down at 1200 rpm, 4°C for 

5 min.
 21. Freeze down some cells, plate the rest of cells, and allow to grow to 

confluency.

Obtained MEF cells should be frozen down as early as possible, ideally on the first 
or second time of cell passage. If necessary, MEF cells can be immortalized by 
introducing SV40 large T antigen, hTERT, or EVB. In the case of Stim1- or Stim2-
deficient MEF cells, we established immortalized MEF cells using SV40 large T 
antigen [29].

6.6  FUNCTION OF ORAI/STIM PROTEINS 
IN THE IMMUNE SYSTEM

The absence of SOC entry through Orai1 critically influences the immune system. 
Indeed, SOC entry is known to regulate the development and function of various immune 
cells including T lymphocytes and mast cells. This section focuses on the functions of 
Orai/Stim proteins in immunity, focusing on findings in mice mentioned earlier.
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6.6.1  t lyMphoCytes

In T cells, SOC entry is induced after the engagement of TCR with complexes of 
peptide and the major histocompatibility complex (pMHC). Patients who have non-
functional mutations in the ORAI1 or the STIM1 gene developed a form of severe 
combined immunodeficiency (SCID), clearly indicating that Orai1 and Stim1 
are essential for T cell activation in the periphery. Indeed, knockout mice lacking 
the Stim1 or Orai1 gene in T cells displayed similar but not identical phenotypes 
[26,29,41,51]. Sitm1-deficient T cells abrogated SOC entry and impaired the pro-
duction of effector cytokines such as IL-2, IFNγ, and IL-17, regardless of naïve or 
effector T cells [29,51]. Consistently, Stim1-deficient T cells had a lower capacity 
to induce T cell–mediated immune response as judged by graft-versus-host disease 
[52]. Unexpectedly, in the mouse, Orai1 predominantly functions in effector T cells 
rather than naïve T cells [26,41,51]. This may partially explain the reason why Orai1-
deficient patients have normal numbers of T cells in the periphery. In contrast to these 
genes, the function of Stim2 protein was elusive at the time and the generation of 
the Stim2 knockout mouse contributed to the elucidation of its function. Analyses of 
Stim2-deficient mice and their MEF cells revealed that the Stim2 protein positively 
regulates SOC entry depending on the cell type, governs the maintenance of long-
term SOC entry in activated T cells, and is essential for individual survival [29].

One of the most important contributions of Orai/Stim-deficient mice is the elucida-
tion of the role of these proteins in T cell development. Ca2+ signaling has long been 
thought to be crucial for positive selection during T cell development in the thymus 
by studies using the pharmacological or genetic inactivation of calcineurin activity 
[53–56]. Given that it is the chief mechanism of Ca2+ entry in T cells, SOC entry has 
been predicted to be crucial for T cell development; however, this assumption has not 
been directly demonstrated. Mice with transplanted bone marrow cells from Stim1 
gene-trap mutant mice showed normal conventional T cell development, suggesting 
that Stim2 may still support the SOC entry necessary for T cell development [52]. 
To clarify the role of SOC entry in T cell development in the thymus, mice in which 
both Stim1 and Stim2 are deleted systemically or specifically in T cells or hema-
topoietic cells using CMV-Cre Tg, Lck-Cre Tg, or Vav-iCre Tg mice, respectively, 
were generated [50]. Contrary to previous assumptions, SOC entry is not essential 
for the positive selection of conventional TCRαβ+ T cells, consistent with the fact 
that ORAI1- or STIM1-deficient patients have a normal number of T cells in the 
periphery. However, only mice lacking both Stim1 and Stim2 specifically in T cells 
(T-dKO mice) unexpectedly developed a severe autoimmune disease [29]. T-dKO 
mice develop severe primary Sjögren’s syndrome with high levels of autoantibodies, 
such as antinuclear, SSA/Ro, and SSB/La antibodies, in sera [57]. The structure of 
their salivary and submandibular glands was progressively destroyed by T cell infil-
tration, which resulted in significant decrease of saliva secretion. Further analyses of 
T-dKO mice revealed that Stim-mediated SOC entry is essential for the development 
and function of regulatory T (Treg) cells, which express Forkhead box P3 (Foxp3) 
as a master transcription factor. Although Treg precursor cells normally exist in the 
thymus of T-dKO mice, there are virtually no mature CD4+ CD25+ Foxp3+ Treg cells. 
This is partly due to impaired proliferation since Stim-deficient precursor cells were 
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capable of differentiating into mature Foxp3+ Treg cells by the treatment with IL-2 
both in vitro and in vivo. However, these recovered Stim-deficient Treg cells lost the 
suppressive activity due to decreased expressions of inhibitory surface molecules 
such as CTLA-4 [58] and TIGIT [59]. In addition to CD4+ CD25+ Foxp3+ Treg cells, 
invariant natural killer T (iNKT) cells and CD8αα+ TCRαβ+ intestinal intraepithelial 
lymphocytes (IELs) were absent and their differentiation was also blocked at the 
transition of their precursor cells to mature cells in T-dKO mice. These cells are clas-
sified into agonist-selected T cells [60,61]. In contrast to the indispensable role of 
Stim1 and Stim2 in Treg cells, Orai1 seems to contribute less to the development and 
function of Treg cells [39,41]. It is speculated that Treg cells may utilize other SOC 
channels such as Orai2, Orai3, or TRP channels.

A series of analyses of KO mice clearly demonstrated for the first time that Stim-
mediated SOC entry is essential for the development of agonist-selected T cells but 
not conventional TCRαβ+ T cells.

6.6.2  b lyMphoCytes

SOC entry is also present in B cells. Although B cells that lack Orai/Stim genes singly 
or doubly showed a profound defect of SOC entry and proliferation by the engage-
ment of B cell receptor (BCR) [26,43], B cell development and antibody responses 
were normal [43]. As in the case of T cells, mice lacking both Stim proteins in B 
cells (B-dKO mice) revealed that SOC entry contributes to an unexpected function of 
B cells. B cells from B-dKO mice failed to produce an anti-inflammatory cytokine, 
IL-10 [43]. Due to the lack of these cells, experimental autoimmune encephalomy-
elitis, a mouse model for multiple sclerosis, was exacerbated in B-dKO mice. These 
findings demonstrate that SOC entry is a key signaling event for B cell regulatory 
function [43].

6.6.3  Mast Cells

Myeloid lineage cells, such as mast cells, macrophages, and dendritic cells (DCs), 
express Fc receptors (FcRs), which activates phospholipase C and subsequently 
induces Ca2+ depletion from the ER. It is well known that the CRAC current was 
originally defined in T cells and mast cells [6,7]. Mast cells from both Stim1-deficient 
mice and mice with a gene-trap insertion in the Orai1 gene were defective in degran-
ulation owing to a severe decrease in SOC entry [25,28]. Passive cutaneous anaphy-
laxis, a reaction that measures mast degranulation in vivo, was substantially impaired 
in the Orai1 gene-trap mutant mice and in fact was decreased even in heterozygous 
(haploinsufficient) Stim1+/− mice. These data emphasize that SOC entry through 
Stim1/Orai1 is essential for mast cell function.

6.7  FUNCTION OF ORAI/STIM PROTEINS IN THE MUSCLE

Patients bearing nonfunctional mutations of the Orai1 gene or the Stim1 gene 
showed muscular hypotonia [62–64], suggesting that SOC entry is highly likely 
to regulate the function of muscle cells. Interestingly, Stim1 deficiency leads to 
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the decreased activation of multiple signal transduction cascades associated with 
growth signaling (calcineurin, AKT, and ERK1/2), which results in impaired neo-
natal muscle growth and differentiation [45]. As a result, both Stim1 gene-trap mice 
and skeletal muscle–specific Stim1 KO mice displayed severe delay in the growth 
of skeletal muscle and died of skeletal myopathy by 5 weeks after birth [36,45]. 
Intriguingly, various gain-of-function mutations in each gene have been recently 
identified in patients suffering from either tubular aggregate myopathy (TAM) or 
Stormorken syndrome [64].

Smooth muscle cells are also known to express Orai1 and Stim1 proteins [65]. 
Smooth muscle-specific Stim1 KO mice also died, but their mortality is milder than 
that observed in skeletal muscle–specific Stim1 KO mice, as half of them survive longer 
than 20 weeks after birth [46]. Although smooth muscle-specific Stim2 KO mice had no 
detectable phenotypes, the deletion of both genes in the smooth muscle resulted in peri-
natal lethality, suggesting that Stim2 may compensate for an essential role of Stim1. The 
absence of Stim1 substantially reduced the Ca2+ store–refilling rate in smooth muscle 
cells and abolished platelet-derived growth factor (PDGF)-induced Ca2+ entry, which 
leads to impaired nuclear factor of activated T cells (NFAT) activation.

These findings demonstrate that strict control of SOC entry is required for the 
muscular homeostasis.

6.8  FUNCTION OF ORAI/STIM PROTEINS 
IN THE NERVOUS SYSTEM

Ca2+ signals regulate various events during brain development including neurogen-
esis [66], neurotransmitter specification [67], and axonal outgrowth [68]. Although 
no signs of phenotypes have been reported so far in SOC entry-deficient patients, 
recent studies indicate that SOC entry through Orai/Stim proteins is involved in the 
regulation of neuronal functions, including neurotransmitter release, synaptic plas-
ticity, and Ca2+ oscillations. To elucidate the role of SOC entry in the nervous system, 
several mouse models have been analyzed.

Mice in which the Orai1 gene is deleted at neural stem/progenitor cells by 
Nestin-Cre Tg mice showed significant decrease of proliferation of neuronal 
progenitor cells; however, no abnormal structure in the brain was reported [40], 
suggesting that SOC entry may not be essential for neuronal development. In 
contrast, SOC entry seems to be involved in neuronal functions. Stim2 was first 
reported to regulate neuronal cell death by ischemia but not neuronal activities 
[37]; however, later Stim2-mediated neuronal SOC entry was reported to stabilize 
mushroom spines through the persistent activation of Ca2+/calmodulin-dependent 
protein kinase II, suggesting that Stim2 may be involved in the maintenance of 
memory [49]. In another mouse model, the absence of Stim2 in the forebrain did 
not influence learning and memory, while Stim1-deficiency resulted in a mild 
learning delay [48]. However, the deletion of both Stim genes in the forebrain 
resulted in a pronounced impairment in spatial learning and memory, suggest-
ing that Stim2 may compensate for Stim1 function in the underlying neural cir-
cuits [48]. Surprisingly, Stim1 and Stim2-double KO mice exhibited enhanced 
long-term potentiation and PKA signaling in the hippocampus. Another group 
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showed that Stim1 is essential for cerebellar motor control through the activation 
of TRPC3 downstream of metabotropic glutamate receptor type1 [47].

Although these findings demonstrate that Orai/Stim proteins are involved in 
neuronal functions, their roles in the nervous system remain largely unknown. 
Intriguingly, the expression of Stim2 in mushroom spines is also decreased in spo-
radic Alzheimer’s disease patients [49]. It is tempting to speculate that abnormal 
control of SOC entry may cause neuronal diseases. Further studies will be required 
to elucidate the roles of Orai/Stim proteins in the nervous system.

6.9  CONCLUDING REMARKS

The genetically manipulated mouse model is one of the most powerful tools to 
elucidate roles of specific genes in vivo. KO mouse studies revealed that each 
Stim available protein has redundant roles but also distinct cell-type-specific roles. 
Although a variety of mouse models have been developed by many researchers, 
the roles of SOC entry through Orai/Stim proteins have not yet been completely 
understood. Neither Orai2 nor Orai3 KO mice have been reported; such KO mice 
would be helpful for clarifying the function of each Orai protein. It is critical to 
keep in mind that functional redundancy among Orai/Stim family proteins or a 
compensatory mechanism by other Ca2+ channels may mask phenotypes. Indeed, 
some examples indicated here demonstrate that double knockout mice show more 
profound phenotypes, as is the case for Stim1/Stim2. Although it takes a long time 
to establish mice lacking multiple genes, recent advances of technology called 
genome editing, such as CRISPR/Cas9 and TAREN method, enables us to make 
mouse models faster and easier than the classical method. Another advantage of 
genome editing is that neighboring genes can also be inactivated. For example, it 
would be easy to generate mice doubly deficient in Orai1 and Orai2, which locate 
on the same chromosome in mouse.
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7.1  INTRODUCTION

Ca2+ signals control a vast array of cellular processes and are mediated by the con-
certed effort of a spectrum of Ca2+ channels, transporters, and pumps present in the 
plasma membrane (PM) and endoplasmic reticulum (ER) membrane [1,2]. In non-
excitable cell types, store-operated channels (SOCs) are the major means through 
which extracellular Ca2+ enters cells to generate Ca2+ signals. The two major com-
ponents of SOCs, STIM1 and Orai1, were identified a decade ago [3–8], and exten-
sive studies have focused on the mechanisms of how STIM1 becomes activated in 
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response to store depletion, how Orai1 subunits assemble to form the channel, and 
how the STIM1 molecule interacts with Orai1 to achieve channel gating [1,9–13] 
(discussed in Chapters 2 and 3). The physical interaction between STIM1 and Orai1 
has been one of the most important parameters in order to understand the stoichiom-
etry and gating mechanism of the STIM1/Orai1 complex. The physical interaction 
between STIM and Orai1 has been studied extensively using Förster (fluorescence) 
resonance energy transfer (FRET) imaging technology [13–16]. FRET allows the 
visualization and quantification of macromolecular interactions in living cells by 
measuring light energy transfer between closely associated fluorescently tagged 
proteins [17]. Since STIM1 and Orai1 are in different membranes and interact at 
discrete ER–PM junctions, FRET is a highly effective means for assessing this 
interaction. FRET occurs in a short range (5–10 nm) across which energy is trans-
ferred from an excited donor to acceptor fluorophore [18]. The efficiency of energy 
transfer is inversely proportional to the sixth power of the distance between donor 
and acceptor fluorophores; hence, FRET measurements give extremely sensitive 
information on the distance separating the pair. The mechanism and uses of FRET 
are well described in other reviews [19–23].

Despite intense study, the molecular nature of the coupling interaction between 
the activated STIM1 protein and the Orai1 channel remains elusive. Our approach to 
studying this interaction is to use a fragment of the STIM1 protein that itself is able 
to mediate full activation of the Orai1 channels. This 100-amino acid fragment is 
known as SOAR (STIM–Orai-activating region) [24,25] (see Chapter 2). In a previ-
ous report, Shen et al. [26] purified and crystallized this fragment from STIM1 and 
revealed that it can exist as a dimer. Indeed, the SOAR fragment appears to be an 
important “core” structure within the STIM1 protein contributing to dimerization of 
the whole STIM1 protein [12]. We have been able to express the SOAR protein as a 
concatenated dimer construct and therefore genetically manipulate the exact dimeric 
composition of SOAR expressed in cells [13]. We revealed that a single point muta-
tion (F394H) in the Orai1 binding site of the SOAR fragment from STIM1 can com-
pletely prevent STIM1 binding to and activation of Orai1 channels [16]. Importantly, 
since the SOAR dimer contains two of these sites, we can modify either one or 
both of these sites to study the requirements for interaction with the Orai1 channel. 
Using a set of concatemer–dimers of SOAR containing one or two F394H muta-
tions, we are able to study how the SOAR dimer interacts with Orai1 and whether 
each SOAR unit within a dimer is equivalent. The aim of this chapter is to provide 
a detailed protocol to assess the STIM/Orai interaction by FRET. We describe how 
to ensure the FRET assay is reliable and consistent and how to analyze and how to 
interpret the FRET data.

7.2  STRATEGY FOR QUANTITATIVE FRET MEASUREMENT

We first introduce the term “E-FRET,” which is a fundamental “instrument- 
independent” measurement of FRET, representing the “FRET efficiency” or what 
percentage of donor emission is quenched by the acceptor [27]. Any microscope that 
can simultaneously collect 3-channel images is usable for such FRET experiments. 
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Some imaging software programs have already been embedded with E-FRET for-
mulation capability. It is also possible to use either MATLAB® or Excel to manually 
calculate the E-FRET values. The current chapter will focus on E-FRET analysis 
methodology since it is the most widely used in our field and, importantly, the values 
of E-FRET are directly comparable between different labs and imaging systems [27]. 
In this procedure, 3-channel image collection is undertaken for FRET measurements 
using a traditional epifluorescence microscope. It is important to correct for cross-
channel “bleed-through” of fluorescence. The following formula is used to calculate 
the corrected FRET (FRETC):

 FRETC DA AA DD= - * - *I a I d I  (7.1)

in which

IDD, IAA, and IDA represent the intensity of the background-subtracted CFP, YFP, 
and FRET images, respectively (these are defined further later)

FRETC represents the corrected energy transfer
a represents the measured coefficient of the acceptor (YFP) bleed-through the 

FRET filter cube
d is the measured coefficient of the donor (CFP) bleed-through the FRET filter 

cube

Under this condition, any excess CFP donor or YFP acceptor molecules will also 
be counted during FRET analysis even though there is no FRET occurring for these 
excess molecules, as shown in Figure 7.1. For example, in an experiment compar-
ing the FRET between protein “X” (CFP labeled) and protein “Y” (YFP labeled) 
under two different conditions (i.e., either excess CFP donor or excess YFP accep-
tor), it would be easy to come to the wrong conclusion when comparing the FRET 
between Figure 7.1a (excess CFP donor) and Figure 7.1b (excess YFP acceptor), 
even though the real energy transfer should be the same. Thus, the expression level 
of donor and the ratio of donor to acceptor must be kept similar between the groups 
when undertaking quantitative FRET. For this, one of the two tagged proteins 
should be stably transfected to maximize consistency. The other tagged protein 
in the FRET pair can be transiently expressed in the stable line. Cells selected for 
analysis should have a narrow range of transiently expressed protein to assure that 
the ratio of fluorescence for the two proteins does not significantly vary. This is 
discussed further later. Another case is shown in Figure 7.1c and d, in which we 
are comparing FRET between protein X and another protein “Z” with two binding 
sites for X, or a mutated protein Z* in which one binding site is eliminated. As 
shown in the diagram, it would be easy to obtain a different result under condi-
tions of altered ratio of X and Z proteins. With an excess of acceptor protein Z 
(Figure 7.1c), the E-FRET level might not be so different for Z versus Z* even 
though Z has twice as many X binding sites as Z*. However, with an excess of 
donor X protein (Figure 7.1d), the binding to Z or Z* will be saturated and there 
will be a quantitative difference in the amount of FRET depending on the number 
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of available binding sites for X. Taken together, it is crucial to strictly control the 
expression level of donor and acceptor and the ratio of donor to acceptor in FRET 
analyses to obtain accurate and consistent data. In our studies aiming to quantitate 
FRET between SOAR and Orai1, we therefore utilize stable cell lines in which the 
expression of at least one of the FRET pairs remains constant.
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FIGURE 7.1 FRET measurements and the relationship with donor and acceptor expression 
levels. (a and b) Assessing the interaction between protein X and protein Y by FRET. X is 
labeled with CFP (donor) and Y is labeled with YFP (acceptor). The ratio of the expression of 
donor to acceptor is different in two versions of the experiment. In (a), CFP-labeled protein X 
is in excess over YFP-labeled protein Y. In (b), YFP-labeled protein Y is in excess over CFP-
labeled protein X. The E-FRET value obtained from these two experiments (a and b) will not 
be consistent—the value from (a) will be smaller than that from (b). Thus, even if the amount 
of X–Y complex was the same in each experiment (i.e., the theoretical FRET level would 
the same), the calculated E-FRET result obtained from Equation 7.6 would vary because the 
amount of free unbound donor or acceptor would be different. Therefore, for this experiment, 
in order to obtain consistent and comparable results, it is important that the ratio of YFP and 
CFP is maintained within and between experiments. (c and d) A different experiment aimed 
at determining the interaction between CFP-labeled protein X and a different protein Z that 
contains two binding sites for X. The aim is to determine if a mutation that blocks binding of 
X to one site (protein Z*) will affect binding of X to the other site. Both proteins Z and Z* 
are labeled with acceptor YFP. In (c), YFP-Z (or YFP-Z*) is expressed in excess over CFP-X, 
whereas in (d) CFP-X is expressed in excess of YFP-Z (or YFP-Z*). In this case, any defect 
in protein Z* in binding X will only be detected by FRET under the condition in (d) and not 
under the condition in (c). Thus, only under conditions where there is an excess of donor and 
thus CFP-X can saturate the YFP-Z protein sites (i.e., the condition in (d)) will it be possible to 
assess the difference in binding caused by the Z* mutation. Conversely, under the conditions in 
(c) in which there are no saturating levels of CFP-X, the difference in binding to Z as opposed 
to Z* would be much smaller and difficult to determine.
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7.3  FRET MEASUREMENTS TO QUANTITATE 
SOAR–ORAI1 INTERACTIONS

7.3.1  Generation of Stable Cell lineS

We recently constructed a number of concatemer–dimers of SOAR as described 
in Figure 7.2a in order to study the STIM1–Orai1 coupling interaction. As described in 
our recent study [13], we hypothesize that the wild-type SOAR homodimer (YFP-
S-S) has two Orai1 binding sites, while the F394H-mutated SOAR heterodimers 
(YFP-SH-S or YFP-S-SH) have only one Orai1 binding site. When both SOAR 
monomers are mutated to F394H, there is no interaction with Orai1. One important 
aspect of these studies was to assess FRET between each concatemer and Orai1 chan-
nels. As described in Figure 7.1c and d, it is important to ensure an excess of donor 
is expressed in cells (e.g., Orai1–CFP or a CFP-tagged STIM1-binding fragment of 
Orai1, as described later). In addition, it is necessary that cell lines are generated that 

Store depleted by ionomycin

EF-
hand

 

SAM 

K-rich 

Flex
C-term

SOAR

STIM1 in
activated

state

CC1

CFP

YFP

CFP

YFP

Luminal
N-terminus

ER

PM

Cytoplasmic
C-terminus

YFP-S-S

YFP-SH-S

YFP-S-SH

YFP

YFP

YFP

YFP

His

His

His

His

Phe

Phe Phe

Phe

YFP-SH-SH

SOAR concatemer–dimers

(a) (b)

TM

>15 nm

FIGURE 7.2 (a) Schematic diagram of the four SOAR concatemers. YFP-S-S is the homodi-
mer concatemer of wild-type SOAR concatemer–dimer, YFP-SH-S is the YFP-tagged het-
erodimer concatemer of SOAR containing one SOAR-F394H unit and one wild-type SOAR 
unit, YFP-S-SH is the YFP-tagged heterodimer concatemer of SOAR containing one wild-
type SOAR unit and one SOAR-F394H unit, and YFP-SH-SH is the YFP-tagged homodimer 
concatemer of SOAR containing two SOAR-F394H units. (b) YFP–STIM1–CFP construct: 
This probe was used to determine the fluorescence intensity of equimolar CFP and YFP while 
assuring minimal intramolecular CFP–YFP FRET since under conditions of STIM1 activation 
(emptying of stores with ionomycin), the two fluorophores are maximally separated (>15 nm) 
at each end of the STIM1 molecule.
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stably express the donor proteins to ensure accuracy and reproducibility of FRET 
measurements. In contrast, YFP-tagged acceptor proteins (SOAR or SOAR concate-
mers) are transiently expressed at relatively low levels.

The process of making stable cells usually takes considerable time (1–3 months 
or longer). We have successfully expedited this process by modifying the protocol 
described earlier [28]. Our protocol is fast and inexpensive and can be completed 
in 1 month or less. There are several key parameters for the successful generation 
of stable cell lines: (1) ensuring cells are optimally healthy with regular medium 
changes prior to the initial transfection and (2) prior to cloning of cells, ensuring to 
freeze stocks of multiclonal cells and any clones with good expression levels as soon 
as possible. Large numbers of cells per vial are not necessary for frozen stocks, but 
backups are often crucial.

7.3.1.1  Electroporation for Initial Transfection
Although there are many methods to introduce DNA into mammalian cells, elec-
troporation and application of cationic lipids are the two most widely used methods 
for cell lines. They both have very high transfection efficiency in human embryonic 
kidney (HEK 293) cells. Electroporation is undertaken at 180 V, 25 ms in 4 mm 
cuvettes (Molecular BioProducts) using the Bio-Rad Gene Pulser Xcell system in 
500 μL OPTI-MEM medium. Since the number of cells used to make stable cell lines 
varies based on the transfection efficiency, it is important to gauge the transfection 
efficiency for each plasmid prior to initiating stable cell line generation. The quantity 
of cells needed to initiate stable cell line generation is important. For G418 (100 μg/
mL) selection of constructs, we use about 10% of cells from a single 10 cm dish 
(about 80% confluence) or approximately 150,000 cells. G418 usually takes 1 or 2 
weeks to kill the nonexpressing cells. For puromycin (2 μg/mL) selection of cells, 
about 30% of cells from a single dish (~450,000 cells) should be used since the trans-
fection efficiency can be lower and puromycin kills untransfected cells in 1 or 2 days.

7.3.1.2  Selection of Stably Expressing Cells
Two days after transfection, the cell culture medium is changed to include selection 
reagents to kill off untransfected cells. For G418 selection, cells are detached by 
pipetting up and down after a medium change, which helps kill nonexpressing cells. 
Thereafter, cell condition is assessed every 2 days with medium changes to remove 
dead cells if necessary. After keeping cells in selection medium for 7 days, there 
should be many clones visible in the cell dish. After clones begin to appear, cells 
are trypsinized and reattached to the same dish to avoid any loss of cells. Minimal 
trypsinization is important—treatment for too long kills the cells very rapidly. The 
following day, cell status should be checked. If cells are 5%–10% confluent and there 
are few floating dead cells, then single-cell clones can be isolated.

7.3.1.3  Selection of Single Cells for Cloning Using the Patch-Clamp Rig
There are several strategies for single-cell screening. Fluorescence-activated cell 
sorting is highly efficient but expensive and may produce false-positive cell lines, 
for example, cells that have fluorescence but the localization of fluorescent-tagged 
protein is wrong. Limiting dilution for obtaining single-cell clones is cheap but is an 
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inefficient and also time-consuming process. We have developed an easy and inex-
pensive strategy to obtain single-cell clones using the patch-clamp rig, as described 
in the following protocol:

 1. After 7–10 days of culture in medium containing selection reagent (G418 or 
puromycin), cells are treated with trypsin and resuspended in fresh selection 
medium at a low density of 5000 cells/mL. The cells are plated on 12 mm 
glass coverslips (Warner) and allowed to attach for about 40 min.

 2. Preparation of glass electrodes for single-cell collection. Thin wall glass 
capillaries (World Precision Instruments, Cat#: TW150F-4) are pulled using a 
P-97 puller (Sutter). The diameter of the glass pipette tip is about 60–80 μm. 
Polishing is not needed for this purpose. About 30 glass electrodes are 
usually sufficient for one cell line.

 3. The glass coverslip containing the cells of interest is placed in the patch-clamp 
chamber on the microscope taking care not to displace the cells. The MPC-
200 micromanipulator system (Sutter) is used to move the headstage holding 
the glass pipette. It is important to set up the working position and home posi-
tion for the headstage so that the glass electrode can be withdrawn quickly to 
avoid collecting any other cells in addition to the cell selected for removal.

 4. The key to the effectiveness of our method is to select single cells that not 
only have positive fluorescence (e.g., CFP) but also express the tagged pro-
tein at the correct location. For example, expression of Orai1–CFP can be 
determined by observing whether the fluorescence is confined to the PM. 
Make sure you have the correct filter cube in place (e.g., for CFP). It is 
important that when you select a single cell, there are no nonfluorescent 
cells nearby—thus, it is necessary to look at a bright-field view prior to 
harvesting the cell of interest.

 5. Center the cell of interest in the field. Carefully move the electrode close to 
the targeted cell without any positive or negative pressure. With one hand 
ready on the “home” position button, the other hand is holding the syringe to 
give a little negative pressure to suck the cell of interest into the glass elec-
trode. Once the cell enters the electrode, push the home button immediately.

 6. Unmount the glass pipette by hand and using a 200 μL tip on an Eppendorf 
pipetter, apply 100 μL of culture medium to the electrode to flush out the 
single cell into one well of a 24-well plate already containing 1 ml of culture 
medium. Mount a new glass electrode on the holder and put it into ready 
state by pressing working position button.

 7. Repeat steps 4–6 to select at least 24 cells.

Following this method, there is approximately 75% chance of successful transfer. 
In a 24-well plate, you will likely see about 18 wells with developing single-cell 
colonies.

7.3.1.4  Checking Fluorescence and Functional Tests of Individual Clones
Five days after cells are seeded into 24-well plates, wells are examined under the 
microscope, and positive wells labeled. Once clones occupy almost one entire field 
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of view with a 20× objective, they are ready for expanding into 6-well plates. Cells 
should not become confluent (usually they reach confluence in 4 days). Contaminated 
wells should be emptied by aspiration. After confluence is reached, aspirate the old 
medium out, add 1.5 mL fresh medium, detach the cells by pipetting up and down to 
separate cells (9–12 times is sufficient; avoid bubble formation), and transfer all the 
cells into a 10 cm dish containing 10 mL medium. Let the cells grow until they reach 
confluence, trypsinize and resuspend cells, and utilize some for functional tests (e.g., 
Fura-2 Ca2+ imaging or electrophysiology). If three or four clones test positive for 
desired Ca2+ signaling and/or patch-clamp results, these clones can be grown further 
and the rest discarded. For selected clones, cells are grown in 10 cm dishes and fro-
zen in approximately 10 vials.

7.3.2  Calibration of fret imaGinG SyStem

We use a Leica DMI6000B automatic turret-equipped microscope and a 40× oil objec-
tive (N.A.1.35; Leica) with the following filter cubes: CFP (438Ex/483Em), YFP 
(500Ex/542Em), and FRET (438Ex/542Em). We collect images using a Hamamatsu 
ORCA-Flash4.0 camera controlled by SlideBook 6.0 software (Intelligent Imaging 
Innovations; Denver, CO) as described in detail elsewhere [13]. We use a xenon lamp 
and Lambda 10-3 shutter wheel (Sutter), although the shutter wheel is not used for 
FRET measurements. Before any FRET imaging measurements are taken, the instru-
ment must be calibrated to determine the following parameters:

 1. The ratio of fluorescence intensity for equimolar donor and acceptor used
 2. Bleed-through coefficients for donor and acceptor
 3. The G constant for E-FRET analysis

These are explained below. Our FRET imaging experiments are undertaken with 
cells in modified Ringer’s solution [13] containing (in mM) 107 NaCl, 7.2 KCl, 1.2 
MgCl2, 1 CaCl2, 11.5 glucose, and 20 HEPES, with pH 7.2.

7.3.2.1  Assessment of Equimolar Fluorescence 
Intensity of Donor and Acceptor

The fluorescence intensities of YFP and CFP tags are not the same even when the 
expression level of YFP and CFP are equal. These intensities also vary with different 
platforms and settings. It is necessary to calculate the ratio of the fluorescence inten-
sity of the same molarity of YFP to CFP. This information is particularly important in 
assessing whether there is excess donor or acceptor in the region of interest for FRET 
analysis. To accomplish this goal, we have designed a specific STIM1-derived con-
struct as shown in Figure 7.2b. We added a YFP tag to the N-terminus of the STIM1 
molecule that is located in the ER lumen and a CFP tag to the STIM1 C-terminus 
located in the cytosol. When this construct is expressed, it will ensure that in the same 
cell there is an identical level of expression of YFP and CFP. With resting STIM1, 
although the N- and C-termini are separated across the ER membrane, their distance 
is unknown, and there may be some FRET between them. However, after store deple-
tion, the protein unfolds and stretches out particularly in the ER–PM junctions, so 
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that the distance between N- and C-termini is about 20 nm. The maximal distance 
for FRET between fluorophores to obtain measurable FRET is approximately 10 nm 
[27]. Since we measure fluorescence exclusively at the cell periphery, and since all 
the STIM1 molecules in this region are adjacent to one another in ER–PM junctions, 
all the signal comes from YFP and CFP molecules that are undergoing minimal FRET. 
Thus, to avoid FRET signals, we express YFP–STIM1–CFP in cells and treat them 
with ionomycin to empty stores and assure that STIM1 molecules move into ER–PM 
junctions. Ionomycin can be used up to 2.5 μM to selectively release Ca2+ from stores 
but not directly move Ca2+ into the cell across the PM. Alternatively, the ER Ca2+ 
pump inhibitor, thapsigargin, can be applied to cells to empty stores that cause slightly 
slower Ca2+ release. The CFP tag is brought close to PM in junctions, but the inter-
membrane distance of the junctions is 12–17 nm [29,30], and the CFP–YFP distance 
will be larger than the 10 nm maximum for FRET signals (Figure 7.2b).

At the beginning of a FRET imaging experiment, all microscope parameters are 
fixed, including exposure times for YFP, CFP, and FRET channels. We randomly 
select different fields and collect the images with the YFP or CFP channels. Under 
our normal settings, using the YFP–STIM1–CFP probe with equimolar YFP and 
CFP, the ratio of fluorescence intensity is about 1.33 ± 0.04. In our FRET experi-
ments, if the ratio is smaller than 1.33, this indicates there is excess of CFP donor–
tagged protein. All the parameters of light source output, microscope settings, and 
camera settings in the software should be kept exactly the same for the calibration 
and data collection as follows.

7.3.2.2  Calibration of Bleed-Through Coefficients
As shown in formula (7.1), the accuracy of the corrected energy transfer, FRETC, 
depends on determination of the bleed-through parameters. The bleed-through 
parameters need to be recalibrated if the xenon light bulb is changed or anything in 
the light pathway is replaced. Although only two bleed-through parameters (d and a) 
were considered in formula (7.1), in fact there are four bleed-through coefficients:
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The definitions of IDD, IAA, and IDA were mentioned earlier and are explained further 
in Figure 7.3a. Thus, IDD is the intensity of fluorescence collected using the donor 
excitation and emission wavelengths, IAA is the fluorescence intensity collected using 
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the acceptor excitation and emission wavelengths, and IDA is the fluorescence inten-
sity collected using the donor excitation and acceptor emission wavelengths. In our 
experiments, bleed-through coefficient (7.2) and (7.4) represent the bleed-through of 
donor (CFP) through the FRET filter cube and YFP filter cube, respectively. Bleed-
through coefficients (7.3) and (7.5) represent the bleed-through of acceptor (YFP) 
through the FRET filter cube and CFP filter cube, respectively. However, with the 
advanced technology for YFP or CFP filter manufacture, the narrower bandwidth of 
exciter and emitter has avoided the YFP fluorescence bleed-through CFP filter cube 
and vice versa. Thus, in our system, b = c = 0. Therefore, we need to obtain accurate 
values for a and d. However, if you are not sure about the spectra and bandwidth of 
your filter sets, it is recommended to perform the calibration for all four coefficients.

For these calibrations, it is important to use the protein of interest tagged with 
CFP or YFP, but not the CFP or YFP empty vector constructs since these would be 
expressed at much higher levels. The following is a detailed protocol for obtaining 
the bleed-through coefficients in our experiments on Orai1–CFP and the YFP–SOAR 
dimers:

 1. HEK cells are transfected with the Orai1–CFP construct alone or the YFP-
S-S construct alone for 24 h.

 2. Using the settings that were optimized in  Section 7.3.2.1, two sets of images 
(CFP and FRET) are collected from different fields at room temperature 
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FIGURE 7.3 Three-channel demonstration of the partial receptor YFP-photobleaching 
method to determine the value of the G parameter using the YFP–CFP construct. Left, IDD is 
the CFP fluorescence intensity from images collected through the CFP filter cube; middle, IAA 
is the YFP fluorescence intensity from images collected through the YFP filter cube; and right, 
IDA is the FRET intensity from images collected through the FRET filter cube. (a) Before YFP 
photobleaching, the emission of CFP will be quenched by YFP that causes FRET to occur. 
(b) After YFP photobleaching (with application of 500 nm light), the emission of CFP will no 
longer be quenched by YFP.
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using HEK cells transiently expressing Orai1–CFP. Another two sets of 
images (YFP and FRET) are collected from different fields using HEK cells 
expressing YFP-S-S.

 3. Formulas (7.2) and (7.3) are used to calculate the bleed-through coefficients 
using Excel. We use SlideBook software to automatically calculate the 
bleed-through coefficients after the images have been collected.

7.3.3  Determination of G ConStant number

As described earlier, G is a constant parameter for a specified imaging system and a 
pair of FRET fluorophores. It is described in more detail elsewhere [27]. G is pivotal 
for the calculation of FRET efficiency (Eapp):
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G is defined as the ratio of the sensitized emission FRETc to the corresponding 
amount of recovery of donor emission in the IDD channel after photobleaching the 
acceptor (Figure 7.3). This gives the following formula:
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As described later, photobleaching of the YFP acceptor can be undertaken by apply-
ing 500 nm light for 5 min. The acceptor photobleaching is usually not complete, just 
partial. The formula is therefore modified as follows:
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in which FRETC represents the corrected energy transfer before acceptor photo-
bleaching (see formula (7.1)), and FRETC

¢  is the corrected energy transfer after 
acceptor photobleaching. IDD (defined earlier) represents the intensity of the 
 background-subtracted CFP before acceptor photobleaching, while IDD¢  represents 
the intensity of the background-subtracted CFP after acceptor photobleaching.

We made a specific construct designed for the determination of the G constant. 
This is the YFP–CFP construct that we described in a recent paper [13]. CFP was 
flanked with HindIII and BamHI restriction sites and subcloned into the pEYFP vec-
tor. The expressed YFP–CFP proteins will result in maximum FRET between CFP 
and YFP fluorophores as shown in Figure 7.3.

The following is our protocol for determining the G constant:

 1. HEK cells are transfected with the pEYFP–CFP construct by electroporation.
 2. Using the settings that were optimized in Section 7.3.2.1, three sets of 

images (CFP, YFP, and FRET) are collected at room temperature for HEK 
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cells transiently expressing the YFP–CFP protein. This step is called pre-
photobleaching, and FRETC and IDD are obtained from this step, as shown 
in Figure 7.3a.

 3. The photobleaching step can vary in effectiveness and how confined the 
area of bleaching is, depending on the microscope/software platforms. The 
process described here should apply to most platforms. To bleach the YFP 
fluorophore in this field, the output of the light source is set to 100% and 
exposure time for YFP is set to 5 min (this time can increase if 5 min is 
insufficient).

 4. After photobleaching, it is important to restore the settings back to step 2.
 5. A further three sets of images (CFP, YFP, and FRET) are collected in 

the same field at room temperature for HEK cells transiently express-
ing the YFP–CFP protein. This step is called post-photobleaching, and 
FRET  and C DD

¢ ¢I  are obtained from this step, as shown in Figure 7.3b. At 
this step, the YFP image should be dim compared to that obtained in step 2. 
If the difference in intensity is hard to tell, repeat step 3 and increase the 
exposure time to 15 min.

 6. The value of the G constant that was determined using formula (7.8) for the 
data in Figure 7.4 was 1.9 ± 0.1 (n = 32 cells) using formula (7.8).

7.3.4  Data ColleCtion

A useful example of our measurement of E-FRET is given in Figure 7.4 in which 
we investigate whether the two SOAR units within the SOAR dimer are equivalent. 
Thus, an important question was whether the active SOAR dimer unit (the active site 
within the dimeric STIM1 molecule) functions in a bimolecular manner in which 
each of the two SOAR units in the dimer together associate with each of the two adja-
cent Orai1 subunits within the hexameric Orai1 channel, as shown in Figure 7.4a. 
Alternatively, each SOAR unit in the SOAR dimer may interact independently with a 
single Orai1 subunit in a unimolecular manner, as shown in Figure 7.1b.

To investigate this further, we designed a specific Orai1-derived construct that 
expresses only the strong STIM1-binding C-terminus of Orai1 (aa 267–301). This 
construct, named PM–CFP–Orai1CT, includes a PM-directed transmembrane helix, 
which assures that it is expressed only in the PM [13] (Figure 7.4a). We generated a 
stable HEK cell line expressing the PM–CFP–Orai1CT construct comparable to the 
Orai1–CFP-expressing line described earlier. HEK–PM–CFP–Orai1CT stable cell 
lines were transfected with YFP-S-S, YFP-SH-S, YFP-S-SH, YFP-SH-SH, or YFP 
vector, 24 h prior to experiments. Transfected cells are seeded on 25 mm round glass 
coverslips.

 1. To ensure consistent data collection, images for each coverslip are obtained 
under identical conditions. During experiments, unused coverslips are kept 
in 6-well plates in the incubator until utilized and assembled in the chamber.

 2. Fields are selected with more YFP-positive cells, using the settings that were 
optimized in Section 7.3.2.1. Sets of images (CFP, YFP, and FRET) are col-
lected at room temperature. Further sets of images (CFP, YFP, and FRET) 
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FIGURE 7.4 Evidence for a “unimolecular” interaction between the SOAR dimer and the 
Orai1 subunit within hexamer. Two possible models for the SOAR–Orai1 interaction: (a) The 
bimolecular binding of a homomeric SOAR dimer (red) to two adjacent Orai1 subunits (purple). 
(b) The unimolecular binding of a single monomer within the SOAR homodimer (red) to a single 
Orai1 subunit (purple). Changes in the association of heterodimers of SOAR comprising one 
WT and one F394H monomer (red/blue) occurring in the bimolecular (a) and unimolecular (b) 
models are shown on the right side of (a) and (b), respectively. (c) Near-PM values of E-FRET 
between Orai1–CFP in HEK–Orai1–CFP stable cells and transiently expressed YFP-S-S (black), 
YFP-SH-S (green), YFP-S-SH (red), or YFP-SH-SH (blue). (d) YFP/CFP ratios of the near-PM-
expressed Orai1–CFP and YFP dimers in the cells used for E-FRET in (c). (Continued)
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FIGURE 7.4 (Continued) (e) Cartoon of Orai1 protein (left) and PM–CFP–Orai1CT con-
struct (right) comprising the C-terminus of Orai1 (residues 267–301) attached to CFP and a 
single PM-directed transmembrane-spanning helix. (f) Near-PM E-FRET between PM–CFP–
Orai1CT stably expressed in HEK cells and transiently expressed SOAR concatemer–dimers: 
YFP-S-S (black), YFP-SH-S (green), YFP-S-SH (red), YFP-SH-SH (blue), and YFP alone 
(yellow). (g) YFP/CFP ratios of near-PM-expressed Orai1–CFP and YFP dimers in the cells 
used in (h). (h) Model interpreting the interactions between CFP-tagged Orai1CT (purple) and 
each of the four YFP-tagged SOAR dimer–concatemers (or YFP alone) used in the E-FRET 
experiments shown in (f). Top row shows input reactants for each condition; bottom row shows 
resulting interactions. (Modified from Fig. 5, Zhou, Y. et al., Nat. Commun., 6, 8395, 2015, 
with permission.)
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are collected again from different fields. The number of views will depend 
on cell density. If transfected cells are sparse, further views are needed until 
the total cell count is 30–40 cells or more.

 3. After imaging, glass coverslips are discarded and the chamber is washed, 
and the subsequent coverslip readied for imaging. It is important to try to 
ensure that each coverslip is treated as consistently as possible.

7.3.5  Data analySiS

To analyze FRET images and export the data, we use SlideBook 6.0 (Intelligent 
Imaging Innovations). The FRET module comes with this software. For other plat-
forms, the detailed process will be different in exporting the raw data. If the software 
being used does not have the module for E-FRET calculation, then raw data for IDD, 
IAA, and IDA are exported manually and calculations for E-FRET are made in Excel 
using formulas (7.1) and (7.6) with the given bleed-through coefficients (a and d) and 
G parameter. After obtaining all the raw data for all groups, it is important to exclude 
those cells that have abnormal expression of YFP-tagged concatemer. As mentioned 
in Sections 7.2 and 7.3.2.1, only cells that have similar expression levels of YFP-
tagged concatemer and also have YFP/CFP ratios that are smaller than 1.33 should 
be analyzed. To do this in an unbiased manner:

 1. Export the data into an Excel file.
 2. For each cell, calculate the YFP/CFP ratio using the values of IAA/IDD.
 3. Each cell will have two important parameters: E-FRET and YFP/CFP. Sort 

the Excel sheet based on the value of YFP/CFP and then exclude all the cells 
with the value larger than 1.33. To ensure there is an excess of donor, we 
only select cells that have YFP/CFP around 1 or smaller as shown in Figure 
7.4d and g. Thus, the E-FRET values are analyzed from cells with a narrow 
range of YFP/CFP ratios.

As shown in Figure 7.4c and d, the E-FRET between Orai1–CFP and YFP-S-S is 
similar to the E-FRET between Orai1–CFP and YFP-SH-S or YFP-S-SH. These 
results indicate that the single mutation (F394H) in the SOAR dimer has no effect 
on dimer binding to the Orai1 hexameric channel. This suggests that the bimolecular 
interaction shown in Figure 7.4a cannot explain how the SOAR dimer interacts with 
Orai1. Instead, we invoke a unimolecular hypothesis in which only one SOAR unit in 
the SOAR dimer is binding to Orai1 (Figure 7.4b). This explains the E-FRET results 
in which mutation of one of the two SOAR subunits in the SOAR dimer will not 
affect its interaction with Orai1 channel.

The strong binding site for STIM1 lies in the helical cytosolic Orai1 C-terminus 
(amino acids 267–301). Therefore, we made a new construct (PM–CFP–Orai1CT) 
in which we expressed this strong binding site attached via CFP to a PM-targeted 
transmembrane helix (Figure 7.4e). We used this probe to determine whether the 
SOAR dimer molecule could simultaneously bind to two Orai1 binding sites for 
STIM1. We examined this by measuring E-FRET. As shown in Figure 7.4f and g, the 
E-FRET between PM–CFP–Orai1CT and YFP-S-S is almost double that between 
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PM–CFP–Orai1CT and either YFP-SH-S or YFP-S-SH. In contrast, the E-FRET 
level with YFP-SH-SH was very close to background nonspecific FRET observed 
with cells expressing YFP (Figure 7.4f and g). We interpret these data in light of 
the models shown in Figures 7.1d and 7.4h. Thus, each YFP-S-S dimer is able to 
bind two PM–CFP–Orai1CT molecules, whereas YFP-SH-S or YFP-S-SH is only 
able to bind one PM–CFP–Orai1CT. This is almost twice as much CFP donor that 
can be quenched by the YFP acceptor. These data suggest that the two SOAR units 
within the SOAR dimer are equivalent and can each independently bind to one Orai1 
subunit within the hexameric channel. This provides important new information on 
the molecular binding stoichiometry of the STIM1–Orai1 coupling interface, as we 
recently described [13].

7.4  CONCLUSIONS

FRET is one of the most powerful techniques for studying protein interactions. We 
detail here that meaningful quantitative analysis of protein–protein interactions can be 
achieved; however, careful awareness of the expression levels and ratio of donor and 
acceptor are crucial to such determination. The STIM and Orai coupling interaction 
is particularly suited to analysis by FRET. Thus, each protein resides in a separate, 
distinct membrane (ER or PM), and the proteins only interact within a “FRETable” dis-
tance (<10 nm) when they enter ER–PM junctions. Thus, there is little, if any, STIM1–
Orai1 FRET in resting cells with full Ca2+ stores in which STIM has not been activated 
and has not been trapped within ER–PM junctions. For full-length STIM1, although 
FRET only occurs in the ER–PM region, the excess of Orai1 or STIM1 outside of the 
ER–PM region will affect the FRET analysis as described in Figure 7.1.

The use of SOAR instead of the full-length STIM1 molecule provides several 
strong advantages to study the coupling interaction with the Orai1 channel. SOAR is 
cytoplasmic and therefore is not restricted to the ER; hence, it can bind to any Orai1 
in the PM where FRET will occur. By using a series of SOAR concatemers with 
either one or two F394H mutations expressed in the stable HEK–Orai1–CFP cell 
line, we were able to show that only one site in the SOAR dimer was required for 
activation of the Orai1 channel. Our FRET analysis was important in revealing that 
the interaction of the SOAR dimer with Orai1 required only one of the two Orai1 
binding sites within the dimer. This revealed our “unimolecular coupling” model 
[13] that argues against the bimolecular coupling model that had been predicted 
 earlier (see Chapter 2).

Using HEK–PM–CFP–Orai1CT stable cell line that expresses the simple PM–
CFP–Orai1CT construct (as opposed to the full-length CFP–Orai1 hexamer), our 
quantitative FRET approach allowed us to reveal that one YFP–SOAR dimer could 
simultaneously interact with two PM–CFP–Orai1CT molecules. However, this anal-
ysis required that the donor PM–CFP–Orai1CT be expressed in excess of the accep-
tor YFP–SOAR dimer. This result was important in drawing the conclusion that the 
active SOAR dimer within the STIM1 protein could undergo binding to two Orai1 
channel subunits and suggests that STIM1 can actively cluster Orai1 channels by 
cross-linking between them [13]. This provides an important new understanding of 
the STIM1–Orai1 interface.
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Approaches to Control 
Calcium Entry in 
Non-Excitable Cells
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8.1  INTRODUCTION

The calcium ion serves as a versatile and universal second messenger to control a 
myriad of biological processes, including muscle contraction, neurotransmission, 
hormone secretion, immune cell activation, cell motility, and apoptosis [1–3]. The 
calcium release–activated calcium (CRAC) channel mediated by ORAI and stromal 
interaction molecule (STIM) constitutes one of the primary Ca2+ entry routes in 
non-excitable cells [4–6] (see Chapter 2). The CRAC channel is regarded as a proto-
typical example of store-operated Ca2+ entry (SOCE), in which the depletion of Ca2+ 
store in the endoplasmic reticulum (ER) induces calcium influx from the extracellu-
lar space. Over the past decade, tremendous progress has been made with respect to 
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the critical steps required to activate SOCE (Figure 8.1) [5–7]. Under resting condi-
tions, the STIM1 luminal EF–SAM domain is loaded with Ca2+ and exists largely 
as a monomer [8]. The STIM1 cytoplasmic domain (STIM1ct), consisting of a 
coiled-coil region (CC1), a minimal ORAI1-activating region (SOAR or CAD), and 
a C-terminal polybasic tail (PB), adopts a folded-back configuration that keeps itself 
inactive through autoinhibition [9,10]. Upon ER Ca2+ store depletion, dissociation 
of Ca2+ from the EF–SAM domain initiates a destabilization-coupled oligomeriza-
tion process in the ER lumen [8]. Conformational changes in the canonical EF-hand 
Ca2+-binding motif disrupt the intramolecular interaction between the EF-hands and 
SAM domains, thereby causing aggregation of the luminal EF–SAM domains. The 
luminal domain oligomerization further triggers conformational changes that prop-
agate throughout STIM1ct. STIM1ct redeploys itself and adopts a more extended 
conformation by exposing the SOAR/CAD domain, as well as the polybasic C-tail. 
Next, the activated STIM1 multimerizes and moves toward the ER–plasma mem-
brane (PM) junctional sites, where it recruits and gates ORAI1 channels through 
direct physical association with ORAI1. This process is also facilitated by the inter-
action between its polybasic C-tail and the negatively charged phosphoinositides 

ER lumen

ORAI1
Ca2+

Cytosol

Physiological stimulus
(ER Ca2+ store depletion)

Optical stimulus
(light illumination)

Photon

STIM1

PM

PhotoswitchesEF–SAM

CC1

SOAR

PB

[Ca2+]ER

FIGURE 8.1 Converting store-operated calcium entry to light-operated calcium entry. Under 
physiological conditions, depletion of calcium store in the ER lumen initiates the oligomeriza-
tion of the STIM1 EF–SAM domain to cause structural rearrangements in the STIM1 trans-
membrane domain (TM). Reorganized STIM1 TM further prompts a conformational change 
in the juxtamembrane coiled-coil region (CC1). As a consequence, CC1 adopts an extended 
conformation and assumes more helical content presumably by forming a stabilized coiled 
coil, thus masking the SOAR-docking sites in CC1 to overcome STIM1 intramolecular trap-
ping. STIM1 then translocates toward the PM to engage and activate ORAI1 channels. Light 
sensitivity can be added to STIM1, either through photoinducible apposition of the N-termini 
of the cytoplasmic domain of STIM1 or light-triggered uncaging of SOAR, to enable optical 
control of calcium entry.
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in the inner leaflet of the plasma membrane (see Chapters 2 and 3). Sustained Ca2+ 
influx through ORAI1 channels activates downstream effectors such as calcineurin, 
a Ca2+-dependent phosphatase that dephosphorylates the nuclear factor of activated 
T cells (NFAT) and triggers the nuclear translocation of NFAT to regulate gene 
expression during lymphocyte activation [4] (see Chapter 5).

Two critical steps during SOCE activation, oligomerization of STIM1 luminal 
domain and conformational switch within STIM1ct, can be mimicked by photosen-
sitive domains that undergo light-inducible oligomerization or allosteric regulation 
to devise photoactivatable CRAC channels (termed Opto-CRAC), thereby enabling 
remote and optical control of calcium signaling [11–13]. Compared to the exist-
ing microbial opsin-based optogenetic tools, Opto-CRAC has several distinctive 
features such as the following:

• Unlike the widely used channelrhodopsin (ChR)-based tools [14] that 
exhibit less stringent ion selectivity and tend to perturb intracellular pH due 
to their high proton permeability, Opto-CRAC is engineered from a bona 
fide Ca2+ channel that is regarded as one of the most Ca2+-selective ion chan-
nels (see Chapter 1).

• The Opto-CRAC tool is among the smallest optogenetic tools (<1 kb, com-
pared to >2.2 kb of ChR) and is thus compatible with viral vectors used for 
in vivo gene delivery.

• Its tunable and relatively slow kinetics make Opto-CRAC most suitable for 
generating customized Ca2+ oscillation patterns in non-excitable cell types, 
such as cells of the immune and hematopoietic systems.

In this chapter, we present a brief overview of the design principles of Opto-CRAC 
constructs based on two different photoresponsive domains (CRY2 and LOV2) and 
illustrate how to use them to remotely control Ca2+ influx with at high spatiotemporal 
precision and subsequent nuclear translocation of a master transcriptional factor, the 
nuclear factor of activated T cells (NFAT), to fine-tune NFAT-dependent gene expres-
sion and control the function of immune cells.

8.2  DESIGN OF OPTO-CRAC CONSTRUCTS

8.2.1  CRY2-Based stRategY

Cryptochrome 2 (CRY2) from Arabidopsis thaliana is a blue light photoreceptor 
mediating the regulation of flowering induction. As a member of the flavoprotein 
superfamily, CRY2 contains an N-terminal photolyase homology (PHR) domain 
with flavin adenine dinucleotide (FAD) as its cofactor [15–17]. Blue light illu-
mination in the range of 405–488 nm induces an intramolecular redox reaction 
that involves FAD and conserved tryptophan residues and subsequently leads to 
 conformational changes to induce CRY2 oligomerization within seconds [16,17]. 
In the dark, CRY2 homo-oligomers return to monomeric state in approximately 
5–10 min. It has been shown that CRY2PHR has improved expression over full-
length CRY2 [18]. Two short truncated variants of CRY2 (residues 1–515 or 1–535) 
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display improved dynamic ranges and reduced self-association when compared 
with CRY2PHR [16]. Mutations can also be carefully introduced into CRY2PHR 
to fine-tune its photochemical properties. For example, E490G at the predicted 
C-terminal helix of CRY2PHR (called CRY2olig; Figure 8.2a) remarkably can 
promote the efficiency of forming oligomers [16]. Taslimi and colleagues identi-
fied two adjacent mutations that pose opposite effects on the photocycle kinetics 
[16]. The L348F mutant has a prolonged half-life time of approximately 24 min, 
whereas W349R shortens the half-life time to 2.5 min.

Close apposition of STIM1 through chemical cross-linking at residue 233—the 
position where the transmembrane domain ends and the cytosolic portion of STIM1 

FIGURE 8.2 Photoactivatable calcium entry with CRY2- or LOV2-based optogenetic con-
structs. (a) CRY2PHR domain (residues 1–498) from Arabidopsis thaliana is fused to the 
cytoplasmic domain of STIM1 (STIM1ct; residues 233–685). In the dark, the fusion pro-
tein remains inactive. Following blue light stimulation, CRY2 undergoes oligomerization to 
bring the N-termini of STIM1ct into close apposition, much like calcium depletion–induced 
EF–SAM multimerization, to trigger activation of STIM1ct and subsequent calcium influx 
through ORAI1 channels. (b) LOV2 domain (residues 404–546) from Avena sativa phototro-
pin is fused to STIM1ct fragments (e.g., residues 336–486). When expressed alone, these 
STIM1ct fragments elicit constitutive Ca2+ entry from the extracellular space to the cytosol. 
In the dark, the C-terminal Jα helix docks to the LOV2 domain and keeps STIM1ct fragments 
quiescent. Upon blue light illumination, photoexcitation generates a covalent adduct between 
Cys450 and the cofactor FMN, thereby promoting the undocking and unwinding of the Jα 
helix to expose the STIM1ct fragments. Unleashed STIM1ct fragments further move toward 
the plasma membrane to directly engage and activate ORAI1 channels. (Continued)
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emerges from the ER membrane—could switch STIM1 from a folded-back to a more 
extended configuration [7] (see Chapter 3). The functional consequence of such con-
formational changes is to release the SOAR domain that is initially docked toward 
CC1 to overcome intramolecular trapping, thereby making the SOAR domain poised 
to engage and open the ORAI1 channels in the plasma membrane. To phenocopy 
this process with light-sensitive domains, we fused STIM1ct (residues 233–685) to 
the C-terminus of CRY2PHR. Following blue light stimulation, the chimeric con-
struct was able to elicit robust calcium influx, as reported by a red-emitting geneti-
cally encoded calcium indicator (GECI), RCaMP1b, within 30 s (Figure 8.2c). After 
turning off the blue light, it took up to 20 min for the calcium signal to return to 
their basal level. CRY2PHR fused to shorter fragments of STIM1ct (238–685, 240–
685, 245–685, or 250–685) can be similarly used to photoinduce calcium influx. 
Depending on the desired application and demand on the duration of calcium signal-
ing, these STIM1ct fragments can be further paired with the aforementioned CRY2 
mutants to generate calcium signals with varying kinetics. Nonetheless, the off kinet-
ics of CRY2-based optogenetic tools is in the timescale of minutes, thus making it 
less compatible with physiological scenarios that occur within seconds. We over-
came this major weakness by resorting to an alternative strategy based on the LOV2 
photoswitchable domain.

8.2.2  LOV2-Based stRategY

Light–oxygen–voltage domain 2 (LOV2) derived from Avena sativa phototropin 1 
contains a core per-arnt-sim (PAS) domain with a central β-scaffold and a helical 
interface that hold photoreactive flavin. LOV2 in the dark state contains FMN as 
cofactor that maximally absorbs light at 450 nm with the Jα helix tightly docked 

FIGURE 8.2 (Continued ) Photoactivatable calcium entry with CRY2- or LOV2-based 
optogenetic constructs. (c) Light-inducible Ca2+ influx and recovery monitored with a GECI 
RCaMP1b. n = 8–10 cells from three independent experiments. Error bars denote SEM.
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to the core body (Figure 8.2b). STIM1ct fragments fused immediately after the Jα 
helix may have a high chance to be trapped in an inactive state, thus mimicking 
the STIM1ct autoinhibition mediated by CC1 and SOAR interaction [9,10]. After 
blue light stimulation, the FMN cofactor forms a covalent bond with C450 to trig-
ger conformational changes that ultimately result in the unwinding and unfolding of 
Jα helix, with subsequent release of STIM1ct fragments to activate ORAI1 calcium 
channels in the plasma membrane.

To explore this strategy, we generated a series of Opto-CRAC constructs by vary-
ing the length of STIM1ct fragments, introducing mutations into the LOV2 domain 
and optimizing the linker between them. After screening over 100 combinations by 
using Ca2+ influx and NFAT nuclear translocation as independent readouts, the chi-
meric construct LOV2-STIM1336–486 (designated as “LOVSoc”) stood out as the best 
candidate because it exhibited low dark activity but high dynamic range in terms of 
eliciting light-inducible Ca2+ influx (Figure 8.2c). The degree of Ca2+ influx can be 
modulated by changing the light power density. The on or off phase of photoinduced 
calcium influx takes approximately 30 s (Figure 8.3a). LOVSoc has been shown to 
induce calcium influx in a dozen of cell types derived from various non-excitable 
tissues at endogenous ORAI1 levels [19].

Electrophysiological measurements of photoactivated currents by whole-cell 
recording in HEK293-ORAI1 cells revealed a typical inwardly rectifying current 
characteristic of the CRAC channel (Figure 8.3b) (see Chapters 1 and 9). Replacing 
the extracellular Na+ with a large impermeant cation NMDG did not alter the overall 
shape of the CRAC current (Figure 8.3b, red curve), further attesting to its high Ca2+ 
selectivity. Compared with CRY2-based Opto-CRAC constructs, LOVSoc showed 
more uniform responses in transfected cells with faster kinetics.

8.3  EXAMPLES OF OPTO-CRAC APPLICATIONS

8.3.1  Light-OpeRated CaLCium entRY

Opto-CRAC-induced calcium influx in living cells can be monitored with both 
small  molecule calcium indicators (e.g., Fura-2 AM) and GECIs (e.g., GCaMP, 
RCaMP, or R-GECO series) [20,21]. These calcium indicators bind calcium with 
dissociation constants in the range of 150–300 nM, at a level comparable to the rest-
ing cytosolic concentration, and are thus very sensitive to cytosolic calcium changes. 
The most popular GECIs are made of three parts: calmodulin, calmodulin-binding 
peptide M13, and engineered fluorescent proteins. Upon binding Ca2+, calmodulin 
undergoes a substantial conformational change to wrap around its binding target 
M13 and thus induces changes in the fluorescence intensity [20]. Owing to its high 
sensitivity, precise targeting, and compatibility with prolonged imaging, GCaMP and 
its derivatives are gaining wide popularity in both in vitro and in vivo applications 
[22]. We describe herein the use of Fura-2 AM and GECIs to measure photoactivat-
able intracellular calcium elevations in HeLa or HEK293T cells (see Chapter 16). 
One caveat to be kept in mind is that the emission filter needs to be optimized to 
avoid undesired photoexcitation of CRY2 or LOV2 in the range of 400–490 nm. 
GECIs (e.g., RCaMP or R-GECO) or dyes (Fura-2 AM) with excitation peaks below 
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FIGURE 8.3 Optical control of the calcium/NFAT pathway in non-excitable cells. (a) Ca2+ 
oscillation induced by repeated light–dark cycles (30 s on and 120 s off; blue bar indicates 
light stimulation with a power density of 40 μW/mm2 at 470 nm) in HeLa cells. Ca2+ fluc-
tuation was reported by R-GECO1.2. n = 8 cells from three independent experiments. Error 
bars denote SEM. (b) Light-induced CRAC current–voltage relationships. HEK293 cells were 
cotransfected with ORAI1 and mCherry-tagged Opto-CRAC. Whole-cell patch-clamp record-
ing utilizing a ramp protocol ranging from −100 to 100 mV was performed under the follow-
ing conditions in mCherry-positive cells: dark (gray), blue light (blue), and blue light with the 
extracellular Na+ replaced by NMDG+ (red), a nonpermeant ion used to assess ion selectivity by 
examining the contribution of Na+. Substitution of the most abundant extracellular cation Na+ 
by NMDG+ did not alter the amplitude or overall shape of the CRAC current, implying that Na+ 
has negligible contribution to Opto-CRAC-mediated currents, which primarily conduct Ca2+. 
(c) Light-tunable nuclear translocation of green fluorescent protein (GFP)-NFAT1 and NFAT-
dependent luciferase (NFAT-Luc) gene expression. Left panel: blue light pulses (0.5 min on) 
with varying interpulse intervals (0.5, 1, or 4 min) were applied to HeLa cells stably expressing 
GFP-NFAT1–460. Middle panel: representative images showing light-induced GFP-NFAT1–460 
nuclear translocation. Right panel: NFAT nuclear translocation (black) and NFAT-dependent 
luciferase activity (red) were plotted against different interpulse intervals. n = 15–20 cells from 
three independent experiments. Error bars denote SEM. Scale bar, 10 μm. (d–f) Near-infrared 
radiation (NIR) light-triggered Ca2+ influx and NFAT nuclear translocation in Opto-CRAC 
HeLa cells incubated with UCNPs, which act as nanoilluminators to convert NIR light into blue 
light and activate the LOV2 photoswitch. (Continued)
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400 nm or above 550 nm are most compatible with real-time imaging of repetitive 
calcium influx (Figure 8.3a).

8.3.1.1  Calcium Imaging Using Fura-2 AM
Fura-2 was invented in the 1980s as a ratiometric fluorescent dye that binds to free 
intracellular calcium [23]. Fura-2 can be excited at 340 and 380 nm with a maxi-
mal fluorescence emission at 510 nm. The ratio of the emitted light intensity (when 
excited at 340 and 380 nm, respectively) is proportional to the amount of bound 
calcium. Fura-2 acetoxymethyl ester (abbreviated as Fura-2 AM) is a membrane-
permeable variant of Fura-2. Once inside the cells, cellular esterases remove the ace-
toxymethyl groups to retain Fura-2 within the cell. Because there is no transfection 
involved in this process, Fura-2 can be used for calcium imaging with both adher-
ent and suspension cells, including difficult-to-transfect cardiac and neuronal cells 
[24–27], as well as cells of the immune and hematopoietic systems.

HeLa or HEK293T cells are cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10 mM HEPES and 10% heat-inactivated fetal bovine 
serum. Cultured cells are seeded on 35 mm glass-bottom dishes at a density of 
0.2 × 106 in 1.5–2 mL culture medium. The cells are grown to 50%–70% conflu-
ence after overnight culture. The Opto-CRAC plasmid (200 ng) is transfected using 
Lipofectamine 3000 (Thermo Fisher Scientific). Twenty-four to thirty-six hours 
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FIGURE 8.3 (Continued) Optical control of the calcium/NFAT pathway in non-excitable 
cells. (d) Schematic showing the engineered ORAI1 channel with a streptavidin-binding tag 
(Strep-tag) designed to recruit streptavidin-coated upconversion nanoparticles (UCNPs-Stv) 
to the cell surface. (e) Confocal images showing the accumulation of UCNPs-Stv (green, 
λex = 980 nm, λem = 470 nm) on the plasma membrane of engineered HeLa cells. (f) Ca2+ influx 
(reported by GCaMP6s, upper panel) and GFP-NFAT nuclear translocation (lower panel) were 
triggered by NIR light (980 nm) in HeLa cells expressing mCh-ORAI1Strep-tag and Opto-CRAC 
in the presence of UCNPs-Stv (20 μg/μL). Scale bar, 10 μm.
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post-transfection, the culture medium is replaced with 1 × imaging bath solution 
(107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl2, 11.5 mM glucose, 20 mM HEPES–
NaOH, 1 mM CaCl2, 0.1% [m/v] BSA, pH 7.2) in the presence of 2 μM Fura-2 AM 
(Life Technologies). Cells are incubated at 37°C for 30–45 min to allow the uptake 
of Fura-2 AM and then washed twice. Cells are kept in the imaging bath solution 
afterward.

Calcium imaging was carried out using a Zeiss observer-A1 microscope equipped 
with a Lambda DG4 light source (Sutter), BrightLine FURA2-C-000 filter set 
(Semrock). First, mCherry-positive transfected cells (mCh-LOVSoc) are identified in 
the imaging field, and care is taken that the cells are not exposed to blue or green light 
to avoid activation of CRY2 or LOV2 photosensory domains. Next, Fura-2 fluores-
cence at 510 nm generated by 340 nm excitation light (F340) and 380 nm light (F380) 
is measured every 5 s for 5 min. To photoactivate Opto-CRAC, cells are exposed 
to an external blue LED (470 nm at a power intensity of 40 μW/mm2; ThorLabs). 
Alternatively, a light source commonly used for GFP excitation in fluorescence 
microscopy can also be repurposed to activate Opto-CRAC and induce calcium 
entry. Three to five fields are imaged to collect enough cells for statistical analysis. 
The resulting data are analyzed by MetaFluor software, and the intracellular Ca2+ 
levels are indicated as the ratio of F340/F380. The free calcium concentration in cells 
can be estimated by using Fura-2 calcium imaging calibration kit (Thermo).

8.3.1.2  Calcium Imaging with GECIs
GCaMP [28] contains a circularly permutated EGFP (cpEGFP) with a M13 frag-
ment of myosin light chain kinase fused to the N-terminus of cpEGFP and engi-
neered calmodulin connected to the C-terminal end. Ca2+-dependent binding of M13 
to calmodulin induces a large increase in the fluorescence intensity of EGFP. Similar 
strategies have been applied to engineer calcium-responsive fluorescent proteins 
that emit blue or red lights [29–32]. The Opto-CRAC system is compatible with 
both green (GCaMP6 [20]) and red color GECIs (R-GECO1 [33] and RCaMP [32]). 
GCaMP6, owing to the spectral overlap with blue light used to photoexcite CRY2 or 
LOV2, can only be used to monitor the on phase of light-inducible calcium influx. 
By contrast, R-GECO or RCaMP can be conveniently used to monitor both the on 
and off phases of cytosolic calcium fluctuations. However, the latter two GECIs have 
a much lower dynamic range.

HEK293T or HeLa cells are cultured and seeded as described earlier. The Opto-
CRAC plasmids (200 ng; either mCh-LOVSoc or mCh-CRY2-STIM1233–685) are 
cotransfected with 200 ng of GECIs (GCaMP6s for cytosolic calcium or membrane-
tethered GCaMP6s-CAAX for more sensitive recording of calcium change near the 
plasma membrane) using Lipofectamine 3000. Calcium imaging is performed 24–36 h 
post-transfection. Since the excitation wavelength used to acquire the GCaMP6s 
(~488 nm) signals can photoexcite Opto-CRAC to elicit Ca2+ influx, it is important 
to avoid the use of the GFP channel before identifying mCherry-positive cells. Time-
lapse imaging was performed by recording signals from both GFP (excited by a 
488 nm laser) and mCherry (excited at 561 nm) channels with intervals of 1–5 s for 
3 min. The GCaMP6 and Opto-CRAC cotransfected cells were selected for statistical 
analysis. The green GCaMP6 fluorescence intensity was exported, and the ratio of 
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Ft/F0 (fluorescence at time t and time 0) was calculated to reflect the dynamic change 
of intracellular calcium. For imaging with red GECIs, 200 ng R-GECO1 or RCaMP 
was cotransfected with 200 ng Opto-CRAC. An external blue LED (ThorLabs, 
470 nm with a power intensity of 40 μW/mm2) was used to photoactivate Opto-
CRAC without perturbing the red fluorescence used to monitor the expression of 
target proteins. Single-channel time-lapse imaging of mCherry signal was carried 
out by switching the blue light on and off with user-defined pulses. The ratio of Ft/F0 
was acquired and plotted using Prism 5 software. The half-life times of the on and 
off phases can be calculated by fitting the calcium response curve with a single expo-
nential decay function. Compared with Fura-2 imaging, the use of GECIs is a more 
affordable choice and obviates the need for multiple incubation and washing steps. 
The development of a stable cell line coexpressing a red GECI and Opto-CRAC will 
likely provide a convenient all optical platform to aid the screening of CRAC channel 
modulators.

8.3.2  spatiaL COntROL Of CaLCium signaLs

Depending on the position and range of the light source, Opto-CRAC can be used to 
confer spatial control of calcium signals in living cells. A proof of concept experiment 
can be performed by using the fluorescence recovery after photobleaching module 
in a typical confocal microscope, such as an inverted Nikon Eclipse Ti-E micro-
scope customized with Nikon A1R+ confocal laser sources (405/488/561/640 nm). 
Membrane-tethered GECIs like GCaMP6s-CAAX were recommended for this 
purpose to increase the detection sensitivity. Seeded HeLa or HEK293T cells on a 
35 mm glass-bottom dish are mounted on the imaging platform. A 60X oil objec-
tive is recommended to identify mCherry-positive cells. Areas of interests with user-
defined shapes and sizes can be selected for setting up local photoillumination with 
the GFP channel excitation at 488 nm. The power density should be reduced to less 
than 5% of the full laser power to minimize photobleaching. If the instrument allows, 
nanopatterned blue light source can be applied to generate calcium microdomains, 
thus opening new opportunities to dissect the functional roles of localized calcium 
signals in mammalian cells [34,35].

8.3.3  tempORaL COntROL Of CaLCium signaLs

Given its relatively faster kinetics, LOVSoc can be further used to generate calcium 
oscillatory patterns with pulsed light illumination (Figure 8.3a). Calcium oscilla-
tions shape the efficiency and specificity of gene expression [36] (see Chapter 5). 
Previously, customized calcium oscillations were made possible by adding ligands 
to their cognate receptors to activate phospholipase C and its downstream effectors 
or by using the “calcium clamp” method, in which Ca2+ oscillatory patterns were 
 generated by alternately exposing cells to 0 or 1.5 mM calcium after store depletion 
[36]. With LOVSoc, we can conveniently generate oscillatory calcium patterns by 
simply exposing cells to repeated light–dark cycles (Figure 8.3a) [19]. We tested if 
we could manipulate the light pulse to generate diverse temporal patterns of Ca2+ sig-
nals to tune the degree of NFAT activation, which would be reflected in the efficiency 
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of NFAT nuclear translocation and NFAT-dependent gene expression (Figure 8.3c). 
We applied a fixed light pulse of 30 s to HeLa cells transfected with mCh-LOVSoc 
and GFP-NFAT while varying the interpulse intervals from 0.5 to 8 min. We found 
that a prolonged interpulse interval is generally associated with a decrease in the 
nuclear accumulation of NFAT, as well as NFAT-dependent luciferase expression 
(Figure 8.3c).

8.3.4  phOtOtunaBLe Ca2+-dependent gene expRessiOn in t CeLLs

8.3.4.1  Mouse Primary T Cell Isolation and Culture In Vitro
In T lymphocytes, NFAT cooperates with activator protein 1 (AP1) to regulate 
diverse inducible gene expressions (e.g., IL-2 and IFN-γ) to mount an efficient 
immune response [37]. Opto-CRAC, when coupled with phorbol 12-myristate 
13-acetate (PMA) to activate the AP1 costimulatory pathway, can be used to phe-
nocopy this physiological response by harnessing the power of light. Spleen and 
lymph nodes are isolated from 6- to 8-week-old female C57BL/6 mice and smashed 
against sterile nylon mesh by using the thumb side of a syringe plunger (1–3 mL) 
in 1% FBS/PBS to obtain single-cell suspensions of splenocytes and lymph node 
cells on Day 1. Isolated splenocytes are pooled together with lymph node cells for 
naïve CD4+ T cells sorting by labeling cells with antibodies against CD4, CD25, 
CD62L, and CD44 to sort CD4+CD25−CD62L+CD44− populations. Purified naïve 
CD4+ T cells are then cultured in DMEM supplemented with 10% heat-inactivated 
fetal bovine serum, 2 mM l-glutamine, penicillin–streptomycin, nonessential amino 
acids, sodium pyruvate, vitamins, 10 mM HEPES, and 50 μM 2-mercaptoethanol. 
Cells are plated at a density of ~106 cells per mL in 6-well plates coated with anti-
CD3 (clone 2C11, BioLegend) and anti-CD28 (clone 37.51, BioLegend) (1 μg/mL 
each) by precoating with 100 μg/mL goat anti-hamster IgG (MP Biomedicals). After 
48 h (on Day 3), cells are removed and recultured at a concentration of 5 × 105 
cells/well in an uncoated 6-well plate in T cell media supplemented with 20 U/mL 
recombinant human IL-2 (rhIL-2) and are ready for retroviral transduction on Day 4.

8.3.4.2  Retroviral Packaging and Transduction
Murine stem cell virus (MSCV)–based vector pMIG (MSCV-IRES-GFP) 
(Addgene#9044) is used for producing a retrovirus encoding mCherry-LOVSoc. The 
synthetic gene was inserted between XhoI and EcoRI sites of pMIG. For viral pack-
aging, Platinum-E (Plat-E) retroviral packaging cells (Cell Biolabs) are seeded at 
a density of 8 × 106 cells in a 15 cm culture dish on Day 0 and cultured in DMEM 
supplemented with 10% FBS, 1% penicillin/streptomycin, and glutamine. After 
16–24 h (Day 1), cells reaching 70%–80% confluency were transfected with pMIG-
mCherry-LOVSoc and pCL-Eco by using Lipofectamine 3000. Forty-eight hours 
post-transfection (Day 3), the first supernatant is harvested and stored at 4°C and 
20 mL of fresh culture medium is added to the Plat-E cells. The second supernatant 
is harvested on Day 4 and pooled together with the first collection. Cell debris in the 
supernatant is removed by centrifugation at 2000 rpm for 5 min. Next, retrovirus-
containing supernatants are centrifuged at 20,000 rpm for 2 h at 4°C in a Beckman 
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SW28 swinging bucket rotor lined with an Open-Top polyclear centrifuge tube 
(Seton). The retroviral pellets are gently resuspended in 400 μL DMEM and added 
to isolated mouse naïve CD4 T cells (described in Section 8.3.4.1) in a 6-well plate 
in the presence of 8 μg/mL polybrene (EMD Millipore, Merck KGaA). The plate is 
sealed with a plastic wrap and subjected to centrifugation at 2000 rpm for 90 min at 
37°C. The plate is incubated at 37°C with 5% CO2 overnight and fresh T cell culture 
medium supplemented with rhIL-2. Forty-eight hours post-transduction, the percent-
age of infected cells is determined by flow cytometric analysis (FACS) of EGFP 
expression.

8.3.4.3  Induction of IL2 and IFN-γ Expression with Blue Light
GFP+ CD4 T cells are treated with both PMA and blue light pulse (30 s pulse for 
every 1 min, 10–40 μW/mm2) for 6–8 h. Expression and production of cytokines can 
be measured by enzyme-linked immunosorbent assay (ELISA), quantitative real-
time polymerase chain reaction (PCR), and intracellular staining as described later.

 1. Quantitative RT-PCR (qRT-PCR): Total RNA is isolated from isolated and 
transduced T cells, and the first-strand cDNA is generated from total RNA 
using oligo-dT primers and reverse transcriptase II (Invitrogen). Real-
time PCR is performed using specific primers and the ABI Prism 7000 
analyzer (Applied Biosystems) with SYBR Green Super Mix Universal 
(Life Technologies). Target gene expression values are normalized to 
mGapdh. The following primers for mGapdh and mIL2 are used: mGapdh; 
forward, 5′-TTGTCTCCTGCGACTTCAACAG-3′, mGapdh; reverse, 
5′-GGTCTGGGATGGAAATTGTGAG-3′, mIL-2; forward, 5′-TGAGC 
AGGATGGAGAATTACAGG-3′, mIL-2; reverse, 5′-GTCCAAGTTCATC 
TTCTAGGCAC-3′, mIfn-γ; forward, 5′-ATGAACGCTACACACTGCA 
TC-3′, mIfn-γ; reverse, 5′-CCATCCTTTTGCCAGTTCCTC-3′.

 2. ELISA: Supernatants are collected and diluted at optical concentrations suit-
able for the ELISA assay. In brief, a 96-well plate is precoated with the cap-
ture antibody (1:500 in coating buffer) at 4°C overnight. On the next day, 
the plate is washed with PBS/0.1% Tween 20 and blocked with 1% BSA/
PBS or ELISA/ELISPOT. Diluted supernatants and cytokine standards are 
then applied to the plate and incubated for 2 h at room temperature (RT). 
The plate is then washed and incubated with biotin-conjugated detection 
antibody (1:1000 in 1% BSA/PBS or ELISA/ELISPOT [eBioscience] dilu-
ent buffer) for 1 h at RT. Next, the plate is washed and incubated with poly-
HRP streptavidin (1:5000 in diluent buffer, Thermo Scientific) for 30 min. 
The plate is finally washed and incubated with the tetramethylbenzidine 
substrate solution (Sigma-Aldrich), and the reaction is stopped with 2 M 
H2SO4. Absorbance of each well is recorded at 450 nm. The absorbance of 
the standard sample can be used to construct a standard curve.

 3. Intracellular IL-2 and IFN-γ staining: GFP+ CD4 T cells are treated and 
grouped as described earlier in the presence of 2 μM GolgiStop (BD 
Biosciences) for 6–8 h. Cells are then stained with surface marker using 
PerCP-Cy5.5-CD4 antibody for 15 min on ice and permeabilized with 
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Cytofix/Cytoperm (BD Biosciences) for 30 min on ice. Permeabilized cells 
are resuspended in BD Perm/Wash buffer (BD) and stained with APC-anti-
IFN-γ or APC-anti-IL-2 antibody for 20 min. Samples are run on a BD 
LSRII flow cytometer and analyzed by BD FACSDiva software.

8.3.5  niR Light COntROL Of CaLCium signaLing In VItro and In VIVo

The lanthanide-doped upconversion nanoparticles (UCNPs) act as nanotransduc-
ers to convert tissue-penetrable near-infrared (NIR) light into visible light emission 
[11,13,38,39]. The UCNP has a sharp emission peak centered at 470 nm, which 
is suitable for Opto-CRAC photoactivation [19]. A Strep-tag was introduced into 
the second extracellular loop of ORAI1 channel without compromising its func-
tion to enrich streptavidin-conjugated UCNPs (UCNPs-Stv) to increase the speci-
ficity and efficiency of photoconversion. Next, HeLa cells are transfected with 
Opto-CRAC, mCherry-ORAI1Strep-tag, and GCaMP6s-CAAX or GFP-NFAT using 
Lipofectamine 3000 and incubated with UCNPs-Stv (20 mg) prior to imaging. NIR 
light (980 nm, 15 mW/mm2) stimulation was shown to induce both calcium influx 
(Figure 8.3e) and NFAT nuclear translocation (Figure 8.3f). The next step is to test 
the NIR  light-triggered activation of the Opto-CRAC system in mouse. The mouse 
in vivo bioluminescence imaging is a quick and simple way to test the Opto-CRAC 
system. Engineered HeLa cells described earlier are transfected with NFAT-Luc, 
 Opto-CRAC, and ORAIStrep-tag. At 48 h post-transfection, cells are dissociated with 
trypsin, resuspended at a concentration of 2.5 × 106 per mL in DMEM medium, and 
subcutaneously injected into the upper thigh of mice after mixing with 1 μM PMA 
and 10 mg UCNPs-Stv. The implanted regions are subjected to NIR light stimula-
tion with a 980 nm CW laser (50 mW/mm2, 30 s every 1 min for a total of 25 min) 
during anesthesia using ketamine/xylazine (100, 10 mg/kg, i.v.). Five hours later, 
the implanted area is injected with d-luciferin (i.v., 100 μL, 15 mg/mL in PBS) and 
with the bioluminescence signals acquired with an IVIS-100 in vivo imaging system 
(2 min exposure; binning = 8) 20 min later [19].

8.4  CONCLUSIONS

The development of Opto-CRAC tools enables remote and convenient manipulation 
of intracellular calcium signals in non-excitable cells at an unprecedented spatio-
temporal resolution. Most notably, in conjunction with upconversion nanotransduc-
ers [11,13,38,39], we are able to shift light-harvesting window to the NIR region 
where deep tissue penetration and cordless stimulation without the use of optical 
fibers are feasible. UCNPs can be readily customized and broadly applied to acti-
vate other existing optogenetic tools in chemical biology (e.g., ChR, light–oxygen–
voltage domain 2 [LOV2], and cryptochrome 2 [CRY2]–based light switches) that 
are dependent on visible light–absorbing cofactors [14,40,41]. We anticipate that 
the broad adaptability of our engineering approach will open new opportunities to 
achieve noninvasive deep tissue optogenetic immunomodulation, as well as to be 
utilized in the interrogation of other light-controllable Ca2+-dependent biological 
processes that are inaccessible by existing approaches (Figure 8.4).
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9 Regulation of Orai/STIM 
Channels by pH

Albert S. Yu, Zhichao Yue, Jianlin Feng, and Lixia Yue

9.1  INTRODUCTION

Ca2+ signaling is crucial in a variety of physiological/pathological processes asso-
ciated with acidosis and alkalosis. In particular, capacitive Ca2+ entry [1] through 
the Ca2+ release–activated Ca2+ (CRAC) channels [2] plays an essential role in 
mediating intracellular and extracellular acidification and alkalinization–induced 
functional changes. Physiologically, intracellular alkalinization is associated with 
various physiological functions such as activity-dependent membrane depolariza-
tion [3], oocyte maturation [4], oocyte fertilization, sperm activation [5–7], mast 
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cell degranulation [8], smooth muscle contraction [9], and growth factor–induced 
cell proliferation, differentiation, migration, and chemotaxis [10] (Figure  9.1). 
Pathologically, intracellular alkalinization is a hallmark of malignant cells asso-
ciated with tumor progression [11,12], whereas acidic intracellular pH (pHi) has 
been shown to promote apoptosis [13]. Additionally, extracellular acidosis is 
another hallmark of tumor progression [11,12], and also a major cause of immu-
nodeficiency in clinical acidosis due to impaired lymphocyte proliferation and 
cytotoxicity [14]. Furthermore, extracellular low pH, which occurs under injury 
and ischemic conditions, inhibits a number of cellular responses, including cyto-
solic- and membrane-associated enzyme activities as well as ion transport and ion 
channel activities [14].

Like many other ion channels, native ICRAC is inhibited by acidic but potenti-
ated by basic extracellular or intracellular solutions in various cell types includ-
ing macrophages [15], Jurkat T-lymphocytes [16], SH-SY5Y neuroblastoma cells 
[17], and smooth muscle cells [18]. Moreover, it has been shown that intracellular 
alkalinization–induced increase in intracellular Ca2+ is essential for platelet aggregation 
in response to thrombin [19]. Similarly, extracellular acidosis–induced inhibition, 
as well as alkalosis-induced stimulation of platelet aggregation, is mediated by 
changes in store-operated Ca2+ entry [20]. Furthermore, store-operated Ca2+ entry 
was suggested to mediate intracellular alkalinization in neutrophils [21], and a vari-
ety of growth factors have been demonstrated to induce cytosolic alkalinization 
together with Ca2+ entry [8]. Given the essential role of ICRAC in acidosis- and alka-
losis-associated physiological and pathological processes, there is a great interest 
in understanding the molecular basis of CRAC channel regulation by intracellular 
and extracellular pH.

The discovery of the molecular basis of ICRAC and its gating mechanisms [22–29] 
provides a great opportunity to investigate the molecular basis of pH regulation of 
ICRAC. CRAC channel activity can be influenced by alterations of either the coupling 
of Orai and STIM subunits or biophysical properties of the pore-forming Orai subunit. 
Thus, pH regulation of ICRAC can be mediated by influencing this coupling process 
and/or by changing the biophysical characteristics of the pore-forming Orai subunits. 
Using Ca2+ imaging techniques, a previous study suggested that cytosolic alkaliniza-
tion may lead to store depletion and therefore activate Orai1/STIM1 channels [30], 
whereas several other studies demonstrated that cytosolic alkalinization–induced 
Ca2+ release is not always related to Ca2+ entry [31–33]. Moreover, intracellular low 
pH caused by oxidative stress may result in uncoupling of Orai1 and STIM1, thereby 
inhibiting CRAC currents [34]. Recent studies have focused on using heterologously 
expressed Orai/STIM channels to fully understand how these channels are regulated 
by high and low internal and external pH, as well as the molecular basis of pH regula-
tion of Orai/STIM [35–37].

This chapter summarizes recent advances in our understanding of pH regulation 
of ICRAC by focusing on how Orai/STIM channels are regulated by pH and the poten-
tial molecular basis of pH regulation. We summarize the essential methods required 
to investigate the influence of pH on Orai/STIM channel function as well as molec-
ular mechanisms of pH regulation and highlight future directions in this exciting 
research field.
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9.2  BASIC METHODS

9.2.1  Cell Culture and transfeCtion

HEK-293 cells are cultured in DMEM/F12 medium supplemented with 10% FBS, 
penicillin, and streptomycin at 37°C in a humidity-controlled incubator with 5% CO2. 
Cells are transiently transfected with wild-type (WT) Orai channels or its mutants and 
WT STIM1 using Lipofectamine 2000 (Invitrogen). 5 μL Lipofectamine 2000 is used 
for transfection of cells in a 35 mm culture dish. The GFP-containing pEGFP vector 
is transfected as a mock control. Successfully transfected cells can be identified by 
their green fluorescence when illuminated at 488 nm (eGFP excitation 488 nm, emis-
sion 510 nm). We cotransfected Orai1 (Addgene #12199), Orai2 (Addgene #16369), 
or Orai3 (Addgene #16370) together with STIM1 (Addgene #19754). After 24–36 h of 
transfection, Orai/STIM channel currents can be recorded using patch-clamp technique 
at room temperature (20°C–25°C).

Native ICRAC can be readily recorded from various cell types including rat baso-
philic leukemia cells (RBL-2H3) [23]. RBL-2H3 cells are cultured using conditions 
similar to those of culturing HEK-293 cells.

9.2.2  site-direCted Mutagenesis of orai

Mutations at selected residues can be generated using site-directed mutagenesis. 
QuikChange™ Site-Directed Mutagenesis Kit (Agilent) is used for single, double, 
or triple mutations if the residues are close to each other [37–40]. If the amino acid 
residues to be mutagenized are distant from each other, one mutation can be gen-
erated first, and the mutant construct can serve as a template for the second and 
third mutations. All mutant constructs are sequenced to confirm that the mutagenized 
sequence has been generated and that there are no unexpected mutations introduced. 
We generated 6 mutations of Orai1 for investigating extracellular pH sensitivity, and 
11 mutations for evaluating intracellular pH sensitivity [37].

9.2.3  orai/stiM Current reCording by PatCh-ClaMP eleCtroPhysiology

Orai/STIM currents can be recorded using patch-clamp methods (see Chapter 1). 
We use conventional whole-cell patch-clamp, an Axopatch 200B amplifier, Digidata 
1320A, and pClamp9 software (Molecular Devices) for data acquisition and analy-
sis. Data are usually digitized at 10 or 20 kHz and digitally filtered off-line at 1 kHz. 
Patch electrodes are pulled using P-97 (Sutter Instrument) puller from borosilicate 
glass capillaries and fire-polished to a resistance of 2–4 MΩ when filled with internal 
solutions. Series resistance (RS) is compensated up to 90% to reduce RS errors to 
<5 mV. Cells with RS < 10 MΩ are used for analysis [41].

9.2.4  Ca2+ iMaging

Since Orai/STIM channels are highly Ca2+ selective, regulation of channel activity can 
also be evaluated by directly measuring Ca2+ influx. We use ratiometric calcium imaging 
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to detect changes of intracellular Ca2+ concentration (see Chapters 1 and 16). Cells 
plated on 25 mm glass coverslips are loaded with 5 μM Fura-2/AM (Molecular Probes) 
for 45 min. Unincorporated dye is washed away using a HEPES-buffered saline solution 
(HBSS) containing (in mM) 1.2 MgCl2, 1.3 CaCl2, 1.2 KH2PO4, 4.7 KCl, 140 NaCl, 
20 HEPES, and 10 glucose (pH 7.4). Changes in intracellular Ca2+ concentration can 
be monitored as changes of the ratio of fluorescence intensity at emission wavelength 
510 nm and excitation wavelengths at 340 and 380 nm. Alternating the excitation wave-
lengths between 340 and 380 nm can be achieved using DG4 (Sutter), and fluorescence 
signals are acquired using CoolSNAP HQ2 (Photometrics). Data are analyzed off-line 
using NIS-Elements (Nikon). Changes in cytosolic Ca2+ concentration can be calculated 
using NIS-Elements. We also use 1 μM ionomycin as an internal control to monitor dye 
loading variability among different experimental groups. Changes of F340/380 induced 
by various experimental manipulations are normalized to F340/F380 elicited by 1 μM 
ionomycin as previously reported [42].

9.2.5  MeasureMent of Changes in intraCellular ph 
by ratioMetriC phi iMaging

Several ion channels are not only modulated by protons but also permeable to these 
ions at acidic external pH, which may cause changes in intracellular pH [43,44]. 
Intracellular pH changes can be monitored by ratiometric pH imaging [45,46] 
using membrane-permeable pH indicators, such as 2′,7′-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein (BCECF/AM), or the genetically encoded ratiometric 
pH indicator SypHer, as demonstrated in recent studies [47,48]. For BCECF/AM, 
the ratio of fluorescence intensity detected at 535 nm when BCECF is excited at 
490 versus 440 nm is used for calculation of intracellular pH. For calibration, cells 
are loaded with 0.5–0.8 μM BCECF/AM (Molecular Probes) at 37°C for 30 min. 
Excitation spectra of free and protonated BCECF can be determined in HEK-293 
cells equilibrated in a high K+ solution containing 128 mM KCl, 10 mM NaCl, 1 mM 
MgCl2, 1 mM CaCl2, 10 mM glucose, 0.2% (w/v) bovine serum albumin, and 10 mm 
HEPES, supplemented with nigericin and monensin (10 μM each) and pH adjusted 
to 9.0 or 4.0, respectively [45]. The relative concentrations of free and protonated 
BCECF in the probe are calculated by multivariate linear regression analysis [49] to 
analyze the spectral properties of experimental data with stored spectra of the free 
and protonated indicator. Experimental data can then be converted to pHi from the 
equation pHi = 6.97 – log([BCECF-H]/[BCECF–]) [45].

9.3  REGULATION OF ORAI/STIM CHANNEL 
BY INTERNAL AND EXTERNAL pH

Many ion channels and transporters are modulated by changes of internal and exter-
nal pH. Patch-clamp electrophysiology is a commonly used method to evaluate the 
pH regulation of ion channel activities, whereas mutation of the presumptive amino 
acid residues responsible for pH sensitivity is an effective approach to understand the 
molecular mechanisms of pH regulation.
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9.3.1  influenCe of Changes of internal and external ph 
on orai/stiM Channel aCtivation

A unique feature of Orai/STIM channels is that the activation of these channels 
involves coupling of Orai and STIM proteins. To determine if activation of Orai/
STIM channels is influenced by pH changes, perforated patch recording can be per-
formed in order to maintain the integrity of intracellular contents. We used pipette 
solutions containing 145 mM Cs-methanesulfonate (CsSO3CH3), 8 NaCl, 3 MgCl2, 
10 EGTA, and 10 HEPES (pH adjusted to 7.4 with CsOH) and the antibiotic nystatin 
(180 μg/mL) for this recording configuration. Increases of cytoplasmic pH can be 
achieved by superfusing the cells with 30 mM NH4Cl added to Tyrode’s buffer [37]. 
We found that changes of either intracellular or extracellular pH can regulate but not 
activate Orai/STIM channels [37].

9.3.2  orai/stiM Channel regulation by external Protons

The native ICRAC is inhibited by extracellular low pH in macrophages [15]. To test 
pH effects on Orai/STIM channels heterologously expressed in HEK-293 cells, 
we passively depleted the calcium stores to activate Orai/STIM using pipette solu-
tions with free Ca2+ concentration chelated to subnanomolar levels (calculated with 
MaxChelator software http://web.stanford.edu/~cpatton/webmaxcS.htm). We used 
divalent-free (DVF) solution at various pH values as the extracellular solution. 
The internal pipette solution for whole-cell current recordings contained 145 mM 
Cs-methanesulfonate (CsSO3CH3), 8 mM NaCl, 10 EGTA, and 20 HEPES, with pH 
7.2 adjusted with CsOH. MgCl2 (3 mM) was included in the pipette solution to block 
endogenous TRPM7 currents present in the HEK-293 cells or other cell types [50]. 
The standard extracellular Tyrode’s buffer for whole-cell recordings contained (mM) 
145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose; pH was adjusted to 
7.4 with NaOH. For altering the pH, HEPES, MES (2-(N-morpholino)ethanesulfonic 
acid) and citric acid, and Tris can be used as the pH buffer for solutions at pH 6–8, 
pH < 6.0, and pH > 8.0, respectively. We used HCl and 5 mM MES for acidic extra-
cellular solutions and N-methyl-d-glucamine (NMDG) for basic extracellular solu-
tions. Divalent-free external solution contained (mM) 145 Na-SO3CH3, 20 HEPES, 5 
EGTA, 2 EDTA, and 10 glucose, with free [Ca2+] ≤ 1 nM and free [Mg2+] ≈ 10 nM 
estimated at pH 7.4. When higher Ca2+ concentrations are required in the external 
solution, Na+ concentration is reduced accordingly to keep the same osmolality. For 
extracellular acidic solutions, pH was adjusted with citric acid and MES, and for 
alkaline solutions, NMDG was used in order to maintain the same monovalent cation 
concentrations [51]. NMDG used for adjusting pH in solutions did not significantly 
influence Orai1/STIM1 current amplitudes by itself [37].

Orai/STIM channels can be activated by active or passive store depletion 
(Chapter 1). We activated the channels by passive store deletion after the pipette solu-
tion diffused into the cells. Moreover, we used DVF external solution since Na+-
carried CRAC current is larger than the Ca2+ current in normal Tyrode’s [23]. ICRAC is 
elicited by a command voltage ramp ranging from −120 to +100 mV of 200 ms dura-
tion. Inward current amplitude was used to evaluate the effects of various external 

http://web.stanford.edu
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pH solutions on Orai/STIM channel activity. NMDG can be used to monitor leak 
current when switching between various external solutions. Since the effect of pH on 
these channels is reversible, ICRAC in one cell can be used to test the effects of vari-
ous external pH solutions to avoid current amplitude variations among cells [37]. A 
complete recovery after each pH stimulation can be observed by superfusing the cells 
with normal Tyrode’s solution at pHo 7.4 (Figure 9.3).

For both native ICRAC and overexpressed Orai/STIM, acidic pH inhibited whereas 
basic pH potentiated the current amplitude [35–37]. The effects of external protons 
on Orai1/STIM1, Orai2/STIM1, and Orai3/STIM1 are similar [37] and also similar 
to their effects on ICRAC in RBL-2H3 cells. Moreover, ICRAC arising from overexpres-
sion of different Orai isoforms with STIM2 also showed a similar response to exter-
nal protons [36].

9.3.3  regulation of orai/stiM Channel aCtivity by internal Protons

The effects of intracellular pH (pHi) can be tested by fixing pipette solutions at vari-
ous pH. Acidic pHi can be adjusted with citrate and MES, and basic pHi can be 
adjusted with CsOH [37]. Alternatively, internal pH changes can be achieved by 
superfusing the cells with ammonium [50,52]. For current recording under various 
pHi conditions, normal Tyrode’s or DVF solution can be used as the external solu-
tion. We used passive store depletion by including high concentrations of Ca2+ chela-
tor in the pipette solution to activate ICRAC and used DVF as the external solution to 
obtain larger ICRAC currents [1]. At acidic pHi, ICRAC amplitude recorded from overex-
pression of Orai1/STIM1 is significantly smaller than that at neutral pHi 7.2; whereas 
at basic pHi, ICRAC current amplitude of Orai1/STIM1 is much larger than at neutral 
pHi 7.2. The increased channel activity at basic pHi supports the notion that CRAC 
channel–mediated Ca2+ signaling may play a crucial role in various physiological 
functions (Figure 9.1) including alkalinization associated with oocyte maturation and 
fertilization [6,53–55] as well as mast cell degranulation [8].

The effects of internal pH on Orai/STIM channel activity can also be assessed by 
the Ca2+ imaging approach, as conventional patch-clamp can only test one pHi value 
in a cell. Store depletion can be induced by thapsigargin, a SERCA pump inhibitor 
[1,23]. After store depletion and activation of Orai/STIM channels, increases of intra-
cellular pH can be achieved by adding different concentrations of NH4Cl [50,52], 
whereas acidic pHi can be produced by adding NaHCO3 [56]. The concentrations of 
NH4Cl or NaHCO3 required for a specific pHi can be defined from ratiometric pH 
imaging [45,46].

9.3.4  evaluation of Proton PerMeation

For Ca2+-permeable channels, external protons not only modulate ion channel activ-
ity or channel gating but also become permeant cations for some ion channels, such 
as TRPM7 [44,57,58] and TRPV1 [45]. Proton permeation can be determined by 
electrophysiology or measurement of intracellular pH. To determine if protons are 
permeant cations by patch-clamp, Na+ and K+ cations in the external solution can 
be replaced with NMDG and the concentration of protons systematically altered. 
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For TRPM7, the channel activity is potentiated by external protons [57–59], and the 
channel becomes permeable to protons at acidic pHo. A noticeable proton current 
(~200 pA) through TRPM7 channels can be readily recorded at pHo 4.0 [57,59]. 
Proton permeation can also be determined by measuring intracellular pH changes. 
Proton permeation through TRPV1 leads to cellular acidification at pHo 5.5 [45]. 
TRPM2 was also suggested to be permeable to protons based on the altered I–V shape 
[60]. Orai/STIM channel permeability to protons is yet to be determined.

9.4  MOLECULAR MECHANISMS OF pH SENSITIVITY

Protons can regulate ion channel activities by changing channel permeation proper-
ties or gating properties. For Orai/STIM channels, channel gating is governed by 
coupling of Orai and STIM proteins [23]. Since changes of pH cannot activate Orai/
STIM without store depletion, we reasoned that it is unlikely that protons regulate 
coupling of Orai and STIM proteins [35–37]. Therefore, we focused on how intracel-
lular and extracellular protons regulate Orai/STIM channel activity through altering 
the function of the pore-forming Orai subunits.

9.4.1  Key aMino aCid residues resPonsible for 
extraCellular ph sensitivity

To understand the mechanism by which external protons regulate Orai/STIM chan-
nel activities, mutations of candidate amino acid residues were generated by site-
directed mutagenesis. We chose the negatively charged residues in the outer mouth 
of the pore (D110, D112, and D114) as well as the residues along the channel pore 
(E106 and E190) (Figure 9.2) and neutralized those residues to evaluate their sensi-
tivity to extracellular protons. Among the residues proposed for external pH sensitiv-
ity, E106, D110, and E190 are conserved in Orai1, Orai2, and Orai3, albeit D110 
in Orai1 is replaced by E110 in Orai2 and Orai3 (Figure 9.2). The residues D112 
and D114 of Orai1, however, are replaced with neutral residues Q112 and Q114 in 
Orai2 but are conserved as negatively charged residues in Orai3 with D112 and E114 
(Figure 9.2). In addition to neutralizing the negatively charged residues, we also 
generated mutants E106D and E190D that preserved charge, given that the length of 
the side chain of the residues may also contribute to altered channel activity. Mutants 
of Orai1 were then coexpressed with STIM1 for evaluation of channel activity by 
patch-clamp. The mutants and the oligo primers used for mutagenesis are listed in 
Table 9.1.

To compare the pH sensitivity of WT Orai1/STIM1 to mutant channels, dose–
response curves can be constructed by measuring the Orai/STIM current amplitude 
for every pHo. The dose–response curve can be fitted with the Boltzmann equation 
to obtain the proton concentration required for inducing 50% of maximal response, 
EC50 (or IC50) or pKa (Figure 9.3). A shift of dose–response curves and changes 
of pKa indicate altered pH sensitivity [37]. Using dose–response curves to evaluate 
changes of pH sensitivity allows evaluation of both the potency and efficacy of pro-
tons in Orai/STIM channels.
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Using monovalent cations as charge carriers is a common approach to study pH 
effects on different ion channels, including Ca2+-selective ion channels [44,61–67]. 
Interestingly, for Orai/STIM channels, the pHo sensitivity is determined by E190 
when Na+ is the charge carrier but by E106 when Ca2+ is the charge carrier [37]. 
Mutants D110N and D112N/D114N produced minor changes in potentiation of cur-
rent amplitude at very high pHo but did not change pKa or shift proton dose–response 
curves.

9.4.2  MoleCular basis of intraCellular ph 
sensitivity of orai/stiM Channels

To identify the amino acid residues responsible for intracellular pH sensitivity of 
Orai1/STIM1 channels, we made a series of mutations at the N- and C-termini and at 
the loop between TM2 and TM3 of Orai1 (Figure 9.2). We chose titratable residues 
such as histidine and glutamic acid, as well as cysteine residues, which have been 
shown to be involved in internal pH sensing in other channels [68–70], and generated 
10 single or double mutants by neutralizing positive or negative charges.

Since the effects of intracellular pH can only be tested one value at a time, an ini-
tial screening of the mutants responsible for altered pHi sensitivity can be performed 
by using a high and a low pH stimulation. For example, pHi 9.0 and 5.5 can induce 
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FIGURE 9.2 Mutations of intracellular and extracellular residues and pH sensitivity. (a) 
Schematic diagram of the pore-forming subunit Orai1. (b) Alignment of the first transmem-
brane domain (S1) and the extracellular TM1–TM2 loop of Orai1, Orai2, and Orai3. The 
residues highlighted in red are the mutagenized residues. Note that the negatively charged 
D112 and D114 of Orai1 are replaced by neutral glutamines in Orai2 but conserved in Orai3. 
(Modified from Tsujikawa, H. et al., Sci. Rep., 5, 16747, 2015.)
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maximal potentiation and inhibition of Orai/STIM channel activities, respectively. 
The effects of pHi 9.0 and pHi 5.5 on different mutants were compared to those of 
WT Orai/STIM channels, and the mutants that showed altered pH response were fur-
ther analyzed by testing concentration-dependent effects using additional pH  values. 
pKa can be obtained by analyzing concentration-dependent effects of protons on the 

FIGURE 9.3 Regulation of Orai/STIM channel activity by internal and external pH. (a) 
Representative recordings of Orai/STIM current at pHo 5.5, 7.4, and 8.2. (b) Concentration-
dependent effects of external pH on WT Orai/STIM channels. Note that the effect of external 
pH is reversible. (c) Dose–response curves of WT and E190D mutant. The noticeable shift of 
dose–response curve and significant difference of pKa between WT and E190D suggest that 
E190 is responsible for external pH sensitivity. (d) Dose–response curves for WT and H155F 
mutant. H155F significantly shifted the dose–response curve to the left and pKa from 8.43 to 
6.73, indicating that H155 is the intracellular pH sensor of Orai/STIM channels. (Modified 
from Tsujikawa, H. et al., Sci. Rep., 5, 16747, 2015.)
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mutant channels. Among all the mutants tested, H115 appears to be the residue gov-
erning internal pH regulation of Orai1/STIM1 channel activities.

9.5  FUNCTIONAL ASSESSMENT OF pH REGULATION 
OF ORAI/STIM CHANNELS

ICRAC is involved in various physiological/pathological functions. An increase in 
ICRAC is associated with various cellular functions and can easily be detected. For 
example, the increase of ICRAC by alkalinization can lead to mast cell release of his-
tamine, which is readily measureable [8]. Mast cells can be isolated from peritoneal 
cavities of rats [71] or mice and purified using isotonic Percoll centrifugation at 
400×g for ~10 min. Purified mast cells are then maintained in a cell culture incuba-
tor. NH4Cl is used for inducing cellular alkalinization. After 10 min incubation with 
NH4Cl, supernatants of cell culture are collected for the histamine release assay. 
Since histamine may not be completely released from cells into the supernatant, mast 
cells can also be collected for residual histamine measurement. Histamine concentra-
tions can be determined using commercially available ELISA-based histamine kits 
or the conventional histamine assay method [72].

9.6  SUMMARY AND FUTURE RESEARCH DIRECTIONS

As a major Ca2+ channel in many non-excitable cell types, the CRAC channel plays 
a pivotal role in various physiological functions [23]. In acidosis and alkalosis, ICRAC 
is likely a major mediator of Ca2+ signaling in several pathophysiological processes 
[11–13]. For example, the increased ICRAC by cytosolic alkalinization may contribute 
to tumor progression [11,12], whereas reduced ICRAC in acidosis may cause impaired 
lymphocyte functions thereby leading to immunodeficiency associated with clinical 
acidosis [14]. Therefore, understanding the molecular basis of pH regulation on Orai/
STIM channels may provide important information for identifying pharmacological 
tools to modulate Orai/STIM channel activity under acidic and basic pH conditions. 
Although we find that internal and external protons modulate Orai/STIM channel 
activities after the channels are activated, a thorough investigation of pH influence 
on the coupling of Orai and STIM subunits and channel gating is necessary to fully 
understand how the activation process of Orai1/STIM is influenced by pH changes. 
Furthermore, the results of pH regulation of Orai/STIM channels point toward the 
importance of exploring the therapeutic potential of manipulating ICRAC in reverting 
or preventing pathological consequences of acidosis and alkalosis, such as immuno-
deficiency and tumor progression.
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10.1  INTRODUCTION

The discovery of stromal interaction molecules (STIM), STIM1 and STIM2, as sig-
naling elements that govern Ca2+ entry by reversibly bridging the intermembrane 
gap between the cortical endoplasmic reticulum (ER) and plasma membrane (PM) 
has resulted in a considerable gain in knowledge of the molecular mechanisms 
underlying ER–PM junctional communication. Progress in understanding the struc-
tural basis of the Ca2+ entry pathway mediated by coupling of STIM1 to the PM Ca2+ 
channel Orai is paralleled by rapidly accumulating information on STIM-associated 
signaling events and on alternative (non-Orai) or auxiliary interaction partners of 
STIM (see Chapters 3 and 10). The highly divergent target molecules of STIMs 
reside within as well as outside of junctional ER structures and include cation chan-
nel effectors as well as junctional regulators and scaffolds. The signaling function 
of STIM embraces not only ER luminal Ca2+ sensing and the regulation of Ca2+ 
handling proteins but also dynamic architectural ER remodeling. Here we aim to 
provide an outline of the emerging picture of STIM proteins as multifunctional and 
highly versatile ER-resident molecular switches involved in cellular Ca2+ homeo-
stasis and beyond.

10.2  ER–PM Ca2+ SIGNALING BY STIM

When two decades ago a gene associated with childhood malignancies was cloned 
[1] and independently identified to encode a stromal surface molecule, which rec-
ognizes B cell precursors and affects their survival/proliferation [2], a more general 
role of this gene in immune responses was already anticipated, while its involve-
ment in Ca2+ handling was initially not suspected. In fact, this gene product, desig-
nated as stromal interaction molecule1 (STIM1), as well as its homologue STIM2 
[3] represents a single pass (type 1) transmembrane protein that has more recently 
been recognized as a highly dynamic ER-resident molecular switch involved in a 
prominent process of immune cell Ca2+ signaling termed “capacitative” or “store-
operated Ca2+ entry” (SOCE) (see Chapter 3) [4]. The history and a state-of-the-art 
overview of this aspect are provided in Chapters 2 and 16. The groundbreaking 
discovery of the role of STIM and Orai molecules in immune cell Ca2+ handling and 
pathophysiology [4–6] was undoubtedly a key step toward understanding the SOCE 
phenomenon as well as its electrophysiological representation, originally termed 
Ca2+ release-activated Ca2+ (CRAC) current (see Chapter 1) [7]. This fundamental 
insight into a ubiquitously expressed Ca2+ signaling process included the recogni-
tion of STIM1 and its homologue STIM2 as ER Ca2+ sensors, which are able to 
communicate the ER Ca2+ level to PM Ca2+ channels [8]. Moreover, this concept 
was further refined by the demonstration of STIM1 being able to bridge the ER 
and PM by a mechanism involving physical contact with the channel protein Orai1 
[9,10]. These findings have considerably advanced our understanding of junctional 
ER communication with the PM and other organelles. The direct molecular recogni-
tion of PM-resident molecules by cytosolic C-terminal structures in active STIM1 
oligomers has been shown by classical biochemical methods and FRET microscopy 
(see Chapter 7).
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The sequence of events in STIM-mediated information transfer to the PM starts with 
the dissociation of luminal Ca2+ from the N-terminal EF hand-SAM domain where Ca2+ 
is bound to a canonical EF hand motif with an affinity of roughly 200–600 μM [11,12]. 
A drop of ER Ca2+ levels that leads to the dissociation of Ca2+ from this EF hand triggers 
structural destabilization and rearrangement in the luminal N-terminus to promote the 
rapid oligomerization and activation of STIM into a configuration in which the cytoplas-
mic C-terminus adopts an extended conformation exposing structures (i.e., STIM–Orai 
activating region—SOAR; Orai activating small fragment—OASF) for binding to cyto-
plasmic Orai domains. STIM oligomers that display an extended C-terminal conforma-
tion and enter nanojunctional ER–PM contact sites by lateral diffusion become trapped 
by their physical interaction with junctional Orai complexes [13].

In addition to this coupling to and gating of Orai complexes, which initiates highly 
selective Ca2+ entry, STIM was found to recognize an array of non-Orai interaction 
partners. Some of these molecules, like members of the 6-transmembrane domain 
family of transient receptor potential canonical (TRPC) channels, appear as signaling 
effectors in alternative mechanisms of junctional Ca2+ signaling [14,15], and others 
like the ER protein SOCE-associated regulatory factor (SARAF) participate in and 
modulate the STIM–Orai gating machinery (see Chapter 4) [16].

Importantly, the membrane-bridging function of STIM involves not only protein 
but also membrane lipid recognition and binding. Moreover, cytoskeletal interac-
tions of STIM, in terms of a microtubule plus-end tracking protein (TIP), which 
prevail in its resting Ca2+-bound form, were found to be crucial for STIM-dependent 
ER structural dynamics [17]. Although, STIM coupling to microtubules appears 
nonessential for its primary function in Orai gating, the additional role of STIM in 
microtubule-growth-dependent dynamics of the cortical ER architecture is likely to 
have an impact in a more general manner on junctional nanospace Ca2+ signaling. It 
is unclear so far if only a single type of STIM signaling-competent junction exists 
or if STIM serves multiple signaling functions within a more heterogeneous set of 
ER–PM nanojunctions.

In this chapter we aim to provide an overview of non-Orai–STIM interaction part-
ners, covering SOCE modulators, alternative effectors, and scaffolds with an outline 
of the experimental evidence and details of their physical integration into STIM sig-
nal complexes, as well as a discussion of the (patho)physiological significance of 
these interactions.

10.3  MOLECULAR RECOGNITION OF NON-ORAI 
SIGNALING MOLECULES BY STIM

Structural motifs that confer the principal functions of STIM1 and STIM2 in SOCE 
have been clearly delineated, and, more recently, high-resolution structural infor-
mation has been obtained for parts of STIM–Orai coupling domains [18,19]. The 
structure–function relations for luminal Ca2+ binding, autoregulatory oligomeriza-
tion, and cytoplasmic binding to and gating of Orai are discussed in detail elsewhere 
in this book (Chapters 2 and 3). A graphical representation of interactions and mol-
ecules that represent potentially Orai-independent effectors of STIMs is provided in 
Figure 10.1. Nonetheless, these interaction sites inevitably overlap with the classical 
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STIM–Orai coupling machinery and, thus, a strict separation of signaling pathways 
is barely feasible. A typical example is the lysine-rich (polybasic) C-terminal tail of 
STIM (K-domain), which is critical for STIM–Orai communication and has early on 
been recognized as a PM targeting motif interacting with PM anionic phospholipids 
[20]. Lipid recognition and ER–PM bridging via the STIM K-domain  represents 
a potential mechanism of nanojunctional scaffolding. Moreover, this motif inter-
acts with negatively charged residues in TRPC proteins and may be essential for 
Orai-independent signaling events. Hence, this region of STIM is a paradigm for 
multifunctionality and likely to serve interdependent signaling mechanisms. In this 
section, we outline current knowledge on molecular recognition by STIM along with 
available structural information on these interactions. Potential signaling partners of 
STIM for which functional but not direct physical coupling has been demonstrated 
are also discussed.

10.3.1  NoN-orai PM Ca2+ TraNsPorT MoleCules as sTiM effeCTors

10.3.1.1  TRPC Channels
When STIM1 and Orai were discovered as the essential molecular components 
of SOCE [21], TRPC proteins had already been extensively characterized as Ca2+ 
entry channels, and a linkage to ER store depletion as well as a role in SOCE had 
repeatedly been proposed for specific tissues [22,23]. While a general store-operated 
mechanism of gating may be excluded for TRPC channels [24], a close relationship 
between some of the members of the canonical TRPC family and SOCE was con-
vincingly demonstrated [25–27] and a rather complex ER–TRPC coupling machin-
ery has been uncovered [28]. TRPC channels, in contrast to Orai, were found subject 
to store-dependent regulation/activation only in specific cellular settings, presumably 
defined by certain stoichiometries within their signaling complexes. The linkage of 
TRPC channels to the ER filling state has been attributed to multiple essential steps, 
including the Ca2+-mediated promotion of surface presentation [29], trafficking and 
targeting into ER–PM junctional domains [30] and co-clustering as well as gating 
competent interaction with STIM1. Therefore, TRPC proteins have been clearly 
identified as signaling partners of STIM–Orai complexes within ER–PM junctions 
and as downstream effector targets of STIM proteins. The best understood TRPC 
molecule in terms of linkage to STIM signaling is TRPC1. As a PM protein erstwhile 
recognized as a potential store-operated channel [25], TRPC1 was more recently 
shown to associate via a PM proximal ezrin–radixin–moesin (ERM) domain includ-
ing the SOAR structure within the STIM C-terminus [31], while gating transition in 
the TRPC channel is triggered by additional electrostatic interactions between lysine 
residues in the distal STIM C-terminus and a conserved set of aspartate residues 
in the TRPC1 C-terminus [32] (Figure 10.1). The interaction between STIM and 
TRPC1 was demonstrated by classical biochemical methods, functional tests, and 
the delineation of co-localization by fluorescence microscopy. Of note, interaction of 
STIM with TRPC1 enables heteromerization with other TRPC proteins, specifically 
TRPC3 [14], and thereby confers STIM regulation to a larger set of TRPC proteins. 
Physical coupling to STIM has more recently been localized to the C-terminal coiled 
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coil domain (CCD) in TRPC molecules, and for TRPC3, TRPC1-mediated activa-
tion by STIM was found to be associated with rearrangements and destabilization in 
N-C-terminal CCD interactions [15]. Together, the current understanding of TRPC 
channel complexes as junctional effectors of STIM and thereby linked to ER Ca2+ 
depletion suggests a highly tissue- and stoichiometry-dependent role in Ca2+ sig-
naling and (patho)physiology. Importantly, communication between Orai and TRPC 
channels is expected to occur due to overlapping interactions with STIM and by 
Ca2+-mediated cross talk in junctional nanodomains. Thus, it appears possible that 
specific TRPC complexes function as either Orai-independent or Orai-dependent 
effectors of STIM signaling [28].

10.3.1.2  Voltage-Gated Ca2+ Channels (CaV)
SOCE and the STIM–Orai pathway has been considered to be of a particular signifi-
cance for non-excitable tissues, which typically lack prominent voltage-gated Ca2+ 
entry pathways (see Chapter 1). Increasing evidence and information on the function 
and cellular role of SOCE in electrically excitable tissues have focused attention on 
the cellular coordination of these fundamental Ca2+ signaling mechanisms. In experi-
ments using the smooth muscle cell line A7r5, STIM was demonstrated to act as an 
inhibitory regulator of CaV1.2 (L-type) Ca2+ channels, which were identified as PM 
effectors of STIM, and therefore as part of Ca2+ handling within STIM competent 
ER–PM contact sites [33]. A population of muscle CaV1.2 channels were found to 
co-localize with Orai in ER–PM junctional regions. These voltage-gated Ca2+ chan-
nels were subject to inhibitory regulation by ER depletion due to interaction with 
STIM, which did not require functional Orai channels or cytoplasmic Ca2+ signals. 
This is an important aspect since the coordination of receptor/store- operated Ca2+ 
entry and voltage-gated Ca2+ entry is highly complex and, specifically in smooth 
muscle, likely to involve also the local Ca2+ modulation of regulatory phosphoryla-
tion. In parallel, the inhibition and physical coupling between STIM1 and CaV1.2 
was convincingly demonstrated in neuronal cells as well as in immune cells. Physical 
coupling and inhibitory regulation was found to involve the association of the 
OASF (CAD) domain with a motif (aa 1809–1908) in the CaV1.2 C-terminus [34] 
(Figure 10.1). Similar to the STIM–TRPC coupling, experimental evidence included 
classical biochemical approaches along with functional tests and co-localization 
analysis by high-resolution fluorescence microscopy (Table 10.1). Importantly, these 
studies suggest STIM as the “master regulator” of a set of Ca2+ transport systems 
within ER–PM nanojunctions to generate spatially restricted and temporally distinct 
Ca2+ signaling events.

10.3.1.3  Plasma Membrane Ca2+ ATPase (PMCA) 
and Na+/Ca2+ Exchanger (NCX)

In addition to the control of Ca2+-permeable cation channels in the PM, STIM mol-
ecules govern the junctional Ca2+ signal by effects on transporters that extrude Ca2+ 
from the junctional space. PMCA was found to accumulate and co-localize with 
STIM–Orai complexes in activated immune cells [35]. This phenomenon is associ-
ated with reduced activity of Ca2+ pumps and was found to result from the interaction 
of PMCA with a STIM complex including a 10 transmembrane segment protein 
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partner of STIM (POST, or TMEM20). POST (see also following text) represents 
a scaffold that interacts with STIM in a store-operated manner and links STIM to 
a series of target proteins within but also outside ER–PM junctional regions [36]. 
Hence, an array of cellular transport molecules are linked to and governed by the 
ER luminal Ca2+ level via STIM. The store-operated inhibition of PMCA is likely to 
prolong and shape junctional Ca2+ signals, and thereby impact the downstream sig-
naling of SOCE. Notably, a key Na+ handling system in the PM, the junctional Na+/
K+ATPase, is also subject to STIM–POST modulation. This mechanism may affect 
junctional Na+ levels and thereby, indirectly another essential Ca2+ transport system, 
the Na+/Ca2+ exchanger (NCX). Experiments in airway smooth muscle  suggest a 
STIM-dependent reverse mode Ca2+ entry via NCX1.3 [37]. It is so far unclear if 
this Ca2+ entry is initiated by complex formation between STIM and the exchanger 
or by a STIM-mediated accumulation of cytoplasmic Na+. STIM-mediated changes 
in  junctional Na+ may be explained by either the inhibition of Na+/K+ATPase or the 
opening of junctional Na+ entry channels of the TRPC family. Collectively, the avail-
able information suggests that STIM is able to control Ca2+ handling in ER–PM junc-
tions by the modulation of multiple Ca2+ entry mechanisms as well as Ca2+ extrusion 
from the junctional space.

10.3.2  er ProTeiNs as regulaTors aNd effeCTors

A divergent array of proteins, primarily resident in the ER membrane, that associate 
with and modulate the function of STIM has been found. Among these interaction 
partners, some have been clearly identified as important regulatory factors of STIM–
Orai signaling, whereas others serve scaffold functions to link STIM to specific 
downstream signaling components of SOCE within the ER–PM junction. Hence, ER 
protein partners of STIM may be considered as regulators of the STIM–Orai pathway 
and/or alternative effectors.

10.3.2.1  SARAF
Although STIM and Orai are considered sufficient to provide the molecular basis of 
the SOCE phenomenon within an ER–PM junctional setting, cell-specific modula-
tory and ancillary components exist, some of which reside within the ER. A single 
transmembrane-spanning ER protein was recently identified as a STIM–Orai com-
plex partner and regulator of the SOCE machinery [38]. The 339 amino acid protein 
was termed SARAF for SOCE-associated regulatory factor and was recognized to 
promote Ca2+-dependent inhibitory regulation (Ca2+-dependent inactivation—CDI) 
of Orai [39]. The cytoplasmic N-terminus of SARAF was subsequently found 
to interact with and occlude the OASF region in STIM to induce an inactivated 
state. This STIM–SARAF association is governed by a short C-terminal inhibi-
tory domain (CTID) in STIM and requires STIM–Orai interaction within a dis-
tinct junctional micro/nano environment involving membrane tethering of the STIM 
C-terminus to anionic lipids via its polybasic tail. Moreover, it was demonstrated 
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that association is favored in PI(4,5)P2-rich domains and the STIM–Orai activation/
inactivation cycle involves transitions of the complex between membrane domains 
of different PI(4,5)P2 levels [16]. Consistently, SARAF binding to STIM was 
found to depend on the presence of the lipid-binding proteins Septin4 and extended 
Synaptotagmin 1 (E-Syt1), a key determinant of junctional stability and architecture 
(see also  succeeding text).

10.3.2.2  STIMATE
The STIM-activating enhancer STIMATE (TMEM110), which emerged initially in 
a genome-wide RNAi screen as a determinant of nuclear factor of activated T cells 
(NFAT) signaling [40], was identified as an ER-resident multipass transmembrane 
protein that promotes SOCE by interacting with STIM [41]. STIMATE was found 
capable of forming oligomers within the ER membrane presumably via a GXXXG 
association motif in the transmembrane region, and fluorescence protease protec-
tion experiments revealed the cytoplasmic localization of both N- and C-termini. 
Localization and interaction analysis by fluorescence microscopy and expression 
of GFP fusion proteins clearly demonstrated co-localization and physical interac-
tion of STIMATE and STIM within the ER of resting cells [41]. Interestingly, 
store-depletion-induced translocation of STIM was not quantitatively joined by 
STIMATE, while total internal reflection fluorescence (TIRF) microscopy uncov-
ered that a fraction of STIMATE was indeed co-localized with STIM at ER–PM 
junctions after store depletion. The overexpression of STIMATE, particularly 
in the presence of exogenous STIM, resulted in the constitutive clustering of 
STIM and activation of Ca2+ entry in the absence of any store-depleting stimulus. 
STIMATE was found to promote ER–PM junction formation. Consistently, STIM 
cluster formation in response to store depletion was promoted with significantly 
larger punctae being formed. Moreover, the physical interaction between STIM 
and STIMATE was demonstrated by both biochemical and fluorescence micro-
scopic methods (Table 10.1). This interaction involves the association of STIMATE 
C-terminal structures with the STIM CC1 domain (aa 233–343), thereby promot-
ing a fully activated/extended state and exposure of SOAR for interaction with 
junctional Orai channels. Hence, STIMATE represents an efficient modulator of 
both ER–PM nanojunctional stability and the efficiency of the STIM–Orai Ca2+ 
signaling machinery.

10.3.2.3  POST
POST (TMEM20) is predominantly expressed in the ER membrane with a minor 
fraction (5%–10%) present in the PM [36]. Unlike SARAF or STIMATE, POST 
forms a complex with STIM upon store depletion without profoundly affecting 
SOCE. POST is a scaffold molecule that associates with Orai in a manner indepen-
dent of the ER Ca2+ content and binds STIM to translocate into ER–PM junctions 
upon cell stimulation. A series of target molecules of STIM–POST complexes have 
been identified. Interestingly, these POST targets reside not only in the PM (Na+/
K+ATPase) and in the ER membrane (SERCA2) but also outside junctional ER 
regions such as the nuclear envelope (importin-beta1, exportin-1). POST has been 
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implicated in the regulation of these targets (as also outlined earlier) and is likely 
to convey ER store-dependent regulation to targets beyond the ER–PM junctional 
region.

10.3.2.4  Junctate
Junctate is an ER membrane protein that is prevalent in ER–PM junctions in a 
Ca2+-bound form and stabilizes the ER–PM junctional interaction [42]. Results 
from affinity purification-mass spectrometry and immunoprecipitation experiments 
demonstrated that junctate is an interacting partner of the Orai1–STIM1 complex. 
Junctate has a Ca2+-binding EF hand domain in the ER lumen that detects the ER 
Ca2+ levels. Mutation in this domain leads to the clustering of STIM1 and elevation 
of cytoplasmic Ca2+ concentration in T cells independently of store depletion. Upon 
store depletion, Orai1 and STIM1 clustered into the ER–PM junctions, whereas the 
localization of junctate was barely altered, suggesting a role of junctate as a structural 
platform to recruit STIM1 into ER–PM junctions. Junctate can recruit STIM1 into 
the ER–PM junction independent of phosphoinositide and Orai1 binding [42,43]. 
Importantly, junctate is a molecule reported to interact also with IP3 receptors and 
TRPC channels, and is therefore potentially involved in the cross talk of STIMs with 
non-Orai alternative Ca2+ signaling mechanisms [44].

10.3.2.5  ORMDL3
Orosomucoid-like 3 (ORMLD3) is an ER membrane-resident protein with both 
N- and C-termini facing the cytosol. ORMDL3 overexpression attenuated the 
CRAC current (ICRAC) and SOCE in Jurkat and HEK293 cells, whereas ORMDL3 
gene silencing increased ICRAC and SOCE. Using confocal microscopy, ORMDL3 
was found to co-localize with STIM1 under basal conditions and move with STIM1 
puncta toward ER–PM junctions upon store depletion although co-immunoprecipi-
tation between ORMDL3 and STIM1 was not detected. Thus, ORMDL3 acts as a 
negative modulator of SOCE [45].

10.3.2.6  ERp57
ERp57 is an ER luminal oxidoreductase involved in ER luminal regulation of STIM1. 
Using a surface plasmon resonance screen and FRET analysis, ERp57 was found to 
interact with the ER luminal domain of STIM1 via two conserved cysteine residues, 
C49 and C56, under resting conditions and store depletion. ERp57-deficient mouse 
embryonic fibroblasts (MEFs) showed enhanced SOCE, suggesting a suppressive 
role of ERp57 toward SOCE [46].

10.3.2.7  Sarco/Endoplasmic Reticulum Ca2+ ATPase (SERCA)
SERCA represents a key downstream target of SOCE in terms of receiving the junc-
tional Ca2+ entered through STIM–Orai channels for privileged refilling of the ER. 
This process requires certain spatial relations between SOCE and SERCA as well 
as a degree of functional coordination. As outlined earlier, this appears in part to be 
achieved by a physical linkage between STIM and SERCA2a via POST.
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10.3.3  CyToPlasMiC JuNCTioNal regulaTors

10.3.3.1  CRACR2A
Calcium release-activated Ca2+ channel regulator 2A (CRACR2A) is a cytoplas-
mic protein with two predicted EF hand motifs that is highly expressed in T cells. 
Using immunoprecipitation-glutathione S-transferase (GST)-pulldown analysis and 
TIRF microscopy, CRACR2A was found to interact directly with Orai1 and STIM1 
to form a ternary complex at low junctional Ca2+ levels. As Ca2+ levels increase at 
ER–PM junctions, CRACR2A binds to Ca2+ and promotes STIM1–Orai1 complex 
dissociation. The knockdown of CRACR2A inhibited STIM1 clustering upon store 
depletion, whereas the overexpression of an EF hand mutant of CRACR2A enhanced 
STIM1 clustering and elevated cytoplasmic Ca2+. Thus, CRACR2A is a key regulator 
of STIM–Orai mediated SOCE [47] (see Chapter 4).

10.3.3.2  Golli
Golli proteins are alternatively spliced isoforms of myelin basic protein (MBP) fam-
ily, located in the cytoplasm. Golli-deficient T cells were found to display enhanced 
Ca2+ influx upon store depletion, whereas its overexpression inhibited SOCE. The 
myristoylation of golli at its N-terminus and association with PM was required for 
this inhibitory effect on SOCE [48]. Using GST pulldown and bimolecular fluo-
rescence complementation assays combined with affinity chromatography and mass 
spectroscopy, golli was found to interact with the C-terminus of STIM1 but not with 
Orai1, modulated by cytosolic Ca2+ concentration. Upon store depletion in HeLa 
cells, golli co-localized with STIM1–Orai1 complexes. The overexpression of golli 
reduced SOCE in HeLa cells, but STIM1 coexpression overcame this inhibition [49]. 
Thus, Ca2+ influx upon store depletion promotes the interaction of golli proteins with 
STIM1–Orai1 complexes to attenuate SOCE.

10.3.4  MiCroTubules

As discussed earlier, STIM1 plays a role in ER structural dynamics and may by this 
mechanism influence pan-junctional Ca2+ signaling. STIM1 binds to the microtubule 
plus-end tracking protein EB1 and forms comet-like accumulations at sites where 
polymerizing microtubule ends come in contact with the ER network. STIM1 over-
expression stimulates ER extension together with the EB1-positive end of a growing 
microtubule whereas the depletion of STIM1 and EB1 decreases ER protrusion [17]. 
Of note, a recent study demonstrated the differential regulation of STIM function in 
cancer cells via microtubule-associated histone deacetylase 6 (HDAC6) in an EB1-
independent manner [43].

10.3.5  MeMbraNe liPid doMaiNs

A specific and intimate molecular interaction partner of STIM is the PM lipid 
bilayer. The key role of PM phospholipids in SOCE was recognized early on [50,51] 
and negatively charged phospholipids, specifically PI(4,5)P2 and PI(3,4,5)P3, were 
found to be essential for PM targeting and puncta formation by STIMs [20,52,53]. 
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The structure responsible for lipid recognition in STIM was clearly identified as 
the polybasic, lysine-rich cluster (K-domain) in its very C-terminus [20,52]. This 
electrostatic mechanism of lipid recognition, which is common to many membrane- 
targeted proteins (e.g., [54]), is an essential step in the STIM–Orai coupling cycle and 
may contribute in part to the diffusion trap mechanism of STIM puncta formation 
within ER–PM junctions [13]. Membrane lipids and their lateral segregation have 
been found to be essential for junctional Ca2+ signaling. The lipid composition within 
junctional domains governs not only membrane bridging and junctional trapping of 
STIM but also recruitment of other scaffolds and structural determinants of ER–PM 
contact sites. Septins represent a family of GTPases able to form higher molecular 
assemblies that bind negatively charged PM lipids [55], thereby creating lateral dif-
fusion barriers to control membrane-delimited signaling events. Specifically, septin 
4 and 5 were identified in an RNAi screen as essential components of SOCE–NFAT 
signaling and subsequently shown to enable the effective regulation of Orai within 
junctional contacts [40]. The interaction of septin filaments with lipids in turn has 
an impact on the membrane distribution of phosphoinositides. Thereby, septins not 
only promote the junctional targeting of Orai and stabilize STIM–Orai interactions 
but also interfere with the recruitment and function of regulators such as SARAF 
[16]. Consequently, membrane phospholipids and lipid- associated scaffolds are 
critically involved in Ca2+-dependent inactivation of Orai (see also previous text). In 
line with the pivotal role of PM phosphoinositides as determinants of STIM–Orai 
signaling, the translocation of Orai between microdomains of different phospholipid 
(PI(4,5)P2) levels has been implicated in the STIM–Orai regulatory cycle. This is 
reminiscent of the suggested dynamic reorganization of non-Orai STIM target chan-
nels within PM lipid rafts [56]. It is important to note the tight linkage between 
SOCE and PM lipid metabolism as well as junctional nanoarchitecture. SOCE 
is typically associated with alterations in PM lipid composition and recruitment 
of extended synaptotagmins (E-Syt1) [35], which is potentially involved in inter-
membrane phospholipid transport and in tethering and stabilizing ER–PM contacts 
with as yet ill-defined consequences. Collectively, phospholipids and phospholipid-
associated scaffolds, along with phospholipid-binding and structural elements of 
ER–PM junctions such as extended synaptotagmins (E-Syt1), provide the platform 
for efficient cellular control of STIM–Orai complexes and potentially for non-
Orai–STIM signaling pathways.

10.4  ER–PM JUNCTIONAL Ca2+ SIGNALING HUB—MOLECULAR 
RECOGNITION MEETS NANOARCHITECTURE

As we learned in the previous sections, STIM is pivotal not only in kick-starting the 
SOCE process by functioning as a luminal Ca2+ detector but also in ensuring efficient 
communication with the actual CRAC channel (Orai). This is accomplished by way 
of a multitude of interactions with other molecular partners both for activation of 
Ca2+ entry upon ER depletion and deactivation thereof upon physiological Ca2+ level 
restoration.

Along with the strict biochemical link between STIM and CRAC channels in 
SOCE, what transpires clearly since the earliest attempts at understanding both 
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extracellular Ca2+ entry in general and within the SOCE mechanism in particular 
is the necessity for the transport of extracellular Ca2+ into the ER lumen to occur 
through PM patches, which are closely apposed with the ER membrane, that is, 
ER–PM junctions [57–59]. This conjecture was compatible with earlier ultrastruc-
tural observations of junctions between the S/ER and the PM in a variety of cell 
systems [60,61].

In the context of SOCE, two key studies by Lewis and colleagues in Jurkat T cells 
[13,62] showed that the STIM puncta, formed around the cell periphery following ER 
Ca2+ release, were localized at ER–PM junctions. Importantly, TIRF (for its ability to 
probe only the subplasmalemmal region) and electron microscopy (for its high reso-
lution) were employed to obtain these observations, which then allowed a quantita-
tive characterization of these junctions. They found that STIM puncta accumulated at 
junctions where the ER membrane ran roughly parallel to the PM at a mean distance 
of about 17 nm. The study also highlighted the dynamic character of these junctions 
in response to Ca2+ store depletion, reporting a mean junctional lateral extension of 
about 150 nm in resting cells and 300 nm in Ca2+-depleted ones. Lastly, these results 
indicated that STIM puncta accumulation could occur at preexisting as well as newly 
formed ER–PM junctions and that these same junctions are the places at which the 
STIM puncta activate CRAC channels.

A more recent and valuable study by the same group based on single molecule 
tracking techniques and particle diffusion analysis in HEK293 cells measured the dra-
matically diminished mobility of both STIM1 and Orai1 down to similar diffusivity 
values following store depletion [13]. They also determined that in stimulated cells 
both proteins appear to become trapped in subplasmalemmal regions whose size is 
compatible with ER–PM junctions, thereby corroborating earlier observations that 
such junctions are pivotal in supporting SOCE and also other forms of junctional 
communication.

From the ultrastructural standpoint, visually and quantitatively stunning confirma-
tion that STIM clusters at ER–PM junctions (in proximity to Orai) after store deple-
tion was provided by Franzini-Armstrong’s group in HEK293 cells [63]. Therein 
they employed transmission electron microscopy and freeze-fracture to characterize 
the architecture of ER–PM junctions and the protein organization at the nanoscale 
level before and after ER Ca2+ depletion. The study suggests that ER–PM gaps are 
slightly narrower than those measured by Wu et al. (see above) at 12 nm, although 
still compatible with them. Current understanding suggests ER–PM junctions are 
highly dynamic nanostructures that harbor a wide range of proteins that either con-
trol STIM–Orai functions or serve as alternative effectors. Importantly, STIM inter-
actions are expected to participate in the architectural dynamics of ER–PM junctions. 
An example of such dynamic remodeling is the Ca2+-dependent recruitment of struc-
tural determinants such as E-Syt1 and Nir2 [64], which are part of a regulatory cycle 
that involves changes in both membrane phospholipid composition and nanoarchi-
tecture. Changes in lipid domain structure, formation of lateral diffusion limits, and 
alterations in the width of the intermembrane cleft are likely the basis of the coordi-
nation of signaling processes within the junctional space. Of note, dynamic changes 
and the enlargement of ER–PM contact sites in response to SOCE have recently been 
visualized by live cell imaging [65].
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As is evident from some of the articles mentioned in this section, the understand-
ing of experimental outcome was aided by ad hoc modeling. It is likely that full 
comprehension of the ER–PM junctional dynamics behind SOCE, including STIM 
trapping, communication with Orai channels and alternative targets, as well as inter-
ference with lipid domains and structural determinants will require quantitative mod-
els capable of condensing the wealth of experimental information into an organic and 
dynamic view of the interactions arising in the ER–PM junctions and among the rich 
signaling machinery revolving around STIM proteins.

10.5  CONCLUSION AND PERSPECTIVES

A highly multifunctional role of STIM in cellular Ca2+ handling has been uncovered 
over the past decade. Signaling downstream of STIM involves not only the con-
trol of Orai channels, but also other Ca2+ transport molecules expressed in a more 
tissue-specific manner as well as a yet incompletely understood impact of the ER on 
architectural dynamics. By undergoing a multitude of dynamic protein–protein and 
protein–lipid interactions as outlined in this chapter, STIM controls important sig-
naling processes within and outside cytoplasmic nanospaces formed by the ER–PM 
contact sites. Non-Orai interaction partners of STIM involved in these processes 
appear as crucial and even indispensable components of coordinated Ca2+ signaling 
within cortical ER nanospaces and are likely to emerge as future therapeutic targets.

REFERENCES

 1. Parker NJ, Begley CG, Smith PJ, Fox RM. Molecular cloning of a novel human gene 
(D11S4896E) at chromosomal region 11p15.5. Genomics. 1996;37(2):253–256.

 2. Oritani K, Kincade PW. Identification of stromal cell products that interact with pre-B 
cells. The Journal of Cell Biology. 1996;134(3):771–782.

 3. Williams RT, Manji SS, Parker NJ, Hancock MS, Van Stekelenburg L, Eid JP et al. 
Identification and characterization of the STIM (stromal interaction molecule) gene 
family: Coding for a novel class of transmembrane proteins. The Biochemical Journal. 
2001;357(Pt 3):673–685.

 4. Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE, Jr. et al. STIM is a Ca2+ 
sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Current Biology. 
2005;15(13):1235–1241.

 5. Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B et al. A mutation 
in Orai1 causes immune deficiency by abrogating CRAC channel function. Nature. 
2006;441(7090):179–185.

 6. Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M, Zhang S et al. STIM1, 
an essential and conserved component of store-operated Ca2+ channel function. The 
Journal of Cell Biology. 2005;169(3):435–445.

 7. Hoth M, Penner R. Depletion of intracellular calcium stores activates a calcium current 
in mast cells. Nature. 1992;355(6358):353–356.

 8. Soboloff J, Rothberg BS, Madesh M, Gill DL. STIM proteins: Dynamic calcium signal 
transducers. Nature Reviews Molecular Cell Biology. 2012;13(9):549–565.

 9. Muik M, Frischauf I, Derler I, Fahrner M, Bergsmann J, Eder P et al. Dynamic coupling 
of the putative coiled-coil domain of ORAI1 with STIM1 mediates ORAI1 channel 
activation. The Journal of Biological Chemistry. 2008;283(12):8014–8022.



192 Calcium Entry Channels in Non-Excitable Cells

 10. Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser S et al. STIM1 
clusters and activates CRAC channels via direct binding of a cytosolic domain to Orai1. 
Cell. 2009;136(5):876–890.

 11. Zheng L, Stathopulos PB, Li GY, Ikura M. Biophysical characterization of the EF-hand 
and SAM domain containing Ca2+ sensory region of STIM1 and STIM2. Biochemical 
and Biophysical Research Communications. 2008;369(1):240–246.

 12. Stathopulos PB, Li GY, Plevin MJ, Ames JB, Ikura M. Stored Ca2+ depletion-induced 
oligomerization of stromal interaction molecule 1 (STIM1) via the EF-SAM region: An 
initiation mechanism for capacitive Ca2+ entry. The Journal of Biological Chemistry. 
2006;281(47):35855–35862.

 13. Wu MM, Covington ED, Lewis RS. Single-molecule analysis of diffusion and trapping 
of STIM1 and Orai1 at endoplasmic reticulum-plasma membrane junctions. Molecular 
Biology of the Cell. 2014;25(22):3672–3685.

 14. Yuan JP, Zeng W, Huang GN, Worley PF, Muallem S. STIM1 heteromultimerizes TRPC 
channels to determine their function as store-operated channels. Nature Cell Biology. 
2007;9(6):636–645.

 15. Lee KP, Choi S, Hong JH, Ahuja M, Graham S, Ma R et al. Molecular determi-
nants mediating gating of Transient Receptor Potential Canonical (TRPC) channels 
by stromal interaction molecule 1 (STIM1). The Journal of Biological Chemistry. 
2014;289(10):6372–6382.

 16. Maleth J, Choi S, Muallem S, Ahuja M. Translocation between PI(4,5)P2-poor and 
PI(4,5)P2-rich microdomains during store depletion determines STIM1 conformation 
and Orai1 gating. Nature Communications. 2014;5:5843.

 17. Grigoriev I, Gouveia SM, van der Vaart B, Demmers J, Smyth JT, Honnappa S et al. 
STIM1 is a MT-plus-end-tracking protein involved in remodeling of the ER. Current 
Biology. 2008;18(3):177–182.

 18. Yang X, Jin H, Cai X, Li S, Shen Y. Structural and mechanistic insights into the activa-
tion of Stromal interaction molecule 1 (STIM1). Proceedings of the National Academy 
of Sciences of the United States of America. 2012;109(15):5657–5662.

 19. Stathopulos PB, Schindl R, Fahrner M, Zheng L, Gasmi-Seabrook GM, Muik M et al. 
STIM1/Orai1 coiled-coil interplay in the regulation of store-operated calcium entry. 
Nature Communications. 2013;4:2963.

 20. Liou J, Fivaz M, Inoue T, Meyer T. Live-cell imaging reveals sequential oligomeriza-
tion and local plasma membrane targeting of stromal interaction molecule 1 after Ca2+ 
store depletion. Proceedings of the National Academy of Sciences of the United States 
of America. 2007;104(22):9301–9306.

 21. Hogan PG, Lewis RS, Rao A. Molecular basis of calcium signaling in lymphocytes: 
STIM and ORAI. Annual Review of Immunology. 2010;28:491–533.

 22. Abramowitz J, Yildirim E, Birnbaumer L. The TRPC family of ion channels: Relation to the 
TRP superfamily and role in receptor- and store-operated calcium entry. In: Liedtke WB, 
Heller S, eds. TRP Ion Channel Function in Sensory Transduction and Cellular Signaling 
Cascades. Frontiers in Neuroscience. Boca Raton, FL: CRC Press & Taylor & Francis 
Group, 2007.

 23. Cheng KT, Ong HL, Liu X, Ambudkar IS. Contribution and regulation of TRPC chan-
nels in store-operated Ca2+ entry. Current Topics in Membranes. 2013;71:149–179.

 24. DeHaven WI, Jones BF, Petranka JG, Smyth JT, Tomita T, Bird GS et al. TRPC channels 
function independently of STIM1 and Orai1. The Journal of Physiology. 2009;587 
(Pt 10):2275–2298.

 25. Liu X, Bandyopadhyay BC, Singh BB, Groschner K, Ambudkar IS. Molecular  analysis 
of a store-operated and 2-acetyl-sn-glycerol-sensitive non-selective cation c hannel. 
Heteromeric assembly of TRPC1-TRPC3. The Journal of Biological Chemistry. 
2005;280(22):21600–21606.



193Non-Orai Partners of STIM Proteins

 26. Groschner K, Hingel S, Lintschinger B, Balzer M, Romanin C, Zhu X et al. Trp proteins 
form store-operated cation channels in human vascular endothelial cells. FEBS Letters. 
1998;437(1–2):101–106.

 27. Freichel M, Suh SH, Pfeifer A, Schweig U, Trost C, Weissgerber P et al. Lack of an 
endothelial store-operated Ca2+ current impairs agonist-dependent vasorelaxation in 
TRP4−/− mice. Nature Cell Biology. 2001;3(2):121–127.

 28. Ong HL, Ambudkar IS. The dynamic complexity of the TRPC1 channelosome. 
Channels. 2011;5(5):424–431.

 29. Cheng KT, Liu X, Ong HL, Swaim W, Ambudkar IS. Local Ca2+ entry via Orai1 reg-
ulates plasma membrane recruitment of TRPC1 and controls cytosolic Ca2+ signals 
required for specific cell functions. PLoS Biology. 2011;9(3):e1001025.

 30. de Souza LB, Ong HL, Liu X, Ambudkar IS. Fast endocytic recycling determines 
TRPC1-STIM1 clustering in ER-PM junctions and plasma membrane function of the 
channel. Biochimica et Biophysica Acta. 2015;1853(10 Pt A):2709–2721.

 31. Huang GN, Zeng W, Kim JY, Yuan JP, Han L, Muallem S et al. STIM1 carboxyl-
terminus activates native SOC, I(crac) and TRPC1 channels. Nature Cell Biology. 
2006;8(9):1003–1010.

 32. Zeng W, Yuan JP, Kim MS, Choi YJ, Huang GN, Worley PF et al. STIM1 gates 
TRPC channels, but not Orai1, by electrostatic interaction. Molecular Cell. 
2008;32(3):439–448.

 33. Wang Y, Deng X, Mancarella S, Hendron E, Eguchi S, Soboloff J et al. The calcium 
store sensor, STIM1, reciprocally controls Orai and CaV1.2 channels. Science. 2010; 
330(6000):105–109.

 34. Park CY, Shcheglovitov A, Dolmetsch R. The CRAC channel activator STIM1 binds and 
inhibits L-type voltage-gated calcium channels. Science. 2010; 330(6000):101–105.

 35. Ritchie MF, Samakai E, Soboloff J. STIM1 is required for attenuation of PMCA-mediated 
Ca2+ clearance during T-cell activation. The EMBO Journal. 2012;31(5):1123–1133.

 36. Krapivinsky G, Krapivinsky L, Stotz SC, Manasian Y, Clapham DE. POST, partner 
of stromal interaction molecule 1 (STIM1), targets STIM1 to multiple transporters. 
Proceedings of the National Academy of Sciences of the United States of America. 
2011;108(48):19234–19239.

 37. Liu B, Peel SE, Fox J, Hall IP. Reverse mode Na+/Ca2+ exchange mediated by STIM1 
contributes to Ca2+ influx in airway smooth muscle following agonist stimulation. 
Respiratory Research. 2010;11:168.

 38. Palty R, Raveh A, Kaminsky I, Meller R, Reuveny E. SARAF inactivates the store operated 
calcium entry machinery to prevent excess calcium refilling. Cell. 2012;149(2):425–438.

 39. Jha A, Ahuja M, Maleth J, Moreno CM, Yuan JP, Kim MS et al. The STIM1 CTID 
domain determines access of SARAF to SOAR to regulate Orai1 channel function. 
The Journal of Cell Biology. 2013;202(1):71–79.

 40. Sharma S, Quintana A, Findlay GM, Mettlen M, Baust B, Jain M et al. An siRNA screen 
for NFAT activation identifies septins as coordinators of store-operated Ca2+ entry. 
Nature. 2013;499(7457):238–242.

 41. Jing J, He L, Sun A, Quintana A, Ding Y, Ma G et al. Proteomic mapping of ER-PM 
junctions identifies STIMATE as a regulator of Ca2+ influx. Nature Cell Biology. 
2015;17(10):1339–1347.

 42. Srikanth S, Jew M, Kim KD, Yee MK, Abramson J, Gwack Y. Junctate is a Ca2+-
sensing structural component of Orai1 and stromal interaction molecule 1 (STIM1). 
Proceedings of the National Academy of Sciences of the United States of America. 
2012;109(22):8682–8687.

 43. Chen YT, Chen YF, Chiu WT, Liu KY, Liu YL, Chang JY et al. Microtubule-associated 
histone deacetylase 6 supports the calcium store sensor STIM1 in mediating malignant 
cell behaviors. Cancer Research. 2013;73(14):4500–4509.



194 Calcium Entry Channels in Non-Excitable Cells

 44. Stamboulian S, Moutin MJ, Treves S, Pochon N, Grunwald D, Zorzato F et al. Junctate, 
an inositol 1,4,5-triphosphate receptor associated protein, is present in rodent sperm 
and binds TRPC2 and TRPC5 but not TRPC1 channels. Developmental Biology. 
2005;286(1):326–337.

 45. Carreras-Sureda A, Cantero-Recasens G, Rubio-Moscardo F, Kiefer K, Peinelt C, 
Niemeyer BA et al. ORMDL3 modulates store-operated calcium entry and lymphocyte 
activation. Human Molecular Genetics. 2013;22(3):519–530.

 46. Prins D, Groenendyk J, Touret N, Michalak M. Modulation of STIM1 and capacita-
tive Ca2+ entry by the endoplasmic reticulum luminal oxidoreductase ERp57. EMBO 
Reports. 2011;12(11):1182–1188.

 47. Srikanth S, Jung HJ, Kim KD, Souda P, Whitelegge J, Gwack Y. A novel EF-hand pro-
tein, CRACR2A, is a cytosolic Ca2+ sensor that stabilizes CRAC channels in T cells. 
Nature Cell Biology. 2010;12(5):436–446.

 48. Feng JM, Hu YK, Xie LH, Colwell CS, Shao XM, Sun XP et al. Golli protein neg-
atively regulates store depletion-induced calcium influx in T cells. Immunity. 
2006;24(6):717–727.

 49. Walsh CM, Doherty MK, Tepikin AV, Burgoyne RD. Evidence for an interaction 
between Golli and STIM1 in store-operated calcium entry. The Biochemical Journal. 
2010;430(3):453–460.

 50. Broad LM, Braun FJ, Lievremont JP, Bird GS, Kurosaki T, Putney JW, Jr. Role of the 
phospholipase C-inositol 1,4,5-trisphosphate pathway in calcium release-activated 
calcium current and capacitative calcium entry. The Journal of Biological Chemistry. 
2001;276(19):15945–15952.

 51. Rosado JA, Sage SO. Phosphoinositides are required for store-mediated calcium entry 
in human platelets. The Journal of Biological Chemistry. 2000;275(13):9110–9113.

 52. Ercan E, Momburg F, Engel U, Temmerman K, Nickel W, Seedorf M. A conserved, 
lipid-mediated sorting mechanism of yeast Ist2 and mammalian STIM proteins to the 
peripheral ER. Traffic. 2009;10(12):1802–1818.

 53. Walsh CM, Chvanov M, Haynes LP, Petersen OH, Tepikin AV, Burgoyne RD. Role 
of phosphoinositides in STIM1 dynamics and store-operated calcium entry. The 
Biochemical Journal. 2010;425(1):159–168.

 54. Heo WD, Inoue T, Park WS, Kim ML, Park BO, Wandless TJ et al. PI(3,4,5)P3 and 
PI(4,5)P2 lipids target proteins with polybasic clusters to the plasma membrane. Science. 
2006;314(5804):1458–1461.

 55. Mostowy S, Cossart P. Septins: The fourth component of the cytoskeleton. Nature 
Reviews Molecular Cell Biology. 2012;13(3):183–194.

 56. Ong HL, Ambudkar IS. Molecular determinants of TRPC1 regulation within ER-PM 
junctions. Cell Calcium. 2015;58(4):376–386.

 57. Brading AF, Burnett M, Sneddon P. The effect of sodium removal on the contrac-
tile response of the guinea-pig taenia coli to carbachol. The Journal of Physiology. 
1980;306:411–429.

 58. Van Breemen C. Calcium requirement for activation of intact aortic smooth muscle. 
The Journal of Physiology. 1977;272(2):317–329.

 59. Putney JW, Jr. A model for receptor-regulated calcium entry. Cell Calcium. 
1986;7(1):1–12.

 60. Gabella G. Caveolae intracellulares and sarcoplasmic reticulum in smooth muscle. 
Journal of Cell Science. 1971;8(3):601–609.

 61. Devine CE, Somlyo AV, Somlyo AP. Sarcoplasmic reticulum and excitation- 
contraction coupling in mammalian smooth muscles. The Journal of Cell Biology. 
1972;52(3):690–718.



195Non-Orai Partners of STIM Proteins

 62. Luik RM, Wu MM, Buchanan J, Lewis RS. The elementary unit of store-operated Ca2+ 
entry: Local activation of CRAC channels by STIM1 at ER-plasma membrane junc-
tions. The Journal of Cell Biology. 2006;174(6):815–825.

 63. Perni S, Dynes JL, Yeromin AV, Cahalan MD, Franzini-Armstrong C. Nanoscale pattern-
ing of STIM1 and Orai1 during store-operated Ca2+ entry. Proceedings of the National 
Academy of Sciences of the United States of America. 2015;112(40):E5533–E5542.

 64. Chang CL, Hsieh TS, Yang TT, Rothberg KG, Azizoglu DB, Volk E et al. Feedback 
regulation of receptor-induced Ca2+ signaling mediated by E-Syt1 and Nir2 at endoplas-
mic reticulum-plasma membrane junctions. Cell Reports. 2013;5(3):813–825.

 65. Poteser M, Leitinger G, Pritz E, Platzer D, Frischauf I, Romanin C et al. Live-cell imag-
ing of ER-PM contact architecture by a novel TIRFM approach reveals extension of 
junctions in response to store-operated Ca2+-entry. Scientific Reports. 2016;6:35656.



http://taylorandfrancis.com


197

11 Store-Independent 
Orai Channels 
Regulated by STIM

Xuexin Zhang, Maxime Gueguinou, 
and Mohamed Trebak

CONTENTS 

11.1 Introduction  ..................................................................................................197
11.2 Biophysical Properties and Molecular Composition of SICE Channels ......200
11.3 Methods for Measuring SICE Channel Function .........................................202

11.3.1 Whole-Cell Patch Clamp Recording.................................................202
11.3.1.1 Equipment Setup for Patch Clamp Recording ...................202
11.3.1.2 Solutions for Electrophysiological Recordings .................203
11.3.1.3 Experimental Procedures ...................................................204

11.3.2 Calcium Imaging ..............................................................................205
11.3.2.1 Equipment Setup for Fluorescence Calcium Measurement ... 206
11.3.2.2 Ca2+ Indicators ...................................................................207
11.3.2.3 Solutions ............................................................................208
11.3.2.4 Experimental Procedures ...................................................208

11.4 SICE Channel Function in Health and Disease ............................................209
References ..............................................................................................................210

11.1  INTRODUCTION

The identification of Orai and STIM proteins has opened up new avenues of research 
in the field of receptor-regulated calcium signaling. The ligation of phospholipase 
C  (PLC)-coupled receptors can activate either the common store-operated cal-
cium entry (SOCE) pathway or store-independent calcium entry (SICE) pathway. 
The representative conductance of the SOCE pathway is the calcium release-
 activated calcium (CRAC) channel encoded by Orai (CRACM) proteins. The SICE 
pathway biophysical manifestation is currents activated by arachidonic acid (AA) 
or the AA metabolite leukotriene C4 (LTC4) and termed arachidonate-regulated or 
LTC4-regulated calcium (ARC/LRC) current encoded by channels composed of both 
Orai1 and Orai3 proteins.

About three decades ago, Putney first proposed the capacitative Ca2+ entry model 
(subsequently known as SOCE) [1]. Orai1 protein, the pore forming subunit of the 
CRAC channel, was discovered almost simultaneously by three groups in 2006 
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[2–4]. The Orai family of channels contains three different proteins (Orai1, 2, and 3) 
encoded by independent genes [5]. A large number of agonists can act on G protein-
coupled receptors (GPCRs) to activate PLC. PLC hydrolyzes phosphatidylinositol-
4,5-bisphopshate (PIP2) into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate 
(IP3) [6]. The latter binds to IP3 receptors (IP3R) on the membrane of the endoplasmic 
reticulum (ER), resulting in Ca2+ store emptying. The action of ER Ca2+ store emp-
tying causes stromal interaction molecule 1 (STIM1), a calcium sensor to lose Ca2+ 
from its N-terminal low affinity EF hand located in the lumen of the ER [7,8]. This 
causes STIM1 to aggregate and to move to highly specialized areas where the ER 
comes close to the plasma membrane to physically trap and interact with Orai1 chan-
nels and activate Ca2+ entry [8]. STIM1 has one homologue, STIM2, which mediates 
Orai1 channel activation under resting conditions in the absence of agonist stimula-
tion [9]. In most cells studied so far, SOCE is mediated by STIM1 and Orai1 proteins 
[10]. However, we reported Orai3-mediated SOCE in a subset of estrogen receptor 
positive breast cancer cells [11–13].

The ARC channel and its role in calcium signaling have been first reported and 
intensely studied by Shuttleworth and colleagues [14–17]. This group identified and 
characterized a conductance in HEK293 cells activated by relatively low exogenous 
concentrations of arachidonic acid or by low concentrations of a muscarinic agonist 
[18]. Polyunsaturated fatty acids were described as poor activators of these channels, 
and mono unsaturated or saturated fatty acids were ineffective [19]. Unlike a num-
ber of channels of the Transient Receptor Potential Canonical (TRPC3/6/7) family 
[20,21], ARC channels are not activated by high concentrations of DAG (100 μM) 
[19]. Mignen and colleagues showed that despite many similarities with CRAC cur-
rents present in the same cell type studied, ARC channels possess distinct pharma-
cological characteristics and biophysical properties [18]. For instance, unlike CRAC 
channels, ARC channels do not show the typical fast Ca2+-dependent inactivation 
(CDI), are not inhibited by a reduction in extracellular pH from 7.2 to 6.7, and are 
insensitive to 2-aminoethoxydiphenyl borate (2-APB) [18,22]. As is the case with 
CRAC channels [34,35], the absence of divalent cations in the extracellular recording 
medium induces the permeability of ARC channels to monovalent cations, such as 
Na+ [23]. However, this monovalent macroscopic current has different characteristics 
from those observed for CRAC channels especially from the perspective of their depo-
tentiation and permeability. By blocking monovalent currents by increasing extracel-
lular calcium concentrations as a relative measure of selectivity of calcium channels, 
Mignen and colleagues proposed that ARC channels have high Ca2+ selectivity and are 
50 times more Ca2+-selective than CRAC channels [18,22]. These authors argued that 
ARC channels are the predominant calcium channels activated when cells are stimu-
lated with low concentrations of agonists that induce repetitive calcium oscillations 
[24]. Using an M3 muscarinic receptor-expressing HEK293 cells and murine parotid 
and pancreatic acinar cells, they reported the activation of ARC channels mediating 
intracellular calcium oscillations by low concentrations (0.2–1 μM) of carbachol [25]. 
In the same cells they described the activation of the AA-producing enzyme, phospho-
lipase A2 type IV, upon stimulation with low concentrations of carbachol.

Earlier work by the Shuttleworth group suggested that the pharmacological inhi-
bition of PLA2 with isotetrandrine blocks the activation of ARC channels, while the 
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pharmacological inhibition of the lipoxygenase and cyclooxygenase pathways had 
no effect on ARC activation [14,26], indicating that AA is produced by receptor-
mediated activation of PLA2 and that AA processing into downstream metabolites 
is not required for ARC channel activation. After identification of STIM and Orai 
proteins, Shuttleworth and colleagues showed that both Orai1 and Orai3 are required 
for ARC channel activation [27], in addition to the minor pool of STIM1 located in 
the plasma membrane [28]. More recent work from our laboratory identified a SICE 
channel in primary aortic vascular smooth muscle cells (VSMC). We found that this 
conductance is activated by AA, but AA metabolism into LTC4 by the enzymatic 
activity of LTC4 synthase (LTC4S) provided a more robust activation of these chan-
nels; LTC4 acts intracellularly when applied through the patch pipette but not extra-
cellularly when added to the bath solution. We named this channel LTC4-regulated 
calcium (LRC) channel [23,29–31]. Collectively, our data in VSMC showed that 
receptor activation causes production of AA through sequential activation of PLC 
and DAG lipase and that AA metabolism by 5-lipooxygenase and LTC4S into LTC4 
is required for LRC channel activation [29,31]. A molecular knockdown on LTC4 
synthase (LTC4S) abrogated receptor-mediated LRC channel activation (using the 
PAR1 agonist thrombin), while direct application of LTC4 through the patch pipette 
robustly activated LRC currents. The biophysical properties of LRC channels were 
identical to those of ARC channels, prompting us to undertake a side by side compar-
ison in VSMC and HEK293 cells to determine whether these two conductances are 
mediated by the same or by different cellular pools of STIM and Orai proteins [23]. 
Briefly, using protein knockdown, pharmacological inhibitors, and a nonmetaboliz-
able form of AA, we found that regardless of the cell type considered (HEK293 cells 
or VSMC), ARC and LRC currents are the manifestation of the same channel that 
can be activated by AA but is more robustly activated by LTC4 [23]. We also found 
that in both cell types, ARC/LRC currents depended on Orai1, Orai3, and STIM1 
[23,29], but unlike findings from the Shuttleworth group, we were able to rescue 
ARC/LRC activity in HEK293 cells and VSMC with expressed STIM1 constructs 
that do not traffic to the plasma membrane when using Fura-2 calcium imaging and 
perforated patch recording in intact cells but not in whole-cell recordings. These 
results suggest a facilitatory role for PM-STIM1 in ARC/LRC channel activation 
[23]. Orai1 exists in two variants generated through alternative translation- initiation 
of the Orai1 mRNA: a longer Orai1α form contains an additional N-terminal (NT) 
63 amino acids upstream of the conserved start site of a shorter Orai1β [32]. A study 
from our group showed that while Orai1α and Orai1β are interchangeable for form-
ing CRAC channels, only Orai1α can support ARC/LRC channels by forming a 
unique heteromeric channel with Orai3. Studies by the Shuttleworth group were per-
formed before Orai1α variant was discovered; it is therefore unclear which Orai1 
subtype was used [33]. We also showed that a specific interaction of STIM1 second 
C-terminal (CT) coiled-coil (CC2) with Orai3 CT region is required for LRC channel 
activation by LTC4 [31].

In summary, the SICE pathway appears to be mediated by one channel entity. 
In succeeding text, we will refer to this channel as either ARC or LRC, depending 
on whether we are referring to experiments that used either AA or LTC4 to acti-
vate this  conductance. ARC/LRC channels are encoded by Orai1 and Orai3 and 
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regulated by STIM1. There are two major points of contention between our findings 
and those of the Shuttleworth group: (1) the requirement for AA metabolic conver-
sion into LTC4 and (2) the cellular pool of STIM1 required for ARC/LRC activation, 
that is, ER-resident versus PM-resident STIM1.

11.2  BIOPHYSICAL PROPERTIES AND MOLECULAR 
COMPOSITION OF SICE CHANNELS

In 1996, it was first demonstrated that AA-activated noncapacitative Ca2+ entry 
through an unknown channel in avian nasal gland cells [14]. Four years later, using 
the whole-cell patch clamp technique, Ca2+ currents activated by exogenous appli-
cation of AA were recorded under conditions where cytosolic Ca2+ was buffered 
to ~100 nM in the pipette solution [18]. This novel non-store-operated channel was 
named the arachidonate-regulated calcium (ARC) channel [18]. A recording of ARC 
channel current (IARC) in M3 muscarinic receptor-expressing HEK293 cells has 
revealed that, like CRAC, ARC channels possess a small, highly calcium-selective 
conductance [18] (see Chapter 1). When external solution contained 10 mM Ca2+ 
and the pipette solution was buffered to 100 nM Ca2+, application of 8 μM AA to the 
bath solution activated IARC that averaged 0.56 ± 0.05 pA/pF at −80 mV. IARC displays 
marked inward rectification, reversal potentials greater than +30 mV, and inhibition 
by La3+. Unlike CRAC channels, however, ARC channels are insensitive to 2-APB, 
are unaffected by reduction of extracellular pH, and do not show Ca2+-dependent 
fast inactivation [18]. Moreover, like most voltage-gated Ca2+ channels and CRAC 
channels [34,35], in external divalent cation-free (DVF) solutions, ARC channels 
start conducting large monovalent currents [22,23]. However, unlike CRAC chan-
nels [36], ARC channels do not show the typical inactivation during a short pulse 
of DVF bath solution, called depotentiation [23] (see Figure 11.1). However, there 
is an example where overexpressed STIM1 and Orai1 generate CRAC currents that 
did not depotentiate in DVF solutions (e.g., see [37]). This could be due to different 
STIM1/Orai1 stoichiometries and/or limiting endogenous regulatory proteins during 

DVF

20 mM BAPTA in pipette  

0.2 pA/pF
2 min

150 nM Ca2+ in pipette

DVF

8 μM AA 

2 min
0.2 pA/pF

FIGURE 11.1 Whole-cell patch clamp electrophysiological recording from HEK293 cells 
shows that CRAC current activated by 20 mM BAPTA in the patch pipette exhibits depotentia-
tion during a short pulse of divalent cation-free (DVF) bath solution, whereas ARC currents 
activated by exogenous 8 μM AA do not.



201Store-Independent Orai Channels Regulated by STIM

overexpression. The Shuttleworth group used arachidonyl coenzyme-A (ACoA), a 
membrane-impermeant analog of AA to show that activation of the ARC channels 
reflects an action of the fatty acid specifically at the inner surface of the plasma mem-
brane [19]. A more recent study proposed that the N-terminus of Orai3 is required for 
AA action on ARC channels [38], but how AA interacts with ARC channels to gate 
them is entirely unknown.

Recordings performed in our lab revealed similar LRC channel biophysical prop-
erties, such as small conductance, inward rectification, >+30 mV reversal potentials, 
no depotentiation during the pulse of divalent-free bath (DVF) solution, and inhibi-
tion by Gd3+. Comparisons of the properties of ARC, LRC, and CRAC are presented 
in Table 11.1. We also showed that N-methyl LTC4 (NMLTC4), a nonmetabolizable 
form of LTC4 delivered through the patch pipette was fully capable of activating 
LRC currents, suggesting the metabolism of LTC4 into downstream metabolites is 
not required. However, NMLTC4 did not activate LRC channels when it was applied 
extracellularly, indicating that LTC4 acts through the inner side of the cell plasma 
membrane [23]. Exactly how LTC4 interacts and gates the channel remains unclear.

The crystal structure of the founding member of Orai channels, Drosophila Orai 
(dOrai), was recently resolved at a resolution of 3.35 Å [39]. This dOrai structure 
shows a drastically different molecular organization from other ion channels and 

TABLE 11.1
Biophysical Properties of ARC, LRC, and CRAC Channels

ARC Channels LRC Channels CRAC Channels

Permeability Ca2+-selective channel Ca2+-selective 
channel

Ca2+-selective channel

Activation Arachidonic acid LTC4 Store depletion

Inhibition Inhibited by La3+ and Gd3+, 
insensitive to 2-APB

Inhibited by Gd3+, 
insensitive to 2-APB

Inhibited by Gd3+ and high 
concentration (30–50 μM) 
of 2-APB

Endogenous current 
size

0.4–0.6 pA/pF at −80 mV 0.1–0.2 pA/pF at 
−100 mV

0.1–0.2 pA/pF at −100 mV

Direction of current Inward current Inward current Inward current

Component of 
channel

Orai1, Orai3 Orai1, Orai3 Orai1

Stoichiometry of 
channel

2 Orai3 and 3 Orai1 (31113 
or 31311)

n/d 6 Orai1

pH sensitive Insensitive to low pH = 6.7 n/d Sensitive to low pH = 6.7

Fast CDI Absent n/d Present

PKA Regulated by PKA n/d Non-regulated by PKA

Interaction PM-STIM1 ER-STIM1 ER-STIM1

Site of action Inner surface of PM Inner surface of PM n/a

Notes: CDI, Ca2+-dependent inactivation; PM, plasma membrane; ER, endoplasmic reticulum; n/d, not 
determined; n/a, not applicable.
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reveals dOrai as a homohexameric channel arranged around a central pore with a 
ring of six extracellular glutamate residues (E106 in human Orai1) representing 
the selectivity filter (see Chapters 2, 3, 14). While this structure strongly suggests 
that human Orai most likely also form hexameric channels, how many subunits of 
each of Orai1 and Orai3 are required to form functional ARC/LRC channels that 
fully recapitulate the properties of native channels remains a contentious issue. 
The Shuttleworth group suggested that CRAC channels are homotetramers of four 
Orai1 [40]. Subsequent studies from the same group proposed that native ARC 
channels are heteropentamers of Orai1 and Orai3 (either organized as 31113 or 
31311) [41] (discussed in Chapter 2). They also published a report questioning 
the hexameric assembly of dOrai as a possible artifact of crystallization [42]. 
It is worth noting that studies challenging the crystal structure were performed 
with concatemers ectopically expressed in HEK293 cells expressing endogenous 
Orai isoforms. In this case, native Orai channels could potentially assemble with 
 concatenated tetramers/ pentamers to form hexamers.

11.3  METHODS FOR MEASURING SICE CHANNEL FUNCTION

11.3.1  Whole-Cell PatCh ClamP ReCoRding

The patch clamp technique is the best approach to study ion channel function. Due 
to the tiny unitary conductance of Orai channels, for instance, single CRAC chan-
nel conductance was estimated using stationary noise analysis around 24 fS [43] 
(Chapter 1). Therefore, for CRAC as well as ARC channel current recordings, the 
whole-cell configuration of the patch clamp technique is the best choice.

11.3.1.1  Equipment Setup for Patch Clamp Recording
11.3.1.1.1  Amplifier, Low-Noise Digitizer, and Software
The Axopatch 200B amplifier (Molecular Devices) works together with either the 
Digidata 1550B or 1440A low-noise digitizer (Molecular Devices). For connecting 
the amplifier and digitizer, the manuals provide step-by-step instructions. For acquir-
ing and analyzing data, the software of Clampex 10 and Clampfit 10 are used, respec-
tively. Similar equipment used by other investigators is also available from HEKA 
Elektronik, Germany. The HEKA EPC 10 USB Single is a good choice for a patch 
clamp amplifier. A fully equipped setup includes the EPC 10 amplifier combined 
with a computer and PATCHMASTER software, a digital storage oscilloscope, a 
variable analog filter, and a sophisticated pulse generator.

11.3.1.1.2  Microscope
A Nikon ECLIPSE Ti quantitative phase contrast microscope equipped with 20× flu-
orescence objective is a good choice for the patch clamp setup. Other suitable micro-
scopes are available from various vendors, including Olympus, Leica, and Zeiss.

11.3.1.1.3  Micromanipulator
The MP-225 micromanipulator (Sutter Instrument) is designed primarily for position-
ing patch and intracellular recording pipettes. Its speed and resolution of movement 
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are easily selected with a multiple position thumbwheel, allowing fast/coarse move-
ment and slow/ultrafine movement in 10 increments. Two commonly used robotic 
movements have been incorporated for user convenience. A single button press can 
initiate a move to a home position for pipette exchange or to a user-defined work 
position for the quick positioning of the pipette near the recording location. Other 
manufacturers provide similar micromanipulators.

11.3.1.1.4  Vibration Isolation Table
Both Kinetic and TMC brand products are suitable. The minimum size for patch 
clamp setup is 30 × 36 in. to give enough space for the microscope, perfusion system, 
and micromanipulator controller with a gas cylinder connected to the air table near 
the setup.

11.3.1.1.5  Faraday Cage
Proper grounding is essential for obtaining low-noise patch clamp recording from 
small conductance ARC/LRC channels. Therefore, careful grounding of all instru-
ments including microscope, perfusion system, amplifier, digitizer, micromanipula-
tor, and computer through low-resistance ground cables and use of Faraday cage 
will minimize noise. The Faraday cage (Kinetic systems) mounted on the top of the 
vibration isolation table should also be grounded.

11.3.1.1.6  Micropipette Puller
A well-designed micropipette puller can help you deliver a successful whole-cell 
patch clamp experiment. For the micropipette puller, the Sutter micropipette pullers 
MP-97 or MP-1000 (Sutter instrument) are a good choice to use with borosilicate 
glass capillaries (World Precision Instruments) with 1.5 mm OD and 0.86 mm ID to 
obtain patch pipettes with 0.5–1 μm diameter tips.

11.3.1.1.7  Microforge
For obtaining superior gigaohm (GΩ) seals between the patch pipette and the plasma 
membrane of cells, tips of patch pipettes should be polished using a microforge con-
troller, for example, DMF1000 (World Precision Instruments) under a microscope, 
like Revelation III (LW Scientific). After polishing, the seal resistance obtained can 
be improved by up to 5–10-fold, compared to unpolished pipettes. Therefore, this 
step is necessary for low noise recordings of small currents such as ARC/LRC.

11.3.1.1.8  Computer
The computer system requirements of patch clamp setup are similar to the calcium 
imaging system described in the following text. For example, an Intel Pentium-4 
processor or faster, Microsoft Windows XP or later, CD-ROM drive, 1 GB or more 
system memory (RAM), 128 GB or more disk space, and 24-bit graphics display can 
essentially meet the required needs.

11.3.1.2  Solutions for Electrophysiological Recordings
DVF solution composition: 155 mM Na-methanesulfonate, 10 mM HEDTA, 1 mM 
EDTA, and 10 mM HEPES (pH 7.4, adjusted with NaOH). We and other researchers 
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have used DVF external solutions to amplify the ARC and CRAC channel currents 
[18,22,23,29,31,44].

11.3.1.2.1  For Activation of Currents Using Exogenous 
AA Delivered in the Bath

Ca2+-containing bath solution: 115 mM Na-methanesulfonate, 10 mM CsCl, 
1.2 mM MgSO4, 10 mM HEPES, 20 mM CaCl2, and 10 mM glucose (pH 
adjusted to 7.4 with NaOH).

Ca2+-containing pipette solution: 115 mM Cs-methanesulfonate, 10 mM 
Cs-BAPTA, 5 mM CaCl2, 8 mM MgCl2, and 10 mM HEPES (pH adjusted 
to 7.2 with CsOH). Calculated free Ca2+ was 150 nM using Maxchelator 
software (http://maxchelator.stanford.edu/).

11.3.1.2.2  For Activation of Currents Using Intracellular 
LTC4 Delivered through the Patch Pipette

Ca2+-containing bath solution: 115 mM Na-methanesulfonate, 10 mM CsCl, 
1.2 mM MgSO4, 10 mM HEPES, 20 mM CaCl2, and 10 mM glucose (pH 
was adjusted to 7.4 with NaOH).

Ca2+-containing pipette solution: 115 mM Cs-methanesulfonate, 10 mM 
Cs-BAPTA, 5 mM CaCl2, 8 mM MgCl2, and 10 mM HEPES (pH adjusted 
to 7.2 with CsOH). 50–100 nM LTC4 is added.

11.3.1.2.3  For Activation of Store Depletion-Activated CRAC Currents
Bath solution (same as the previous): 115 mM Na-methanesulfonate, 10 mM 

CsCl, 1.2 mM MgSO4, 10 mM HEPES, 20 mM CaCl2, and 10 mM glucose 
(pH was adjusted to 7.4 with NaOH).

Ca2+-free pipette solution: 115 mM Cs-methanesulfonate, 20 mM Cs-BAPTA, 
8 mM MgCl2, and 10 mM HEPES (pH adjusted to 7.2 with CsOH).

Note: CRAC current recordings are used as controls to highlight the biophysical, 
pharmacological, and molecular distinction between ICRAC and IARC.

11.3.1.3  Experimental Procedures
11.3.1.3.1  Seeding Cells
Twelve to twenty-four hours before patch clamp experiments, cells are seeded onto 
30 mm round glass coverslips (Thermo Scientific) in 6-well tissue culture plates 
(VWR) at a low density to allow easy identification of single cells for recordings.

11.3.1.3.2  Preparing Patch Pipettes
Pipettes should be pulled on the day of recordings and every pipette should be 
inspected under the microforge microscope for imperfections before fire-polishing. 
Polished patch pipettes are stored in a vacuum container for the rest of the day.

11.3.1.3.3  Performing Patch Clamp Electrophysiology Experiments
Before starting the recording, coverslips with attached cells are mounted in recording 
chambers, each containing a 1 mL bath solution, and transferred to the microscope 

http://maxchelator.stanford.edu
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stage. After identifying a single cell under the microscope, the patch pipette is filled 
with filtered pipette solution and mounted into the pipette holder. Resistances of 
filled glass pipettes are 1–3 MΩ. The liquid-junction potential offsets are corrected 
before each recording. Since ARC/LRC current amplitudes are usually small (several 
picoamperes) [31], only cells forming tight seals (>16 GΩ) are selected for whole-
cell configuration. Immediately after establishing the whole-cell patch clamp con-
figuration, the recording is initiated by applying voltage ramps (typically from 100 
to –140 mV) lasting 250 ms at 0.5 Hz (Figure 11.2a). An initial DVF application is per-
formed before the current has been activated (by addition of AA) or before the current 
has developed on inclusion of LTC4 in the patch pipette. The first DVF pulse allows 
the determination of basal currents or “leaks” that should be subsequently subtracted 
from total currents obtained after full activation. Specifically, the initial I–voltage (V) 
relations obtained in Ca2+-containing bath solutions (position 1 in Figure 11.2b) and 
DVF bath solutions (position 2) represent background currents that are subtracted 
from AA- or LTC4-activated Ca2+ currents (position 3) and Na+ currents (obtained 
in DVF bath solutions; position 4), respectively. After currents are fully activated by 
AA or LTC4, I–V curves are obtained for Ca2+ currents (in Ca2+-containing bath solu-
tions) and Na+ currents (in DVF bath solutions). Using Origin software (OriginLab), 
I–V curves corresponding to background currents obtained in Ca2+ and Na+ are sub-
tracted from the I–V curves obtained in Ca2+ and Na+ after AA/LTC4 stimulation and 
maximal current activation. Namely, for Ca2+ currents (curve 3–curve 1) and Na+ cur-
rents (curve 4–curve 2), respectively. For recording ARC/LRC, cells are maintained 
at a 0 or +30 mV holding potential [28]. Reverse ramps from positive to negative 
voltages are recommended in certain cell types in order to inhibit voltage-gated Na+ 
channels expressed in these cells. Inclusion of 8 mM MgCl2 in the pipette solution is 
designed to inhibit TRPM7 currents that are expressed in most cell lines, including 
HEK293 cells [35]. Experiments are typically performed at room temperature.

11.3.2  CalCium imaging

ARC channels are highly Ca2+-selective channels, and fluorescence imaging 
 microscopy is also a useful tool for studying Ca2+ influx through these channels 

50 ms 50 ms250 ms

(a) (b)

100 mV

–140 mV

Base line
1

2

4

3

Arachidonic acid

0 mV

FIGURE 11.2 Example of ramp protocol (a) and typical current development at −100 mV 
(b) in whole-cell mode. Voltage ramps ranging from +100 to −140 mV lasting 250 ms are 
applied every 2 s. First, a DVF application (before AA addition) is performed to gauge the leak 
or basal current and after AA addition (green) and maximal current development, a second 
DVF application is performed to obtain the maximum AA-activated Na+ current. A typical 
time course of AA-activated current is plotted from current data taken at −100 mV.
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in living cells. Typical imaging workstations, solutions, dyes, and protocols are 
described elsewhere [45–48] (see also Chapters 1 and 16).

11.3.2.1  Equipment Setup for Fluorescence Calcium Measurement
Figure 11.3 shows a schematic of the typical fluorescence calcium imaging setup 
used for Ca2+ measurements in cells.

11.3.2.1.1  Light Source
A xenon lamp as a light source is a cost-effective choice for a calcium imaging sys-
tem. The Lambda LS (Sutter) xenon lamp has a built-in motor-driven six-positioned 
filter wheel; switching between neighboring filters (e.g., between 340 and 380 nm, 
as required for Fura-2) is relatively rapid, completed within 55 ms. A shutter control 
facilitates graded power output; an external controller enables manual switching. 
Filtered light from Lambda is transmitted to the fluorescence microscope via a 2 m 
long liquid light guide to avoid transmission of heat and vibration to the microscope. 
The Lambda LS xenon lamp produces light between 330 and 650 nm wavelength, 
which is suitable for a wide variety of dyes, including most fluorescent proteins (e.g., 
GFP, YFP, and RFP). It is necessary to allow the xenon lamp to warm up for at least 
30 min before taking measurements. The light bulb of the Lambda LS lamp can 
last between 400 and 2000 h, depending on maintenance and the number of on/off 
switches.

11.3.2.1.2  Fluorescence Microscope
For basic Fura-2-based calcium imaging experiments, it is not necessary to purchase a 
high-end fluorescence microscope. For example, the Nikon ECLIPSE TS-100 (Nikon) 
fluorescence microscope is a good choice. The Nikon ECLIPSE TS-100 should be 
equipped with a 20× fluorescence objective and a Fura-2 filter set (Chroma 74500—
with a dichroic mirror and an emission filter, the 340 and 380 nm excitation filters 
placed in the Lambda filter wheel).

Light source
Fluorescence
microscope Detector Computer

FIGURE 11.3 Fluorescence calcium imaging setup typically used to measure intracellular 
Ca2+. Typically, a light source providing light with 340 and 380 nm Fura-2 excitation filters. 
A light guide connects the light source to cells viewed under a microscope equipped emission 
and dichroic filters. Emitted fluorescence is collected by a CCD camera on a pixel by pixel 
basis and data acquisition and analysis are handled by imaging software.
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11.3.2.1.3  The Detector
Detection is achieved by a CCD camera (BASLER scA640, Basler AG). The 
BASLER scA640 camera resolution is 658 × 492 pixels, and it is equipped with an 
ICX414 sensor, which has a frame rate of 79 fps. The free pylon software can be 
downloaded at http://www.baslerweb.com/de/produkte/software. Between the CCD 
camera and the inverted microscope, there is a HR055-CMT 0.55× High Resolution 
C-Mount Adapter (Diagnostic Instruments).

11.3.2.1.4  Computer-Controlled Filter Changer
The Lambda 10-B Optical Filter Changer (Sutter) is ideal for imaging applications 
requiring a single filter wheel. Lambda 10-B uses advanced motor technology to 
achieve 40 ms switching times between adjacent filters. It features USB and serial 
port interfaces, as well as keypad control.

11.3.2.1.5  Computer and Software
The computer system requirements of fluorescence calcium image system: Intel 
Pentium-4 processor or later, Microsoft Windows XP or later, CD-ROM drive, 1 GB 
or more system memory (RAM), 128 GB or more free disk space, and 24-bit graph-
ics display. Data acquisition and analysis is achieved by specialized commercially 
available software.

11.3.2.2  Ca2+ Indicators
Fura-2 and Indo-1 are widely used UV-excitable fluorescence Ca2+ indicators 
(see Table 11.2). The synthesis and properties of Indo-1 and Fura-2 were presented 
by Tsien and colleagues in 1985 [49,50]. Fura-2 is a ratiometric Ca2+ indicator, which 
is one of the most popular Ca2+ indicators and is widely used for quantitative intra-
cellular Ca2+ measurements. Its peak absorbance shifts from 335 to 363 nm in the 
Ca2+-bound and Ca2+-free state, respectively. Fluorescence emission occurs at a peak 
wavelength of 512 nm for excitation at either UV wavelength. The use of the ratio 
automatically cancels out confounding variables, such as variable dye concentration 
and cell thickness, making Fura-2 one of the most appreciated tools to quantify Ca2+ 

TABLE 11.2
Properties of Ca2+ Indicators for Fluorescence Calcium Measurement

Indicator
Excitation 
Peak (nm)

Emission 
Peak (nm)

Kd for 
Ca2+ (nM)

Membrane 
Permeability Notes

Indo-1 AM 338 405/485 230 Yes Single excitation/dual emission

Fura-2 AM 335/363 512 145 Yes Dual excitation/single emission

Note: See [62] for more details.

http://www.baslerweb.com
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levels. Fura-2 has a Ca2+ affinity (Kd ∼ 145 nM) that is comparable to endogenous 
resting Ca2+ levels [51,52].

Indo-1 is also widely used ratiometric Ca2+ indicator. It differs from Fura-2 in 
that it is single excitation and dual emission. When Ca2+ binding occurs, its emis-
sion exhibits a large change, which shifts from 485 nm without Ca2+ to 405 nm 
with Ca2+ when excited at about 338 nm. The use of the 405/485 nm emission ratio 
for indo-1 allows accurate measurements of the intracellular Ca2+ concentration. 
Both Fura-2 and Indo-1 have been used to measure calcium entry induced by ara-
chidonic acid [19,53].

11.3.2.3  Solutions
For measuring calcium entry through ARC channels, the following bathing solutions 
are used:

Solution 1: Ca2+ free Hanks’ balanced salt solution (HBSS) solution (in mM): 
140 NaCl, 1.13 MgCl2, 4.7 KCl, 10 d-glucose, and 10 HEPES, with pH 
adjusted to 7.4 with NaOH (20 mL)

Solution 2: 2 mM Ca2+ HBSS solution (in mM): 140 NaCl, 1.13 MgCl2, 2 mM 
CaCl2, 4.7 KCl, 10 d-glucose, and 10 HEPES, with pH adjusted to 7.4 with 
NaOH (50 mL)

Solution 3: Ca2+-free HBSS solution + 8 μM AA (20 mL)
Solution 4: 2 mM Ca2+ HBSS solution + 8 μM AA (20 mL)
Solution 5: 2 mM Ca2+ HBSS solution + 50 μM 2-APB (20 mL)
Solution 6: 2 mM Ca2+ HBSS solution + 10 μM ionomycin (20 mL)

11.3.2.4  Experimental Procedures
11.3.2.4.1  Seeding Cells
Twelve to twenty-four hours before performing calcium imaging experiments, cells 
are seeded onto 35 mm glass bottom dishes (MatTek Corporation) or 30 mm round 
glass coverslips in 6-well tissue culture plates (VWR).

11.3.2.4.2  Loading Cells
• One milliliter of media from the culture dish is transferred to a 15 mL 

centrifuge tube (Corning), then 1 μL, 1000×, 2 mM Fura-2AM (dissolved 
in DMSO, Life Technologies) is added to a centrifuge tube and mixed to 
achieve a 2 μM final concentration.

• A coverslip with attached cells is transferred to an imaging chamber and 
incubated at 37°C for 40 min to 1 h (incubation times depend on cell types) 
in culture media containing 2 μM Fura-2AM.

• The coverslip is washed with solution 2 for 3–4 times, then 1 mL of solution 
2 is added, and the cells are left in the dark at room temperature for 10 min 
to allow cellular esterases to cleave the acetoxymethyl ester groups in Fura-
2AM. Fura-2 acid capable of binding calcium is produced and trapped in 
the cytosol.
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11.3.2.4.3  Performing Calcium Imaging Experiments
Before starting the recording, cells of interest are chosen. Excitation filter is switched 
between F340 and F380, and fluorescence intensities are measured. The measure-
ment of Ca2+ influx through ARC channels is performed as described as follows:

At 1 min, gently remove Solution 2 by suction, and add 1 mL Solution 4.
At 4 min, switch to Solution 5.
At 7 min, switch to Solution 6, and wait another 1 min, then end the experiment.

11.4  SICE CHANNEL FUNCTION IN HEALTH AND DISEASE

Compared to SOCE channels, little is known about the role of STIM/Orai-mediated 
SICE pathways in cell functions and their contribution to disease. Pla and colleagues 
first reported that low concentrations of arachidonic acid are able to evoke a store-
independent Ca2+ influx, exerting a mitogenic role in bovine aortic endothelial cells 
[54]. Endogenous ARC currents in primary murine parotid and pancreatic acinar cells 
were reported, and it was shown that they play a critical role in modulating calcium 
entry responses to physiological agonists [25]. Another study has proposed that ARC 
channels may play a role in the regulation of insulin secretion in rat pancreatic β cells 
[55]. A recent study reported that AA-activated ARC currents from airway smooth 
muscle (ASM) cells isolated from asthmatic individuals are significantly greater than 
in ASM cells of normal controls, suggesting that ARC channels could potentially 
contribute to dysregulated calcium signaling in diseases such as asthma [56]. Using 
immunofluorescence and biotinylation, it was demonstrated that Orai3 expression 
in the plasma membrane is triggered by vascular endothelial growth factor (VEGF) 
stimulation of endothelial cells. VEGF-mediated Orai3 membrane accumulation 
involves activation of phospholipase Cγ1, cytosolic group IV phospholipase A2α 
leading to AA and AA metabolism into LTC4 [57]. Saliba and colleagues showed 
that adult cardiomyocytes express a calcium-permeable conductance activated by 
AA, mediated by Orai3, and regulated by STIM1. This LRC/ARC-like conductance 
is increased during cardiac hypertrophy and was proposed to mediate the effects of 
STIM1 in driving pathological remodeling in heart during cardiac hypertrophy [58]. 
Studies from our group showed upregulation of Orai3 and LRC/ARC currents during 
vascular smooth muscle remodeling in vivo, namely, in vessels of rats subjected to 
balloon angioplasty [29]. The knockdown of Orai3 in balloon-injured carotid arter-
ies using lentivirus-encoding shRNA prevented Orai3 upregulation, inhibited LRC/
ARC currents, and decreased neointima formation, supporting the idea that remod-
eling of Orai1/Orai3 LRC/ARC channels contributes to neointima formation after 
vascular injury [29]. In a subsequent study, we showed that the knockdown of either 
LTC4S or Orai3 inhibits VSMC migration with no effect on proliferation and that 
in vivo knockdown of LTC4S inhibits neointima formation [30]. A similar remodel-
ing of Orai1/Orai3 expression was reported in prostate cancer [59]. This remodeling 
was proposed to involve increased expression of Orai3, favoring the formation of 
heteromultimers of Orai1/Orai3 to increase an ARC-like conductance and promote 
decrease in apoptosis and increase in proliferation of prostate cancer. Another study 
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in prostate cancer proposed that Orai1/Orai3 heteromultimers are store-operated. 
They proposed that SOCE in human prostate epithelial cells and prostate cancer cells 
is mediated by Orai1/Orai3 heteromers and that there is a correlation between the 
Orai1/Orai3 ratio and the redox sensitivity of SOCE and therefore, cell viability. An 
increased Orai1/Orai3 ratio in cells derived from prostate cancer tumors may con-
tribute to the higher sensitivity of these cells to reactive oxygen species (ROS) [60]. 
Indeed, earlier work by Bogeski and colleagues showed that Orai1 is more resistant 
to ROS-mediated inhibition of channel function than Orai3 [61].

In summary, much work is needed to fully understand the physiological func-
tions of different Orai channel isoforms, their differential regulation and multi-
merization patterns, and their contribution to pathological conditions. Particularly, 
the regulation, exact subunit composition of Orai1/Orai3 SICE channels, and their 
dysregulation during disease are far from being completely understood. The exis-
tence of three Orai isoforms encoded by three independent genes and of transla-
tional variants (such as Orai1α and β) and likely yet to be identified splice variants 
suggest that various associations between these different isoforms likely contribute 
to enhancing the diversity as well as the subcellular localization of Orai channels 
for the purpose of selective calcium signaling. While Orai1 has been clearly impli-
cated in the SOCE pathway in virtually all cell types, the exact functions of Orai2 
channels remain mostly obscure, and Orai3 has been uniquely implicated in store-
independent calcium entry, along with Orai1. The association of two exclusively 
mammalian proteins, Orai1α and Orai3, to form SICE channels likely constitutes a 
highly specialized conductance that mediates cellular responses to subtle environ-
mental or humoral cues. The upregulation of Orai1 and Orai3 observed in various 
disease states suggests the potential use of channels formed by these two proteins 
as targets for therapy for those diseases. Future studies into the exact oligomeric 
state of native Orai1α/Orai3 channels, their cellular distribution, and mechanisms 
of regulation are likely to bring us closer to using these channels as targets in 
human ARC/LRC-related disease therapy.
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12.1  INTRODUCTION

Ca2+ is a ubiquitous intracellular messenger that transduces a variety of cellular 
responses downstream of the activation of G-protein-coupled or tyrosine kinase 
receptors. Depending on the agonist and cellular context, Ca2+ can mediate different 
responses in the same cell [1]. The specific cellular response transduced downstream 
of the particular Ca2+ transient is encoded in the spatial and temporal dynamics of 
the Ca2+ signal, leading to the activation of a subset of Ca2+-dependent effectors and 
the ensuing cellular response. As such, the duration, amplitude, frequency, and spa-
tial localization of Ca2+ signals encode targeted signals that activate Ca2+-sensitive 
effectors to define a particular cellular response. To generate and fine-tune those 
Ca2+ signals, cells use two main Ca2+ sources: entry of extracellular Ca2+ and Ca2+ 
release from intracellular stores. The primary intracellular Ca2+ store is the endoplas-
mic reticulum (ER), which can concentrate Ca2+ in the hundreds of μM range [2]. 
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In contrast, cytoplasmic Ca2+ concentration is kept at rest at extremely low levels 
(~100 nM or lower), thus providing a low-noise background for detection of complex 
Ca2+ dynamics [3].

The Ca2+-signaling machinery includes Ca2+ entry and extrusion pathways in the 
plasma membrane (PM), ER membrane Ca2+ release channels, and Ca2+ reuptake 
ATPases within the ER membrane [4]. These Ca2+ transport pathways, in addition 
to intracellular Ca2+ buffers and Ca2+ uptake and release through other intracellular 
organelles, primarily the mitochondria, combine to shape highly tuned and dynamic 
Ca2+ transients that regulate cellular functions [5].

Under physiological conditions in non-excitable cells, Ca2+ transients are typically 
initiated downstream of agonist stimulation through the activation of the PLC–IP3 
signal transduction cascade, which leads to the opening of intracellular Ca2+ chan-
nel inositol 1,4,5-trisphosphate receptors (IP3Rs) to release Ca2+ from intracellular 
stores [6]. Ca2+ release depletes the stores and activates a Ca2+ influx pathway in the 
PM termed store-operated Ca2+ entry (SOCE). SOCE is mediated by two key play-
ers: ER transmembrane Ca2+ sensors represented by the STIM family of proteins 
and PM Ca2+ channels of the Orai family that link directly to STIMs (see Chapters 
1 through 3). The N-terminus of STIM1 faces the ER lumen and consists of two 
EF-hand domains that detect luminal Ca2+ concentration. The loss of STIM1 Ca2+ 
binding upon store depletion leads to conformational changes in the protein and its 
aggregation into clusters that translocate and stabilize into ER–PM junctions with 
very close apposition (~20 nm) [7]. STIM1 within these ER–PM junctions binds 
to and recruits Orai1 through a diffusional trap mechanism, resulting in opening 
Orai1 channels and Ca2+ entry [8]. As such, the STIM–Orai clusters at ER–PM junc-
tions define a specific microdomain at ER–PM junctions that also include the ER 
Ca-ATPase (SERCA) [9,10].

The tightly regulated remodeling of the Ca2+-signaling machinery upon store 
depletion allows for specific Ca2+ signaling in the midrange between Ca2+ micro-
domains and global Ca2+ waves [10] (see Chapter 5). Spatially, Ca2+ signaling can 
occur in localized spatially restricted elementary Ca2+ release events that activate 
effectors located in the immediate proximity of the Ca2+ channel. Alternatively, Ca2+ 
signals/waves occur/spread through the entire cell resulting in a global spatially unre-
stricted signal.

We have recently described a SOCE-dependent Ca2+-signaling modularity that 
signals in the midrange between these two spatial extremes [10]. Store depletion 
downstream of receptor activation and IP3 generation results in a localized Ca2+ entry 
point source at the SOCE clusters that induces Ca2+ entry into the cytoplasm, which 
is readily taken up into the ER lumen through SERCA activity only to be released 
again through open IP3Rs distally to the SOCE entry site and gate Ca2+-activated 
Cl− channels as downstream Ca2+ effectors. This mechanism, referred to as “Ca2+ 
teleporting,” allows for specific activation of Ca2+ effectors that are distant from the 
point source Ca2+ channel without inducing a global Ca2+ wave, thus providing a 
novel module in the Ca2+-signaling repertoire. A cartoon summary of Ca2+ teleport-
ing is found in Figure 12.1.

The relationship between Ca2+ signaling and cellular proliferation is complex with 
Ca2+ transients detected at various stages of the cell cycle [2]. These transients are 
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thought to activate a multitude of Ca2+ effectors downstream of the initial Ca2+ signal, 
which were shown to be important for cellular proliferation, including, for example, 
calmodulin (CaM) and Ca2+–CaM-dependent protein kinase II (CaMKII).

However, there are a few cases where Ca2+ signals have been shown directly to be 
critical for cell cycle progression, including in mitosis for nuclear envelope  breakdown 
and for chromosome disjunction [11]. In contrast, nuclear envelope breakdown dur-
ing meiosis in vertebrate oocytes occurs independently of Ca2+, but Ca2+ is required 
for the completion of meiosis I in vertebrate oocytes [12–14]. Interestingly, multiple 
Ca2+ signaling pathways are modified during M-phase of the cell cycle, with the best 
defined example being Xenopus oocyte maturation [15].

Several Ca2+ influx pathways have been implicated in cell proliferation and cell cycle 
progression, including TRP channels, voltage-gated Ca2+ channels (CaV), purinergic 
P2X receptors, ionotropic glutamate receptors, and SOCE [16]. Blockers of voltage-
gated Ca2+ channels were shown to slow down cell growth, arguing for a role for these 
channels in cell cycle progression [16–18]. Experimental manipulation of the expression 
levels of members of the TRPC, TRPV, and TRPM families of cation channels, which 
are Ca2+ permeable, was linked to cell proliferation with differential effects depending 
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on the particular channel studied [16]. However, some of these studies are difficult 
to interpret because channel knockdown or overexpression could have significantly 
broader effects on Ca2+ signaling than affecting Ca2+ influx through the specific channel 
in question, as it may lead to changes in expression of other Ca2+-signaling pathways as 
a compensatory mechanism. Furthermore, the majority of TRP channels conduct cat-
ions with some Ca2+ permeability and are not Ca2+ selective like Orai1 or CaV channels, 
with the exception of TRPV5 and TRPV6 (see Chapter 13). Hence, changes in their 
expression is likely to affect the ionic balance across the cell membrane with effects on 
resting membrane potential, which may in turn affect cell proliferation.

The relationship between SOCE and cell proliferation is an intimate one that goes 
beyond the well-recognized roles of Ca2+ signaling in cellular growth and prolif-
eration. SOCE is dramatically downregulated during the division phase of the cell 
cycle through mechanisms that have not been fully elucidated. This is in line with 
the significant remodeling of the Ca2+-signaling machinery during M-phase, which 
has been well characterized during oocyte meiosis. Furthermore, there is mounting 
evidence from multiple neoplasms for an important role for SOCE in metastasis.

This chapter presents a brief overview of our current knowledge as to the mecha-
nisms regulating SOCE during cell cycle from cellular proliferation to metastasis 
with an emphasis on SOCE regulation during cell division (mitosis and meiosis).

12.2  ROLE OF Ca2+ SIGNALS IN CELLULAR PROLIFERATION

The requirement for Ca2+ in cell proliferation has been known for decades with the opti-
mum extracellular Ca2+ concentration to support proliferation being in the 0.5–1 mM 
range [16]. However, the requirement for Ca2+ during cell growth and proliferation is 
vague and difficult to define given the broad involvement of Ca2+ signaling in many 
aspects of cellular physiology and signaling. Also, bifurcating signaling pathways such 
as G-protein-coupled receptor activation can induce cell proliferation together with a 
Ca2+ signal without any direct link between Ca2+ and cell growth. Nonetheless, Ca2+ 
influx appears to support cellular proliferation since immortalized/neoplastic cells do 
not require as much Ca2+ in the extracellular medium as primary cells, and this is of 
importance for cell cycle studies and in the design of anticancer drugs.

Ca2+ release from intracellular stores through IP3Rs or ryanodine receptors (RyR) 
has been implicated in proliferation. IP3R activation is involved in stimulating the 
proliferation of stem cells, kidney cells, pancreatic beta cells, breast cancer, and 
vascular smooth muscle cells [19–26]. RyR are more likely to be involved in the 
regulation of cellular differentiation [25]. The activation of IP3Rs also stimulates 
the proliferation of breast cancer cells [26]. Interestingly, breast cancer cells rely 
for their survival and proliferation on Ca2+ released via IP3Rs to fuel mitochondrial 
respiration, making this Ca2+-dependent cross talk between the ER and mitochondria 
a potential target for drug development [27].

Further strengthening a role for Ca2+ in proliferation, several Ca2+-dependent 
downstream effectors have been implicated in cellular proliferation. A primary intra-
cellular Ca2+-binding effector, the ubiquitous cellular Ca2+-sensing protein CaM, is 
required for cell cycle progression and proliferation [28,29]. Furthermore, CaM  levels 
are highly regulated during the cell cycle with an increase at the G1/S transition [30]. 



219Regulation and Role of Store-Operated Ca2+ Entry in Cellular Proliferation

Several effectors downstream of CaM have been identified, including CaM kinases I 
and II that interfere with various steps of the cell cycle, and CaM-dependent protein 
phosphatase calcineurin [31–33]. In T cells, calcineurin dephosphorylates and acti-
vates the nuclear factor of activated T cells (NFAT), inducing its nuclear transloca-
tion, where it stimulates gene transcription in support of cell proliferation [34] (see 
Chapter 5). Several other effectors have been identified downstream of Ca2+ signals 
and the activation of CaM-dependent phosphorylation/dephosphorylation processes 
such as NF-κB and the cAMP response element [33].

Ca2+ influx through multiple pathways has also been implicated in cell prolifera-
tion. CaV channels, particularly T-type channels, have been described as regulating 
the proliferation of several cancer cells [35], and in the case of TRP channels, most 
knockdown experiments revealed that they are also required for cell proliferation 
[16]. SOCE is now probably the most extensively studied Ca2+ pathway involved 
in cell proliferation. Beyond the immune response, NFAT stimulation by SOCE 
is involved in the proliferation of other cell types such as neural progenitor cells 
[36,37], osteoblasts [38], kidney cells [39], and endothelial and endothelial progeni-
tor cells involved in angiogenesis in cancer patients [40,41].

12.3  REMODELING OF THE Ca2+-SIGNALING 
MACHINERY DURING MEIOSIS

As discussed earlier, not only are Ca2+ signals important for cellular proliferation and 
cell cycle progression, but Ca2+ transport pathways are themselves modulated during 
the cell cycle. This regulation of Ca2+ signaling during the cell cycle is presumed to 
support its progression although direct evidence for this remains scarce. An impor-
tant case study is the remodeling of Ca2+-signaling pathways during Xenopus oocyte 
meiosis, where multiple Ca2+-signaling modules are modified to prepare the egg for 
fertilization and the egg-to-embryo transition.

Vertebrate oocytes arrest at prophase of meiosis I for prolonged periods of time 
[42,43]. Before oocytes acquire the competency to be fertilized, they undergo a 
maturation period during which they progress to metaphase of meiosis II in a pro-
cess termed “oocyte maturation.” Mature oocytes, typically referred to as eggs, com-
plete meiosis at fertilization and transition to the mitotic cell cycle. Egg activation is 
highly Ca2+ dependent as Ca2+ mediates critical steps to initiate development, includ-
ing the block of polyspermy and the completion of meiosis II to ensure a proper 
egg-to-embryo transition. In order to be effective, these events need to occur in a 
chronological fashion since polyspermy needs to be prevented before the completion 
of meiosis to ensure zygote viability. Throughout phylogeny in all sexually reproduc-
ing species investigated to date, Ca2+ has been shown to encode the egg-to-embryo 
transition through a species-specific Ca2+ transient at fertilization with well-defined 
spatial, temporal, and amplitude dynamics [44–47]. Eggs acquire the ability to pro-
duce this fertilization-specific Ca2+ transient only after oocyte maturation, owing to 
dramatic remodeling of the Ca2+-signaling machinery during oocyte maturation that 
affects multiple Ca2+ transport proteins such as IP3R, PMCA, and Orai/STIM [15].

The fertilization-specific Ca2+ signal in Xenopus is distinguished by a sustained 
elevated Ca2+ plateau that lasts for several minutes following a local Ca2+ rise at 
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the site of sperm entry that spreads slowly (~9 μm/s), in the form of a Ca2+ wave, 
across the entire egg [48–51]. In contrast, Ca2+ transients in oocytes tend to have a 
saltatory mode of propagation with a more rapid wave speed (~20 μm/s) [52–54]. 
Given that the frog oocytes express only the type 1 IP3R isoform and no RyR [55], 
these changes in Ca2+ release during oocyte maturation are thus due to changes in the 
regulation of the IP3R during maturation as discussed in more detail in the following 
text. IP3-dependent Ca2+ release plays a central role in mediating the Ca2+ transient at 
fertilization in vertebrate eggs.

In mammals, the slow oscillations that are maintained for long periods of time 
depend on Ca2+ influx from the extracellular space, presumably through the SOCE 
pathway [56–58]. Fertilization activates phospholipase Cγ (PLCγ) in Xenopus or 
delivers PLCζ in mammalian eggs, which increases IP3 production and gates IP3Rs 
to release Ca2+ from the ER [59–62]. It is clear that IP3-dependent Ca2+ release prop-
erties are modulated during oocyte maturation when an increase in IP3-dependent 
Ca2+-release sensitivity is noted and conserved among different species [54,63–67].

IP3-dependent Ca2+ release is sensitized during Xenopus oocyte maturation [54]. 
Threshold IP3 concentrations lead to small and spatially separate elementary Ca2+ 
release events (puffs) in oocytes [68]; whereas in eggs, similar IP3 concentrations lead 
to larger consolidated events referred to as single release events (SREs) (Figure 12.2b) 
[54]. These larger release events are likely due to the clustering of the smaller ele-
mentary Ca2+ puffs [54,69–71]. The ER remodels during oocyte maturation forming 
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FIGURE 12.2 Clustering of elementary Ca2+ release events during oocyte maturation. (a) 
The ER remodels during oocyte maturation to form large patches in the egg. Oocytes were 
injected with GFP–IP3R (50 ng/cell) and mCherry-KDEL (10 ng/cell). mCherry-KDEL 
marks the ER and shows dramatic remodeling of the ER in the animal hemisphere of the egg 
into large ER patches. IP3Rs localize to these ER patches, as well as the reticular ER in the 
egg. Scale bar, 2 μm. (b) Elementary Ca2+ release events during oocyte maturation. Xenopus 
oocytes were injected with 10 μM caged IP3 and 40 μM Oregon Green. Oocyte maturation was 
induced with progesterone, and both immature oocytes and fully mature eggs were imaged in 
line scan mode at 488 nm with the 405 nm laser at low intensity (0.2%) to continuously uncage 
cIP3. The same region in the cell was scanned continuously in line scan mode with the x-axis 
representing time and the y-axis space. The single isolated Ca2+ puffs observed in the oocyte 
coalesce into larger release events referred to as single release events (SRE). (Adapted from 
Sun, L. et al., PLoS One, 6, e27928, 2011.)
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large patches that are enriched in IP3Rs as compared to the neighboring reticular 
ER (Figure 12.2a) [72]. Interestingly, we found that this clustering sensitizes IP3Rs 
within ER patches, to respond to lower IP3 concentrations as compared to IP3Rs that 
localize to the reticular ER [72]. This sensitization appears to be due to increased 
Ca2+-dependent cooperativity at subthreshold IP3 concentrations due to the physical 
clustering of IP3Rs within ER patches, because IP3Rs freely exchange between the 
two ER compartments (i.e., patches and reticular ER) [72]. A similar sensitization of 
the IP3R is observed during mitosis [73] and has been suggested to depend on cdk1 
phosphorylation of IP3R [74].

Sensitization of IP3-dependent Ca2+ release during oocyte maturation takes place 
simultaneously with the activation of multiple kinase cascades that drive this differen-
tiation pathway. This argued for a potential role for phosphorylation of IP3R in modu-
lating its sensitivity in both Xenopus and mouse eggs, especially that IP3R was found 
to be phosphorylated specifically during oocyte maturation at  maturation-promoting 
factor (MPF)/mitogen-activated protein kinase (MAPK) conserved sites [54,75,76]. 
However, direct evidence showing that phosphorylation at these residues modulates 
IP3 sensitivity of the channels is lacking. Furthermore, IP3R sensitization could also 
be related to the number of functional IP3Rs, given their gating cooperativity. In that 
context, the number of functional IP3Rs increases during Xenopus oocyte maturation 
(without a significant change in total IP3R protein pool) as they translocate from 
annulate lamellae to the ER [77,78]. Annulate lamellae represent an oocyte-specific 
vesicular compartment to which IP3Rs localize but are silenced presumably through 
protein–protein  interactions [77,78].

Two additional transport pathways important in defining Ca2+ transient in the frog 
oocyte are the PM Ca2+ ATPase (PMCA) that possesses high affinity for Ca2+ and 
functions to decrease Ca2+ levels back to the resting state [79,80] and the SERCA 
pump that ensures Ca2+ sequestration into the ER lumen [81]. PMCA, which local-
izes to the cell membrane in immature Xenopus oocytes, is internalized into an intra-
cellular vesicular pool during oocyte maturation [71]. Coupled to the continuous 
and constant SERCA-dependent Ca2+ reuptake and the increased sensitivity of IP3-
dependent Ca2+ release, PMCA internalization contributes to the sustained Ca2+ pla-
teau after the slow rising Ca2+ phase at fertilization [15,71].

Finally, SOCE completely inactivates in the mature Xenopus egg compared to 
immature oocytes [82,83]. The regulation of SOCE during meiosis is covered in 
more detail in the next section.

12.4  SOCE INACTIVATION DURING M-PHASE

Immature Xenopus oocytes possess a robust SOC current that has similar biophysi-
cal properties to CRAC, the prototypical SOC channel activity originally character-
ized in immune cells [82,84,85] (see Chapter 1). However, during oocyte maturation, 
SOCE is inactivated completely: in mature eggs, SOCE is no longer activated 
when stores are depleted [82]. The inhibition of SOCE requires the activation of 
 maturation-promoting factor (MPF, composed of CDK1 and cyclin B) [83]. This was 
shown by measuring both the SOC current and the levels of activation of multiple 
kinases that drive oocyte maturation at the single-oocyte level, to allow for direct 
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correlation between the activity of various kinases and SOCE at the single-cell level 
[83]. Therefore, the fertilization-specific Ca2+ transient in Xenopus eggs is gener-
ated without contribution from SOCE. Xenopus eggs respond to sperm entry with 
a single sweeping Ca2+ transient that lasts several minutes [49,86]. This Ca2+ signal 
encodes subsequent events associated with egg activation in the following order: (1) 
fast block to polyspermy due to gating of Ca2+-activated Cl− channels that depolar-
ize the cell membrane; (2) slow block to polyspermy due to cortical granule fusion; 
and (3) completion of meiosis due to calcineurin and CaMKII activation [15,87,88]. 
SOCE inactivation is likely to contribute to shaping the dynamics of the fertilization-
specific Ca2+ signal and therefore promote the egg-to-embryo transition.

Interestingly, SOCE is downregulated but not completely inactivated during 
mammalian oocyte meiosis as store depletion in metaphase II eggs induces Ca2+ 
entry, which supports Ca2+ oscillations following fertilization [89]. In contrast to 
Xenopus eggs, mammalian oocytes respond at fertilization with multiple Ca2+ oscil-
lations that can last for hours [57]. Maintenance of these Ca2+ oscillations depends 
on Ca2+ influx through SOCE, presumably to refill Ca2+ stores and provide a continu-
ous Ca2+ source for the Ca2+ release waves. There is, hence, a correlation between 
the occurrence of SOCE during meiosis and the ability of the oocyte to support Ca2+ 
oscillations at fertilization. Some reports have argued that SOCE amplitude increases 
during oocyte maturation in both mouse and pig [90,91]. In contrast, we and others 
have shown that SOCE is downregulated but not completely inhibited during mouse 
oocyte meiosis, and that downregulated SOCE is required for the egg-to-embryo 
transition [92,93]. The reasons for these discrepancies remain unclear. Nonetheless, 
collectively the data suggest that SOCE downregulation during vertebrate oocyte 
maturation represents an important determinant of the remodeling of Ca2+ signaling 
in preparation for fertilization.

Furthermore, similar to what is observed in meiosis of frog oocytes, SOCE is 
also inhibited during mitosis of mammalian cells. In the late 1980s, Volpi and Berlin 
showed that histamine stimulation during interphase in HeLa cells produced an ini-
tial Ca2+ rise owing to Ca2+ release from internal stores, followed by an elevated 
plateau due to Ca2+ influx from the extracellular space [94]. By contrast, histamine 
stimulation in mitotic cells resulted only in the Ca2+ release phase, arguing that 
Ca2+ influx is inhibited during mitosis. This observation was made around the time 
when the initial ideas regarding SOCE were being formulated. The same group later 
argued that SOCE inhibition during mitosis occurs due to uncoupling of store deple-
tion from SOCE, as thapsigargin (an agent that causes store depletion by blocking 
SERCA) activated SOCE in interphase but not mitotic cells [95]. More recent studies 
confirmed that SOCE is inactivated during mitosis in RBL-2H3, HeLa, and HEK293 
cells [96–98].

Investigating SOCE levels throughout the cell cycle showed that there is a slight 
enhancement of SOCE during the G1 and S phases, and dramatic downregulation 
during M-phase [98]. Consistent with this cell cycle–dependent modulation of SOCE 
activity, SOCE has been shown to control the G1/S transition but is not necessary 
during S-phase or the G2/M transition [99]. Furthermore, SOCE has emerged as an 
important player in cell proliferation, yet the mechanisms by which it controls dis-
tinct phases of the cell cycle remain elusive. Recent studies show that inactivation of 
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SOCE by silencing STIM1 in smooth muscle cells, cervical and breast cancer cells 
significantly inhibited proliferation by slowing down cell cycle progression [21,100]. 
This is discussed in more detail in Section 12.6.

Collectively, most current evidence argues that SOCE downregulation during 
M-phase is conserved and as such could be physiologically significant. Although this 
has not been directly addressed experimentally, one can speculate that tight regula-
tion of Ca2+ signaling is required during M-phase owing to its important functional 
role at multiple steps throughout the process including nuclear-envelope breakdown, 
anaphase onset, and cell cleavage. Hence, SOCE inactivation might represent a safety 
mechanism that prevents sporadic Ca2+ signals from occurring during cell division, 
which may disrupt its normal progression.

12.5  MECHANISMS REGULATING SOCE INACTIVATION 
DURING M-PHASE

Aside from the role of Maturation Promoting Factor (MPF, Cdk1) in SOCE 
 inhibition, very little was known regarding the mechanistic regulation of SOCE inac-
tivation during M-phase. It has also been argued that SOCE inhibition during mitosis 
in COS-7 cells is the result of the microtubule-network remodeling that accompanies 
mitosis [101]. Laser scanning confocal microscopy to monitor cytosolic Ca2+ dynam-
ics revealed that SOCE was progressively inhibited in mitosis and became  virtually 
absent during metaphase [101]. Russa and colleagues used various cytoskeletal mod-
ifying drugs and immunofluorescence to assess the contribution of microtubule and 
actin filaments to SOCE. Nocodazole treatment caused microtubule reorganization 
and retraction from the cell periphery that mimicked the natural mitotic microtu-
bule remodeling that was also accompanied by SOCE inhibition. Short exposure 
to paclitaxel, a microtubule-stabilizing drug, strengthened SOCE, whereas long 
exposure resulted in microtubule disruption and SOCE inhibition. Actin-modifying 
drugs (cytochalasin D, calyculin A) did not affect SOCE. These findings indicate that 
mitotic microtubule remodeling plays a significant role in the inhibition of SOCE 
during mitosis. However, recent studies investigating the behavior of STIM1 and 
Orai1 during M-phase have provided additional insights [96,97,102–104].

STIM1 is a phosphoprotein, as revealed in large-scale mass spectrometry stud-
ies with different findings as to the specific phosphorylated residues from immu-
noprecipitated STIM1, presumably due to the different cell types used with lack 
of  careful control of the cell cycle stage [105]. Smyth and colleagues reported 
that during mitosis of HeLa and HEK293 cells, which were treated with 1.67 μM 
nocodazole for 12–16 h, STIM1 fails to move to peripheral junctions to form 
puncta and interact with Orai1 [97]. Furthermore, during mitosis, STIM1 becomes 
phosphorylated at multiple sites identified by mass spectrometry. Phosphorylation 
of STIM1 could also be detected by an anti-phospho-Ser/Thr-Pro MPM-2 anti-
body [106] in this study. STIM1 contains 10 minimal MPF–MAPK consensus sites 
(S/T-P), all located in the far C-terminus (Figure 12.3). Removal of these 10 residues 
by truncation at amino acid 482 abolished MPM-2 recognition of mitotic STIM1 
[97]. The resulting truncated protein, when coexpressed with Orai1 in mitotic cells, 
partially rescues SOCE as measured by Ca2+ imaging and SOC current recording 
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by whole-cell patch–clamp technique. In addition, alanine substitution at two resi-
dues (Ser486 and Ser668) was sufficient to partially rescue SOCE, although to a 
lesser extent than the 482 deletion mutant [97]. Cotransfection with an Orai1 con-
struct was necessary in these experiments because truncated STIM1 was not able 
to rescue SOCE in mitotic cells unless Orai1 was coexpressed. In fact, Smyth and 
colleagues reported that HEK293 cells expressing the truncated STIM1 did expand 
at a slightly but significantly slower rate, but no other significant alterations to the 
mitotic process were observed [97].

In a subsequent study, a STIM1 mutant retaining the full-length C-terminus, but 
lacking the 10 putative phosphorylation sites by alanine substitution (STIM1-10A), 
was able to rescue SOCE in mitotic cells expressing only endogenous Orai1 [96]. 
This would suggest that phosphorylation of STIM1 is the major underlying mech-
anism for shutting down SOCE during mitosis. When the cellular localization of 
STIM1-10A was examined by confocal microscopy in mitotic cells, the results were 
striking. STIM1-10A was incapable of dissociating from EB1 and accumulated 
in the spindle area. Mutation of the TRIP EB1-binding domain to TRNN rescued 
appropriate partitioning of STIM1 to the cell periphery. However, STIM1-10A sup-
ported SOCE in mitosis is likely not due to restoration of the EB1 interaction by 
STIM1-10A, because STIM1 activation of SOCE is independent of its EB1 interac-
tion [107]. However, ER mislocalization driven by STIM-10A did not cause obvious 
mitotic defects. In addition, the phosphomimetic STIM1-10E mutant failed to inhibit 
SOCE activation in interphase cells [96].

Our group studied the mechanisms regulating SOCE inactivation during Xenopus 
oocyte meiosis with disparate results from what is observed in mitosis [103]. SOCE 
inactivation during meiosis is dependent on the kinase cascade that drives oocyte 
maturation, where activation of MPF was shown to be necessary and sufficient to 
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inactivate SOCE in Xenopus oocytes [82,83]. Overexpression of human STIM1 
and Orai1 by injection of in vitro transcribed mRNA into Xenopus oocytes greatly 
enhances SOCE, yet even this current induced by exogenous expression is inacti-
vated during meiosis (Figure 12.4c) [103]. Associated with this inhibition of SOCE, 
STIM1 fails to cluster following Ca2+ store depletion (Figure 12.4b). Furthermore, 
meiosis was associated with inhibition of SOCE mediated by constitutively active 
STIM1 mutants [103], arguing that this inhibition is an active process. STIM1 is 
phosphorylated at multiple sites during meiosis as shown by a mobility shift on SDS-
PAGE and by mass spectrometry. However, mutagenesis of all possible phosphory-
lation sites to alanines failed to rescue either STIM1 clustering or SOCE activation 
[103]. Interestingly, STIM1 clustering inhibition during meiosis required activation 
of MPF and was independent of the activity of the MAPK cascade, consistent with 
the requirement for MPF activation to inhibit endogenous SOCE during meiosis 
[83,103]. Our data suggest that STIM1 phosphorylation is not responsible for STIM1 
clustering inhibition or SOCE inactivation during M-phase. Thus, while there are 
similarities between the regulation of STIM1 in meiosis and mitosis, there appear 
to be some differences as well. Indeed, it is likely that there is much more to be 
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(meiosis) (b). Images show the distribution of Orai1 and STIM1 before and after store deple-
tion with TPEN (5 mM). Images show orthogonal section across a stack of confocal images 
representing a cross section across the plasma membrane and cortical cytoplasm. Whereas 
STIM1–Orai1 cocluster in oocytes (a), this clustering is inhibited in eggs (b). The ER remod-
els in eggs and forms large membrane patches to which STIM1 localizes. Orai1 is enriched in 
intracellular vesicles in eggs. Scale bar is 2 μm. (c) SOCE inactivates during meiosis. Control 
oocytes or oocytes and eggs injected with STIM1 and Orai1 were treated with ionomycin 
(10 μM) to deplete intracellular Ca2+ stores and activate SOCE. SOCE activates in oocytes but 
not in eggs overexpressing STIM1 and Orai1. (Adapted from Yu, F. et al., Proc. Natl. Acad. 
Sci. USA, 106, 17401, 2009.)
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learned about the causes and consequences of STIM1 phosphorylation. More com-
plex and sophisticated assays or models may be necessary to fully understand STIM1 
phosphorylation.

In a follow-up study, substitution of the regulatory region of STIM1, which con-
tains the 10 MPF–MAPK putative phosphorylation sites, with GFP-rescued cluster-
ing of STIM1 into puncta during meiosis, but still did not rescue SOCE [102]. These 
data argue that SOCE inactivation during meiosis is not only due to inhibition of 
STIM1 clustering in response to store depletion. Indeed, SOCE inactivation during 
meiosis is also associated with the removal of Orai1 from the cell membrane into an 
endosomal compartment (Figure 12.4b) [103,104]. Orai1 is enriched in the cell mem-
brane of immature oocytes (Figure 12.4a) and continuously recycles between the cell 
membrane and an endosomal compartment through a Rho- and Rab5-dependent path-
way [104]. However, in eggs, Orai1 is internalized into an endosomal compartment, 
which requires the activities of dynamin and caveolin in addition to Rab5. Orai1 
possesses a consensus caveolin-binding domain in its N-terminal cytoplasmic region 
that when mutated inhibits the ability of Orai1 to be internalized during meiosis, 
supporting the role of caveolin-mediated endocytosis in Orai1 internalization [104]. 
Whether Orai1 trafficking is regulated during mitosis in a similar fashion to meiosis 
remains unclear (Figure 12.5). Nonetheless, even without the regulation of STIM1 
by phosphorylation, Orai1 internalization would be sufficient to inhibit SOCE during 
M-phase, thus bringing into question the role of STIM1 phosphorylation.

An important difference between mitosis and meiosis studies is the experimental 
approaches used as they may affect both the results and interpretations. Xenopus 
oocyte meiosis provides an important advantage in that oocytes are physiologically 
arrested at prophase I and eggs at metaphase II of meiosis, as discussed earlier. This 
removes the need for pharmacological or other experimental interventions to arrest 
cells in M-phase. M-phase is a transient phase that involves dramatic remodeling of 
multiple aspects of cellular physiology as the cell prepares to divide. Interventions 
such as nocodazole treatment may modify physiological processes in ways that 
are not always predictable. Such treatments, however, are necessary to allow cell 
synchronization in mitosis. Hence, future research should focus on the regulation 
of SOCE and STIM1 phosphorylation in mitosis under more physiological condi-
tions, ideally in primary cells. Nonetheless, understanding SOCE inhibition during 
M-phase will undoubtedly provide important clues regarding the basic mechanisms 
controlling SOCE activation and regulation.

12.6  SOCE AND CANCER

The level of Ca2+-signaling remodeling in cancer cells is remarkable and is associ-
ated with dysregulation of several Ca2+ channels and pumps [108,109]. The expres-
sion levels of essential components of SOCE, including members of the STIM and 
Orai families (Orai1, Orai3, STIM1, and STIM2), are modulated in several types of 
tumors. SOCE affects hallmarks of cancer progression, including cell cycle progres-
sion, escaping apoptosis, tumorigenesis, metastasis, angiogenesis, and tumor immu-
nity. The differential expression of these components seems to depend on the cancer 
type and tumor stage (reviewed in [110–116]).
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ing STIM1Orai1 coupling during interphase. Orai1 has been shown to recycle between an 
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cycle. PM, plasma membrane; ER, endoplasmic reticulum.
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12.6.1  STIM1 and OraI1 rOle In Cell PrOgreSSIOn, 
PrOlIferaTIOn, and Cell deaTh Of CanCer CellS

In the past few years, several reports supported a role for SOCE key players, STIM1 
and Orai1, in cell cycle progression, proliferation, apoptosis, and during tumor develop-
ment and progression. Sabbioni and colleagues were the first to report STIM1 (initially 
known as GOK) deletion in human rhabdomyosarcoma and rhabdoid tumor cell lines, 
RD and G401, and to show that increasing levels of STIM1 caused growth arrest in 
these cells [117]. Feng et al. showed that Orai1 knockdown in MCF-7 cells suppressed 
cell proliferation measured colorimetrically, using colony formation assays, and inhibited 
tumor formation in nude mice [118]. Expression of two nonfunctional Orai1 mutants 
L273S and R91W triggers apoptosis resistance in prostate LNCaP cells measured by 
the TUNEL technique and by Hoechst staining. The rescue of Orai1 function by over-
expression of wild-type (WT) Orai1 increased apoptosis levels [119]. In another study, 
Kondratska and colleagues showed high levels of Orai1 and STIM1 expression in the 
pancreatic adenocarcinoma Panc1 cell line. siRNA-mediated downregulation of Orai1 
and/or STIM1-intensified apoptosis-induced thermotherapy [120]. Similarly, Orai1 over-
expression in A549 lung cancer cells decreased SOCE, arrested cells in G0/G1 phase, 
induced p21 expression, decreased ERK1/2 and Akt phosphorylation, and inhibited 
EGF-induced proliferation [121]. Treating MDA-MB-231 cells with SOCE inhibitor 
SKF96365 blocked TGFβ-induced cell proliferation and cell cycle arrest measured by 
colony formation assay and flow cytometry, respectively. The effect of TGF on prolifera-
tion was shown to be mediated by a decrease in STIM1 levels [122].

In cervical cancer tissues from patients with early stage cervical cancer, Chen 
et al. reported elevated levels of STIM1 protein compared to noncancerous tis-
sues, as analyzed by immunoblotting. On the other hand, siRNA-mediated STIM1 
knockdown in cervical cancer SiHa cells inhibits cell proliferation by arresting 
the cell cycle at S and G2/M phases as determined by flow cytometry of PI-stained 
cells. This effect of STIM1 on cell cycle progression was suggested to be due to 
STIM1-dependent modulation of p21 and Cdc25C involved in G2/M checkpoint 
progression [21].

In another study, DU145 and PC3 prostate cancer cells stably expressing STIM1 
and Orai1 showed slower growth rate determined by cell growth curve measured by 
counting cell number over time [123]. The induction of STIM1 and Orai1 levels, 
and subsequently SOCE, was accompanied by an increase in the percentage of cells 
in the G0/G1 phase and decrease in the G2/M phase. The effect of STIM1 and Orai1 
overexpression on cell cycle progression was accompanied by altered expression of 
cell cycle regulatory proteins, cyclin E2, cyclin D1, Wee1, and Myt1. Moreover, cells 
overexpressing STIM1 and/or Orai1 promoted cell senescence and induced expres-
sion of apoptosis inhibitors (DcR2, XIAP, and Bcl2). In another study, Bcl2 over-
expression in human prostate cancer LNCaP cells inhibited SOCE and promoted 
apoptosis resistance [124,125]. Dubois and colleagues showed that heteromeric 
channels formed by Orai1–Orai3 are regulated by arachidonic acid, and independent 
of intracellular stores content, to promote cell proliferation and apoptosis resistance 
of prostate cancer cells. The effect on proliferation was linked to NFAT activation 
and expression of cyclin D1 controlling G1/S transition [126].
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In mouse melanoma cells, silencing of STIM1 caused a reduction in cell growth 
and increased cell death [127]. Also, pharmacological inhibition of Orai1, or siRNA-
mediated silencing of Orai1 and/or STIM2, caused melanoma cells to grow faster but 
reduced their invading potential. In a similar study, Umemura et al. showed that inhi-
bition of SOCE by inhibitor YM58483 or siRNA knockdown of STIM1 suppresses 
proliferation and invasion of melanoma cells [128]. In malignant B16BL6 melanoma 
cells, mitochondrial Ca2+ uptake is coupled to SOCE, which promotes PKB activity 
favoring cell survival [129]. In a recent study, Hooper and colleagues reported very 
small SOCE in invasive melanoma depending on PKC-mediated phosphorylation of 
Orai1 [130]. Collectively, these studies show a correlation between SOCE levels and 
cancer cell proliferation and the ability to resist apoptosis.

12.6.2  SOCe In Cell MOTIlITy, MeTaSTaSIS, and 
TuMOr MICrOenvIrOnMenT

Yang et al. reported that serum-induced migration of human MDA-MB-231 breast 
cancer cells with STIM1 or Orai1 levels knocked down by siRNA was decreased by 
60%–85%, measured by Boyden chamber assay without affecting cell proliferation 
[100]. The results from these in vitro studies were replicated in mouse models where 
tumor cells expressing luciferase reporter gene were injected into immune-deficient 
mice through the tail vein [131,132]. The metastasis of injected cells with STIM1 
and Orai1 siRNA to the lungs was much less than the control siRNA-treated cells.

Analysis of cancer tissues from clear-cell renal-cell carcinoma (ccRCC) showed 
increased expression of Orai1 and STIM1 protein levels in comparison to adjacent 
normal tissues [133]. Pharmacologic inhibition of SOCE using SKF96365 or 2-APB 
commonly used blockers, and siRNA-mediated knockdown of Orai1 or STIM1, 
decreased the motility of ccRCC cell lines, Caki1 and ACHN, independent of prolif-
eration, as measured by wound-healing assay in the presence of the antiproliferative 
drug Mitomycin C.

In cervical cancer tissues from patients with early stage cervical cancer, the levels 
of STIM1 were positively correlated with tumor size and metastasis to the lymph 
nodes [21]. Similarly, injection of cervical cancer cells selected for high STIM1 
expression significantly enhanced tumor growth, local spread, and angiogenesis, 
whereas cells with short hairpin RNAs (shRNAs) targeting human STIM1 showed a 
significant decrease in tumor growth and angiogenesis.

In human prostate cancer tissues, STIM1 and Orai1 were expressed at signifi-
cantly lower levels in hyperplasia and tumor tissues at advanced stages. However, 
the expression of STIM1 was higher in tumors with earlier histological grade than 
in hyperplasia tissues, suggesting that STIM1 can play a dual role depending on 
the cancer stage, where it favors malignant transformation of prostate cells at early 
stages and prohibit tumor growth at advanced stages [123]. The expression levels 
of STIM1 and Orai1 in the hyperplasic human prostate cell line BPH-1 were lower 
as compared to the metastatic LNCaP, DU145, and PC3 cell lines with a signifi-
cantly greater SOCE. Overexpression of Orai1 and STIM1 in prostate cancer cell 
lines DU145 and PC3 promoted cell migration as tested using the wound-healing 
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and Transwell assays. Furthermore, in vivo, immunodeficient mice (SCID) injected 
with DU145 cells expressing STIM1-YFP or Orai1-YFP showed retardation in 
tumor growth and decrease in expression of E-cadherin, demonstrating that STIM1 
enhances e pithelial–mesenchymal transition (EMT).

Colorectal cancer tissue collected from patients showed high expression of STIM1, 
with significant correlation between STIM1 levels, tumor growth, invasion depth, 
and metastasis to lymph nodes. STIM1 knockdown by 50%–90% using shRNA 
or SOCE inhibition using 2-APB and SKF96365 in three colon cancer cell lines 
(DLD-1, HCT116, and SW480) strongly inhibited cell motility, and this depends on 
COX-2 expression and prostaglandin synthesis [134].

Studies by Trebak and colleagues showed that in breast cancer MCF7 cells, SOCE 
is mediated by STIM1 and Orai3, rather than the ubiquitous STIM1–Orai1 pair 
[135,136]. Induction of estrogen-receptor-positive breast cancer MCF7 cells using 
breast growth factors activated Orai3-dependent Ca2+ influx [137]. Orai3 knockdown 
resulted in a significant decrease in tumor cell invasion measured using Boyden 
chamber invasion. In addition, Orai3 knockdown with shRNA-encoding lentiviruses 
significantly reduced the number of MCF7 colonies on agar. In primary glioblastoma 
cell lines, STIM1 and Orai1 are the key components of SOCE. Interestingly, using 
siRNA approaches to knockdown Orai3 in MCF7, or STIM1 and Orai1 in glioblas-
toma cells showed strong reduction in Matrigel invasion of these cells compared to 
nonmalignant primary astrocytes [138].

Collectively, these studies strongly argue for a ubiquitous role for Ca2+ influx 
through SOCE in mediating tumor cell metastasis in different cancers. This could 
be due to the role of SOCE in regulating the cytoskeleton in a polarized fashion in 
migrating cells, which is important for cell motility [139]. Given that over 90% of 
breast cancer deaths are associated with metastasis rather than growth of the primary 
tumor, SOCE may represent an attractive anticancer therapeutic target.

12.6.3  OraI1 and STIM1 In anTITuMOr IMMunITy

In addition to the role of SOCE in regulation metastasis, Orai1 and STIM1 have 
been implicated in regulating immune function in the context of its antitumor activ-
ity. The study by Xu et al. using Transwell migration assay reported higher recruit-
ment of human leukemic monocyte macrophage cell line U937 when using culture 
supernatant from STIM1-knockdown DU145 and PC3 cells and decreased migra-
tion of U937 when using supernatant from DU145 and PC3 cells overexpressing 
STIM1 [123]. Real-time RT-PCR showed decreased expression of cytokines in U937 
cells incubated with medium from DU145 and PC3 cells overexpressing STIM1 and/
Orai1. In addition, the markers for EMT transition, VEGFA and MMP9 decreased 
in U937 macrophages, suggesting that STIM1 and Orai1 overexpression, and hence 
enhanced SOCE activity in prostate cancer cells, hinders EMT in macrophages and 
their recruitment to tumor sites.

Using Stim1fl/flStim2fl/fl Cd4Cre (DKO) mice with CD4+ and CD8+ T cells lack-
ing SOCE [140], Weidinger et al. examined injecting B16-OVA melanoma cells and 
MC-38 colon carcinoma cells in DKO and WT mice with depleted immunosuppres-
sive Treg cells. DKO mice failed to control tumor growth suggesting that SOCE in 
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CD8+ T cells mediated by the STIM family favors antitumor immunity [141]. The 
loss of SOCE in DKO did not compromise the priming or migration of tumor antigen–
specific CD8+ T cells, but it inhibited the ability of CTLs to control tumor engraft-
ment and growth. The cytotoxicity of SOCE-deficient CTLs from DKO mice against 
cocultured EG7-OVA cells was diminished, and the ability of these cells to produce 
IFN-γ and TNF-α upon stimulation was also reduced, compared to wild-type CTLs.

Although several studies investigating the role of SOCE in cancer have been 
carried out over the past few years, much remains to be elucidated regarding the 
mechanisms by which SOCE affects cancer development. This complexity is due to 
the fact that SOCE regulation is likely to be cancer type, as well as stage specific. 
Nonetheless, accumulating evidence suggests that SOCE plays a critical role in can-
cer cell proliferation, metastasis, and antitumor immunity.
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13.1  INTRODUCTION

The epithelial calcium (Ca2+) channels TRPV5 and TRPV6 are members of the transient 
receptor potential (TRP) channel family TRPV (“V” for vanilloid) subgroup. TRPV5 
and TRPV6 play major roles in the maintenance of blood Ca2+ levels in higher organ-
isms. Both channels exhibit similarities in many ways, as they share a high level (75%) 
of amino acid identity, comparable functional properties, and similar mechanisms of 
regulation. Also, they were discovered using similar cloning strategies [1,2]. Yet, their 
physiological contributions toward maintaining a systemic calcium balance are distinct. 
In addition, the following three key features distinguish TRPV5 and TRPV6 from other 
members of the TRP superfamily of cation channels: (1) high selectivity for Ca2+ over 
other cations, (2) apical membrane localization in Ca2+-transporting epithelial tissues, 
and (3) responsiveness to 1,25-dihydroxyvitamin D3 (1,25[OH]2D3) [3,4]. These features 
make TRPV5 and TRPV6 ideally suited to facilitate intestinal absorption and renal reab-
sorption of Ca2+, serving as apical Ca2+ entry channels in transepithelial Ca2+ transport 
[5,6]. A major difference between the properties of TRPV5 and TRPV6 lies in their tissue 
distribution: TRPV5 is predominantly expressed in the distal convoluted tubules (DCT) 
and connecting tubules (CNT) of the kidney, with limited expression in extrarenal tis-
sues [1,7]. In contrast, TRPV6 exhibits a broader expression pattern, showing prominent 
expression in the intestine with additional expression in the kidney [8–10], placenta, epi-
didymis, exocrine tissues (i.e., pancreas, prostate, salivary gland, sweat gland), and a few 
other tissues [11–13]. Thus, while TRPV5 plays a key role in determining the level of 
urinary Ca2+ excretion, the physiological roles of TRPV6 are not limited to intestinal Ca2+ 
absorption. Much progress has recently been made in understanding the roles of TRPV5 
and TRPV6 channels in the kidney [14], intestine [15], placenta [16], and epididymis 
[17]. However, their roles in other organs have as yet not been fully investigated.

In this chapter, we review the current status of our knowledge of the physiological 
and pathological roles of TRPV5 and TRPV6 and discuss a variety of techniques that 
have led to a deeper understanding of these channels. We review the identification strate-
gies of TRPV5 and TRPV6 in searches for Ca2+ absorption channels, as well as  specific 
techniques used to reveal their key features. These include radiotracer Ca2+ uptake and 
electrophysiology procedures, structure–function studies, methods to identify regula-
tory interacting partners, genetically engineered animals, strategies to study the role of 
TRPV6 in cancers, procedures for the development of small-molecule modulators of 
TRPV6 and TRPV5, the evaluation of variations/mutations in humans, and 3D struc-
tural determination. For additional information about TRPV5 and TRPV6, we would 
like to refer the interested reader to other comprehensive review articles [3–6,18].
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13.2  Ca2+ TRANSPORT ACROSS EPITHELIA

Epithelia form barriers to separate cells from the internal and external environ-
ment, allowing specific exchange of nutrients and other substances across epi-
thelial cells. Among the many electrolytes, Ca2+ is an important intracellular 
messenger and a major component of the mineral phase of bones and teeth. Thus, 
at the cellular level, the cytosolic Ca2+ concentration is kept low (around 100 nM 
at rest), whereas its concentration in the extracellular fluids (ECF), such as blood, 
is maintained at a much higher level and within a relatively narrow limit (around 
1 mM) [19]. The bone, which contains roughly 99% of the Ca2+ in the human 
body, is subject to  constant Ca2+ exchange with the ECF. Any reduction in the 
extracellular Ca2+ concentration ([Ca2+]o) in the ECF is being monitored by the 
G-protein-coupled Ca2+-sensing receptor (CaSR) in the parathyroid gland, trig-
gering secretion of the parathyroid hormone (PTH) [19]. The PTH increases bone 
resorption and renal reabsorption of Ca2+ and stimulates the hydroxylation of 
25-hydroxyvitamin D3 [25(OH)2D3] in the proximal tubule of the kidney to form 
1,25(OH)2D3 [20]. An important role of this activated form of vitamin D is the 
stimulation of intestinal Ca2+ absorption via the nuclear vitamin D receptor (VDR) 
[21]. Several organs and hormones work in concert to maintain stable levels of 
Ca2+ in the ECF. The intestinal and renal handling of Ca2+ is important as the intes-
tine determines how much Ca2+ enters the body and the kidney determines how 
much Ca2+ is removed from the body.

Intestinal absorption and renal reabsorption of Ca2+ are similar processes, 
involving Ca2+ transport across the epithelia from the luminal side to the blood side 
[22,23]. In general, Ca2+ ions can cross the epithelia through the paracellular route, 
as well as the transcellular route (Figure 13.1). When [Ca2+]o is higher than that of 
the plasma, luminal Ca2+ predominantly enters the intestine via the paracellular 
route through tight junctions between the epithelial cells (Figure 13.1a). However, 
this route does not operate in the absence of favorable transepithelial [Ca2+] gra-
dients. Thus, when luminal [Ca2+]o is lower than that in the plasma, Ca2+ will need 
to be actively absorbed across the epithelia via the transcellular route. For this to 
occur, Ca2+ first enters the cells across the apical membranes passively through 
TRPV6. This is followed by binding of Ca2+ to calbindin-D9K and transfer to the 
basolateral membrane. Basolateral exit is then mediated by the plasma membrane 
Ca2+ ATPase (PMCA), that is, by primary active transport, at the expense of stored 
ATP [22].

Similar transport mechanisms also take place in the kidney during Ca2+ reabsorp-
tion (Figure 13.1b). Based on our current knowledge from animal studies, up to 95% 
of filtered Ca2+ is being reabsorbed mainly via the paracellular route in renal proxi-
mal tubules and loops of Henle, while about 5%–10% of Ca2+ reabsorption is delayed 
till the distal tubules, where reabsorption occurs via the transcellular route and in a 
regulated manner in order to fine-tune the whole-body calcium homeostasis. At this 
point, it is worthy to note that TRPV6 in the human kidney likely plays an addi-
tional role in transcellular Ca2+ transport in specific parts of the tubular system (see 
Section 13.8 for further details). Similar to the intestine, the transcellular route in the 
kidney involves passive Ca2+ entry across the apical membranes through TRPV5, 
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absorption. At high luminal Ca2+ levels (mM range), Ca2+ will be absorbed predominantly 
via the paracellular route. At low luminal levels, Ca2+ is being absorbed via the transcellular 
route as follows: (1) luminal Ca2+ is first absorbed via TRPV6 expressed in the brush border 
membrane; (2) transport of Ca2+ to basolateral membrane is facilitated by calbindin-D9K (cal-
bindin also acts as an intracellular buffer, preventing second messenger signaling during the 
Ca2+ absorptive process); and (3) basolateral exit occurs mostly via the plasma Ca2+-pump 
PMCA1b. During periods of hypocalcemia, 1,25-vitamin D3 [1,25(OH)2D3] upregulates the 
expression of TRPV6 and calbindin via the nuclear vitamin D receptor (VDR/NR1I1) to stim-
ulate intestinal Ca2+ absorption. (b) Renal reabsorption of Ca2+. About 70% of filtered Ca2+ is 
being reabsorbed via the paracellular route in the proximal tubular and about 25% in the loop 
of Henle. About 5%–10% of filtered Ca2+ is reabsorbed in the distal tubules (distal convoluted 
tubule, DCT, and connecting tubule, CT) via the transcellular route as follows: (1) luminal 
absorption occurs through TRPV5; (2) transport of Ca2+ to the basolateral membrane is facili-
tated by calbindin-D28K; and (3) basolateral exit occurs via the PMCA pump or the Na+/Ca+ 
exchanger NCX1 (SLC8A1). PTH, which is released following hypocalcemia, increases renal 
Ca2+ reabsorption by stimulation of the expression of TRPV5 and calbindin. The regulation of 
TRPV5 in the distal tubule plays an important role in the fine-tuning of the whole-body Ca2+ 
balance. Note that, in the human kidney, TRPV6 may play additional Ca2+-absorptive roles in 
the tubular system.
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transfer to the basolateral membrane after binding to calbindin-D28K, and basolateral 
exit through the PMCA (primary active transport) or the Na+/Ca2+ exchanger NCX1 
(at the expense of the inwardly directed Na+ gradient) [22,23].

Passive Ca2+ transport across the apical membrane via TRPV5 or TRPV6 is 
favored by the inwardly directed electrochemical gradient for Ca2+, which is war-
ranted by the low cytosolic Ca2+ levels of approximately 100 nM. As already noted, 
once Ca2+ ions have entered the epithelial cell, they bind to calbindins during Ca2+ 
uptake (Figure 13.1). Two types of calbindins with different molecular weight and 
number of Ca2+-binding EF hands, calbindin-D9K and calbindin-D28K, are expressed in 
the Ca2+-transporting epithelial cells in the mammalian intestine and kidney, respec-
tively [24]. They belong to a large family of high-affinity Ca2+-binding proteins (Kd = 
10−8 − 10−6 M) featuring EF-hand structural motifs [25]. Calbindins and likely other 
Ca2+-binding proteins maintain the free cytosolic Ca2+ concentrations below toxic 
levels and help regulate TRPV5 and TRPV6 through their feedback mechanisms 
[26]. However, if apical Ca2+ entry exceeds the capacity of calbindins, Ca2+ will bind 
to calmodulin (CaM), resulting in a Ca2+ feedback inhibition of TRPV5 or TRPV6 
channels (see Figure 13.1 on the right; also see Section 13.4.4).

In addition to the intestine and kidney, maternal–fetal transport of Ca2+ involves 
an active mechanism, as the serum [Ca2+] is higher in fetuses than in mothers [27]. In 
humans, Ca2+ is needed for the rapid growth of fetal skeleton, especially in the third 
trimester. The syncytiotrophoblast layer is a specialized epithelium responsible for 
the exchange of Ca2+ along with other nutrients and gases between mother and fetus 
[28]. Ca2+ transport in human syncytiotrophoblasts has been the subject of many 
studies [29]. These Ca2+ channels are insensitive to L-type voltage-gated Ca2+ chan-
nel modulators but sensitive to Mg2+ and ruthenium red [30], resembling the proper-
ties of TRPV6.

Active Ca2+ transport also takes place in specialized organs to create local envi-
ronments where [Ca2+] needs to be controlled. For example, the luminal [Ca2+]o 
is lower in the distal portion of the epididymis [31]. Recent studies revealed that 
this lowered [Ca2+] is maintained by TRPV6-mediated Ca2+ transport into the 
epithelial cells of the epididymis and that this is important for preserving opti-
mal motility of sperm and optimal male fertility [17]. Therefore, TRPV6 of the 
epididymis and the progesterone-regulated CatSper channel of sperm [32] both 
cooperate to ensure maximal motility of the sperm and fertility (see Section 13.5.4 
for further details).

Another example is the observation that [Ca2+] in the vestibular endolymph is 
only one-fourth of that of the perilymph (∼1 mM). Indeed, [Ca2+]o is important in 
regulating the hair-bundle stiffness and gating-spring integrity in hair cells of the 
inner ear [33]. Active transcellular Ca2+ transport by TRPV5 and TRPV6 is present 
in the epithelial cells of the inner ear and maintains the low [Ca2+] of the vestibular 
endolymph [34,35].

The glandular tissue is also formed by epithelial cells. The release of content 
from secretory granules, which are loaded with Ca2+, is accompanied by the loss of 
Ca2+ [36]. Given that exocrine glands secrete large amounts of fluid, a Ca2+ reuptake 
mechanism may be useful to supply Ca2+ released in the apical pole of exocrine cells 
back into new secretory vesicles.
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Lastly, carcinomas are cancer cells that originate from epithelial cells, and 
altered Ca2+ homeostasis is a characteristic feature of carcinomas. This may be 
related to cancer cell proliferation, survival, and metastasis formation [37–39]. The 
development of specific small-molecule inhibitors targeting Ca2+ channels overex-
pressed in carcinomas may offer novel strategies for cancer treatment [40,41] (see 
Section 13.7).

13.3  IDENTIFICATION OF TRPV5 AND TRPV6 
BY EXPRESSION CLONING

TRPV5 and TRPV6 were identified in 1999 by Bindels and colleagues and by our 
group from rabbit kidney cells and rat duodenum, respectively [1,2]. Both groups 
used expression cloning with radiotracer 45Ca2+ uptake assays, screening intestinal or 
renal cDNA libraries for the ability of clones to induce Ca2+ uptake in complemen-
tary RNA (cRNA)–injected Xenopus laevis oocytes. This approach has proven very 
useful in the identification of novel transporters, channels, and receptors [42]. Before 
the epithelial Ca2+ channels were identified, calbindins were known to facilitate the 
diffusion of Ca2+ from the apical to basolateral membranes, followed by cellular 
exit via Na+/Ca2+ exchangers and/or PMCAs. However, what mediated Ca2+ entry 
across the plasma membrane remained elusive for a long time [22,24]. To increase 
our chances for successfully cloning TRPV6, we fed rats a Ca2+-deficient diet for 
2 weeks to boost the expression of Ca2+-reabsorptive gene products. Also, we iso-
lated mRNA from the duodenum and cecum of the rat intestine, the sites where Ca2+ 
absorption primarily occurs. A twofold increase in radiotracer uptake was observed 
in oocytes injected with mRNA samples from the duodenum and cecum compared 
to control uninjected oocytes. We then fractionated the duodenal mRNA by prepara-
tive gel electrophoresis and tested the ability of the mRNA samples of different size 
fractions to stimulate Ca2+ uptake. An increase in Ca2+ uptake was observed in a 3 kb 
fraction. This fraction was used to make a cDNA library, and the library was divided 
into smaller pools of about 300 clones. Plasmid DNA was isolated from each pool 
and reverse-transcribed into capped cRNA. These cRNAs were then tested for their 
ability to stimulate Ca2+ uptake in injected oocytes. Once a positive pool was identi-
fied, it was divided into even smaller pools, and the earlier mentioned process was 
repeated in an iterative way, until a single positive clone was identified [2]. A similar 
approach was used to identify TRPV5 from rabbit kidney [1]. Because the distal 
tubule represents a very short portion of the nephron, cells from CT and cortical col-
lecting ducts were isolated from rabbit kidney using a monoclonal antibody against 
these tubule segments to obtain enough mRNA for expression cloning of TRPV5 [1].

The identified rabbit TRPV5 and rat TRPV6 cDNAs encode proteins of 730 and 
727 amino acid residues, respectively. In vivo evidence exists that the translation of 
TRPV6 protein may start from an upstream non-AUG codon. This does not change 
the TRPV6 function but may provide an additional scaffold for channel assembly 
[43]. TRPV5 was originally named epithelial Ca2+ channel (ECaC) [1] and TRPV6 
Ca2+ transport protein subtype 1 (CaT1) [2]. The two proteins share 74% amino 
acid sequence identity. At the time of cloning, only two cloned transport proteins 
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shared amino acid sequence similarity to TRPV5 and TRPV6: the capsaicin recep-
tor TRPV1, a heat-activated cation channel that contributes to the sensations of pain 
and temperature [44], and OSM-9, a Caenorhabditis elegans protein involved in 
olfaction, mechanosensation, and olfactory adaptation [45]. The mammalian TRPV 
 family now includes six members, whereby TRPV5 and TRPV6 share approximately 
40%–45% amino acid sequence identity with the other four members [8]. While 
TRPV5 and TRPV6 represent specialized epithelial Ca2+ transport proteins, the other 
four members are nonselective cation channels that serve as sensors and can be acti-
vated by physical cues such as heat (TRPV1–TRPV3) or tonicity (TRPV4) [46].

13.4  Ca2+ TRANSPORT PROPERTIES UNCOVERED 
BY VARIOUS APPROACHES

13.4.1  Functional ExprEssion in Xenopus oocytEs

As both channels were identified by expression cloning using 45Ca2+ uptake assays 
in cRNA-injected oocytes to measure channel activity, the same assays were also 
utilized to uncover the basic transport properties of TRPV5 and TRPV6 [1,2]. In 
these assays, oocytes were first injected with cRNAs encoding the Ca2+ channel 
of interest, and 2–3 days later, when the channel protein expression reached stable 
levels, 45Ca2+ uptake assays and/or voltage-clamp experiments were performed. The 
uptake assay involved incubation of groups of oocytes (typically 7–9 oocytes/group) 
in an uptake solution containing 45Ca2+. Uptake measurements were performed dur-
ing the initial uptake period, when the influx of Ca2+ was still in the linear range, 
typically within 30 min. The transport process was then terminated by removing the 
uptake solution and washing the oocytes with ice-cold solution 3–6 times, in order 
to remove 45Ca2+ nonspecifically absorbed to the oocyte surface. Individual oocytes 
were then lysed in 10% SDS solution, and the amount of 45Ca2+ in the oocytes was 
determined using scintillation counting. The amount of Ca2+ that entered the oocyte 
was calculated based on the level radiation in counts per minute (CPM) in oocyte 
lysates, following normalization against results from standard solutions with known 
45Ca2+ values.

13.4.2  charactErization oF trpV5 and trpV6 
at thE Macroscopic lEVEl

The 45Ca2+ uptake experiments revealed the properties of TRPV5 and TRPV6 at the 
macroscopic level. TRPV5- and TRPV6-mediated Ca2+ uptake exhibited saturation 
kinetics, with Km values for Ca2+ in the submillimolar range [1,2,11,47]. The Km val-
ues for Ca2+ were 0.2 mM for rabbit and 0.66 for rat TRPV5 [1,47]. Those for TRPV6 
were 0.44 mM for rat and 0.25 mM for human TRPV6 [2,11]. [Ca2+]o that is normally 
present in the kidney DCT and in the intestinal lumen varies from submillimolar to 
millimolar ranges. Thus, given the Km values of renal TRPV5 and intestinal TRPV6 
for Ca2+, these channels would be well suited to facilitate optimal Ca2+ uptake across 
the apical membranes.
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TRPV5 and TRPV6 were found to be sensitive to protons and metal ions such as 
La3+, Gd3+, Cu2+, Pb2+, and Cd2+ [1,2]. The pH sensitivity of TRPV5 and TRPV6 may 
contribute to the elevated serum Ca2+ level in milk–alkali syndrome and the increased 
Ca2+ excretion in metabolic acidosis.

Subsequent voltage-clamp techniques allowed further measurements of the charge 
fluxes through these channels, controlling the voltage across the plasma membrane 
of Xenopus oocytes expressing TRPV5 or TRPV6. The Xenopus oocyte with a diam-
eter of ~1.2 mm is very suitable for a two-microelectrode voltage clamp, in order 
to determine transporter and channel characteristics, provided that the transport is 
accompanied by net electric charge movement. Two glass Ag–AgCl microelectrodes 
filled with 3 M KCl are inserted into an oocyte and connected to a commanding and 
recording system, allowing the voltage across the oocyte membrane to be controlled 
and the current flux to be measured accurately [48]. Employing this method, we 
demonstrated that Ca2+, Ba2+, and Sr2+, but not Mg2+, elicit measureable currents 
in oocytes expressing TRPV6 [2]. This approach also revealed that Na+ can per-
meate through TRPV6 in the absence of extracellular Ca2+ [2]. As a follow-up to 
this observation, Na+ currents were measured under divalent-free conditions with 
the patch–clamp technique. By measuring 45Ca2+ influx in parallel, using voltage-
clamped TRPV6-expressing oocytes, the influx of each Ca2+ ion was shown to be 
accompanied by the movement of two positive charges across the membrane [2]. 
This confirmed the hypothesis that Ca2+-induced currents are solely due to Ca2+ pass-
ing through the channel, and not by movement of other ions.

13.4.3  charactErization oF trpV5 and trpV6 by patch claMping

The properties of TRPV5 and TRPV6 at a microscopic level were investigated in 
great detail using the patch–clamp technique, which is discussed in more detail else-
where in this book (see Chapter 1). Briefly, Na+ currents of TRPV5 were detected 
when divalent cations (e.g., Ca2+ and Mg2+) were removed from the extracellular 
solution [49]. Unitary Na+ conductance of TRPV5 and TRPV6 was subsequently 
determined [50,51]. Both TRPV5 and TRPV6 turned out to be highly selective for 
Ca2+, with Ca2+ to Na+ permeability ratios (PCa:PNa) of over 100 for both channels 
[50,51]. Together with site-directed mutagenesis studies, the key residue for Ca2+ 
permeation and Mg2+ blockade was identified as aspartate 542 in TRPV5 [52,53] 
(shown in Figure 13.2 as the site for Ca2+ permeation).

13.4.4  FEEdback control MEchanisMs

Both TRPV5 and TRPV6 exhibit Ca2+-dependent inactivation as feedback control 
mechanisms. However, differences exist between the two channels in this regard. 
The inactivation mechanism involves the intrinsic channel structure, interaction with 
Ca2+-binding proteins, and PI(4,5)P2 phospholipid. While the PI(4,5)P2-mediated 
inactivation mechanism is similar between TRPV5 and TRPV6, there are differ-
ences in the intrinsic inactivation kinetics and interactions with Ca2+-binding pro-
teins. TRPV6 has a fast inactivation mechanism, compared to TRPV5 [54]. The 
first intracellular loop between transmembrane domains 2 and 3 is the molecular 
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determinant of this mechanism [54]. The slower phase of Ca2+-dependent inactiva-
tion involves Ca2+/CaM binding (see Figure 13.2b). Flockerzi and colleagues showed 
that a CaM-binding site is present in the C-terminal of TRPV6 [55]. CaM binding 
mediates a slow phase of Ca2+-dependent inactivation of TRPV6 [55–57]. The inter-
action between Ca2+/CaM and TRPV6 increases dynamically as the intracellular Ca2+ 
level rises [56]. The CaM-binding site is not conserved between the two channels, 
and several CaM-binding sites were identified in TRPV5 [58,59]. Thus, the kinet-
ics of the Ca2+/CaM interaction with TRPV5 is likely more complex. In addition, 
the vitamin D–regulated Ca2+-binding protein calbindin-D28K binds Ca2+ that enters 
through TRPV5 [26]. This may further prevent inactivation of TRPV5. TRPV5 activ-
ity is also regulated by a Ca2+ sensor, 80K-H [60] (Figure 13.2b).

The common mechanism for TRPV5 and TRPV6 inactivation involves PI(4,5)P2. 
Using the patch–clamp technique, Huang and colleagues demonstrated the regulation 
of TRPV5 by PI(4,5)P2 [61]. They found that PI(4,5)P2 activates TRPV5 and reduces 
Mg2+ blockade [61]. PI(4,5)P2 is necessary for maintaining TRPV5 and TRPV6 activity 
and appears to prevent Ca2+-dependent inactivation [61–64]. As the levels of PI(4,5)P2 
decrease, the activities of TRPV5 and TRPV6 also decline [61,63]. Ca2+ influx as a 
result of channel activation stimulates phospholipase C (PLC), which in turn hydro-
lyzes PI(4,5)P2, leading to the reduction of channel activity [63]. As for the molecular 
site of PI(4,5)P2 binding, Rohacs and colleagues found that arginine 599 in mouse or rat 
TRPV5 (corresponding to R606 in rabbit and human TRPV5) in the “TRP domain” is 
likely the PI(4,5)P2-binding site [65] (Figure 13.2b). TRPV6 lacks a positively charged 
arginine residue between transmembrane domains 4 and 5 in TRPV1 that is important 
for high-affinity binding of PI(4,5)P2 in TRPV1 [66,67]. Introducing this arginine resi-
due into TRPV6 produced high-affinity binding of PI(4,5)P2 in TRPV6 and abolished 
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Ca2+-dependent inactivation of the channel [67]. Thus, the requirement of PI(4,5)P2 for 
function and low-affinity binding of PI(4,5)P2 are key features of TRPV6 (and likely 
of TRPV5 as well). Ca2+-dependent hydrolysis of PI(4,5)P2 by PLC underlies the Ca2+-
dependent inactivation mechanism of these channels.

13.4.5  ca2+ iMaging

Ca2+ imaging, an approach to study Ca2+ signaling, has been utilized for screen-
ing small-molecule inhibitors of TRPV6 [68]. Binding of Ca2+ ions to a fluorescent 
dye results in either an increase in fluorescence intensity or changes in emission/
excitation wavelengths. When cells are loaded with a Ca2+-indicator dye, a rise in 
intracellular Ca2+, either by release from internal Ca2+ stores or by influx through 
Ca2+-permeant channels, can be captured with a camera. Bolanz and colleagues uti-
lized Ca2+ imaging to study the inhibitory effect of tamoxifen on TRPV6 [69]. The 
same approach can also be utilized for high-throughput screening of inhibitors for 
TRPV6.

Employing the voltage-clamp approach, we found that Cd2+, which is a potent 
blocker of TRPV5-mediated 45Ca2+ uptake, is actually permeant through the TRPV5 
and TRPV6 channels and generates current just like Ca2+ [47]. This forms the foun-
dation for screening small-molecule modulators for TRPV5/6 using the FLIPR Tetra 
high-throughput cellular screening system (Molecular Devices), using the FLIPR 
Calcium 5 Assay Kit.

13.4.6  additional ExpEriMEntal considErations

As shown in Figure 13.3, all of the aforementioned approaches have been utilized 
in evaluating channel function and regulation of TRPV5 and TRPV6. While radio-
tracer 45Ca2+ uptake is a sensitive approach that directly measures Ca2+ influx, it can-
not reveal detailed kinetics of channel activity. Two-electrode voltage-clamp studies 
reveal charge movement and voltage-dependence of membrane transport processes. 
However, its application is mostly limited to Xenopus oocytes. The patch–clamp 
approach offers detailed channel activity measurements, and it is also well suited 
to uncover the mechanisms of channel regulation. However, most patch–clamp 
experiments of TRPV5 and TRPV6 were done in divalent cation-free bathing solu-
tions. Such experimental conditions might miss channel regulatory mechanisms 
that are Ca2+ dependent, for example. Furthermore, single-channel activities using 
Ca2+ as charge carrier have not been demonstrated for TRPV5 or TRPV6 so far. 
Nevertheless, data from this array of techniques are complementary and provide a 
well-documented understanding of the biophysical properties and regulatory aspects 
of TRPV5 and TRPV6.

13.4.7  crystal structurE oF rat trpV6

The recently reported crystal structure of rat TRPV6 at 3.25 Å resolution [70] (dis-
cussed in detail in Chapter 14) allows us to view the functionally important regions of 
the protein in the context of its 3D structure. In Figure 13.2, we show a structural model 
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of the tetrameric human TRPV5 channel that we built using the Rosetta modeling suite 
[71–73], with the rat TRPV6 structure as a template. Residues shaping pore selectivity, 
gating, and inactivation are highlighted, as well as interaction sites with CaM. While 
some residues cluster near the pore, the TRP helix also appears to be an important 
structural integrator of various processes modulating TRPV5 channel function.

13.5  PHYSIOLOGICAL ROLES REVEALED USING 
GENETICALLY ENGINEERED ANIMAL MODELS

Genetically engineered mouse models were instrumental for exploring the physi-
ological roles of TRPV5 and TRPV6. These include gene knockout (KO) models 
for TRPV5 [14] and TRPV6 [15], chemically induced gene mutations in TRPV5 
[74], transgenic overexpression of TRPV6 in the small intestine [75], and a  knock-in 
mouse model of TRPV6 [17]. These animal models and the findings from these mod-
els are summarized in the following sections.
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13.5.1  trpV5 and trpV6 in ca2+ absorption and rEabsorption

Bindels and colleagues developed the TRPV5 gene KO mice with conditional poten-
tial. However, since TRPV5 expression is fairly restricted to the DCT and CNT, 
tissue-specific KO was unnecessary [14]. Our group developed a global TRPV6 KO 
mice [14]. The common features of the TRPV5 and TRPV6 KO mice include elevated 
1,25(OH)2D3 serum levels, increased urinary Ca2+ excretion, and a certain degree 
of bone deficiency [14,15]. Urinary Ca2+ excretion increased sixfold in TRPV5 KO 
mice [14]. Intestinal Ca2+ absorption decreased in KO mice [15] but increased in 
TRPV5 KO mice as duodenal TRPV6 and calbindin-D9K mRNAs are upregulated 
due to elevated serum 1,25(OH)2D3 levels [14]. Interestingly, the serum Ca2+ levels 
of the TRPV5 and TRPV6 KO mice were largely normal, although the elevated PTH 
levels in TRPV6 KO mice [15] and in older TRPV5 KO mice [76] are an indication 
of a subtle reduction in serum Ca2+ levels that may have occurred in these mice. The 
elevated levels of 1,25(OH)2D3 are in further agreement with the overall deficiency 
in Ca2+ homeostasis in these mice. The increased urinary Ca2+ excretion in TRPV6 
KO mice suggests that TRPV6 also plays a role in Ca2+ transport in the kidney. More 
recently, a chemical-induced S682P mutation of TRPV5 caused autosomal dominant 
hypercalciuria much like what was observed in the TRPV5 KO mice [74]. This con-
firms a key role of TRPV5 in regulating urinary Ca2+ excretion.

13.5.2  trpV6 as a cEntral coMponEnt in VitaMin d–rEgulatEd 
actiVE ca2+ absorption

While TRPV6 is considered the key apical channel for active Ca2+ absorption, a 
certain level of active Ca2+ absorption also occurs in the absence of TRPV6 [77]. 
Furthermore, the stimulating effect of 1,25(OH)2D3 on intestinal Ca2+ absorption was 
still partially present in TRPV6 KO mice [78]. This raised the question as to what 
extent vitamin D–regulated transcellular Ca2+ absorption depends on TRPV6 expres-
sion. To address this question, Fleet and colleagues developed a transgenic mouse 
model in which intestinal epithelium–specific expression of human TRPV6 is driven 
by the villin gene promoter [75]. This approach directly demonstrated that TRPV6 
functions as an apical Ca2+ transporter and intestinal absorption was elevated 300% 
in mice with intestine-specific transgenic expression of TRPV6 (TRPV6TG). In 
this study, TRPV6TG and VDRKO mice were also crossed to generate TRPV6TG–
VDRKO mice.

The TRPV6TG mice on chow diet (0.72% calcium) exhibited elevated serum and 
urinary Ca2+ levels, poor growth, and soft tissue calcification. Lowering the calcium 
level in the diet to 0.25% normalized the serum Ca2+ levels. Femur bone mineral 
density of TRPV6TG mice was increased by 28% compared to normal mice. The 
1,25(OH)2D3 level was reduced by 56% likely due to the 98% lower CYP27B1 
mRNA in the kidney of TRPV6TG mice. The reduced CYP27B1 mRNA level is 
likely a result of reduced PTH levels (46% lower). The phenotype of TRPV6TG 
mice is largely opposite to that of the TRPV6 KO mice, confirming the  importance 
of TRPV6 in the intestine facilitating vitamin D–regulated transcellular Ca2+ 
absorption.
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The key regulator of intestinal Ca2+ absorption is 1,25(OH)2D3. TRPV6 expres-
sion is strongly regulated by vitamin D as the TRPV6 gene promoter has multi-
ple vitamin-responsive elements [79]. In VDRKO mice, duodenal TRPV6 mRNA 
is reduced down to 5%–10% compared to wild-type mice [21,80]. VDRKO mice 
fed a diet with slightly reduced calcium content (0.5% calcium, standard commer-
cial chow diet contained 0.72% calcium) for 10 weeks were hypocalcemic, with 
drastically elevated serum 1,25(OH)2D3 and PTH levels, reduced bone mass, and 
decreased intestinal Ca2+ absorption [75].

In TRPV6TG–VDRKO mice, the serum Ca2+ remained elevated when kept on 
0.5% calcium diet, serum 1,25(OH)2D3 and PTH levels were very close to that of the 
wild type, bone mass was close to that in the TRPV6TG mice, and intestinal Ca2+ 
reabsorption remained elevated [75]. Thus, overexpression of TRPV6 in the intestine 
is sufficient to overcome the deficiency caused by the reduction of intestinal Ca2+ 
absorption in the absence of VDR. The results of this study also show that, once 
TRPV6 is restored, other components relevant to transcellular Ca2+ transport such 
as levels of calbindin-D9K, 1,25(OH)2D3, and PTH are normalized in the absence of 
VDR [75]. Taken together, given the results from studies of TRPV6 KO, VDRKO, 
and TRPV6TG mice (Figure 13.4), TRPV6 is likely a key element in vitamin D–
regulated Ca2+ transport. Given the importance of Ca2+ absorption, it is also unlikely 
that TRPV6 is the only Ca2+ channel for intestinal Ca2+ absorption. The presence of a 
vitamin D–regulated active Ca2+ transport mechanism in the intestine in mice lacking 
TRPV6 might be due to physiological adaptation, that is, upregulation of alternative, 

TRPV6 KO

TRPV6TG

VDRKO

TRPV6TG
–VDRKO

Ca
Absorption Ca

Reabsorption
1,25(OH)2D3 PTH

Serum

Mineral density

FIGURE 13.4 Ca2+ homeostasis in mice with genetically engineered TRPV6 and VDR. 
Shown are changes in Ca2+ homeostasis–related phenotypes including serum levels of 
1,25(OH)2D3 and PTH, intestinal Ca2+ absorption, renal Ca2+ reabsorption, and bone mineral 
density in TRPV6 KO, TRPV6TG, VDRKO, and TRPV6 TG–VDRKO mice. Arrow thickness 
indicates relative amplitude of change.
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compensatory Ca2+ transport pathways. Also epigenetic and genetic alterations in 
the TRPV6 KO mice cannot be ruled out. The abovementioned studies suggest that 
an alternative transcellular Ca2+ entry pathway might exist in the intestine that is 
regulated by 1,25(OH)2D3. Further studies will be required to identify this putative 
additional transport mechanism in the intestinal brush border membrane.

13.5.3  rolE oF trpV6 in MatErnal–FEtal ca2+ transport

The placenta transports Ca2+ from mother to fetus in order to maintain fetal bone 
mineralization [29,81]. It has been reported that blood [Ca2+] is higher in fetus 
compared to the mother during late pregnancy, when fetal bones are mineralized, 
suggesting that transcellular active Ca2+ transport is needed for fetal bone mineraliza-
tion. Indeed, some Ca2+ deficiency symptoms in fetuses and neonates are thought to 
be derived from insufficient maternal–fetal Ca2+ transport in the placenta. However, 
the molecular identity of this process, as well as its mechanism of regulation, has, 
until recently, not been fully clarified. It was found that both TRPV5 and TRPV6 
are expressed in the placenta [11,13,30,82,83]. However, TRPV6 mRNA levels are 
~1000 times higher than those of TRPV5 in human placenta [8]. Specifically, TRPV6 
is expressed in trophoblasts and syncytiotrophoblasts of the human placenta [13]. 
TRPV6 in human syncytiotrophoblasts is associated with cyclophilin B, a member 
of the immunophilin family [84]. The physiological meaning of this association is 
unclear, but cyclophilin B increased TRPV6 activity in vitro, suggesting that the two 
proteins may act together in placental Ca2+ transport.

To elucidate the role of TRPV6 in placental Ca2+ transport, we examined the 
maternal–fetal Ca2+ transport pathway in TRPV6 KO mice [16]. The maternal–fetal 
45Ca2+ transport activity was decreased by 40% in TRPV6 KO fetuses. TRPV6 KO 
mice exhibited a dramatic decrease in blood Ca2+ levels and ash weight in fetuses at 
18 days post-fertilization (immediately before birth) [16]. These observations indi-
cate that the fetal Ca2+ deficiency was caused by decreased maternal–fetal Ca2+ trans-
port in the absence of TRPV6 [16].

A zebrafish loss-of-function TRPV6 mutation called “matt-und-schlapp” gener-
ated a 68% reduction of total body calcium content, with bone mineral defects, trig-
gered by a marked reduction in Ca2+ uptake by the yolk sac and the gills [85]. It was 
found that the mutant possesses R304Stop before the transmembrane domain 1 (S1) 
of the TRPV6 gene. These results suggest that the role of TRPV6 in the Ca2+ trans-
port in extraembryonic tissues involved in fetal bone formation is conserved among 
vertebrates.

13.5.4  rolE oF trpV6 in MalE FErtility

The reduced fertility in TRPV6 KO mice was another interesting observation [15]. 
The underlying mechanism was unclear until Weissgerber and colleagues observed 
that male fertility in mice depends on TRPV6-mediated Ca2+ absorption aimed 
at  reducing the luminal Ca2+ levels in the epididymis [17]. This group generated 
a Trpv6D541A/D541A knock-in mutant mouse, whereby D541 corresponds to D542 in 
TRPV5, a key residue for Ca2+ permeation in TRPV6 [52]. The D541A mutation 
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renders TRPV6 incapable of transporting Ca2+. While female Trpv6D541A/D541A mice 
were normal in fertility, male homozygous knock-in mice rarely impregnated females 
despite normal copulatory behavior. There was more than 50% reduction in the 
 number of caudal sperm measured by the “swim out” method in Trpv6D541A/D541A mice. 
Most capacitated caudal sperm was immotile or had impaired motility. The ability of 
capacitated caudal sperm from knock-in mice to fertilize oocytes in vitro was reduced 
to 14.4%. A closer examination revealed that TRPV6 is expressed in the apical mem-
brane of epididymal epithelia. [Ca2+]o determined by retrograde perfusion in the epi-
didymal duct fluid of Trpv6D541A/D541A mice was 10 times that of wild-type littermates, 
and this matched the reduction of 45Ca2+ uptake in the epididymis of Trpv6D541A/D541A 
mice. Thus, experimental results from this study indicate that blocking TRPV6 func-
tion in the epididymis increased [Ca2+]o in the epididymal fluid, which is essential 
for sperm motility. This study shows that controlled [Ca2+] in the epididymal fluid 
by TRPV6 is critical in producing vital and healthy sperm cells. Raised [Ca2+] in the 
epididymal fluid in Trpv6D541A/D541A mice likely initiates premature motility of sperm 
cells and exhausts the energy that is needed for the motility after they exit the epi-
didymis. The authors also examined this question in mice lacking Trpv6 and reached 
essentially the same conclusion [86].

Recent patch–clamp studies confirmed that the constitutive Ca2+ currents resem-
ble that of TRPV6 in rat cauda epididymal principal cells [87]. The Ca2+-activated 
chloride channel transmembrane member 16A (TMEM16A) is coexpressed with 
TRPV6 in the apical membrane of principal cells, and functional coupling between 
TMEM16A and TRPV6 likely plays a role in Ca2+ absorption in the epididymis [87].

13.6  PROTEINS THAT REGULATE TRPV5 AND TRPV6

A number of proteins have been identified that interact and/or regulate TRPV5 and 
TRPV6 (see examples in Figure 13.2b). These proteins were identified because 
(1) they interact with TRPV5 or TRPV6 as detected by yeast two-hybrid screen-
ing, (2) they are expressed in the same tissues or cells, or (3) they are relevant to 
Ca2+ absorption or reabsorption in a physiological or pathological context [3]. 
Most of these proteins were identified for TRPV5. However, since TRPV6 and 
TRPV5 are structurally and functionally similar, they generally have analogous 
roles in regulating TRPV6, provided that they are adequately coexpressed.

13.6.1  protEins that intEract with trpV5 and trpV6

Several TRPV5-interacting proteins were identified by Bindels and colleagues using 
the yeast two-hybrid approach, with the C-terminal region of TRPV5 as bait. A group 
of TRPV5-interacting protein, such as S100A10 [88], Rab11a [89], and NHERF2 
[90–92], regulates the trafficking and plasma membrane abundance of TRPV5. 
Another group of TRPV5-interacting protein, including calbindin-D28K [26], CaM 
[58,59,93], 80H-K [60], BSPRY [94], and FKBP52 [95], also regulates TRPV5 
activity. An interesting observation is that TRPV5 interacts with most of its binding 
partners through the region lying between 598 and 608 (human TRPV5 numbering) 
within the conserved “TRP domain” (Figure 13.2b). These include S100A10 [88], 
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Rab11a [89], 80K-H [60], NHERF4 [96], and one CaM [59]. It is worth mention-
ing that the TRP domain that follows the sixth transmembrane domain also contains 
a PI(4,5)P2-binding site [65] and an intracellular pH sensor [97,98]. Histidine 711 
(H712 in rabbit TRPV5), a critical residue involved in the constitutive internalization 
of TRPV5 [99], is also located in close proximity to the sites that interact with other 
proteins. It is very likely that TRPV5 function, membrane stability, and/or trafficking 
are affected when different binding partners interact with this channel. It is unclear 
whether all of the binding partners identified by the yeast two-hybrid approach or 
other in vitro approaches are physiologically relevant. Also, it is unlikely that all 
TRPV5-binding proteins regulate TRPV5 simultaneously. Some of the interactions 
may occur more often and some may occur at specific developmental or physiologi-
cal stages. As already noted earlier, given that most of the interaction sites are con-
served in TRPV5 and TRPV6 channels, it is possible that some of these interactions 
with TRPV5 are also relevant for TRPV6 in cells that express both TRPV6 and the 
interacting proteins.

13.6.2  protEins that arE physiologically rElEVant 
to trpV5 and trpV6

Some proteins that regulate TRPV5 and TRPV6 were identified on the basis of phys-
iological or pathological relevance. Because TRPV5 is fairly highly expressed in the 
DCT and CNT, proteins that are expressed in the DCT and associated with calcium 
homeostasis are possible candidates that regulate the TRPV5 channel.

An example is the study of the effect of the antiaging hormone Klotho on TRPV5 
by Chang and colleagues [100]. These investigators showed that Klotho acts on the 
N-glycan moiety of the first extracellular loop of TRPV5 (see Figure 13.2b), thereby 
stimulating TRPV5-mediated Ca2+ uptake and stabilizing TRPV5 in the plasma 
membrane. This discovery revealed novel mechanisms of ion channel regulation 
[101–103]. This effect is dependent of the N-glycosylation state of TRPV5, since 
the N-glycosylation mutant TRPV5N358Q was not activated by Klotho. Subsequently, 
tissue transglutaminase was found to inhibit TRPV5 through a reduction of the pore 
diameter in a glycan-dependent manner [104]. Both, Klotho and tissue transgluta-
minase, act on TRPV5 through its N-glycan moiety, but in the opposite direction.

The novel regulation of TRPV5 by Klotho inspired a search for more relevant pro-
teins that regulate TRPV5 from the extracellular side. As TRPV5 in the distal tubule 
faces proteins in the tubular fluid, some tubular proteins for which there was already 
evidence that they affect Ca2+ reabsorption were tested for their effects on TRPV5 
function. Plasmin, a serine protease that is present in the nephrotic syndrome, sup-
presses TRPV5 through activating the protease-activated receptor-1 (PAR-1) [105]. 
The activation of the PAR-1/PLC/PKC pathway leads to altered CaM binding to 
TRPV5 and subsequent reduction in the pore size and open probability [105].

Wolf and colleagues found that the urinary protein uromodulin (Tamm–Horsfall 
glycoprotein/THP) and mucin-1 act extracellularly and decrease caveolin-mediated 
endocytosis of TRPV5 and thus enhance overall channel activity [106,107]. Because 
mutations of the uromodulin gene are associated with kidney stone disease, and 
mucin-1 protein is decreased in patients with hypercalciuric nephrolithiasis, it is 
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tempting to speculate that uromodulin and mucin-1 prevent kidney stone formation 
in part through enhancing TRPV5 activity.

Other candidate proteins that may regulate TRPV5 function were identified 
because their gene mutations result in diseases associated with hypercalciuria. 
Studies of regulation of TRPV5 by the serine/threonine protein kinase WNK4, for 
example, were initiated because hypercalciuria was observed in pseudohypoaldo-
steronism type II (PHAII, also known as familial hyperkalemia and hypertension or 
Gordon’s syndrome) in patients with the WNK4Q565E mutation [108]. Jiang and col-
leagues found that WNK4 increases the activity of the TRPV5 channel by increasing 
its forward trafficking to the plasma membrane via the secretory pathway in Xenopus 
oocytes [109,110]. This regulation is enhanced and stabilized by the sodium– 
hydrogen exchange regulatory cofactor NHERF2 [92]. However, diseases causing 
mutations in WNK4 did not abolish the regulation of TRPV5 by WNK4. WNK3, 
another member of the WNK family, enhances both TRPV5 and TRPV6 [111].

Genetic mutations of the inositol polyphosphate-5-phosphatase gene OCRL are 
associated with Dent’s disease and Lowe syndrome (oculocerebrorenal syndrome), 
which often manifest hypercalciuria [112–114]. OCRL appears to inhibit TRPV6 
by reducing the PI(4,5)P2 levels and affecting its trafficking [115]. OCRL mutations 
associated with hypercalciuria impaired the inhibitory effect of OCRL on TRPV6. 
This suggests that hyperabsorption of Ca2+ in the intestine due to elevated TRPV6 
activity may contribute to hypercalciuria in patients with these OCRL mutations. 
The OCRL-mediated regulation of TRPV6 likely overrides other conditions (e.g., 
proteinuria) in Dent-2 disease in the kidney.

Additionally, as a follow-up to the hypercalciuria phenotype observed in mice 
lacking the serine protease called tissue kallikrein, it was found that tissue kallikrein 
stimulates Ca2+ reabsorption via PKC-dependent plasma membrane accumulation of 
TRPV5 and that its genetic defect delays retrieval of TRPV5 from the plasma mem-
brane [116]. Furthermore, the activity of TRPV5 may be regulated by the CaSR. The 
activation of CaSR increases TRPV5-mediated currents and elevates [Ca2+]i in cells 
coexpressing TRPV5 and CaSR [117], providing an interesting type of regulation. 
Finally, TRPV5 and TRPV6 may be degraded in part through the ubiquitin E3 ligase 
Nedd4-2 and Nedd4, as demonstrated in vitro [118].

Thus, a variety of proteins have been found to regulate TRPV5 and TRPV6 using 
various approaches. It is unclear at this stage whether all of them are relevant in vivo. 
Therefore, the physiological significance of these regulatory pathways is awaiting 
further evaluation.

13.7  POTENTIAL USE OF TRPV6 IN THERAPY AND 
DEVELOPMENT OF CHEMICAL MODULATORS

13.7.1  EValuation oF trpV6 as a thErapEutic targEt

Ca2+ regulates a wide array of physiological functions including cell differen-
tiation, proliferation, muscle contraction, neurotransmission, and fertilization [37–
39,119,120]. Several Ca2+ channels, pumps, Ca2+-binding proteins, and regulatory 
proteins work in concert to fine-tune cellular Ca2+ homeostasis. Thus, intracellular 
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Ca2+ homeostasis plays a critical role in the regulation of growth, proliferation, sur-
vival, and apoptosis of normal and malignant cells. TRPV6 is a highly selective 
Ca2+channel that is, in general, thought to be constitutively active [51]. As already 
noted, TRPV6 mediates Ca2+ uptake in the duodenum where it is located within 
the apical membrane of intestinal enterocytes, and there is additional expression 
in  epithelial tissues that bear tumors frequently [12]. Animal models indicate that 
 alterations in TRPV6 expression and function lead to pathophysiological Ca2+ con-
ditions, disruptions of renal transport, hypercalciuria, renal stone formation, pre-
eclampsia, and osteoporosis [6]. Expression of TRPV6 is elevated in prostate, breast, 
colon, esophageal, and cervical tumor tissues, as well as in tumor cell lines, and 
increased expression stimulates the metastasis of cancer cells and confers chemo-
therapy resistance [4,12,121–129].

13.7.1.1  TRPV6 in Prostate and Breast Cancer
TRPV6 expression levels were shown to be upregulated in tissue samples originat-
ing from prostate, breast, thyroid, colon, ovarian, and pancreatic tumors [12,126]. 
Prostate and breast cancer are among the most lethal tumors in humans [130,131], 
yet the mechanisms underlying the development of aggressive tumor phenotypes are 
not well understood.

TRPV6 expression levels in prostate cancer are linked to tumor progression 
and have been proposed as a prognostic marker for tumor progression [132]. In 
the healthy prostate tissue and in benign prostate hyperplasia, TRPV6 is expressed 
at low levels, while high expression levels arise in prostate adenocarcinoma. 
TRPV6  mRNA levels were shown to significantly correlate with the Gleason 
grade score of prostate adenocarcinoma, and TRPV6 was found to be expressed 
in lymph node metastases of prostate origin [13,126,132]. Increased expression 
of TRPV6 mRNA is present in the human prostate cancer cell lines (LNCaP and 
PC-3) as compared to the normal and benign epithelial cells (PrEC and BPH-1) 
[126]. The androgen receptor (AR) agonist dihydrotestosterone was shown to 
inhibit TRPV6 expression in LNCaP cells while the AR antagonist bicalutamide 
(Casodex) increased TRPV6 expression [126,133,134]. TRPV6 expression has 
not been identified in the androgen-insensitive prostate cancer cell lines DU-145 
and PC-3 [132].

Downregulation of TRPV6 in LNCaP cells using specific siRNA induces growth 
inhibition and S-phase cell cycle arrest and inhibits proliferating cell nuclear anti-
gen expression [135]. The overexpression of TRPV6 in the LNCaP cell line led to 
increased resistance to apoptosis induced either by the SERCA Ca2+ pump inhibitor 
thapsigargin or DNA cross-linking by the chemotherapy drug cisplatin.

Recent studies by Raphael and colleagues indicate that TRPV6 is likely a tumor 
promoter in the prostate, functioning as a component of store-operated Ca2+ entry 
(SOCE) in these cells [127]. Being upregulated de novo, it significantly contributes 
to prostate cancer cell survival through proliferation and apoptosis resistance, pro-
motes the formation of bone metastases, and potentiates tumorigenesis in vivo.

TRPV6 is also highly expressed in breast adenocarcinoma tissues and breast can-
cer cell lines (MDA-MB-231, MDA-MB-468, T47D, SKBR3, MCF-7) [69,136,137]. 
In vitro studies using the T47D cell line showed that TRPV6 can be regulated by 
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estrogen, progesterone, tamoxifen, and 1α,25-dihydroxyvitamin D3 (vitamin D3), 
indicating that these agents affect breast cancer cell proliferation [136]. A recent 
study revealed that TRPV6 is mainly overexpressed in invasive breast cancer cells 
and that selective silencing of TRPV6 inhibited MDA-MB-231 migration and inva-
sion, as well as MCF-7 migration [138].

TRPV1 agonist capsaicin has also been reported to upregulate TRPV6 protein 
expression levels and Ca2+ influx in AGS gastric cancer cell line and confers TRPV6-
dependent proapoptotic activity [139]. A similar role of TRPV6 in capsaicin-induced 
apoptosis has been reported in small-cell lung carcinoma cell line [140].

Taken together, these data indicate that inhibition of TRPV6 may offer a promis-
ing therapeutic strategy for the treatment of prostate and breast cancers. As alluded 
to earlier mentioned text, selective TRPV6 blockers might also be useful for the 
treatment of hypercalciuria in kidney stone patients [6]. The development of specific 
TRPV6 inhibitors is therefore of great interest as it might open the door toward the 
development of more efficient therapeutics for cancer treatment.

Here we present an overview of the initiatives taken toward the discovery of 
TRPV6 modulators.

13.7.2  dEVElopMEnt oF chEMical Modulators oF trpV6

13.7.2.1  Development of Antiproliferative Compound TH-1177
Strategies to inhibit Ca2+ entry into electrically non-excitable cells by small- 
molecule compounds were addressed by Gray and colleagues in the early 2000s 
[40]. These investigators synthesized compounds such as TH-1177 and its ste-
reoisomer TH-1211 that share similarities with known Ca2+ channel blockers 
derived from the molecules dihydropyridine, benzothiazepine, and phenylalkyl-
amine (Figure 13.5a; compounds 1 and 2). In vitro testing revealed that TH-1177 
was effective in blocking Ca2+ influx in prostate cancer cells. Efforts toward the 
identification of the molecular target of TH-1177 revealed that the 25B splice vari-
ant of the Cav3.2 T-type Ca2+ channel (also known as CACNA1H) is inhibited 
by TH-1177, whereas its stereoisomer TH-1211 had no effect. Moreover, these 
investigators postulated that increased expression levels and activity of T-type Ca2+ 
channels are likely responsible for Ca2+ influx and stimulation of proliferation in 
cancer cells. Indeed, TH-1177 reduced the proliferative rate of human prostate 
cancer cells LNCaP and PC-3 in vitro, with a potency that correlates with its inhibi-
tion of Ca2+ influx. Furthermore, in xenograft studies, administration of TH-1177 
to nude mice inoculated with PC-3 human prostate cancer cells led to a signifi-
cant dose-dependent increase in longevity. Paradoxically, T-type Ca2+ channels are 
actually known to open during membrane depolarization and thus are expected to 
mediate Ca2+ influx into cells after an action potential or in response to depolar-
izing signals, whereas the epithelial Ca2+ channel TRPV6 channels would seem 
more appropriate to facilitate Ca2+ entry into cancer cells, as they are open at the 
negative resting potentials of these cells. Thus, while TH-1177 is well established 
as an inhibitor of Ca2+ entry in prostate cancer cells, it is reasonable to speculate 
that it might inhibit TRPV6 in these cells as well.
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13.7.2.2  Development of TRPV6 Inhibitor “Compound #03”
To address the earlier question and to develop additional inhibitors of TRPV6 and 
also TRPV5, Landowski and colleagues synthesized compounds similar to TH-1177, 
(i.e., compounds #02, #03, #05, #06, and #09) [41]. Together with the antifungal 
agents econazole and miconazole that weakly inhibit TRPV6 [16,141,142] and TH-
1177, these newly synthesized compounds were tested for their inhibitory effect on 
TRPV6 [41] in Xenopus oocytes expressing TRPV6 or TRPV5 and measuring 45Ca2+ 
influx. Figure 13.5a shows the chemical structure of “compound #03” (compound 3), 
as well as those of econazole and miconazole (compounds 4 and 5). The compounds 
were also tested using LNCaP prostate cancer and T47D breast cancer cells, study-
ing their effects on proliferation. In LNCaP cells, TRPV6 is believed to be the most 
abundantly expressed Ca2+ entry channel, and it was shown that there is a negligible 
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expression of TRPV5 in these cells [126]. Indeed, TH-1177 inhibited TRPV6 (and 
also TRPV5)-mediated Ca2+ uptake in oocytes, suggesting that the molecular target 
of TH-1177 in prostate cancer cells is TRPV6. However, since it is well established 
that TH-1177 mediates inhibition of Ca2+ entry via T-type Ca2+ channels and given 
that this compound also inhibits Ca2+ entry into cells that do not express TRPV6 
[143], it is possible that, in prostate cancer cells, TH-1177 inhibits both T-type and 
TRPV6 Ca2+ channels.

Compound #03 of the study by Landowski and colleagues was found to be the 
most potent and selective inhibitor of TRPV6, significantly inhibiting prostate cancer 
cell proliferation in vitro, with an IC50 value of 0.44 μM [41]. Likewise, TRPV6-
specific siRNAs were able to reduce proliferation. Indeed, it has been demonstrated 
that TRPV6 controls Ca2+ entry and proliferation in LNCaP cells (see Section 
13.7.2.5 for further details).

13.7.2.3  Effects of Estrogen-Receptor Blocker Tamoxifen 
on TRPV6 Function

Looking for additional inhibitors, Bolanz et al. [69] demonstrated that the estrogen-
receptor prodrug tamoxifen (Figure 13.5a, compound 6) that is currently used for 
treatment of breast cancer also inhibits TRPV6 in Xenopus oocytes, with an IC50 
of 7.5 μM based on Ca2+ uptake studies. This finding is interesting as it may help 
explain why certain ER-negative breast tumors favorably respond toward tamoxifen 
treatment.

13.7.2.4  Ligand-Based Virtual Screening (LBVS) to 
Develop Improved TRPV6 Inhibitors

All of the abovementioned agents are still relatively weak TRPV6 inhibitors, and 
several of them, including econazole and miconazole, are rather unspecific. Thus, to 
push forward the development of more effective TRPV6 inhibitors, Reymond and 
colleagues employed the LBVS approach [68]. For this, the publicly available ZINC 
database was exploited (Department of Pharmaceutical Chemistry at the University of 
California, San Francisco), a curated collection of commercially available chemical 
compounds prepared especially for virtual screening, allowing commercially avail-
able compounds to be tested without having to synthesize them first. Specific LBVS 
tools that have been developed by Reymond and colleagues were used to enable 
efficient exploitation of the ZINC database [68]. The strategy was to initially search 
for analogs of the abovementioned TRPV6 inhibitors, that is, TH-1177, compound 
#03, econazole, miconazole, and tamoxifen. Starting with these inhibitors, a phar-
macophore shape similarity search for analogs in the ZINC database was performed, 
followed by purchase of selected virtual hits, to form small, focused libraries of a 
few hundred compounds. These were then experimentally tested using HEK293 cells 
stably transfected with TRPV6, measuring Ca2+ or Cd2+ uptake using the fluorophore 
calcium-5 and the FLIPR Tetra microplate fluorescence reader, in order to identify 
positive hits. Hits were used for a second round of LBVS, and the resulting improved 
compounds hits were further optimized by chemical synthesis and  structure–activity 
relationship studies.
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The most effective inhibitor cis-22a (IC50 value of 0.12 μM) was further investi-
gated (Figure 13.5a, compound cis-7). It showed high selectivity against other Ca2+ 
channels and related TRP targets. The antiproliferative activity of cis-22a on TRPV6 
expressing T47D human breast cancer cells was determined and compared to that 
of SKOV3 ovarian carcinoma cells that do not express TRPV6. Treatment of T47D 
cells with cis-22a decreased cellular proliferation by 20% at 5 μM (IC50 = 25 μM), 
a concentration sufficient to block TRPV6-mediated Ca2+ influx, while SKOV3 cells 
were unaffected. By contrast, the less potent diastereomer, trans-22a (Figure 13.5a, 
compound trans-7), had no significant effect on proliferation in these cells lines. The 
selective but significantly smaller effect of cis-22a compared to siRNA knockdown 
(resulting in 50% reduction in cell growth) may suggest that TRPV6 expression 
affects cell growth by mechanisms other than reduced Ca2+ uptake. In addition, it is 
possible that the TRPV6 inhibitor only works if its expression in the plasma mem-
brane is activated as part of SOCE, as recently described by Prevarskaya and col-
leagues [127]. Therefore, further studies are needed to evaluate the beneficial effects 
of this compound on tumor growth and metastasis formation in prostate and breast 
cancer.

13.7.2.5  Analogs of 2-Aminoethyl Diphenylborinate (2-APB) 
as Potential Modulators of TRPV6 Function

2-APB is known to influence SOCE via Orai Ca2+ channels with different effects in 
different cell lines. Recent studies revealed that 2-APB also affects TRP channels, 
including TRPV6.

As already alluded, Prevarskaya’s group demonstrated that TRPV6 translocates 
to the plasma membrane via an Orai1-mediated mechanism, controlling cancer cell 
survival [127]. According to their proposal, TRPV6 switches in prostate cancer cells 
from its constitutive activity to a store-operated mode. This switch is proposed to 
occur through STIM1, Orai1, and TRPC1-evoked translocation of TRPV6 to the 
plasma membrane, involving the Ca2+/Annexin I/S100A11 pathway. As TRPV6 is 
virtually absent in healthy prostate, it is upregulated de novo in prostate cancer cells, 
where it changes its constitutively active role, supplying intracellular Ca2+ in a store-
operated mode that is used in cancer cells to increase cell survival.

To investigate whether 2-APB analogs modulate TRPV6 function, a SAR study 
was conducted by Lochner and colleagues [144] (see Figure 13.5b for the chemical 
structures of relevant analogs) in an attempt to develop synthetic analogs that are 
more potent and more specific for TRPV6, compared to SOCE. The synthesis of a 
small library of 2-APB analogs was made, and the effects of the compounds were 
tested in HEK293 cells. To test the effect on human TRPV6, transiently expressing 
HEK293 cells were used. To test the effect on SOCE, measurements were performed 
in HEK293 cells in the absence of TRPV6 and the compounds were administered 
together with 1 μM thapsigargin, in order to activate SOCE. Several 2-APB analogs 
were discovered that were more potent inhibitors of TRPV6 than 2-APB. However, in 
general, they inhibited SOCE as well. Analog 19b (Figure 13.5b; compound 13) was 
an exception as it exhibits an approximately 2.5-fold higher selectivity for TRPV6 
compared to SOCE. It appears that if steric bulk around the central boron atom or 
rigidity is increased, for example, as in compounds 2j, 6a, 6b, and 11 (compounds 
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9–12 in Figure 13.5b), TRPV6 inhibitory activity is lost, while SOCE inhibitory 
activity is retained. The most beneficial effects were achieved when only one of the 
phenyl rings of 2-APB was replaced by a 2-methylthiophene (compound 19b).

Interestingly, 2-APB and its amino alcohol variants turned out to be rather unsta-
ble compounds since they rapidly hydrolyze and transesterify in solution, which 
complicates the analysis of their pharmacological effects and their use as therapeutic 
compounds.

Taken together, further studies are needed to evaluate the therapeutic potential of 
2-APB analogs and to determine whether such compounds are suitable for devel-
oping therapeutic applications, targeting specifically the TRPV6 Ca2+ channel. An 
additional issue to be addressed may be cellular acidification caused by 2-APB at 
high concentrations [145].

13.8  TRPV5 AND TRPV6 MUTATIONS AND 
KIDNEY STONE DISEASES

Kidney stone disease is a common condition with an incidence of approximately 
5%–10% in each population. Although it is known that the environmental factors 
such as Ca2+ intake are important for the stone formation, 40% of stone-forming 
patients have family history, suggesting that there should be genetic factors as well. 
Several lines of evidence including ones from a stone-forming rat (GHS rat) suggest 
that kidney stone disease is a polygenic disease. Hypercalciuria (higher urine Ca2+ 
level) is a common risk factor for stone formation [6].

There are three types of hypercalciuria: (1) absorptive hypercalciuria caused by 
excess amount of intestinal Ca2+ absorption, (2) resorptive hypercalciuria that is 
derived from abnormal bone metabolism, and (3) renal leak hypercalciuria caused 
by a decreased Ca2+ reabsorption in the kidney. However, a hypercalciuria patient 
may have abnormal Ca2+ absorption and reabsorption and bone resorption at the 
same time. Since TRPV5 is suggested to be the molecular identity of the apical Ca2+ 
entry pathway for final renal Ca2+ reabsorption, and TRPV5 KO mice exhibited renal 
leak hypercalciuria-like phenotypes [14], it was reasonable to predict that TRPV5 
mutations cause kidney stone disease with a renal Ca2+ leak. However, Muller et al. 
reported nine families with no association between TRPV5 gene and autosomal 
dominant hypercalciuria [146]. This is probably because the renal leak mutations are 
normally recessive mutations. However, TRPV5 cannot be excluded as a candidate 
gene for hypercalciuria. The same group also investigated 20 renal leak hypercalciu-
ric patients, and 4 nonsynonymous polymorphisms were found. However, no asso-
ciation study was done in this report [147]. Later on, other groups investigated 365 
kidney stone patients in Taiwan and found that the frequency of R154H (rs4236480) 
polymorphism in the TRPV5 gene was higher in the patients with multiple stones 
[148], indicating that the TRPV5 gene is somehow linked to renal stone formation.

Recently, the association between kidney stones and a novel TRPV5 gene muta-
tion (L530R) was identified [149]. A genome-wide association study (GWAS) 
of 2636 Icelanders with kidney stones led to the identification of defects of the 
 following genes that are responsible for kidney stone formation: (1) ALPL (tissue 
nonspecific alkali phosphatase for maintaining urine pyrophosphate that inhibits 
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stone formation), (2) SLC34A1 (Na/Pi cotransporter for renal phosphate reabsorp-
tion), (3) claudin-14 (CLDN14), (4) CaSR, and (5) TRPV5. Claudin-14 and CaSR 
are thought to be important for renal Ca2+ handling to excrete excess Ca2+ via the 
paracellular pathway. With respect to the L530R mutation in the TRPV5 gene, it 
might represent a loss-of-function mutation, because it is localized in the pore loop 
of the TRPV5 channel. Thus, so far only one mutation of the TRPV5 gene has been 
identified that is associated with kidney stone disease, most likely resulting in renal 
leak hypercalciuria.

There are no further reports thus far showing an association of TRPV5 gene 
mutations with other human diseases. However, with respect to single nucleotide 
polymorphisms, 154H and 563T were more frequently distributed among African 
population compared to that of 154R or 563A. Renkema and colleagues showed that 
there were no functional differences in these polymorphisms with respect to Na+ 
currents, Ca2+ currents, and [Ca2+]i-dependent inactivation in patch–clamp record-
ings [147]. On the contrary, when using the in Xenopus oocyte expression system, 
an increased 45Ca2+ uptake in the 563T variant was reported [150]. Computational 
modeling based on the structure of TRPV1 revealed that the A563T variation induces 
structural, dynamical, and electrostatic changes in the TRPV5 pore, providing struc-
tural insights into the altered function of this variant [151]. The 154H variant exhib-
ited the lowest Ca2+ uptake activity among five TRPV5 variants; however, the data 
did not reach statistical significance compared to the reference 154R variant [150]. 
In preliminary experiments, we found decreased 45Ca uptake in the 154H variant but 
not in A563T, without changing membrane surface expression of TRPV5 proteins 
(Y. Suzuki et al., unpublished data). Interestingly, there appears to be an association 
between R154H and bone density of the femoral neck and the tibial epiphysis in 
adults, most likely due to impaired osteoclastic bone resorption (A. Pasch, Y. Suzuki, 
and M.A. Hediger, unpublished data). These results and also data from TRPV5 KO 
mice [152] suggest that variants of the TRPV5 gene are risk factors for impaired 
bone quality. Genetic variants of TRPV5 might contribute to differences in bone 
quality and strength among different populations.

Given the numerous evidence, including the study of TRPV6 KO mice that 
lack TRPV6 function results in impaired intestinal Ca2+ absorption [15], TRPV6 is 
believed to be a key component of apical Ca2+ entry during intestinal absorption 
of Ca2+ from food and drinking water. Therefore, it is reasonable to speculate that 
genetic variations of the TRPV6 gene are associated with absorptive hypercalciuria, 
one of the major risk factors of kidney stone formation. Indeed, this is the case: 
a gain-of-function haplotype of TRPV6 gene has been identified from sequencing 
of 170 Ca2+-stone formers in Switzerland [153]. The frequency of this haplotype 
was statistically higher in the Ca2+-stone formers compared to normal individuals, 
suggesting that the haplotype might be a risk factor for kidney stone patients with 
absorptive hypercalciuria. Another line of evidence that stems from molecular evo-
lution highlights the functional significance of this haplotype: it has been reported 
that this very same haplotype reflects a positive selection during human evolution 
[154,155] and that this “derived TRPV6 form” provided an evolutionary advantage 
for the survival of humans in response to certain past environmental changes, when 
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compared to the ancestral form. An improvement of [Ca2+]i-dependent inactivation 
has been suggested in the derived TRPV6 form, compared to the ancestral form 
[154], which is consistent with the observed increase in 45Ca uptake in heterologous 
expression systems [155].

It is interesting to note that TRPV6 KO mice exhibit hypercalciuria [15]. This sug-
gests that TRPV6 might also be involved in renal Ca2+ reabsorption. In fact, TRPV6 
mRNA level appears to be higher than that of TRPV5 in the human kidney [8]. Also, 
prominent TRPV6 protein expression has been detected in both the proximal tubule 
and distal tubule in human kidney [10]. African-Americans exhibit lower urinary 
Ca2+ excretion and lower incidence of kidney stone disease [156]. The high preva-
lence of the ancestral haplotype of TRPV6 gene in African descendants suggest that 
TRPV6 may play a role in increased Ca2+ reabsorption in African populations.

13.9  CONCLUDING REMARKS

A variety of approaches have been utilized to achieve a better understanding of 
Ca2+ transport in epithelial cells, starting with expression cloning and moving all 
the way to in-depth cellular and biophysical analysis, generation of genetically 
engineered mouse models of TRPV5 and TRPV6, 3D structural studies, and 
chemical approaches. The remarkable Ca2+-selectivity and distinct Ca2+-dependent 
inactivation mechanisms involving PI(4,5)P2 are examples of what patch–clamp 
techniques could achieve in understanding these channels. Genetically engineered 
animal models not only provided the expected roles of TRPV5 and TRPV6 in 
intestinal absorption and renal reabsorption of Ca2+ but also revealed unique roles 
of the TRPV6 channel in maternal–fetal Ca2+ transport, male fertility, and auditory 
system. The growing evidence for the involvement TRPV6 in cancer proliferation 
and metastasis formation generates pharmaceutical interest. New approaches, such 
as ligand-based virtual screening, have been utilized to design inhibitors as a first 
step toward therapeutic developments. The novel crystal structure of TRPV6 will 
be instrumental to our understanding of the Ca2+ transport mechanisms and regu-
lation and help refine the chemical design of TRPV6 modulators. As the involve-
ment of genetic mutations/variations of TRPV5 and TRPV6 in human health is 
emerging, the integration of multidisciplinary approaches will further advance our 
knowledge and help develop new strategies for the treatment of kidney stone dis-
ease and cancer.
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14 Determining the Crystal 
Structure of TRPV6

Kei Saotome, Appu K. Singh, and 
Alexander I. Sobolevsky

14.1  INTRODUCTION

Calcium ions play important roles in many physiological processes, including 
neurotransmitter release, excitation–contraction coupling, cell motility, and gene 
expression [1]. Cellular calcium levels are precisely tuned by various channels and 
transporters. Transient receptor potential (TRP) channels, which are generally non-
selective cation channels, conduct Ca2+ in response to disparate activators, including 
sensory stimuli such as temperature, touch, and pungent chemicals [2]. Members 5 
and 6 of vanilloid subfamily (TRPV5 and TRPV6, previously named ECaC1 and 
ECaC2/CaT1, respectively) are uniquely Ca2+-selective (PCa/PNa > 100) [3,4] TRP 
channels, both of which were identified in 1999 by expression cloning strategies 
utilizing cDNA libraries from rabbit kidney [5] and rat duodenum [6], respectively. 
While TRPV5 expression is mainly restricted to the kidney, TRPV6 is expressed in 
various tissues including the stomach, small intestine, prostate, esophagus, colon, 
and placenta. Genetic knockout of TRPV5 or TRPV6 in mice suggests the impor-
tance of these channels for Ca2+ homeostasis. TRPV5 knockout mice showed defects 
in renal Ca2+ reabsorption and reduced bone thickness [7], and the knockout of 
TRPV6 resulted in defective intestinal calcium absorption, decreased bone mineral 
density, reduced fertility, and hypocalcemia when challenged with a low Ca2+ diet 
[8]. Further support for the role of these channels in Ca2+ absorption and homeostasis 
stems from the robust regulation of their expression by the calciotropic hormone 
vitamin D [9–12] (see Chapter 13).
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TRPV6 has been shown to be aberrantly expressed in numerous cancer types, 
including carcinomas of the colon, prostate, breast, and thyroid [13–18]. The correla-
tion between TRPV6 expression and tumor malignancy and its potential contribution 
to cancer cell survival has highlighted TRPV6 as a target for cancer diagnosis and 
treatment [15,17,19,20]. Indeed, a selective inhibitor of TRPV6 activity derived from 
northern short-tailed shrew venom [21] has entered phase I clinical trials in patients 
with advanced solid tumors of tissues known to express TRPV6, including the pan-
creas and ovary [22].

Structurally, TRPV5 and TRPV6 share ~75% sequence identity with each other 
and are ~25% identical to the founding member of the TRPV subfamily TRPV1. The 
transmembrane (TM) domain has the same topology as tetrameric K+ channels [23], 
with six TM helices (S1–S6) and a pore-forming re-entrant loop between the S5 and 
S6. Importantly, this loop contains a conserved aspartate residue that is critical for 
the calcium permeability of TRPV5 and TRPV6 [24,25], suggesting that this residue 
at least in part comprises the selectivity filter. Flanking the TM domain are relatively 
large intracellular N- and C-termini. The N-terminus, which includes six ankyrin 
repeats [26], is critical for proper channel assembly and function [27,28], while the 
C-terminus contains domains involved in Ca2+/calmodulin-dependent inactivation 
[29–31] (see Chapter 13).

To help understand the functional mechanisms of TRPV5/6 and potentially 
inform rational drug design, we sought to obtain a high-resolution structure of an 
intact channel. Until several years ago, the only viable method of obtaining such 
a structure was x-ray crystallography. However, producing well-diffracting crys-
tals can be a notoriously difficult and resource-consuming process because mem-
brane proteins typically have low expression and purification yields, poor stability 
in detergent, and inherent flexibility [32]. However, structural biologists are now 
able to circumvent this major bottleneck, owing to recent advances in single-particle 
cryo-electron microscopy (cryo-EM), which have facilitated the determination of 
membrane protein structures at near-atomic resolutions without prior crystallization 
[33]. These advances have had a particularly profound effect on the TRP channel 
field, as atomic-level cryo-EM structures have been determined for TRPV1 [34–36]; 
TRPV2 [37,38]; and ankyrin subfamily member [39]. The ability to computationally 
select specific conformational states from a heterogeneous cryo-EM sample can be 
especially powerful when studying mechanisms of gating, as exemplified by studies 
of TRPV1 in various ligand-induced conformations [34–36]. Cryo-EM will surely 
continue to be exploited with great effect to elucidate structures of TRP channels and 
other membrane proteins.

As yet, there are several benefits that may make obtaining an x-ray structure 
desirable over cryo-EM. First, crystallographers can use true statistical approaches 
such as the Free R value [40] to evaluate the accuracy of atomic models against 
experimental data, while analogous methods in cryo-EM [41–43] are still relatively 
nascent. Second, the resolution of a cryo-EM map usually varies widely across a 
single reconstruction, with more flexible regions, typically in the periphery, being 
less resolved or completely absent. For example, in TRPV1, while the TM domain is 
well resolved, the first two ankyrin repeats at the distal N-terminus are missing from 
the electron density maps [34–36], presumably due to their flexibility (Figure 14.1a). 
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In x-ray structures, the resolution obtained from the diffraction data is more represen-
tative of the structure as a whole, and peripheral or flexible regions may be stabilized 
by crystal contacts and thus adequately resolved (Figure 14.1b). Third and perhaps 
most importantly, the position of anomalous scatterers, such as selenium atoms in 
selenomethionine-labeled protein, sulfur atoms in native cysteine or methionine side 
chains, or heavy atoms bound to the protein, can be accurately identified with little 
ambiguity. Anomalous scattering can therefore be utilized to robustly aid or validate 
sequence registry (Figure 14.1c), which is especially important for low-resolution 
structures and/or regions with poor electron density. Using anomalous scattering to 
identify bound ions is particularly useful for studying ion channel structures, as ion 
binding at specific locations is vital for understanding permeation and ion channel block. 

FIGURE 14.1 Crystallographic analysis of TRPV6. (a) Cartoon model of TRPV1 (yellow, 
PDB ID: 3J5P) with cryo-EM density (blue surface, EMD-5778) superimposed. Note the 
peripheral regions of the model, consisting of the first two ankyrin repeats, do not have cor-
responding density. (b) Cartoon model of TRPV6 (yellow, PDB ID: 5IWK) with 2FO–FC map 
(blue mesh, contoured at 1.0 σ) superimposed. (c) Anomalous difference Fourier maps for 
selenium (red mesh, contoured at 3.2 σ) and sulfur (teal mesh, contoured at 3.0 σ) superim-
posed onto the ribbon model of TM (left) and cytosolic (right) domains of TRPV6. Side chains 
of cysteines and methionines are shown as yellow sticks. (Continued)
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For TRPV6, we used these techniques to identify binding sites for the permeant 
cations Ca2+ and Ba2+, as well as the channel blocker Gd3+ (Figure 14.1d through g). 
Methods to unambiguously identify specific atoms or small labels in cryo-EM elec-
tron density maps have yet to be developed. We were motivated by each of these fac-
tors as we attempted to crystallize TRPV5/6 in the midst of the cryo-EM “resolution 
revolution.”

In 2016, we reported the crystal structure of intact rat TRPV6 at 3.25 Å resolution 
[44]. To our knowledge, this represented the first crystal structure of a TRP channel 
and the second crystal structure of a naturally occurring Ca2+-selective channel, after 
the structure of the calcium release-activated calcium (CRAC) channel Orai reported 

FIGURE 14.1 (Continued) Crystallographic analysis of TRPV6. (d) Ratiometric Fura-2 
measurements of cation permeation and a block of rat TRPV6 expressed in HEK cells. To 
study Ca2+ influx (green trace) and Ba2+ influx (orange trace), 10 mM of the corresponding 
ion was added at the time indicated by a black arrow. To study the Gd3+ block of Ca2+ influx 
(purple trace), 50 μM Gd3+ and 5 mM Ca2+ were added at the times indicated by the blue and 
black arrows, respectively. (e–g) Ribbon models of the TRPV6 pore bound to Ca2+ (e, green 
spheres), Ba2+ (f, orange spheres), or Gd3+ (g, purple spheres). Only two of four subunits are 
shown with the front and back subunits removed for clarity. Residues important for cation-
binding are shown as sticks. Anomalous difference Fourier maps generated from diffraction 
data collected at 1.75 Å wavelength x-rays for Ca2+ (e, green mesh, contoured at 2.3 σ) and 
Ba2+ (f, orange mesh, contoured at 3.5 σ) and at 1.56 Å wavelength x-rays for Gd3+ (g, purple 
mesh, contoured at 8.0 σ) are overlaid onto the models.

(e)
0 100 200 300 400 500 600

1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

Fu
ra

-2
 ra

tio
 (F

34
0/

F 3
80

)

Time (s)

10 mM Ba2+

10 mM Ca2+

50 µM Gd3+

(d)

Ca2+

(f )

Ba2+

(g)

Gd3+



279Determining the Crystal Structure of TRPV6

in 2012 [45]. A detailed description of the TRPV6 structure can be found elsewhere 
[44]. In this chapter we will focus on the multiyear journey taken to determine the 
structure, in which >150 constructs were purified and subjected to crystallization 
screening, and thousands of crystals were tested for diffraction. We will summarize 
the methods used to screen constructs and precrystallization conditions, express and 
purify protein, grow and optimize crystals, and collect and analyze diffraction data. 
Finally, we will briefly compare the structural bases of Ca2+-selective permeation in 
TRPV6 and Orai.

14.2  PRECRYSTALLIZATION SCREENING OF PROTEIN 
EXPRESSION AND BIOCHEMICAL BEHAVIOR USING FSEC

Obtaining milligram quantities of pure, monodisperse protein is a general prerequi-
site for protein crystallography studies. As large-scale membrane protein expression 
and purification can be very costly and time consuming, methods to efficiently and 
rapidly screen genetic constructs and buffer compositions at smaller scales are neces-
sary to optimize protein expression levels and biochemical behavior. For this project, 
we employed fluorescence-detection size exclusion chromatography (FSEC) [46], 
where the target protein is expressed as a fusion with green fluorescent protein (GFP) 
(or other fluorescent proteins) and crude lysate containing just nanogram quantities 
of the fusion protein is loaded onto a gel filtration column. The resulting chromato-
gram provides a quick assessment of the identity (elution time), biochemical behav-
ior (number, sharpness, and symmetry of chromatographic peaks), and expression 
level (peak amplitude) of the target protein. FSEC experiments can routinely be con-
ducted using adherent Sf9 or HEK cells in a six-well plate (Figure 14.2a) to inform 
larger scale expression, which can be carried out in polycarbonate Erlenmeyer flasks 
(Figure 14.2b). A concurrent advantage of expressing the target protein as a GFP 
fusion, even at the large scale, is that expression levels can be monitored in real time 
by epifluorescence microscopy (Figure 14.2c).

Initially, we used FSEC to screen C-terminal GFP fusions of ~20 TRPV5/6 ortho-
logues for crystallographic studies. To facilitate affinity purification and proteolytic 
removal of the GFP tag, a strep tag (WSHPQFEK) or 8x His tag was added to the 
C-terminus and thrombin site cleavage site (LVPRGS) was inserted between the 
target protein and GFP. While a majority of orthologues showed poor chromato-
graphic behavior, rat TRPV6 (rTRPV6), which displayed a single sharp, dominant 
FSEC peak, was selected as a promising candidate for further study. As our ini-
tial efforts to crystallize wildtype rTRPV6 protein were unsuccessful, we gener-
ated truncation mutations and screened them by FSEC. A small-scale FSEC screen 
of C-terminal truncations is shown in Figure 14.2d. Several of these truncations 
improved the expression level of rTRPV6. In parallel, we used FSEC to screen a 
panel of detergents used for the extraction (solubilization) and purification of the 
target protein (Figure 14.2e). We also used FSEC to optimize parameters for protein 
expression, including incubation time (Figure 14.2f) and the concentration of histone 
deacetylase inhibitor sodium butyrate (NaBu) added to improve the expression level 
(Figure 14.2g). Exploiting FSEC at the small-scale to inform large-scale purifica-
tions was critical to maximizing the efficiency of the crystallization trials.
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FIGURE 14.2 TRPV6 expression and FSEC screening. (a) Six-well plate used for small-
scale expression of TRPV6 in adherent Sf9 or HEK cells. (b) Baffled polycarbonate Erlenmeyer 
flask used for TRPV6 expression in suspension-adapted HEK 293S cells. (c) HEK 293S cells 
transduced with baculovirus to express a TRPV6–GFP fusion construct viewed in visible light 
(top) and their GFP fluorescence (bottom). (d) FSEC profiles for various rat TRPV6–GFP 
C-terminal truncation mutants. Note the drastic differences in peak amplitude depending on 
the construct. (e) FSEC screen of crudely solubilized rat TRPV6–GFP in various detergents. 
(f) FSEC profiles for HEK 293S cells in suspension expressing a TRPV6–GFP fusion con-
struct. Samples were taken at various time points after transduction. In this experiment, 10 mM 
NaBu was added 8 h after transduction. (g) FSEC tetrameric peak height for a TRPV6–GFP 
fusion construct depending on NaBu concentration and incubation time after transduction.
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14.3  LARGE-SCALE PURIFICATION AND CRYSTALLIZATION

Large-scale purifications (800 mL–6 L) were conducted by the baculovirus infection 
of Sf9 cells or baculovirus-mediated transduction of HEK293 cells [47]. We found 
that the BacMam system provided ~2× greater yields (~1 mg/L of cells depending 
on the construct) than Bac-to-Bac (~0.5 mg/L). A flow chart of the process of going 
from a sequenced plasmid containing the desired target construct to a purified protein 
ready for crystallization trials, which takes approximately 2–3 weeks, is shown in 
Figure 14.3a. Throughout the project, we kept the same purification protocol over-
all but varied the expressed protein construct and the detergent (and lipid) used for 
solubilization.

For large-scale expression, suspension-adapted HEK 293S cells lacking N-acetyl-
glucosaminyltransferase I were grown in Freestyle 293 media (Life Technologies) 
supplemented with 2% FBS at 37°C in the presence of 5% CO2. The culture was 
transduced with P2 baculovirus once cells reached a density of 2.5–3.5 × 106 per mL. 
After 8–12 h, 10 mM NaBu was added and the temperature was changed to 30°C. 
Cells were harvested 48–72 h posttransduction and resuspended in a buffer containing 
150 mM NaCl, 20 mM Tris–HCl pH 8.0, 1 mM β-mercaptoethanol (βME), 0.8 μM 
aprotinin, 2 μg/mL leupeptin, 2 mM pepstatin A, and 1 mM phenylmethysulfonyl flu-
oride (PMSF). The cells were disrupted using a Misonix Sonicator (12 × 15 s, power 
level 7), and the resulting homogenate was clarified by spinning in a Sorvall centri-
fuge at 7500 rpm for 15 min. Crude membranes were collected by ultracentrifugation 
for 1 h in a Beckman Ti45 rotor at 40,000 rpm. The membranes were mechanically 
homogenized and subsequently solubilized for 2–4 h in a buffer containing 150 mM 
NaCl, 20 mM Tris–HCl pH 8.0, 1 mM βME, 20 mM n-dodecyl-β-d-maltopyranoside 
(DDM), 0.8 μM aprotinin, 2 μg/mL leupeptin, 2 mM pepstatin A, and 1 mM PMSF. 
After insoluble material was removed by ultracentrifugation, streptavidin-linked resin 
was added to the supernatant and rotated for 4–16 h. Resin was washed with 10 column 
volumes of wash buffer containing 150 mM NaCl, 20 mM Tris pH 8.0, 1 mM βME, 
and 1 mM DDM, and the protein was eluted using wash buffer supplemented with 
2.5 mM d-desthiobiotin. The eluted fusion protein was concentrated to ~1.0 mg/mL 
and digested with thrombin at a mass ratio of 1:100 (thrombin:protein) for 1.5 h at 
22°C. The digested protein was concentrated and injected into a Superose 6 column 
equilibrated in a buffer composed of 150 mM NaCl, 20 mM Tris–HCl pH 8.0, 1 mM 
βME, and 0.5 mM DDM. Ten millimolar tris(2-carboxyethyl)phosphine (TCEP) was 
added to fractions with elution time corresponding to the tetrameric channel, and 
protein was concentrated to 2.5–3.0 mg/mL using a 100 kDa MWCO concentrator. 
All purification steps were conducted at 4°C. Typical purifications yielded ~1 mg of 
purified protein per liter of transduced cells. Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) (Figure 14.3b) and FSEC (Figure 14.3c) analysis 
revealed a final product with high chemical and conformational homogeneity.

We produced TRPV6 protein labeled with the unnatural amino acid selenome-
thionine for the subsequent detection of the selenium atoms to aid sequence reg-
istry during model building. In regions of the protein devoid of methionines in the 
natural sequence, we introduced methionine substitutions. Protocols to express 
selenomethionine-labeled protein in HEK cells were adapted from literature [48]. 
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FIGURE 14.3 Purification of TRPV6. (a) Flow chart of TRPV6 expression and purification 
starting from bacmid isolation and ending with the protein ready for crystallization trials. (b) 
Example coomassie stained SDS-PAGE analysis of a TRPV6–GFP fusion construct purifi-
cation. Samples were taken after the elution of fusion protein from strep resin, proteolytic 
cleavage of GFP by thrombin, and final separation by size exclusion chromatography (SEC). 
(c) FSEC profiles of the samples shown in (b). For the GFP fusion protein and post-thrombin 
cleavage sample, GFP fluorescence was monitored, while tryptophan (tryp) fluorescence was 
tracked for the final SEC-purified protein. Chromatograms were normalized to the amplitude 
of the major peak for comparison.
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Specifically, 6–8 h after transduction with P2 baculovirus, cells were pelleted and 
resuspended in DMEM (Life Technologies) supplemented with 10% FBS and lack-
ing l-methionine. After incubating methionine-depleted cells for 6 h at 37°C, 60 mg of 
l-selenomethionine was added per liter of cells. Thirty-six to forty-eight hours after 
transduction, cells were harvested and protein was purified using the same protocol 
as described earlier, except for the addition of 4 mM l-methionine to all purification 
buffers, excluding the final gel filtration buffer. This procedure yielded ~0.4 mg of 
selenomethionine-labeled protein per liter of transduced cells.

Purified protein was routinely subjected to high-throughput screening (~100 nL 
protein per drop) of crystallization facilitated by liquid dispensing robotics and auto-
mated imaging systems. Initial tests identified the best range of protein concentrations 
(2–3 mg/mL) and crystallization temperatures (20°C–22°C) that were maintained in 
a majority of subsequent crystallization screening experiments. Primary “hits” from 
the screening experiments were imaged for UV fluorescence (Figure 14.4a, d, and g) 
and scaled up (1–2 μL protein per drop) in sitting drop or hanging drop vapor diffu-
sion trays. Overall, we found that hanging drop vapor diffusion resulted in the largest 

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

FIGURE 14.4 Crystallization of TRPV6 mutants in various space groups. (a, d, and g) Initial 
crystals from high-throughput screen imaged using white (top left) or UV (bottom left) light 
and manually optimized crystals (right) in C2 (a), C2221 (d), or P4212 (g) space groups. (b, c, 
e, f, h, and i) Orthogonal views of crystal lattice packing for C2 (b and c), C2221 (e and f), or 
P4212 (h and i) space groups. The protein contents of the asymmetric unit are shown in green.
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and most reproducible crystals (Figure 14.4a, d, and g). Crystallization conditions 
were optimized for pH, precipitant concentration, salt concentration, salt type, and 
protein to mother liquor ratio. To obtain structures in the presence of various cat-
ions, protein was incubated with Ca2+, Ba2+, or Gd3+ for ~1 h prior to crystallization. 
Selenomethionine-labeled protein crystallized in similar conditions to native protein 
but yielded significantly smaller crystals. We also manually screened for additives 
(salts, volatiles, other small molecules, or detergents) to improve crystal size or mor-
phology by briefly incubating the protein with the additive prior to crystallization. 
In addition, a variety of postcrystallization treatments to improve diffraction quality 
were attempted, including dehydration, chemical cross-linking of free amines, and 
screening various cryoprotectants [49].

14.4  COLLECTION AND PROCESSING OF DIFFRACTION DATA

X-ray diffraction data were collected at NSLS X29, APS NECAT 24 ID-C/E, and 
ALS 5.0.1/5.0.2 synchrotron beamlines. Prior to data collection, crystals were har-
vested in nylon loops matching the crystal size, cryoprotected by incubating in cryo-
protectant solution (usually the mother liquor used for crystal growth with added 
glycerol, ethylene glycol, or low molecular weight polyethylene glycol) and plunged 
and stored in liquid nitrogen. Crystals were transferred to ALS-style or universal 
pucks for shipping and to aid remote-controlled robotics for crystal positioning and 
data collection at the beamline.

Crystals were initially screened for diffraction quality by visually examining dif-
fraction patterns after exposure to x-rays at several angles and locations along the 
crystal. Those with satisfactory diffraction properties were selected for the collec-
tion of a complete data set. The angular coverage necessary to collect a complete 
diffraction data set depends on the symmetry of the crystal lattice. Thus, the strategy 
employed for collecting full data sets was chosen based on the crystal form. For 
example, for crystals in the P4212 space group, the crystal must be rotated at least 
90° during data collection (with 1–3 frames collected per degree, depending on the 
detector used and crystal mosaicity) to collect a complete data set with the maximum 
number of unique diffraction spots. To minimize radiation decay during data collec-
tion, crystals significantly larger than the x-ray beam cross section were translated 
along a vector orthogonal to the beam.

To crystallographically identify cations such as Ca2+, Ba2+, and Gd3+ (Figure 14.1e 
through g), the x-ray beam was tuned to specific wavelengths at the synchrotron 
to maximize the anomalous scattering of the cation. The wavelengths chosen 
were 1.75 Å for Ca2+ and Ba2+ and 1.56 Å for Gd3+. To detect anomalous scatter-
ing, precise differences between each diffraction spot and its centrosymmetrically 
related partner (Friedel pair) must be calculated. As such, care must be taken to 
minimize radiation damage in the time between collections of Friedel pairs. We 
thus employed the “inverse beam” data collection approach, in which diffraction 
from small (~10°) wedges related centrosymmetrically (separated by 180°) are col-
lected consecutively. The same approach was used to identify selenium atoms in 
crystals with selenomethionine-labeled protein, as well as sulfur atoms in crystals 
with native protein.
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The experimentally collected spot intensities in diffraction data were indexed, 
integrated, scaled, and merged together using processing programs such as XDS [50], 
HKL2000 [51], and IMOSFLM [52]. The scaled intensities were converted into the 
structure factor amplitudes by the CTRUNCATE program in CCP4 suite [53]. While 
the x-ray detector provides the structure factor amplitudes, it cannot collect data 
to provide the corresponding phase information, which is necessary to convert the 
structure factors into electron density. Thus, to obtain the structure, crystallographers 
must solve the “phase problem” in one of several ways [54]. When homologous 
(~25% identity or greater) structures of the protein or its domain(s) are available, the 
phases can be obtained by the method of molecular replacement (MR). In MR, the 
homologous structure(s), or “search model(s),” are rotated and translated in a crystal 
lattice according to various algorithms [55] and structure factors are back calculated 
and compared to experimental data. If the MR program can find a search model 
orientation that adequately matches the experimental diffraction, electron density 
maps can be calculated from the obtained phases. The resulting model is then refined 
against the map to improve the phases and the accuracy of the structure.

We used the Phaser [56] program to obtain phases and an initial structural solu-
tion by MR with the structure of mouse TRPV6 ankyrin domain (PDB code 2RFA; 
consisting of residues 44–225) as a search model. The resulting structural model was 
iteratively refined in REFMAC [57] or PHENIX [58] and built in COOT [59]. The 
TM domain was built using the TRPV1 cryo-EM reconstruction (PDB code: 3J5P) 
[35] as a guide. The structural model improvement was monitored by the gradual 
decrease in R-factors. At the final stages, the model quality was assessed by low 
values of the R-factors and good stereochemistry (low values for Ramachandran out-
liers, bond angle, and bond length deviations).

14.5  PROTEIN ENGINEERING TO IMPROVE CRYSTAL PACKING

Obtaining well-diffracting crystals of membrane proteins requires the optimiza-
tion of many parameters, including the target genetic construct, expression system, 
detergents/lipids used for protein solubilization, buffer composition, crystallization 
method (vapor diffusion, microbatch, lipid crystalline phase, etc.), crystallization 
condition, and postcrystallization treatments. Perhaps the most important determi-
nant for the crystallization of membrane proteins is the composition of its amino 
acid sequence; genetic engineering of the crystallizing construct has been critical 
for making various classes of membrane proteins amenable to crystallization. For 
example, the tethering of fusion partners such as T4 lysozyme has aided the crys-
tallization of many different G-protein coupled receptors (GPCRs) [60], while the 
screening of mutants to improve thermostability has been employed for various tar-
gets including ionotropic glutamate receptor [61], serotonin transporter [62,63], and 
GPCRs [64–66].

Initial efforts to improve crystallization of TRPV6 by construct engineering 
included N- and C-terminal truncations, deletions of hypervariable regions such as 
the extracellular loop connecting TM segments S1 and S2, mutations of exposed 
cysteines to prevent nonspecific aggregation, mutations of a conserved N-linked 
glycosylation site [67], and mutations of high entropy residues such as lysine and 
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glutamic acid [68]. After the optimization of purification conditions and crystalliza-
tion of these constructs as described earlier, the diffracting power of the crystals was 
limited to approximately 6 Å resolution.

While the data at this resolution were not useful for building an accurate struc-
tural model of TRPV6, we were able to obtain MR solutions (see preceding text) that 
 accurately placed the protein’s ankyrin domains in a crystal lattice, thus providing 
information about secondary structure elements or residues involved in crystal lattice 
contacts. Based on this information, we generated mutants (substitutions, deletions, 
and insertion of fusion partners) aimed at strengthening crystal contacts or favoring 
new ones. Each of these mutants was tested for expression and biochemical behavior 
by FSEC prior to purification and crystallization trials. While a majority of the >100 
mutants informed by this MR solution-based strategy either had no appreciable effect or 
completely ablated crystallization, several constructs resulted in new crystal forms that 
have different crystal packing contacts (Figure 14.4b, c, e, f, h, and i). The construct used 
to build the final structural model contained three substitutions in the ankyrin domain 
(I62Y, L92N, and M96Q), in addition to a single substitution in the TM domain and 
a C-terminal truncation. Of these three ankyrin domain mutations, single substitution 
I62Y completely favored crystallization in the P4212 (Figure 14.4g through i) space 
group over C2221 (Figure 14.4d through f), despite identical purification protocols and 
similar crystallization conditions. The best crystals in the P4212 space group diffracted 
to a much higher resolution limit (~3.3 Å) than in C2221 (~4.0 Å), allowing us to build 
a significantly more accurate and complete structural model. Overall, these results are 
a striking example of how subtle changes in the protein construct can have enormous 
effects on the success of a membrane protein crystallization project.

14.6  COMPARISON OF TRPV6 AND ORAI STRUCTURES

Rat TRPV6 [44] and Drosophila Orai [45] are the only eukaryotic Ca2+-selective 
ion channels with crystal structures available. The recently published 4.2 Å cryo-
EM structure of the Cav1.1 complex [69] and crystal structures of engineered Ca2+-
selective prokaryotic channels [70] are beyond the scope of this discussion. Orai 
proteins serve as the pore-forming subunits of the CRAC channel, which is activated 
by interaction with the intracellular calcium sensor, the stromal interaction mole-
cule (STIM) [71,72]. TRPV6 and Orai share similar biophysical properties, includ-
ing high calcium selectivity, permeability to monovalent cations in the absence of 
external divalents, channel block by trivalent cations, strong inward rectification, and 
Ca2+/calmodulin-dependent inactivation [72,73]. Due to these similarities, in 2001 
TRPV6 was proposed to also compose the pore of the CRAC channel [4]. However, 
distinct features of TRPV6 and CRAC channels, including higher Cs+ permeability 
in TRPV6, activation of CRAC channel but not TRPV6 by ionomycin-induced Ca2+ 
store depletion, and voltage-dependent Mg2+ block of TRPV6, but not CRAC chan-
nels, subsequently rebuffed this idea [74].

While TRPV6 and Orai differ completely in sequence, fold, and oligomeric state 
(Figure 14.5a and e), close comparison of their structures reveals similarities that 
underlie resemblances in their biophysical properties. The most striking similarities lie 
in the extracellular vestibule and selectivity filters. Both TRPV6 and Orai have highly 
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electronegative extracellular vestibules that may serve to attract divalent metal cations 
(normally Ca2+ and Mg2+) to the pore (Figure 14.5b and f). In TRPV6, acidic residues 
from the extracellular pore loops connecting the pore helix and selectivity filter to S5 and 
S6 contribute to the electronegativity (Figure 14.5c and d), while in Orai, aspartates in the 
M1–M2 loop are involved (Figure 14.5g and h). Interestingly, in co-crystals of TRPV6 
with Ba2+ or Gd3+, we observed peaks in the anomalous difference Fourier maps in the 
vicinity of acidic side chains in the extracellular vestibule (Figure 14.1f and g), indicating 
that these residues might constitute “recruitment sites” for divalent and trivalent cations.

Early mutagenesis studies of TRPV6 [25,75] and Orai [76–78] highlighted a single 
aspartate or glutamate residue (D541 in rat TRPV6, E178 in Drosophila Orai, D542 in 
human TRPV6, and E106 in human Orai1) as determinants of their permeation prop-
erties, and it was proposed for both channels that high Ca2+ selectivity is conferred 
by the coordination of Ca2+ by these side chains. The crystal structures reveal that 
these residues reside at analogous locations; their side chains protrude toward the cen-
tral pore axis to produce constrictions at the pore mouth. Further, co-crystallization 
or soaking experiments showed that these residues comprise binding sites for Ca2+, 
Ba2+, and Gd3+ in both Orai and TRPV6. Interatomic distances between the cation 
and the carboxylate oxygen suggest that in both cases, the acidic side chain directly 
coordinates the (at least) partially dehydrated cation. Notably, TRPV6 contains two 
additional Ca2+-binding sites along the permeation pathway (Figure 14.5d), while the 
aforementioned E178 site seems to be the only cation-binding site in Orai. On the 
other hand, basic residues in the lower region of the Orai pore appear to form a bind-
ing site for anion(s) that plug this pore (Figure 14.5h). Thus, apart from the binding 
of Ca2+ and other cations at acidic residues in the pore mouth, TRPV6 and Orai have 
distinct permeation mechanisms. Additional structures of these channels in activated 
states (TRPV6 requires PI(4,5)P2 for activation [31] while Orai is opened by STIM 
[71,72]) will be required to obtain a more complete structural understanding of how 
these channels contribute to calcium entry in non-excitable cells.
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15.1  INTRODUCTION

The assembly of transient receptor potential (TRP) proteins into multimers and the 
existence of heteromeric TRP pores of defined subunit composition were recognized 
early on in TRP channel research [1–3]. This was suggested by dominant negative 
effects of nonfunctional TRP fragments or loss-of-function mutations, as well as by 
the generation of other properties by the coexpression of different subunits. Thus, 
electrophysiological experiments using defined expression of pore proteins pro-
vide information on the stoichiometry within ion channel complexes. Experimental 
approaches to analyze stoichiometry include both the independent coexpression of 
potential subunits and the coexpression of combinations of subunits. Solid under-
standing of the functional properties of individual subunits is a prerequisite for such 
strategies. One classical strategy to confirm interactions between TRP channel pro-
teins is to test whether loss-of-function mutations of a particular species (e.g., proteins 
that lack a functional pore structure) are able to prevent currents through the potential 
heteromerization partner. The dominant negative suppression of channel function and 
transfer of mutant properties to a heteromeric channel complex allow the determina-
tion of subunit stoichiometry and testing of certain concepts relating to pore properties 
and stoichiometry. The use of mutant channels fused to fluorescent proteins is helpful 
to test and confirm proper expression and targeting of the proteins. This allows for 
subunit stoichiometry determination by Förster resonance energy transfer (FRET) [4].

Recent advances in imaging and the use of very sensitive cameras in combination 
with surface-selective procedures, such as total internal reflection fluorescence micros-
copy (TIRFM), have facilitated the observation of single molecules [5,6]. There are 
several types of single molecule determinations: in this report we focus on identify-
ing single molecules based on photobleaching steps. Single molecule detection (SMD) 
studies, however, provide no information about the functionality of the protein observed. 
On the other hand, patch clamp (PC) is a powerful technique that allows the observation 
in real time of single channel kinetics [7]. Unfortunately, PC electrophysiology cannot 
provide any information about the molecular identity of the channels studied.

In an attempt to overcome the limitations imposed by SMD or PC alone, we devel-
oped a novel method, which combines both into an integrated procedure to simulta-
neously detect channel stoichiometry and assess single-channel gating [8]. We have 
named this new method single channel single molecule detection (SC-SMD) system. 
As an example of the power of this new method, we have recently obtained stoichio-
metric information on six members of the transient receptor potential canonical (TRPC) 
family of cation channels, a task that using biochemistry and crystallographic studies 
would have taken several years, with SC-SMD was accomplished in several weeks [8].

15.1.1  Methods for the deterMination of Channel stoiChioMetry

It is challenging to obtain structural data from ion channels with conventional tech-
niques such as x-ray crystallography [9], which are extremely difficult to conduct with 
membrane-embedded proteins (such as channels and receptors) (see Chapter 14).

Another method used to study structure of membrane proteins is circular dichro-
ism spectroscopy [10]. However, this method is difficult to implement to determine 
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complex stoichiometry and lacks any information about the functional state of the 
protein studied [11]. Several researchers have, despite these difficulties, managed 
to demonstrate crystal structures of ion channels, for example, MacKinnon and col-
leagues who presented the crystal structure of the KcsA potassium channel in 1998 
[12]. The correlation of structure and function of ion channels is commonly achieved 
with electrophysiological techniques while using genetically modified versions of 
the protein, for example, site-directed mutagenesis of specific amino acids in the 
protein. A major disadvantage of site-directed mutagenesis of ion channels is that 
the methodological procedures for generating and analyzing such mutant ion chan-
nels are time consuming and laborious. Also, when designing the mutation, some 
preexisting knowledge or hypothesis regarding the function of the chosen residue 
is required. Thus, new and efficient methodological approaches are needed for the 
systematic evaluation of structure–function relationships in membrane proteins [11].

Studying the sequence determinants and structural features that control function-
ality in ion channels not only expands our understanding of the structures of these 
channels but also has implications for the development of therapeutic strategies for 
diseases associated with ion channel dysfunction. Novel approaches are desired to 
improve studies of structure–function aspects in ion channels [11].

15.1.2  single MoleCule deteCtion (sMd)

Single-molecule detection (SMD) with fluorescence microscopy is a widely used 
technique for biomolecule structure and function characterization. Modern light 
microscopes equipped with high numerical aperture objectives and sensitive CCD 
cameras can image fluorescent protein tags with reasonable time resolution (mil-
liseconds) at the single molecule level [13].

The requirement for several bound chromophores to achieve SMD was relaxed as 
new methodologies gradually emerged to increase signal-to-noise ratios by lowering 
background intensity, increasing emitted light collection efficiency, and enhancing 
chromophore stability against photobleaching [13].

Recent advances in imaging and the use of very sensitive cameras in combination 
with surface-selective procedures, such as TIRFM, have facilitated the observation 
of single molecules [5,6]. SMD studies can be used to identify the stoichiometry of 
protein multimers [14,16,17].

TIRF is another near-field (also called evanescent field) technique created when 
excitation laser light is incident on the glass side of a glass/aqueous interface at angles 
greater than the critical angle for total internal reflection. Although incident light is 
completely reflected, an evanescent field is generated in the liquid medium, which 
decays exponentially with distance from the interface and excites fluorophores within 
~100 nm or less of the surface [13]. Axelrod and coworkers combined TIRF with 
microscopy to take advantage of the small excitation volume created by the evanes-
cent field and the high efficiency of microscopic optics to collect emitted light [14,15].

There are several forms in which TIRF can be achieved; most commercially avail-
able systems use trough-objective TIRFM (o-TIRFM). This form of TIRFM is the 
least efficient and the one that deviates the most from theoretical TIRF. Because 
emission and excitation light travel through the same optical channel (the objective), 
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large amounts of stray light are generated and critical angles are rarely achieved. 
Another approach to achieve TIRFM includes the use of prisms (p-TIRFM). This 
form of TIRFM produces the cleanest illumination with the least generation of stray 
light. Importantly, in p-TIRFM emission and excitation, channels are separated.

Our group recently developed a novel form of TIRFM. It uses the patch pipette as 
a light guide to direct the evanescent wave to the tip of the pipette, underneath which 
the channel of interest is located. This form of TIRFM generates very little stray 
light, results in very high signal-to-noise ratios, and concentrates all the excitation 
light in a 1–2 μm, resulting in very high optical powers at the tip of the pipette. The 
high optical power attained at the tip facilitates the use of excitation light with rela-
tively low power and prevents photobleaching of adjacent molecules in neighboring 
cells or even in the same cell.

15.1.2.1  Limitations of SMD Studies
For a satisfactory signal-to-background ratio, it is crucial to choose a dye with good 
fluorescence properties. Photostability is of major importance for the suitability of a dye, 
since it leads to irreversible loss of fluorescence, which limits the statistical accuracy of 
detection. Stoichiometry is determined by analyzing the photobleaching steps; there-
fore, we want those steps to occur in a controlled manner and not randomly during the 
experiment, hence the relevance of using photostable dyes, because of the probability of 
a dye to survive a certain number of excitation cycles before being photobleached [18].

Most single-molecule measurements are performed using laser scanning confocal 
microscopy because excellent light gathering can be achieved using a high numerical 
aperture objective in combination with photo detectors and photomultipliers [19]. 
Unfortunately, the excitation light in confocal microscopy penetrates hundreds of 
microns beyond the surface of the specimen, increasing the signal-to-noise ratio. 
Thus, many recent SMD studies have preferred more surface-selective methods, such 
as TIRFM. Even though SMD can provide information about the stoichiometry of 
the channel of interest, it does not provide any information about the functional (or 
dysfunctional) state of the channel being studied. It is very possible, for example, that 
the fusion of fluorescent proteins (such as GFP) to channel subunits of interest may 
affect gating kinetics or even ionic selectivity.

In order to overcome the limitations of SMD, we have developed a novel method, 
which combines SMD with single-channel electrophysiology studies; we have named 
this method the combined single channel single molecule determinations (SC-SMD). 
In the next sections we will focus on the reagents, procedures, and description of a 
typical SC-SMD experiment, including cell culture and transfection of the plasmids 
of interest, patch clamp pipette preparation and mounting of the SC-SMD device.

15.2  MATERIALS

15.2.1  Cell Culture and transient transfeCtion

 1. Human Embryonic Kidney 293 cells (HEK293)
 2. Purified plasmid DNA containing the gene of interest fused to a fluorescent 

protein cDNA (e.g., green fluorescent protein, GFP)
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 3. Culture medium for HEK293 cells: Dulbecco’s modified Eagle’s medium 
(DMEM) with glutamine, 10% (v/v) heat-inactivated fetal bovine serum 
(FBS) and penicillin/streptomycin

 4. Phosphate-buffered saline, pH 7.20–7.60
 5. Trypsin-EDTA (0.2% trypsin, 1 mM EDTA pH 8.0), sterile
 6. Opti-MEM® I Reduced Serum Medium pH 7.3 ± 0.1 (Gibco)
 7. Polyethylenimine (PEI) solution 1 μg/μL (Sigma-Adrich)
 8. Humidified incubator preset to 37°C, 5% CO2

 9. pH Meter
 10. Epifluorescence microscope for monitoring cell transfection

All the procedures described for cell culture and cell transfection should take place 
inside a laminar flow cabinet, in order to maintain sterile conditions.

15.2.2  PatCh ClaMP eleCtroPhysiology

 1. Patch clamp pipettes are produced with 8161 or 8250 glass (Corning). 8250 
glass is preferred due to lower autofluorescence in the 400–600 nm range. 
The high lead content in 8161 contributes to higher fluorescence background 
when recording the green fluorescent protein (GFP) with peak emission in 
525 nm. PC-12 pipette puller (Narishige).

 2. Electric oven for drying capillaries.
 3. Long flexible needles (World Precision Instruments) MF34G-5.
 4. 200A patch clamp amplifier (Axon).
 5. Micromanipulators (Narishige).
 6. Electron multiplied CCD camera.
 7. Inverted microscope.
 8. High numerical aperture objective (typically over 1.4).

Reagents/buffers needed for electrophysiology

Bath solution pH 7.4

NaCl 140 mM

KCl 5.4 mM

HEPES 10 mM

CaCl2 2 mM

MgCl2 1 mM

In deionized water

Pipette solution pH 7.2

Cs-Methanesulfonate 110 mM

CsCl 25 mM

HEPES 30 mM

MgCl2 5 mM

EGTA 3 mM

In deionized water
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15.3  METHODS

All the procedures described for cell culture and cell transfection should take place 
inside a laminar flow cabinet in order to maintain sterile conditions.

15.3.1  PhosPhate-Buffered saline

Dissolve the tablet in 200 mL of purified water and sterilize in an autoclave oven at 
121°C, 15 lb, for 15 min. It is not necessary to adjust pH (pH 7.20–7.60).

15.3.2  tryPsin-edta (0.2% tryPsin, 0.5 M edta ph 8.0)

100 mL of 1 mM EDTA solution, pH 8.0 in water.
To prepare 100 mL aqueous solution of 0.5 M EDTA, weigh 14.61 g EDTA, 

molecular weight 292.24 (Sigma-Aldrich). Transfer to a precipitate glass. Add 
80 mL deionized water. Use a magnetic stirrer for the dissolving process. While stir-
ring adjust the solution pH to 8.0 with 10 N NaOH solution (see Note 1). Transfer the 
solution to a 100 mL volumetric flask and adjust the volume to 100 mL. In a bottle, 
sterilize the solution by autoclaving for 15 min at 121°C–124°C.

After autoclaving, cool off the 0.5 M EDTA pH 8.0 solution to room temperature. 
Weigh 0.2 g of trypsin and dissolve in this solution. Sterilize using a 0.22 μm poly-
vinylidene difluoride (PVDF) membrane filter inside a laminar flow cabinet. Aliquot 
and store at −20°C.

15.3.3  PolyethyleniMine (Pei) solution 1 μg/μl

Polyethylenimine (PEI), 25 kDa, linear, powder (Sigma–Aldrich).
For a stock solution: Dissolve PEI in endotoxin-free deionized water that has been pre-

viously heated to 80°C. Cool down to room temperature and neutralize to pH 7.0. Sterilize 
using a 0.22 μm PVDF filter. Aliquot into 1.5 mL centrifuge tubes and store at −20°C.

15.3.4  tryPsin-edta treatMent for lifting of heK-293 Cells

Treatment with trypsin-EDTA is important for disruption and lifting of HEK-293 
cell monolayers at confluence for routine maintenance and when preparing cells for 
assay.

Before beginning the treatment, allow 0.2% trypsin-EDTA solution and DMEM 
to warm to room temperature.

 1. If cells are at the needed confluence for the assay, remove the DMEM cul-
ture medium from the cell culture dish (see Note 2).

 2. Eliminate residual serum by rinsing the cell monolayer with PBS (see 
Note 3).

 3. Dispense dropwise with a micropipette 0.2% trypsin-EDTA pH 7.4 solution 
into the cell culture dish until it completely covers the cell monolayer. Place 
at 37°C in an incubator for 2 min (see Note 4).
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 4. After incubation, trypsin-treated cells were rinsed with a double amount of 
DMEM (Gibco) to total added trypsin volume. Detach cells from the dish 
by pipetting gently up and down. Dislodge any remaining adherent cells.

 5. Collect the total amount of detached cells in a centrifuge tube.
 6. Centrifuge collected cells at 800 rpm for 4 min at room temperature.
 7. After centrifugation, the supernatant should be carefully removed with a 

pipette.
 8. Resuspend the cell pellet obtained in 1 mL of DMEM cell culture medium 

(see Note 5).
 9. Count cells using a hemocytometer and determine the microliters of cells 

required according to the mm2 of the dish.
 10. Resuspend again the cell suspension by gentle pipetting and add cells 

needed to the dish containing the milliliters of DMEM specified in 
Table 15.1.

 11. Incubate at 37°C in a 5% CO2/95% humidity-controlled incubator.
 12. After 24 h incubation, check cell morphology under microscope.
 13. Cell culture should be split upon confluence (see Note 6).

The recommended quantities of trypsin and culture medium according to the dish 
surface in mm2 are listed in Table 15.1.

15.3.5  transfeCting Cells with PlasMids

Our method of choice for plasmid transfection is polyethylenimine (PEI), because 
it is easy to use, it binds to and precipitates DNA efficiently, and is very affordable 
[20,21].

Ratios of plasmid DNA to PEI are important for obtaining high percentages of 
transfected cells. In this protocol we used a DNA:PEI ratio of 1:3. Nevertheless, this 
is going to depend on the plasmid, therefore the optimal ratio selected for transfec-
tion should be determined experimentally.

The following procedure is for cell culture dishes of 35 mm2. It is important to use 
a 24 h cell culture of 70%–80% confluence. According to Tom et al. [21], cell density 
at transfection should range from 8 × 105 to 1.2 × 106 cells/mL.

Before transfection, allow Opti-MEM to warm to room temperature and thaw the 
DNA and PEI-containing solutions (see Note 7).

TABLE 15.1
Recommended Quantities for Cell Culture

Dish Surface Area (mm2) Seeding Density
Cells at 

Confluency
Supplemented 
DMEM (mL) Trypsin (μL)

35 962 0.3 × 106 1.2 × 106 2 300

60 2827 0.8 × 106 3.2 × 106 3 500

100 7854 2.2 × 106 8.8 × 106 10 700
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 1. The following quantities are for each cell culture dish to be transfected: 
 separately on two different 1.5 mL microcentrifuge tubes (tube 1 and 
tube 2) dispense 80 μL of Opti-MEM® I Reduced Serum Medium pH 7.3 ± 
0.1 (Gibco™).

 2. Add 3.5 μg of the plasmid DNA to the Opti-MEM contained on tube 1. 
Vortex two times, 5 s each (see Note 8).

 3. Add 10.5 μg of the 1 μg/μL PEI solution to the Opti-MEM contained in 
tube 2. Vortex two times, 5 s each (see Note 8).

 4. Pour the total content of PEI solution (tube 2) into DNA solution (tube 1), 
mix by pipetting gently up and down. It is important to maintain this order 
of addition (see Note 8).

 5. Incubate the mixture for 30 min at room temperature (see Note 9).
 6. While incubation time is running, remove medium by aspiration with a 

micropipette. Immediately wash carefully the monolayer with 1 mL of PBS 
to remove all traces of antibiotic and FBS and add 600 mL of Opti-MEM®.

 7. After 30 min incubation, remove 100 μL of Opti-MEM and add dropwise 
the mixture of PEI–plasmids to the cell culture.

 8. Gently swirling, homogenize carefully the mixture on the total surface of 
the cell culture dish.

 9. Incubate at 37°C in a 5% CO2/95% humidity-controlled incubator (see 
Note 10).

 10. After 16–24 h incubation, replace media with supplemented DMEM, 
observe under fluorescence microscopy the resulting cell transfection.

 11. At this point, transfection has taken place. Cells can be used 48 h post 
transfection (see Note 11). Perform electrophysiological measurements if 
expression is sufficient according to fluorescence intensities.

15.3.6  PiPette PreParation

The capillary glass is washed with 70% ethanol and rinsed three times with distilled 
water. Glass is dried in an oven at 100°C for 5 h until fully dry. Capillaries are pulled 
using the Narishige puller. Pulling settings vary depending on the melting tempera-
ture of the glass used (8161 or 8250). The correct settings should be standardized 
measuring the pipette resistance using the pipette and bath solutions. The goal is to 
obtain patch pipettes with resistance ranging 8–12 MΩ. A typical 10 MΩ pipette has 
a tip of about 1 μm in diameter, which is adequate for single channel recoding and 
SMD. It is very important not to pull pipettes with very long tip; this will affect the 
geometry of the glass walls and the reflections inside the pipette walls, producing 
more stray light, which will impact negatively the imaging procedures. Pipettes can 
be stored until use in a closed chamber to avoid dust. Dust will also increase stray 
light and reduce the likelihood of gigaohm seal formation. Patch pipettes can be used 
for about a week after manufacture.

15.3.6.1  Checking Pipette Autofluorescence
Every individual pipette should be carefully checked for autofluorescence levels. 
High background should be avoided for obtaining robust SMD experiments. Typically, 
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we mount each pipette in the SC-SMD system and verify background fluorescence 
levels prior to using them in an experiment. Because fluorescence levels depend on 
the power of the excitation source and the sensitivity of the imaging device, spe-
cific numbers cannot be provided, but in general, acceptable autofluorescence levels 
should be 20% or less of the highest GFP signal obtained.

15.3.6.2  Filling the Patch Pipette with Buffer
We use 1 mL syringes to fill patch pipettes with solution. To avoid air bubbles during 
filling we use long flexible needles (World Precision Instruments). After backfilling 
the pipette, gentle tapping is used to reduce air bubble formation. Air bubbles are 
the main cause of interrupted current that prevents electrical continuity in the patch 
clamp system. Bubbles will also increase stray light and the number of reflections, 
resulting in imperfect light coupling with the pipette tip.

15.3.6.3  Mounting the SC-SMD System
The SC-SMD system consists of a custom-made patch pipette holder adapted to receive 
the fiber optic coming from the laser used as an excitation light source (Figure 15.1a). 
The fiber optic is equipped with a connector at the end to plug into the laser. The pipette 
enters the holder via the inlet and an O-ring to ensure a tight seal between the holder 
and the pipette (Figure 15.1c). The silver wire is contained within the holder and pro-
vides electric continuity between the pipette solution and the patch clamp amplifier 
headstage (Figure 15.1c). In this regard, the pipette holder is similar to other holders 
used for patch clamp pipettes. It is important to note that the silver wire produces mini-
mal or even negligible stray light. The pipette is first filed with the recording solution 
and then placed inside the holder from the SC-SMD system. Figure 15.1d illustrates 
a photograph of the holder with a pipette inside with the laser off (left panel) and 
on (right panel). An optical trap (black O-ring) is used to reduce stray light arising 
from undesirable reflection angles throughout the pipette wall. The SC-SMD system is 
designed to concentrate all the optical power coming from the laser (excitation light) 
into the tip of the patch pipette. Thus, patch pipette is used as a light guide.

The BNC connector from the SC-SMD system is designed to fit the connector 
found in most patch clamp amplifier headstages (Figure 15.2a and b). The connector 
at the end of the fiber optic fits the laser (Figure 15.2c and e).

15.3.6.4  Checking Pipette Resistance
Patch clamp pipette is mounted on the SC-SMD system, which is attached to the patch 
clamp amplifier headstage (Figure 15.2). Most patch clamp systems provide readout 
for patch pipette resistance directly from the amplifier. We use Axon Instruments 200A 
patch clamp amplifier, which displays patch pipette resistance directly in the readout.

15.3.6.5  Obtaining a Gigaohm Seal
The first step is to identify a particular cell for patch clamping. Under the epifluo-
rescence microscope, cells expressing the channel or protein of interest are easily 
identified by fluorescence. Cell selection should not take more than a minute to avoid 
GFP photobleaching. We usually go for the cell that looks healthy, is firmly attached 
to the bottom of the petri dish, and has good fluorescence levels, ensuring the robust 
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expression of the protein of interest. However, we never select the brightest cell pos-
sible because low levels of protein expression are required to increase the chances of 
obtaining a single channel in the patch pipette. Once the cell is identified, the micro-
manipulator is used to slowly position the patch pipette tip against the cell surface 
while monitoring resistance using a square voltage pulse. Once resistance increases, 
pipette movement is stopped and gentle suction is applied using the plastic tubing in 
the SC-SMD system. When resistance is increased to reach 5 GΩ or more, suction 
stops and we are ready to initiate SMD and single channel measurements in the cell-
attached mode. Alternatively, the patch of the membrane can be excised from the cell 
by gently pulling up the patch pipette. In this configuration we can study channels in 
the inside-out configuration.

Patch clamp pipette

Laser onLaser off

Optical trap

(d)

(a)

To patch clamp
headstage

Flexible plastic tubing
to apply suction

Fiber optic

Silver wire

SC-SMD system

Laser coupler
(b)

(c)

FIGURE 15.1 The SC-SMD system. (a) Photograph illustrating system components. A cus-
tomized pipette holder serves as a light guide to couple the fiber optic to the patch pipette. A 
BNC connector couples the system to the headstage of the patch clamp amplifier. (b) Enlarged 
picture of the connector coupling the fiber optic to the laser. (c) Enlarged illustration of the 
customized pipette holder. (d) The pipette holder is shown with a patch pipette attached. The 
left panel shows the configuration with the laser off and right panel with the laser on.
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15.3.6.6  Simultaneous Recording of Single-Channel Activity 
and Single Molecule Determinations

Before proceeding with single-molecule determinations, one must identify that a sin-
gle functional channel is present in the patch of membrane. This verification should 
be conducted in the dark to reduce the possibility of photobleaching the specimen.

Typically, in the single channel configuration of patch clamp, individual channels 
are identified as square current transitions between the zero current level and the cur-
rent conducted by the particular channel. Multiple current steps indicate the presence 
of more than one channel. If this is the case, we typically discard the pipette and 
begin again the procedure from Section 15.3.6.1.

Some channels are more active at a particular voltage; thus, the holding poten-
tial (the voltage at which the channel is maintained) should be set accordingly. 
Other channels may require an activator to induce the channel to open; if that is 
the case, the activator should be included to force the channel to open and identify 
in this way the number of channels present in the pipette. In the case of TRPC 
channels, we used as activator the SOAR fragment from STIM1 [22]. To activate 
the channel, a perfusion pipette was used to apply the peptide in solution to the 
inner leaf of the patch of membrane. This system delivers only a few microliters 
of the pipette solution, avoiding the necessity to bathe the entire petri dish with 
the expensive peptide. The idea behind these procedures is to induce a high open 
probability in order to identify single from multiple channels. Having multiple 
channels will result in higher than expected subunit compositions, thus making 

(a) (b)

(d) (e)(c)

FIGURE 15.2 Attaching the SC-SMD system to the laser and headstage. (a) Photograph 
illustrating the customized pipette holder aligned with the headstage from the patch clamp 
amplifier. (b) Pipette holder attached to the headstage with a BNC plug. (c) Fiber optic coupler 
aligned to the laser connector. (d) Fiber optic coupler attached to the laser connector. (e) The 
SC-SMD system coupled to the laser.



304 Calcium Entry Channels in Non-Excitable Cells

difficult determining channel stoichiometry. This is the main reason why pipettes 
containing more than one channel should be discarded.

Once it has been determined that only a single channel is present in the patch 
pipette (measuring single channel currents, as described earlier), we can proceed 
with SMD recordings. The first step is to move the patch clamp pipette away from 
the bottom of the petri dish; this is to reduce any background fluorescence signal 
arising at this location, mainly from the plastic at the bottom of the petri dish. After 
moving the patch pipette, the focus is adjusted using the micrometric knob on the 
microscope to focus on the pipette tip. To initiate photobleaching experiments, the 
laser power is increased to 10% (this value depends on the predefined laser power 
required for SMD; each laser is different and should be determined experimentally) 
and imaging is initiated. Images are stored on the computer hard drive for offline 
analysis. Simultaneously, single channel currents are stored on a separate computer 
for single channel analysis. To synchronize single channel patch clamp recordings 
with SMD, we have connected the laser and trigger from the camera to the TTL ports 
of the patch clamp amplifier (most patch clamp amplifiers have TTL triggers); in this 
way we can initiate all instruments simultaneously using the patch clamp software. 
In this configuration both camera and laser are slaved to the patch clamp amplifier.

15.3.6.7  SMD Analysis
The first thing we need to understand when conducting single molecule analysis is 
that single molecules cannot be visualized directly, simply because they are smaller 
than the limit of diffraction. In order to assess the number of fluorescent molecules in 
a protein or channel of interest, photobleaching is induced and the number of quan-
tum steps in which fluorescence emission decays are measured. Each quantum step 
represents the photobleaching of a single fluorophore.

The amount of light emitted by a single fluorescent protein is very small, a few 
photons. Thus, it becomes essential for the success of SMD experiments to minimize 
background fluorescence. This is the reason why most single molecule experiments 
are conducted using TIRF microscopy. TIRF is a surface-selective method, which 
excites molecules located only a few nanometers away from the bottom of the dish or 
coverslip. Surface-selective excitation arises from the fact that the evanescent wave 
(EW) produced by TIRF decays exponentially with the distance from the source, 
thus illuminating only molecules in closed proximity to the surface where the EW is 
generated (typically the EW does not travel more than 100 nm).

In the case of our SC-SMD system, we use a patch pipette as a light guide to con-
duct the evanescent wave along the pipette wall (Figures 15.1 and 15.2). In this way, 
no complex optics or prisms are required to generate TIRF. Another advantage of our 
system is that all the power of the excitation light is concentrated in a very small area 
(tip of the patch pipette). Even when using relatively modest excitation light sources, 
a very high optical power is attained at the tip of the patch pipette.

Many modern fluorescent proteins have been genetically engineered to resist pho-
tobleaching; thus, they are very useful to evaluate photobleaching-induced decay 
steps because the probability of two or more fluorescent proteins photobleaching 
at the same time is small, especially if we are recording events with millisecond 
resolution. The photobleaching of fluorescent proteins is a stochastic phenomenon, 
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thus, depending on the intensity of the excitation light, complete photobleaching 
of the proteins of interest may take place rather fast. Ideally, the photobleaching of 
individual fluorescent proteins occurs in a time interval sufficient for our recording 
camera to capture it. Thus, it is essential to use CCD electron multiplied cameras, 
which are very sensitive and typically have low intrinsic noise.

The adequate selection of excitation light intensity is essential for a successful 
SMD experiment. Unfortunately, the only way to determine the appropriate exci-
tation intensity is through trial and error. The goal is to completely photobleach 
the sample in 1–2 min. Using very low light intensity may result in photobleach-
ing times of many minutes or even hours; this is not ideal because completing a 
single experiment will require a lot of time. On the other hand, using very strong 
excitation light will result in photobleaching of the entire sample in a few milli-
seconds, making it impossible for our recording device (camera) to catch indi-
vidual photobleaching events. In our experiments, we try to accomplish complete 
photobleaching in 2–3 min.

In an ideal experiment, no photobleaching has occurred until we start recording 
our SMD experiment. However, in real-life experiments that may not be the case. 
Therefore, several experiments must be conducted in order to generate statistical data 
from which to identify the correct stoichiometry of the protein of interest. In some 
instances one or two of four fluorescent proteins (in a tetrameric channel) may have 
been photobleached before we initiate imaging. However, after analyzing the pooled 
data, it becomes evident that the majority of the events point to the correct stoichi-
ometry (in this example, four subunits).

The steps involved in the analysis of SMD experiments are as follows:

 1. Use the raw data for analysis; do not transform the images into a com-
pressed format, such as GIF, JPG, compressed TIF, etc. Doing so will result 
in data loss and poor resolution of the SMD experiment.

 2. The next step is to distinguish signal from noise. Because of the low emis-
sion resulting from single molecule experiments, typically such recordings 
are very noisy (see Note 10). There are several types of single molecule 
determinations; in this report we focus on identifying single molecules 
based on photobleaching steps. The photobleaching of a single molecule 
should result in a quantum step. The intensity of such step would depend 
on the recording conditions, equipment used, properties of the glass (patch 
pipette), excitation efficiency, and emission yield. Thus, photobleaching 
steps (even from two seemingly identical fluorescent proteins) will not be 
equal; uneven steps are the rule. Such variations arise from the quantum 
yield of each fluorescent protein, affected by the surrounding microen-
vironment. Regardless of the magnitude of each photobleaching step, all 
steps would reflect the photobleaching of an individual fluorescent protein. 
Thus, the initial step to separate signal from noise is to identify what is 
known as the centroid, the pixels that received the light emitted by the single 
molecule. Typically, the centroid will be the area with the brightest pixels, 
because it contains the signal and noise, whereas surrounding pixels would 
only contain noise (Figure 15.3a). The same area of the centroid should 
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be used for all images acquired in the experiment. Changing the area may 
result in overestimating or underestimating the steps.

 3. Once the centroid has been identified ( Figure 15.3a, right panel, yel-
low circle), we can proceed to plot the variations in intensity over time 
(Figure 15.3b). In some cases, before proceeding to plot intensity variations 
over time, it is helpful to perform a background subtraction. In photobleach-
ing experiments, fluorescence intensity should always decrease with time 
(never increase), although blinking is a property of most fluorophores and 
thus intensity recovery to a previous step is often observed (Figure 15.3c). 
From the number of quantum steps in fluorescence decrements, we can 
identify the number of subunits in the protein of interest. There are several 
programs that help in the analysis of SMD data; many are available free of 
charge. The software that we use frequently is the Single Molecule Analysis 
Research Tool (SMART) [23]. SMART not only facilitates SMD analysis 
but also helps in organizing large amounts of data collected from this type 
of experiment.
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FIGURE 15.3 Analysis of an SC-SMD experiment. (a) Typical raw images obtained from 
the SC-SMD system. Red arrows point to areas with noise only and noise + signal. Images 
presented in pseudocolor to enhance the signal (the calibration bar at the center shows the 
pseudocolor scale used). The image on the right panel shows the centroid in yellow. (b) 
Measurements of fluorescence intensity over time illustrating two examples: the top panel 
shows an experiment with three molecules (three steps) and the lower panel an experiment 
with two molecules. Red dotted lines show the individual steps. (c) Measurements of fluo-
rescence intensity over time illustrating the blinking of a fluorescent protein. The panel at the 
right shows a zoom area (gray rectangle) and the red arrow points to the blinking step.
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 4. Blinking is a process by which fluorescence is turned off for a few milli-
seconds to come back later on. Most fluorophores studied to this date blink. 
Blinking can be identified when fluorescence results in a down step that 
returns to the previous level rapidly (Figure 15.3c, right panel). The blink-
ing phenomenon results from the spontaneous and fast switching between 
on and off of the emission from a single molecule. This phenomenon can 
complicate the determination of stoichiometry but new probes are being 
developed that blink less than currently available fluorophores.

15.4  CONCLUSIONS

There are a handful of methods developed to determine the stoichiometry of protein 
complexes. Unfortunately many are easier to apply in the case of soluble proteins 
and do not provide any information about the functionality of the proteins studied. 
We have developed a novel method, which combines single molecule determina-
tions with single channel electrophysiology (SC-SMD). With SC-SMD we have 
recently demonstrated that TRPC channels (TRPC1–TRPC6) are functional tetra-
mers [8]. Furthermore, we have identified the stoichiometry of calmodulin–TRPC 
channel complexes [8]. We showed that TRPC1, TRPC4, and TRPC5 are activated 
by STIM1, while TRPC3 and TRPC6 are not [8]. All these single molecule experi-
ments and stoichiometry determinations could be concluded within a few weeks. 
Time courses of the association or dissociation of the channel modulators (SOAR or 
calmodulin) could also be identified using SC-SMD [8].

Even though we have established that all TRPC family members are functional 
homotetramers, our method could be used to identify the formation of heterotetramers 
as well. In fact, SC-SMD can be used to identify higher stroichiometries, pentamers 
or hexamers. However, the accurate determinations of stoichiometry become more 
complicated as the subunit numbers increase. Counting more than 7–10 molecules 
becomes extremely cumbersome and accuracy declines. Other methods can be uti-
lized to complement SC-SMD data [24]. Using conventional x-ray crystallography 
studies, identifying the stoichiometry of these complexes would have taken years. 
With SC-SMD, the stoichiometries were resolved in a few weeks. Furthermore, 
SC-SMD facilitates the study of association and dissociation constants among mem-
bers of the protein complex of interest. SC-SMD provides very high signal-to-noise 
ratios because excitation only occurs at the tip of the pipette [8]. Moreover, all the 
optical power of the excitation light is concentrated in a few microns, thus providing 
very high optical power at the tip of the pipette. With SC-SMD, one can potentially 
use several fluorescent proteins simultaneously, facilitating the study of protein inter-
actions and even FRET between the members of the complex.

15.5  NOTES

 1. EDTA dissolves completely only when pH of the solution is ~8.0.
 2. Remove carefully, avoiding the loosening of the monolayer.
 3. Serum affects the activity of trypsin. Wash carefully avoiding the loosening 

of the monolayer.
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 4. Do not incubate for more than 2 min. Trypsin causes cell membrane damage 
and the time of exposure should be kept to a minimum.

 5. 1 mL of DMEM per cell culture dish.
 6. It is recommended to split cells every 48 h, but this will depend on the conflu-

ency required. Forty-eight hours is the optimal recommended time because 
HEK293 have the “correct” morphology and good growth. Nevertheless, it 
is important to frequently monitor the morphology, confluence, and adher-
ence of the mammalian cells.

 7. Avoid repeated PEI freeze thaw cycles. Freezing at −20°C in small aliquots 
is the optimal storage condition and minimizes damage due to freezing and 
thawing. Aliquots should be frozen and thawed once, with any remainder 
kept at 4°C.

 8. It is important after vortexing to ensure there is no Opti-MEM on the tube 
wall. If that occurs, centrifuge for 15 s at 1000 rpm in order to force all 
medium to the bottom of the tube.

 9. This incubation time is important for PEI–DNA complex formation.
 10. After transfection with plasmids of fluorescent proteins fused to the genes 

of interest, cells must be kept in the dark to reduce the risk of photobleach-
ing of individual fluorescent proteins.

 11. The optimal time for transfection will vary depending on the DNA species. It 
should be empirically determined to obtain the best expression of the protein.

 12. It is important to evaluate autofluorescence for every pipette; we have found 
large variations, especially when using 8161 capillary glass.
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16 Pharmacology of 
Store-Operated Calcium 
Entry Channels

Gary S. Bird and James W. Putney, Jr. 

16.1  INTRODUCTION

In general, calcium signaling in non-excitable cells is primarily initiated by the activa-
tion of surface membrane receptors coupled to phospholipase C (PLC) and stimulates 
a calcium signaling process that is complex both spatially and temporally, involving the 
interplay of calcium channels and calcium pumps [1]. Receptor activation of PLC leads 
to a breakdown of phosphatidylinositol 4,5-bisphosphate in the plasma membrane and 
production of diacylglycerol and inositol 1,4,5-trisphosphate (IP3) [2]. Fundamentally, 
receptor activation results in a biphasic process of calcium mobilization composed of 
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the release of intracellular calcium ions from an intracellular organelle, which is cou-
pled to and activates the entry of calcium ions across the plasma membrane of the cell. 
This second phase of calcium entry is known as store-operated calcium entry (SOCE).

Our ability to identify and define underlying calcium signaling processes 
and mechanisms is greatly facilitated and influenced by two chief experimental 
approaches to monitor and characterize the mobilization and movement of Ca2+ ions. 
Fluorescence-based techniques using calcium-sensitive ion probes provide the abil-
ity to measure calcium signals with high temporal and spatial resolution, and simul-
taneously in multiple cells. However, the measured “fluorescent calcium signal” is 
the result of multiple processes involving calcium pumps and calcium channels that 
contribute to a steady-state flux of Ca2+ ions. To identify and discern specific calcium 
signaling pathways using this technique, it has been very important to employ phar-
macological manipulations that help define, or rule out, specific mechanisms. As will 
be described later, these approaches can help define the underlying calcium entry 
process as SOCE or non-SOCE, and the potential involvement of Orai and canonical 
transient receptor potential (TRPC) family proteins.

The other major and complementary technique for defining calcium signaling pro-
cesses involves the electrophysiological measurement of ion movement. Importantly, 
this technique can define and distinguish the biophysical properties of underlying 
calcium channel activities. In concert with pharmacological manipulations, this tech-
nique can be used to identify PLC-activated SOCE ion currents either as ICRAC or 
ISOC and distinguish this from the PLC-activated and non-SOCE ion current IARC (see 
Chapters 1 and 11).

Much is known about the regulation of intracellular Ca2+ stores by IP3 [3] and the 
nature of the SOCE process [4–6]. Discoveries within the past decade have helped 
identify the molecular players underlying PLC-coupled Ca2+ entry, the Ca2+ sensors 
STIM1 and STIM2, and the SOCE channel subunit proteins Orai1, Orai2, and Orai3 
[7]. Indeed, one can describe three types of channels, ICRAC, ISOC, and IARC. ICRAC rep-
resents the most extensively characterized store-operated channel and is composed 
of the pore-forming subunit Orai1, Orai2, or Orai3. ISOC is characterized as a less 
Ca2+-selective SOCE channel compared to ICRAC that, in addition to the Orai subunit, 
combines in an incompletely understood manner with TRPC family members (see 
Chapter 10). As mentioned earlier, there is also a non-store-operated current, IARC, 
which is gated by arachidonic acid and involves Orai1, Orai3, and STIM1. Since IARC 
and ICRAC are composed of Orai subunits, they share some similar properties, yet it 
is possible to clearly distinguish these calcium entry pathways by both biophysical 
and pharmacological techniques. ICRAC is a small, strongly inwardly rectifying current 
activated by Ca2+ store depletion and inhibited by the drug 2-APB (discussed later). 
IARC is a similarly small and strongly inwardly rectifying current, activated by a ligand 
(not by store depletion), has a different pH sensitivity, exhibits reduced or lacks fast 
Ca2+-dependent inactivation (CDI), does not rapidly depotentiate, and is not inhibited 
by 2-APB. In addition, Orai1 was recently discovered to be expressed as two isoforms 
due to alternative translation initiation, Orai1α (long) and Orai1β (short) [8]. Channels 
composed of either Orai1α and Orai1β can associate with STIM1 and form CRAC 
or SOC channels. However, only Orai1α, and not Orai1β, undergoes CDI, and only 
Orai1α appears to form channels underlying IARC [9] (see Chapter 11).
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Today, our ability to pharmacologically dissect and manipulate the SOCE calcium 
signaling pathway remains a readily accessible way to understand receptor-regulated 
calcium signaling in a wide variety of biological systems. This is particularly useful 
in systems where molecular biological strategies are difficult to employ. However, 
it always remains a challenge to ensure these pharmacological approaches provide 
some degree of specificity and control.

16.2  PLC ACTIVATION AND STORE-OPERATED 
CALCIUM CHANNELS

As mentioned earlier, PLC activation results in a biphasic process of calcium mobi-
lization. The first phase of calcium release is often attributable to IP3, which acts by 
binding to a specific receptor on the endoplasmic reticulum (ER) [10]. The second 
phase of calcium entry is most commonly attributed to SOCE. This process is not 
regulated by direct actions of IP3 on the plasma membrane but by a process of retro-
grade signaling, whereby the depletion of an intracellular calcium storage organelle 
produces a signal for calcium ion entry across the plasma membrane [4,11] (see 
Chapter 3). This biphasic signaling process is best illustrated under conditions where 
the receptors are maximally activated.

However, under more physiological conditions of receptor activation, the result-
ing calcium signals are complex both spatially and temporally. Rather that the 
simple, bimodal response observed with high agonist concentrations, activation of 
PLC-coupled receptors with lower, more physiological concentrations of agonists 
results in a complex, repetitive cycling of [Ca2+]i, known as [Ca2+]i oscillations 
[12,13]. These calcium oscillations depend upon complex mechanisms of regenera-
tive intracellular signaling events, either at the level of PLC activity or the IP3 recep-
tor calcium release channel. These oscillatory calcium events arise from a process 
that depends on an interrelationship between calcium release and calcium entry, and 
Ca entry is necessary to sustain this process for extended periods of receptor activa-
tion (discussed also in Chapter 5).

There is some discussion that the Ca entry process triggered under more physi-
ological conditions of PLC activation may differ from that activated under maximal 
receptor activation. The suggestion being that PLC activation can regulate a separate 
Ca2+ entry pathway in addition to SOCE [14]. To discern the underlying route for 
receptor-mediated Ca2+ entry, it has been critical to employ molecular and pharma-
cological interventions. This provides a means to identify SOCE and distinguish it 
from pathways that do not involve SOCE [13,15].

16.3  PHARMACOLOGICAL ACTIVATION OF 
STORE-OPERATED CHANNELS

The single initial signal for the activation of SOCE and ICRAC is the depletion 
of intracellular Ca2+ stores located in the ER. PLC-coupled receptors initiate 
this process through the production of IP3. However, this process represents 
an uncontrolled approach for manipulating SOCE since (1) the magnitude and 
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kinetics of PLC activation may vary and (2) PLC may activate pathways that are 
unrelated or interfere with SOCE.

A preferable strategy is to employ pharmacological approaches that target the 
depletion of ER Ca2+ pools directly to activate SOCE, independent of activating PLC-
coupled receptors. In general, there are several ways in which this can be achieved: 
(1) blockade of SERCA pumps, (2) use of a Ca2+ ionophore, (3) direct activation 
of the IP3 receptor, and (4) “passive depletion” of ER Ca2+ pools (usually by patch-
clamp technique; see Chapter 1).

16.3.1  SERCA PumP InhIbItIon

The ER serves as a critical Ca2+ buffer with SERCA Ca2+ ATPase pumps that can 
rapidly sequester Ca2+ ions from the cell cytoplasm. This activity serves to prevent 
untoward changes in [Ca2+]i and replenish intracellular Ca2+ stores following PLC 
activation. Even in unstimulated cells considered “at rest,” Ca2+ ions are continually 
cycling across the ER membrane with the actions of SERCA pumps sequestering 
Ca2+ balanced against a poorly defined “Ca2+ leak” process out of the ER. However, 
by inhibiting this SERCA Ca2+ATPase activity, the prevailing “Ca2+ leak” process 
will result in depletion of ER Ca2+ stores and full activation of SOCE [16] (see 
Chapter 1).

There is a selection of membrane permeant SERCA inhibitors available that pro-
vide a noninvasive technique for manipulating ER Ca2+ pools in intact cells. These 
include thapsigargin, cyclopiazonic acid (CPA), and tBHQ [17]. Historically, it 
was the discovery of thapsigargin that first provided the clearest demonstration and 
important validation of the SOCE pathway. Importantly, treatment of cells with 
these inhibitors made it possible to deplete the IP3-sensitive Ca2+ stores and acti-
vate SOCE without formation of any inositol phosphates associated with agonist 
activation [18,19]. Of the three SERCA inhibitors, only the more water-soluble 
CPA can be readily washed out of cells. This property of CPA provides the abil-
ity to partially deplete intracellular Ca2+ stores and thus partially activate SOCE 
[20,21]. An example of the use of thapsigargin to determine the effects of a phar-
macological inhibitor on the size of the intracellular Ca2+ pool and the magnitude 
of SOCE is illustrated in Figure 16.1.

16.3.2  Ca2+ IonoPhoRES

The use of Ca2+ ionophores provides an alternative strategy for depleting intracel-
lular Ca2+ from the ER and activating SOCE. A23187 [22] and ionomycin [23] are 
lipid-soluble carboxylic acid antibiotics that transport divalent but not monovalent 
cations. In general, Ca2+ ionophores have proven useful in transporting Ca2+ ions 
across a variety of membranes and manipulating intracellular Ca2+ pools in intact 
cells. Experimentally, ionomycin performs better and is more selective than A23187 
in transporting Ca2+ ions [23].

However, the actions of ionomycin on manipulating Ca2+ movements are com-
plex and concentration dependent. At concentrations ~10 μM, ionomycin increases 
the permeability of Ca2+ ions across all cell membranes. However, at concentrations 
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FIGURE 16.1 Effect of a SOCE inhibitor on the thapsigargin-induced biphasic calcium 
signaling using the calcium readdition protocol in fura-5F-loaded HEK 293 cells. HEK 293 
attached to glass cover slips were loaded with the calcium indicator fura-5F, and cytoplasmic 
[Ca2+]i was measured at the single-cell level as described by Bird and Putney [13]. The cells 
are bathed in a HEPES-buffered salt solution (HBSS) containing 1.8 mM extracellular Ca2+. 
(a) Cells were subject to the calcium readdition protocol and treated with the SERCA Ca2+ 
ATPase inhibitor, thapsigargin (2 μM). Specifically, extracellular Ca2+ was removed from the 
bathing medium and thapsigargin was added. After 15 min, during which the ER Ca2+ stores 
were fully depleted, extracellular Ca2+ was restored to the medium and SOCE measured. This 
protocol illustrates the biphasic nature of the calcium response. (b) Cells undergo the same 
calcium readdition protocol and treatment with thapsigargin. In this case, the cells were also 
treated with the SOCE inhibitor GSK 7975A (10 μM). As the data illustrate, the initial phase 
of thapsigargin-induced Ca2+ release, indicating intracellular Ca2+ store content, was normal, 
but the second phase of SOCE Ca2+ entry was blocked. Each data trace represents the average 
signal from 25 to 30 cells.
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<1 μM, ionomycin appears to selectively partition into intracellular membranes and 
release intracellular Ca2+ stores without greatly increasing the permeability of the 
plasma membrane to extracellular calcium [24]. At low concentrations, ionomycin 
can enhance Ca2+ influx by stimulating store-regulated cation entry and not by a 
direct action at the plasma membrane [25]. Under these conditions, this effect of low 
concentrations of ionomycin can be used to activate SOCE (see Chapter 5).

16.3.3  ACtIvAtIon of IP3 RECEPtoRS

Monitoring currents associated with SOCE is achieved using the whole-cell patch-
clamp technique that, in this mode, allows the intracellular milieu to be modified 
directly with the internal patch pipette solution. Thus, rather than relying on the 
external application of SERCA pump inhibitors to activate SOCE channels, the intra-
cellular Ca2+ store depletion can be achieved by addition of metabolizable or nonme-
tabolizable analogs of IP3 (in conjunction with EGTA or BAPTA) [26] directly to the 
internal pipette solution (see Chapter 1).

16.3.4  PASSIvE DEPlEtIon of ER Ca2+ PoolS

As mentioned earlier, the use of the whole-cell patch-clamp technique allows the 
intracellular milieu to be modified directly with the internal patch pipette solution. 
By simply breaking into cells with a patch pipette solution containing a high concen-
tration of the Ca2+ chelators BAPTA or EGTA, the intracellular ER Ca2+ stores are 
gradually emptied. This “passive depletion” of Ca2+ results in ICRAC activation that is 
equivalent to that activated by IP3 or thapsigargin; however, this passive process is 
slow to develop fully (in the order of minutes). This is a technique that can be used 
in conjunction with IP3 to facilitate a rapid and maximal activation of ICRAC [27]. 
The slow onset of ICRAC with passive depletion can be of experimental advantage as 
it provides sufficient time to obtain control, baseline current measurements before 
significant store depletion is achieved (discussed in Chapter 1).

16.3.5  mEmbRAnE PotEntIAl

By definition, activation of Ca2+ entry in non-excitable cells results from IP3-mediated 
Ca2+ store depletion rather than through voltage activation [1]. However, SOCE is an 
electrogenic process and can be influenced by the concentration gradient of Ca2+ 
ions and membrane potential across the plasma membrane. Thus, less calcium enters 
upon plasma membrane depolarization, and hyperpolarization will promote calcium 
influx [28] (see Figure 1.1). Thus, it is important to control the effects of membrane 
potential when considering the specificity of a pharmacological agent to modulate a 
Ca2+ entry signal. This may especially be important with pharmacological manipula-
tions that inhibit Ca2+ entry where toxic insults to a cell might damage the plasma 
membrane and cause depolarization. Should this be a concern, the effects of phar-
macological agents can be studied using the patch-clamp technique where fluxes of 
calcium ions across the membrane are measured and membrane potential controlled 
(i.e., voltage clamp).
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16.4  PHARMACOLOGICAL INHIBITION OF 
STORE-OPERATED CHANNELS

While pharmacological activation of SOCE with SERCA pump inhibitors such as 
thapsigargin was crucial for developing our understanding of SOCE in intact cells, 
our ability to manipulate SOCE channels directly and inhibit them with any degree 
of specificity has historically been rather limited. However, the progress made in 
identifying the molecular players underlying the SOCE pathway has provided an 
opportunity to screen for and develop drugs that can modulate channel activity or act 
directly at the pore of the channel. In this section, we summarize a range of pharma-
cological agents that target SOCE channel inhibitors and are commercially available.

16.4.1  lAnthAnIDES

The lanthanides La3+ and Gd3+ have been the most widely employed tools for block-
ing SOCE [29]. Interestingly, lanthanides were initially used to block both Ca2+ entry 
and Ca2+ efflux via the plasma membrane Ca2+ATPase (PMCA) [30]. These effects, 
on entry and efflux, however, can be dissociated due to differential sensitivities of 
the processes to lanthanides. At low concentrations, lanthanides can block SOCE 
(<1 μM) [31]. With identification of Orai, studies suggest that lanthanides act by 
blocking access of Ca2+ ions to the selectivity filter and pore, a likely target being 
acidic residues in loop I–II [32].

At concentrations above 100 μM, lanthanides begin to block PMCA activity 
[13,30] and appear to block completely at concentrations at or above 1 mM. The 
cytoplasm then appears isolated or “insulated” from the extracellular space. Under 
these conditions, this “gadolinium insulation” is blocking both the entry and efflux 
of Ca2+ ions and presents an opportunity to investigate complex intracellular calcium 
signaling events independently of contributions made by constituents in the extracel-
lular space [13].

16.4.2  2-APb (2-AmInoEthylDIPhEnyl boRAtE)

2-APB has broadly been used as an inhibitor for SOCE and ICRAC. This compound 
was originally described as a noncompetitive inhibitor of the IP3 receptor. The effects 
of 2-APB are far more complex, while it has been found to modulate many other ion 
channels [7,33–36]. The effects of 2-APB on SOCE and ICRAC appear to be extracel-
lular and act independently of IP3 receptor inhibition [37,38]. However, by careful 
application, 2-APB can still be useful in distinguishing between SOCE and other 
channels, particularly in overexpression systems and interrogating the actions of 
STIM1 and the role of Orai isoforms in the activation of SOCE and ICRAC.

2-APB has a dose-dependent bimodal effect on SOCE. At low concentrations 
(<5 μM), SOCE is enhanced, then transient enhancement and inhibition occurs at 
doses >20 μM [34,39,40]. At high doses, 2-APB was observed to inhibit STIM1 
puncta formation at the plasma membrane, suggesting that current inhibition involved 
disruption of coupling to and activation of Orai channels [34,41]. However, this sim-
ple mechanism does not explain the full spectrum of 2-APB effects. For example, 
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when overexpressing STIM1 and Orai1 together in HEK cells, 2-APB is less effec-
tive in inhibiting STIM1 puncta formation yet retains its potency for inhibiting SOCE 
and ICRAC [34].

2-APB differs in its actions against the three Orai isoforms; as discussed earlier, it 
has a biphasic effect on Orai1 channels (and most native CRAC channels), a weaker 
effect against Orai2 channels, whereas it directly and potently activates Orai3 chan-
nels [34,40,41].

Two dimeric derivatives of 2-APB, DPB162-AE and DPB163-AE, were identi-
fied in a screen of chemical analogs with more potency in inhibiting SOCE and ICRAC 
and with considerable specificity for action on STIM1 and Orai1-dependent SOCE 
[42,43]. While DPB163-AE retained a bimodal effect on SOCE with dose-dependent 
potentiation and inhibition, DPB162-AE was shown to only inhibit SOCE [44].

16.4.3  ml-9

ML-9, an inhibitor of myosin light chain kinase (MLCK), was discovered to inhibit 
SOCE and thus suggested a possible role for MLCK in the mechanism of SOCE activa-
tion [45]. The mechanism of action of ML-9 remains unclear but appears to be centered 
on disrupting the coupling of STIM1 and Orai1. ML-9 was found to disperse thapsi-
gargin-induced STIM1 puncta, an event that appeared to precede the loss of SOCE. 
However, these effects of ML-9 on SOCE were independent of MLCK. An alternative 
MLCK inhibitor, wortmannin (20 μM), had no effect on SOCE, and the effects of ML-9 
were unaffected by the knockdown of MLCK. ML-9 has limited application in cells 
overexpressing STIM1 and/or Orai1: overexpression of STIM1 reduces the effect of 
ML-9 on SOCE, and co-overexpression of STIM1 with Orai1 renders ML-9 ineffective.

16.4.4  btP2 (ym-58483)

BTP2 is a member of a family of bis(trifluoromethyl)pyrazoles that have been 
shown to inhibit thapsigargin-induced SOCE and ICRAC activation [46–48]. 
Experimentally, BTP2 proves a more potent and irreversible inhibitor of SOCE 
if cells are exposed to the drug for many hours prior to cell activation. While this 
is inconvenient from a practical standpoint, it does suggest that the mechanism of 
action of BTP2 is indirect and not likely a channel pore blockade. The specific-
ity of BTP2 for directly inhibiting SOCE has also been challenged on the basis 
that this compound can activate TRPM4 [47]. It is suggested that activation of 
TRPM4, a Na-permeable channel, can depolarize the plasma membrane potential. 
As discussed earlier, membrane depolarization will reduce the driving force for 
Ca2+ entry and thus indirectly also SOCE.

16.4.5  SyntA 66

Synta 66 appears to be a potent and highly selective inhibitor of SOCE and ICRAC 
activation [49,50]. Synta 66 does share some of the properties of the structurally 
related BTP2: it is a slow and irreversible inhibitor, requiring cells to be exposed to 
the compound for long periods before calcium signaling is activated. As with BTP2, 
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this would suggest that Synta 66 is not targeting the channel pore. However, Synta 66 
has no effect on STIM1 puncta formation [51] and likely acts downstream of STIM1 
oligomerization.

16.4.6  GSK-7975A AnD GSK-5503A

GSK-7975A and GSK-5503A are two pyrazole derivatives that appear to be highly 
selective inhibitors of SOCE and ICRAC activation ([52] and Figure 16.1). Somewhat 
like Synta 66 and BTP2, cells have to be preincubated with these compounds in order 
for them to be fully effective in blocking Ca2+ entry. However, in this case, cells need 
only be exposed for a period of minutes rather than hours. Focusing on GSK-7975A, 
Derler et al. [52] investigated possible mechanisms of inhibition. They concluded 
that GSK-7975A was acting downstream of STIM1 oligomerization and STIM1/
Orai1 interaction and its inhibitory effect is likely due to interference with the ion 
permeation through the Orai pore. This study also screened the effects of GSK-
7975A against a panel of 16 ion channels concluding that this compound retained a 
high degree of selectivity. A weak inhibitory effect was observed for an L-type (Cav) 
Ca2+ channel and a more robust inhibition for TRPV6 channels.

16.4.7  Ro2959

RO2959 is a potent SOCE and ICRAC inhibitor that blocked an IP3-dependent current 
in RBL-2H3 mast cells, in CHO cells stably expressing human Orai1 and STIM1 and 
in human CD4+ T lymphocytes [53]. As with BTP2, Synta 66, and the GSK com-
pounds, cells need to be treated with RO2959 at least 30 min before cell activation. 
The mechanism of RO2959 inhibition has not been addressed, although the required 
preincubation period would suggest it is not a pore blocker.

16.4.8  AnCoA4

AnCoA4 is a SOCE inhibitor discovered in a small-molecule microarray screen tar-
geting the SOCE pathway. Instead of using a cell-based screening assay, Sadaghiani 
et al. [54] identified peptides encompassing Orai1 and STIM1 domains that are 
important for the gating of CRAC channels, purified, and immobilized them in 
microarrays. This was used to screen a library of molecules and identify those that 
interacted with these STIM1/Orai1 domains. In follow-up functional tests, AnCoA4 
was found to inhibit thapsigargin-induced SOCE and CRAC channels at concentra-
tions in the low micromolar range. The inhibitory effect of AnCoA4 was more potent 
when added before cell activation (~5 μM) when compared to the concentrations 
required for inhibition after cell activation (20 μM). This suggests that AnCoA4 is 
more effective when presented to cells before STIM1 starts to interact with Orai1.

16.4.9  SKf96365 AnD othER ImIDAzolES

A number of related imidazole compounds are inhibitors of SOCE and include 
SKF96365, econazole, miconazole, and clotrimazole. The use of these compounds is 
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problematic and certainly not a first choice. While their mechanism of action remains 
elusive, a chief concern is their lack of specificity for SOCE. Indeed, these com-
pounds have been shown to block voltage-gated Ca2+ channels [55,56], potassium 
channels [57], and TRP family members [58,59].

16.4.10  DIEthylStIlbEStRol

Diethylstilbestrol (DES) is a synthetic estrogen agonist that has been described as an 
inhibitor of thapsigargin-induced SOCE and ICRAC [60]. The effect of DES is rapid, 
requiring no pretreatment, is reversible and exerts its effect rapidly via the extracel-
lular side of the plasma membrane. DES also had no effect on STIM1 clustering 
and translocation [61]. These characteristics suggest DES may inhibit SOCE at the 
pore. In terms of selectivity, Zakharov and colleagues demonstrated that DES had 
no effect on monovalent cation currents that are mediated by TRPM7 channels [60]. 
However, in earlier studies in smooth muscle cells, it was found that DES inhibited 
nonselective cation currents and K+ currents [62]. On a cautionary note, a study in 
A7r5 smooth muscle cells [63] demonstrated that the observed effects of DES on 
inhibiting the calcium entry process were transient. However, this was not due to a 
transient inhibition of SOCE itself but rather an off-target effect of DES to promote 
other Ca2+ transport mechanisms.

16.5  CONCLUDING REMARKS

In this short chapter, we have attempted to outline some of the general aspects of 
pharmacological and experimental manipulation of SOCE, as well as briefly sum-
marizing the effects of reagents that are currently available to the experimentalist. As 
researchers continue to search for potent and selective agonists and antagonists, the 
next phase of SOCE pharmacology may well include significant clinical aspects of 
this widely encountered and physiologically important pathway.
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