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S tore-operated calcium entry is a process by which the depletion of calcium from the endoplasmic 
reticulum activates calcium influx across the plasma membrane. In the past few years, the major 
players in this pathway have been identified. STIM1 and STIM2 function as calcium sensors in 

the endoplasmic reticulum and can interact with and activate plasma membrane channels comprised 
of Orai1, Orai2, or Orai3 subunits. This review discusses recent advances in our understanding of this 
widespread signaling mechanism as well as the mechanisms by which a number of interesting pharma-
cological agents modify it.
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advantages and disadvantages. Changes in [Ca2+]
i
 can be moni-

tored by use of fluorescent indicators (4). These may be either the 
BAPTA-type chelating indicators (5) or genetically encoded FRET-
based indicators (6); both provide measurement of the concentra-
tion of calcium ions in the cytoplasm (or sometimes in intracel-
lular organelles), so that rates of Ca2+ movement across the plasma 
membrane may be inferred from the change in [Ca2+]

i
 following a 

step increase in the concentration of external calcium ions (Figure 
1A). It is common in such experiments simply to measure the 
maximum elevation of [Ca2+]

i
 when calcium is (re-)introduced to 

the extracellular medium, but a more reliable metric may be pro-
vided by monitoring the initial rate of the rise of [Ca2+]

i
. 

Fluorescent indicators offer a minimally invasive method of 
monitoring calcium ion movement across the plasma membrane, 
but their reliability can be compromised when other factors, such 
as changes in membrane potential or calcium transporter activity, 
are at play within the cell. In the face of such interfering activities, 
the patch-clamp technique, whereby fluxes of calcium ions across 
the membrane are measured as electrical current, may be prefer-
able. In addition, measurement of calcium ion current permits 
quantitative analysis of specific biophysical properties, such as 
selectivity, single channel conductance, and kinetics of activation 
and inactivation, which collectively can serve as a specific signa-
ture for a particular channel type. 

Figure 1. Measuring store-operated calcium entry and Icrac. A) Receptor 
agonists and Ca2+-depleting agents (e.g., thapsigargin) induce a biphasic 
increase in cytoplasmic Ca2+, most clearly revealed by protocols involving 
discharge of Ca2+ stores in the absence of extracellular Ca2+ (dotted line) 
followed by restoration of extracellular Ca2+. B) The current underlying store-
operated Ca2+ entry, Icrac, is generally measured by means of the whole-cell 
patch-clamp technique, utilizing IP3 and a calcium chelator in the patch pipet 
solution to deplete Ca2+ stores. C) Depletion of Ca2+ stores while measuring 
whole-cell currents reveals a relatively slowly developing inward current, Icrac. 
Depending on the recording configuration and cell types, these currents are 
typically small, in the range of 0.5 – 3.0 pA/pF. D) Icrac shows strong inward 
rectification in the current–voltage relationship, as is expected for a Ca2+-
selective channel as intracellular Ca2+ concentrations are extremely low.

Introduction

Calcium signaling is one of the most widespread signaling systems 
transducing stimuli at the cell surface to modifications of specific 
cellular functions. The concentration of calcium ion in the resting 
cytoplasm (i.e., [Ca2+]

i
) in most mammalian cells is of the order of 

one or two hundred nanomolar, while extracellular calcium ion 
concentration is maintained in the low millimolar range. Thus, 
small perturbations in this large gradient can produce rapid and 
large increases in intracellular [Ca2+]

i
. Calcium-responsive proteins, 

of which calmodulin serves as a relatively ubiquitous example, 
respond to changes in [Ca2+]

i
 and can evoke a myriad of cellular 

responses, ranging from the extremely rapid responses of neu-
rosecretory cells and skeletal muscle to the long-term responses 
involving modulation of cell division and differentiation.

Calcium signals arise from either of two general sources. They 
result from the release of stored calcium ions within the cytoplasm 
or from the influx of calcium ions across the plasma membrane, 
or more typically, from a combination of the two. Pharmacologists 
have long been interested in calcium signaling because of the link 
between calcium ions and a number of important clinical targets 
(e.g., cardiovascular function and inflammation). Calcium ion fluxes 
across membranes can be triggered either by biophysical processes, 
such as the gating of voltage-activated calcium channels in the 
heart, or by ligand-mediated processes, such as the activation of the 
phospholipase C pathway. In the latter case, signaling is initiated by 
the action of inositol 1,4,5-trisphosphate (IP

3
), a second messenger 

that causes release of calcium ions stored in the endoplasmic or sar-
coplasmic reticulum (ER). Activation of phospholipase C also leads 
to the opening of plasma membrane channels, typically through the 
capacitative, or store-operated, pathway (1, 2). 

In just the past five years, since publication of a review article 
on this topic (3), we have learned the key molecular components 
of store-operated channels. This new knowledge has greatly facili-
tated our understanding of their potential for pharmacological 
modulation, both by direct channel inhibition and by interfering 
with their regulation.

Store-operated Calcium Channels

The concept of store-operated, or capacitative, calcium entry into 
cells simply signifies that changes in the calcium ion concentration 
in the ER are linked in reciprocal fashion to the rate at which cal-
cium ions cross the plasma membrane and enter the cell (2). The 
most common physiological mechanism by which calcium ion 
stores within the cell are released into the cytoplasm is through 
the action of IP

3
 downstream of PLC-coupled receptor activa-

tion. Experimentally, extensive store depletion can be evoked by 
reagents such as ionomycin, a calcium ionophore, or thapsigargin, 
an inhibitor of the ER calcium ion pump (4, 3).

Two major approaches are generally employed for the study 
of store-operated calcium ion channels, each with particular 
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The most extensively studied and documented store-operated 
current is the calcium release–activated-calcium (CRAC) current, 
or I

crac
 (7); less extensively investigated currents, with varying 

(usually lesser) selectivity for calcium have been discussed in 
recent reviews (1, 8, 9). The single channel conductance of CRAC 
channels is too low to be measured directly but has been esti-
mated from noise analysis to be of the order of a few fS (10). As 
a result, I

crac
 is most commonly studied in a whole-cell configura-

tion to measure total transmembrane current (Figure 1B–D). The 
invasiveness of this approach poses a disadvantage, as soluble 
cytoplasmic constituents that may influence channel activity can 
be lost. In addition, measurement of I

crac
 is inherently less sensi-

tive than ion movement as detected by fluorescent indicators. 
Thus, the detection of I

crac
, even in cell types with relatively large 

currents (mast cells, T-lymphocytes), requires great care to reduce 
calcium feedbacks on channel activity.

The simplest interpretation of the function of store-operated 
calcium channels is that they assure a relatively constant concentra-
tion of calcium in the ER, which is essential for proper protein syn-
thesis and folding and for IP

3
-induced calcium signaling. However, 

there is increasing evidence, in at least some instances, that store-
operated channels may directly link calcium ion influx to the  
activation of important downstream response pathways (11–14). 

For well over a decade, research into store-operated calcium 
entry focused on the possible role of the transient receptor poten-
tial (TRP) channels, especially the subfamily (i.e., Canonical-type) 
known as TRPC (15, 16). Despite a large number of research stud-
ies, the role of TRPC channels in store-operated entry remains 
controversial (9, 17). However, in just the past four years or so, 
RNAi screens have identified two families of small proteins that 
respectively provide the two primary molecular components of the 
store-operated calcium entry pathway (8, 18). The first of the two 
protein families, which functions in sensing calcium ion levels in 
the ER, comprises the stromal interacting molecules-(STIM)-1 and 
-2. STIM proteins are single transmembrane proteins that reside in 
the ER; their N termini are oriented toward the lumen and contain 
an EF-hand calcium binding motif (19). Depletion of calcium from 
the ER causes calcium ions to dissociate from STIM, resulting in 
a conformational change that promotes the self-association and 
migration of STIM molecules (20) to closely apposed ER–plasma 
membrane junctions. At these junctions, STIM oligomers interact 
with proteins that represent the second of the two families (i.e., 
the Orai family) that have proven essential to store-operated cal-
cium entry. This interaction culminates in the activation of CRAC 
channels, consisting of pore-forming Orai subunits (Orai1, -2, or 
-3) (21–27). The interaction of STIM with Orai involves a specific 
domain in the C-terminal cytoplasmic region of the STIM mol-
ecule (28–31) that interacts with specific domains in the N and C 
termini of Orai (32). The domain structures of STIM1 and Orai1, 
as well as their modes of interaction in the Ca2+ signaling pathway, 
are shown in Figure 2. In resting cells, Orai channels are dispersed 
within the plasma membrane; upon depletion of calcium stores 

Figure 2. STIM1 and Orai1. A) STIM1 is a single-transmembrane protein 
localized in the plasma membrane and ER. The N terminus is directed to the 
lumen of the ER and contains an EF-hand domain that acts as a Ca2+ sensor, 
followed by a sterile α-motif [(SAM); i.e., a protein interaction domain] and the 
transmembrane (TM) domain. In the C terminus, within a region of coiled-coil 
domains, is a STIM–Orai activating region (SOAR), which is involved in activa-
tion of Orai channels. Also shown is a region enriched in acidic residues that 
appears to be involved in fast inactivation (FI) by Ca2+. A regulatory domain 
contains potential phosphorylation sites that regulate STIM1 function during 
the cell cycle (61). At the far N terminus is a lysine-rich (K Rich) domain that 
may contribute to STIM1 localization in near-membrane puncta by interacting 
with plasma membrane acidic lipids (20). B) Orai channel subunits span the 
plasma membrane four times, with C and N termini directed to the cytoplasm. 
Mutations in human Orai1 at positions 106 and 109 alter channel selectiv-
ity, providing evidence that Orai proteins are pore-forming units of the CRAC 
channel. An arginine/lysine rich (R/K Rich) region in the N terminus (99) is 
involved in coupling Orai to STIM1, as is the coiled-coil C terminus (100).  
C) Agonism of plasma membrane receptors (R) coupled through a G protein 
(G) to phospholipase C (PLC) leads to production of IP3, which causes Ca2+ 
release from the ER through activation of the IP3 receptor (IP3R). The drop 
in Ca2+ concentration in the ER mobilizes STIM1 to redistribute to near-mem-
brane sites where it activates channels composed of Orai subunits, thereby 
causing Ca2+ entry. A fraction of cellular STIM1 is also located in the plasma 
membrane (101) where its function is unclear.
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the Orai channels can be seen to aggregate in the vicinity of the 
sites of STIM aggregation. 

The ectopic expression of STIM1 and Orai1 in transfected 
cells results in huge Ca2+ signals and huge I

crac
-like currents when 

calcium stores are depleted (22, 23, 27, 33) (Figure 3). This result 
suggests that STIM1 and Orai1 can fully reconstitute both the 
signaling and channel functions of store-operated entry. Further, 
site-directed mutations in acidic residues in transmembrane helix 
1-(TM1) or TM3 of Orai1 result in either a complete loss of I

crac
 or 

a current with greatly diminished calcium selectivity (34, 35, 26). 
These results may be considered strong evidence that Orai pro-
teins constitute the pore-forming subunits of the CRAC channel.

Most, if not all, non-excitable cell types generate calcium ion 
influx signals upon calcium store depletion; many excitable cell 
types do so as well. Despite this widespread mechanism of calcium 
influx, evidence from mouse models as well as humans suggests 
that this pathway may be amenable to specific targeting through the 
development of appropriate drugs. Patients that are devoid of either 
functional Orai1 or STIM1 show severe combined immunodefi-
ciency, primarily associated with a deficit in T cell function (36-39). 
Generally, these patients die within the first decade of life; however, 
in a limited number of patients receiving successful bone marrow 
stem cell transplants, the majority of symptoms disappear (with the 
notable exception of mildly reduced muscle development). 

In Orai1–/– mice, there is diminished innate immunity (due to 
reduced I

crac
 in mast cells) (40) as well as impaired musculoskeletal 

development. There is some disagreement about the involvement 
of T cells in the mouse models, with one laboratory reporting little 
or no loss of T cell function (40) and another reporting severe 
impairment of T cell function (41). The lesser T cell phenotype 
may have reflected high levels of Orai2 expression in rodents (40). 
In any event, in both mice and humans, the major phenotype 
is clearly immunodeficiency. Because these findings result from 

complete genetic loss of Orai1 store-operated calcium channels 
or their activator, STIM1, one may speculate that more subtle 
inhibition might result in highly specific immunosuppression. 
STIM- and Orai-encoding genes and store-operated entry have 
been implicated recently in a number of other clinically important 
situations. For example, STIM1 and Orai have been shown to be 
important for proliferation of vascular endothelial (42) and smooth 
muscle (43, 44) cells. A promising link between store-operated 
entry and breast cancer is also suggested by a recent report show-
ing that knockdown of STIM1 and Orai1 reduces migration and 
invasiveness of breast cancer cells (45).

Pharmacological Activation of  
Store-operated Channels

There is as yet only one known small-molecule activator of 
store-operated channels, namely, 2-aminoethyldiphenyl borinate 
(2-APB) (46, 47). Although generally described as an inhibitor of 
store-operated channels (discussed below), the pharmacology of 
2-APB is complex. Thus, whereas 2-APB in the 25–100 µM range 
blocks native store-operated channels, 2-APB in the 1–20 µM 
range enhances store-operated entry. These responses are reason-
ably well reproduced in cells overexpressing Orai1 with STIM1 
(Figure 4), but different results are seen with Orai2 and Orai3. 
Orai2 is relatively insensitive to 2-APB (but see below), whereas 
Orai3 is strongly activated (48–51). Interestingly, when Orai3 is 
activated by 2-APB, the channel properties are apparently altered, 
such that the resulting currents show less Ca2+ selectivity. This 
unique property can serve as a clear pharmacological signature for 
the expression of Orai3.

Store-operated channels are of course activated by anything 
that depletes Ca2+ from the ER, reflecting not a specific pharmaco-
logical property of the channels, but having methodological  
implications for the study of these channels. Experimentally,  
store-operated currents are most commonly activated following 
depletion of Ca2+ stores by any of three mechanisms: by activa-
tion of the IP

3
 receptor (as examined by patch-clamp techniques 

including strong intracellular Ca2+ buffering to reduce Ca2+  
feedback); by blockade of SERCA pumps (most often with  
thapsigargin); or by use of a Ca2+ ionophore (usually ionomycin). 

It is not surprising that ionomycin can deplete Ca2+ from the 
ER and activate store-operated channels; what is a bit surprising, 
and not well understood, is that within a certain concentration 
range (<1 µM), ionomycin appears to be specific for intracel-
lular membranes and does not significantly affect permeability of 
the plasma membrane. General increases in permeability of all 
cell membranes requires higher (~10 µM) concentrations (52). 
Activation of Ca2+ entry by the SERCA inhibitor thapsigargin has 
generally been taken as diagnostic for store-operated Ca2+ entry. 
However, other non-store-operated channels can sometimes be 
affected, either positively or negatively, by SERCA inhibitors (17, 
53). Likewise, there is evidence that some non-store-operated 
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Figure 3. Monster Icrac resulting from overexpressed STIM1 and Orai1. In 
HEK293 cells overexpressing STIM1 and Orai1, IP3 causes the development 
of large inward currents with the properties of Icrac. The time course of inward 
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channels can be activated by IP
3
 (54). Thus, it is always best to 

confirm activation of entry by more than one means (e.g., by 
SERCA inhibition and IP

3
-mediated signaling).

Two direct activators of store-operated channels have been 
described. One is a peptide believed to represent the Orai-
interacting domain of STIM1 (28–31). Peptides from this region 
activate store-operated entry, or I

crac
, independently of Ca2+ store 

depletion. A second activator is a mysterious factor called the  
“calcium influx factor” (CIF) (55). CIF, isolated from store-depleted 
cells, can activate store-operated Ca2+ entry in the absence of Ca2+ 
store depletion. It acts independently of STIM1 and is therefore 
presumed to act downstream of STIM1, implicating the activity 
of a specific phospholipase A2 (iPLA2) (56). On the other hand, 
there is credible evidence that STIM1, through its Orai-activating 
domain, interacts with and gates Orai channels through a direct 
protein–protein interaction (30). The role of CIF in the store-
operated pathway will likely be more critically evaluated once its 
structure is determined.

Pharmacological Inhibition of  
Store-operated Channels

With knowledge of the molecular components of the store-operat-
ed calcium entry pathway comes the opportunity to develop drugs 
that either act directly at the pore of the Orai channel (e.g., by 
blocking the pore) or modulate channel activity (e.g., by targeting 
STIM1). A number of agents that block store-operated channels, 
albeit somewhat non-specifically, have been described previously 
(3, 57, 68). Many of these agents (e.g., inhibitors of cytochrome 
P450) were suggested to imply something about the mechanism of 
activation of store-operated channels (3). The discovery of STIM1 
has largely superseded many of these theories. Historically, the 
most widely employed tools for blocking store-operated calcium 
channels has been the lanthanides Gd3+ and La3+ (3, 4, 59). These 
trivalent metals completely block Orai channels in the sub-micro-
molar range. The only other channels reflecting this degree of sen-
sitivity are the voltage-gated calcium ion channels, which require 1 
µM or greater for blockade. The less selective TRPC channels, for 
example, with which they are 
sometimes compared, require 
around 100 µM Gd3+ for com-
plete blockade. The utility 
of lanthanides is limited in 
many applications, however, 
because they must be used in 
the absence of protein (i.e., 
serum) and other multivalent 
anions, the lanthanide salts of 
which are insoluble.

Within the ER, STIM1 
appears to be intimately 
associated with the microtu-

bule network (60). This association with microtubules appears to 
facilitate STIM1 function, because disruption of microtubules with 
drugs such as nocodazole or colchicine partially inhibits STIM1-
dependent store-operated entry. The microtubule cytoskeleton is 
not essential, however, because the inhibition by nocodazole can 
be fully reversed simply by overexpressing STIM1 (60). During 
mitosis, when the microtubule cytoskeleton dissociates from the 
ER to form the mitotic spindle, STIM1 fails to activate store-oper-
ated entry. Mitotic suppression of STIM1 function appears to be 
linked to specific phosphorylation sites in the C terminus (61).

An interesting mechanism-based inhibitor of store-operated 
Ca2+ entry is the myosin light chain kinase inhibitor ML-9. The 
ability of this compound to inhibit store-operated entry was  
originally touted as evidence for a role for myosin light chain 
kinase in the mechanism of activation of store-operated channels 
(62, 63). ML-9 blocks the coalescence of STIM1 into puncta and 
its movement to near plasma membrane sites; ML-9 can even 
reverse the constitutive puncta produced from EF-hand mutants 
of STIM1 (64). Surprisingly, the effects of ML-9 do not appear to 
involve inhibition of myosin light chain kinase (64). The molecular 
target of ML-9 may be STIM1, but this has not been experimen-
tally demonstrated.

No inhibitor of store operated channels (lanthanides  
notwithstanding) has received more attention than 2-APB (65). 
(The ability of 2-APB to transiently activate Orai1 and to produce 
sustained activation of Orai3 is discussed above.) Because 2-APB 
had previously been reported to inhibit IP

3
 receptors (66), its abil-

ity to block store-operated entry was interpreted as support for a 
conformational coupling mechanism involving interaction between 
CRAC channels and IP

3
 receptors (67, 68). However, a number 

of laboratories have demonstrated that neither the activation nor 
the inhibition of store-operated channels involved IP

3
 receptors, 

at least not in a direct way (47, 69–74). In fact, despite its clear 
ability to inhibit IP

3
 receptors in broken or permeable cell prepara-

tions, 2-APB appears to have little or no effect on IP
3
 receptors in 

intact cells (75, 76). In more recent studies, the effects of 2-APB 
have been studied in the context of the action of STIM1 and 
specific Orai forms. For example, Orai1-mediated Ca2+ entry is 

Figure 4. Biphasic effect of 2-APB on Icrac. A) During thapsigargin-(TG)-activated store-operated Ca2+ entry in HEK293 
cells, addition of 3 or 10 µM 2-APB enhances entry, whereas addition of 30 or 50 µM inhibits. B) Icrac in HEK293 cells 
overexpressing Orai1 and STIM1 is augmented by 20 µM 2-APB but inhibited by 50 µM. Adapted from (48).
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transiently activated, then completely blocked by high concentra-
tions (50 µM) of 2-APB (22, 48, 49). The same appears to be true 
for Orai2, although activation is limited and the kinetics of block 
may be slower. Like ML-9, 2-APB inhibits the movement and 
appearance of STIM1 as puncta at the plasma membrane (48, 77). 
However, unlike ML-9, this does not likely explain the full inhibi-
tory effect of 2-APB. In cells overexpressing STIM1 and Orai1, 
2-APB was considerably less effective in inhibiting STIM1 puncta 
formation, but was as potent in inhibiting I

crac
 (48). Thus, from 

a mechanistic standpoint, the effects of 2-APB on store-operated 
Ca2+ entry are discouragingly complex.

A series of 2-APB analogs has been synthesized, several of 
which show substantially increased potency compared to 2-APB 
(78). Two analogs were investigated in some detail (79). Both 
DPB162-AE and DPB163-AE inhibited store-operated Ca2+ entry 
as well as I

crac
 with a potency almost two orders of magnitude 

greater than the parent compound. Their potency against the 
IP

3
 receptor, however, increased very little, relative to 2-APB, 

indicating increased specificity. Interestingly, although the two 
compounds both inhibited Ca2+ entry and I

crac
, only one induced 

the transient activation seen with the parent compound, 2-APB 
(79). Like 2-APB, both compounds inhibited I

crac
 through Orai1 

channels, partially inhibited Orai2 currents, and induced varying 
degrees of potentiation of Orai3 currents. However, unlike 2-APB, 
the selectivity of the Orai3 channels/currents was not diminished. 
This behavior may reflect the greater size of the analogs, relative 
to 2-APB, so that they cannot interpolate into the channel pore 
structure (79).

A small series of pyrazole derivatives has been identified that 
inhibit NFAT activation and T cell cytokine production (80, 81). 
The three most interesting were 3,5-bistrifluoromethyl pyrazole 
derivatives, designated BTP1, BTP2 and BTP3. Of the three, BTP2 
was slightly more potent than the other two, blocking IL-2 secre-
tion in the 10–100 nM range (81). The same compound has proven 
to inhibit store-operated Ca2+ entry in T-cells as well as I

crac
 (82, 

83). Although the concentration dependence of the block of I
crac

 

was similar to that for inhibition of T-cell activation, with an IC
50

 
of about 10 nM, the interpretation of potency is complicated by 
the fact that the potency of BTP-2 is significantly increased by pre-
treatment for periods up to several hours (83). BTP2 may be more 
specific than other CRAC channel inhibitors because it does not 
block K+ channels (83) or voltage-gated Ca2+ channels (82); how-
ever, BTP2 does block some but not all TRPC cation channels (84).

Although the available evidence suggests that the CRAC 
channels represent a direct target of BTP2, one report has suggest-
ed that this is not the primary underlying mechanism by which it 
exerts its immunosuppressive effects. Lymphocytes also express a 
Ca2+-activated non-selective cation channel, TRPM4 (85). TRPM4 
functions as a modulator of Ca2+ signaling; Ca2+ signals gener-
ated through release of stored Ca2+ or Ca2+ entering cells through 
CRAC channels activate TRPM4, leading to depolarization and 
reduced driving force for Ca2+ entry through CRAC channels (86). 
BTP2 has been reported to activate TRPM4, an effect that would 
attenuate Ca2+ influx. The potency of BTP2 as a TRPM4 activator 
was apparently 100 times greater than as an I

crac
 inhibitor, leading 

to the conclusion that TRPM4 may be the more relevant target in 
suppressing T-cell function.

More recently, the actin re-organizing protein drebrin has been 
identified as a potential site for BTP2 action (87), and knockdown 
of drebrin by siRNA inhibited sustained Ca2+ signals induced by 
Ca2+ store depletion. Through an effect on the actin cytoskeleton, 
the authors of the report speculated, drebrin may play a role in 
activation of store-operated channels, and BTP2 may act by inter-
fering in this element of the pathway. However, previous studies 
have generally discounted a major role for the actin cytoskeleton 
in store-operated Ca2+ entry (88). On the other hand, there is 
ample evidence for the importance of the actin cytoskeleton in the 
functioning of TRP channels (53, 89–91), although TRPM4 has not 
been specifically investigated in this regard.

The availability of recombinant Orai and STIM has resulted 
in the rapid deployment of high-throughput screens for small-
molecule inhibitors of store-operated Ca2+ entry. Because of the 

Table 1. Small-molecule Inhibitors of Store-operated Calcium Entry

Inhibitor type Species Description Reference

Direct channel  
inhibitors

Lanthanides Potent and relatively specific inhibitors (effective at ~ 0.1 -1.0 μM) (4, 59)

2-APB Relatively non-specific (effective at ~30 μM) (3)

Analogs of APB (“improved”) Improved potency/specificity (effective at ~ 0.6–6.6 μM) (79)

Mechanism-based  
inhibitors

Nocodazole Microtubule disrupter ~ 10 μM; however, inhibition is incomplete (60)

ML-9 Inhibits STIM translocation, not through MLCK inhibition; (~10 μM) (64)

2-APB Weakly inhibits STIM translocation (~ 10–100 μM) (48)

Mechanism  
not known

BTPs Also activate TRPM4 (83, 103)

Synta66 (102)

Other recently described  
small molecules

[See (92)]

Relatively non-specific inhibitors [See (3)]
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particularly strong dependence of lymphocytes on this pathway, 
the hope is that a relatively specific immunosuppressive drug can 
be developed. Numerous compounds and series of compounds 
have appeared in the patent literature, and these are discussed 
in a recent review by Sweeney and colleagues (92). They are not 
discussed in detail here because the nature of the screens does 
not permit much conjecture on the mechanism by which they 
block store-operated entry, and little information is available as 
to their specificity. Few have been utilized in studies appearing in 
peer-reviewed publications. An exception is a Synta compound 
(Synta 66), used in some recent studies, that is a potent inhibitor 
of CRAC channels (93, 94); however, its selectivity against a wide 
panel of ion channels has not been tested. The small molecule 
inhibitors of store-operated calcium entry discussed in this review 
are summarized in Table 1.

Future Directions

Evidence suggests that STIM1 activates Orai channels by a direct 
protein–protein interaction across a narrow gap between the ER 
and plasma membrane (66). Almost simultaneously, four labo-
ratories described sequences from the cytoplasmic C terminus 
of STIM1 that can directly activate Orai channels independently 
of Ca2+ store depletion (28–31). A short modulatory domain has 
also been implicated in fast Ca2+ inactivation of Orai channels (95, 
96). This structural information may eventually lead to the ratio-
nal design of pharmacological agents that can modify STIM/Orai 
coupling either positively or negatively. Likewise, important pore-
lining residues in Orai channels have been identified (26, 34, 35, 
97, 98) as well as the region involved in lanthanide blockade (26). 
Unfortunately, crystallographic structure information concerning 
Orai channels, STIM1 and STIM2, and their interactions has not 
been forthcoming. Such information will certainly become available 
and may reveal additional strategies for pharmacological modifica-
tion of store-operated Ca2+ entry. Of special interest will be the pos-
sibility of inhibitors specific for each of the three Orai isoforms.  
doi:10.1124/mi.10.4.4

Acknowledgments
I thank Stephen Shears, David Armstrong, and Juan Xing for 
reviewing the manuscript and providing helpful comments. Work 
from the author’s laboratory described in this review was support-
ed by the Intramural Research Program of the National Institutes 
of Health.

References
1. 	 Parekh AB and Putney JW (2005) Store-operated calcium channels. 

Physiol Rev 85:57-810.

2. 	 Putney JW (1986) A model for receptor-regulated calcium entry. Cell 
Calcium 7:1-12. This hypothesis paper first described a model 
whereby depletion of endoplasmic calcium stores activated calcium 
permeable channels in the plasma membrane.

3. 	 Putney JW (2001) Pharmacology of capacitative calcium entry. Mol 
Interv 1:84-94.

4. 	 Bird GS, DeHaven WI, Smyth JT, and Putney JW, Jr (2008) Methods for 
studying store-operated calcium entry. Methods Enzymol 46:204-212.

5. 	 Tsien RY (1989) Fluorescent probes of cell signalling. Ann Rev Neurosci 
12:227-253.

6. 	 Miyawaki A, Mizuno H, Nagai T, and Sawano A (2003) Development of 
genetically encoded fluorescent indicators for calcium. Methods Enzymol 
360:202-225.

7. 	 Hoth M and Penner R (1992) Depletion of intracellular calcium stores 
activates a calcium current in mast cells. Nature 355:353-355. This 
study provided the first demonstration of the current underlying 
store-operated calcium entry, Icrac.

8. 	 Cahalan MD, Zhang SL, Yeromin AV, Ohlsen K, Roos J, and Stauderman 
KA (2007) Molecular basis of the CRAC channel. Cell Calcium 42:133-
144.

9. 	 Yuan JP, Kim MS, Zeng W, Shin DM, Huang G, Worley PF, and Muallem 
S (2009) TRPC channels as STIM1-regulated SOCs. Channels (Austin) 
3:221-225.

10. 	 Zweifach A and Lewis RS (1993) Mitogen-regulated Ca2+ current of T 
lymphocytes is activated by depletion of intracellular Ca2+ stores. Proc 
Nat Acad Sci USA 90:6295-6299.

11. 	 Di Capite J, Ng SW, and Parekh AB (2009) Decoding of cytoplasmic 
Ca2+ oscillations through the spatial signature drives gene expression. 
Curr Biol 19:853-858. This paper demonstrates that calcium entering 
through store-operated calcium channels is directly coupled to the 
activation of downstream gene expression.

12. 	 Martin AC and Cooper DM (2006) Layers of organization of cAMP micro-
domains in a simple cell. Biochem Soc Trans 34:480-483.

13. 	 Parekh AB (2008) Local Ca influx through CRAC channels activates 
temporally and spatially distinct cellular responses. Acta Physiol (Oxf) 
195:29-35.

14. 	 Putney JW and Bird GS (2008) Cytoplasmic calcium oscillations and 
store-operated calcium influx. J Physiol 586:3055-3059.

15. 	 Birnbaumer L, Zhu X, Jiang M, Boulay G, Peyton M, Vannier B, Brown 
D, Platano D, Sadeghi H, Stefani E, and Birnbaumer M (1996) On the 
molecular basis and regulation of cellular capacitative calcium entry: 
roles for Trp proteins. Proc Nat Acad Sci USA 93:15195-15202.

16. 	 Putney JW (2004) The enigmatic TRPCs: multifunctional cation channels. 
Trends Cell Biol 14:282-286.

17. 	 DeHaven WI, Jones BF, Petranka JG, Smyth JT, Tomita T, Bird GS, and 
Putney JW (2009) TRPC channels function independently of STIM1 and 
Orai1. J Physiol 587:2275-2298.

18. 	 Gwack Y, Feske S, Srikanth S, Hogan P.G, and Rao A (2007) Signalling 
to transcription: store-operated Ca2+ entry and NFAT activation in lym-
phocytes. Cell Calcium 42:145-156.

19. 	 Dziadek MA and Johnstone LS (2007) Biochemical properties and cel-
lular localisation of STIM proteins. Cell Calcium 42:123-132.

20. 	 Liou J, Fivaz M, Inoue T, and Meyer T (2007) Live-cell imaging reveals 
sequential oligomerization and local plasma membrane targeting of 
stromal interaction molecule 1 after Ca2+ store depletion. Proc Natl Acad 
Sci U S A 104:9301-9306. This paper demonstrates rapid self-asso-
ciation of STIM1 molecules prior to their movement to near plasma 
membrane puncta.



216

Review

21. 	 Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B, Hogan 
PG, Lewis RS, Daly M, and Rao A (2006) A mutation in Orai1 causes 
immune deficiency by abrogating CRAC channel function. Nature 
441:179-185. One of three publications [see also references (24) and 
(27)] demonstrating the role of Orai in store-operated calcium entry.

22. 	 Mercer JC, DeHaven WI, Smyth JT, Wedel B, Boyles RR, Bird GS, and 
Putney JW (2006) Large store-operated calcium-selectivecurrents due 
to co-expression of Orai1 or Orai2 with the intracellular calcium sensor, 
Stim1. J Biol Chem 281:24979-24990.

23. 	 Peinelt C, Vig M, Koomoa DL, Beck A, Nadler MJS, Koblan-Huberson 
M, Lis A, Fleig A, Penner R, and Kinet JP (2006) Amplification of CRAC 
current by STIM1 and CRACM1 (Orai1). Nat Cell Biol 8:771-773.

24. 	 Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-Huberson M, 
Kraft S, Turner H, Fleig A, Penner R, and Kinet JP (2006) CRACM1 
is a plasma membrane protein essential for store-operated Ca2+ entry. 
Science 312:1220-1223.

25. 	 Xu P, Lu J, Li Z, Yu X, Chen L, and Xu T (2006) Aggregation of STIM1 
underneath the plasma membrane induces clustering of Orai1. Biochem 
Biophys Res Commun 350:969-976. This study demonstrates that the 
clustering of STIM1 drives the co-clustering of Orai1 channels.

26. 	 Yeromin AV, Zhang SL, Jiang W, Yu Y, Safrina O, and Cahalan MD 
(2006) Molecular identification of the CRAC channel by altered ion 
selectivity in a mutant of Orai. Nature 443:226-229. This study and that 
cited as reference (34), both published in the same issue of Nature, 
demonstrated that single amino acid substitutions in Orai could 
lead to CRAC currents with altered cation selectivity. These obser-
vations established that Orai constitutes a pore-forming subunit of 
the CRAC channel. See also reference (35).

27. 	 Zhang SL, Yeromin AV, Zhang XH, Yu Y, Safrina O, Penna A, Roos J, 
Stauderman KA, and Cahalan MD (2006) Genome-wide RNAi screen 
of Ca2+ influx identifies genes that regulate Ca2+ release-activated Ca2+ 
channel activity. Proc Natl Acad Sci U S A 103:9357-9362.

28. 	 Kawasaki T, Lange I, and Feske S (2009) A minimal regulatory domain 
in the C terminus of STIM1 binds to and activates ORAI1 CRAC chan-
nels. Biochem Biophys Res Commun 385:49-54.

29. 	 Muik M, Fahrner M, Derler I, Schindl R, Bergsmann J, Frischauf I, 
Groschner K, and Romanin C (2009) A cytosolic homomerization and 
a modulatory domain within STIM1 C-terminus determine coupling to 
ORAI1 channels. J Biol Chem 284, 8421-8426.

30. 	 Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser 
S, Walz T, Garcia KC, Dolmetsch RE, and Lewis RS (2009) STIM1 
clusters and activates CRAC channels via direct binding of a cytosolic 
domain to Orai1. Cell 136:876-890. This study provides the first dem-
onstration that a sequence in the C terminus of STIM1 can directly 
bind to Orai1 channels.

31. 	 Yuan JP, Zeng W, Dorwart MR, Choi YJ, Worley PF, and Muallem S 
(2009) SOAR and the polybasic STIM1 domains gate and regulate Orai 
channels. Nat Cell Biol. 11:337-343. This paper first described a  
specific domain within STIM1 responsible for activation of Orai 
channels. See also references (28), (29), and (30).

32. 	 Fahrner M, Muik M, Derler I, Schindl R, Fritsch R, Frischauf I, and 
Romanin C (2009) Mechanistic view on domains mediating STIM1-Orai 
coupling. Immunol Rev 231:99-112.

33. 	 Soboloff J, Spassova MA, Tang XD, Hewavitharana T, Xu W, and Gill 
DL (2006) Orai1 and STIM reconstitute store-operated calcium channel 
function. J Biol Chem 281:20661-20665.

34. 	 Prakriya M, Feske S, Gwack Y, Srikanth S, Rao A, and Hogan PG 
(2006) Orai1 is an essential pore subunit of the CRAC channel. Nature 
443:230-233. See annotation to reference (26).

35. 	 Vig M, Beck A, Billingsley JM, Lis A, Parvez S, Peinelt C, Koomoa DL, 
Soboloff J, Gill DL, Fleig A, Kinet JP, and Penner R (2006) CRACM1 
multimers form the ion-selective pore of the CRAC channel. Curr Biol 
16:2073-2079.

36. 	 Feske S, Draeger R, Peter HH, and Rao A (2000) Impaired NFAT regula-
tion and its role in a severe combined immunodeficiency. Immunobiology 
202:134-150.

37. 	 Feske S, Muller JM, Graf D, Kroczek RA, Drager R, Niemeyer C, 
Baeuerle PA, Peter HH, and Schlesier M (1996) Severe combined immu-
nodeficiency due to defective binding of the nuclear factor of activated 
T cells in T lymphocytes of two male siblings. Eur J Immunol 26:2119-
2126.

38. 	 McCarl CA et al. (2009) ORAI1 deficiency and lack of store-operated 
Ca2+ entry cause immunodeficiency, myopathy, and ectodermal dyspla-
sia. J Allergy Clin Immunol 124:1311-1318.

39. 	 Picard C, McCarl CA, Papolos A, Khalil S, Luthy K, Hivroz C, LeDeist 
F, Rieux-Laucat F, Rechavi G, Rao A, Fischer A, and Feske S (2009) 
STIM1 Mutation Associated with a Syndrome of Immunodeficiency and 
Autoimmunity. N Engl J Med 360:1971-1980.

40. 	 Vig M, DeHaven WI, Bird GS, Billingsley JM, Wang H, Rao PE, 
Hutchings AB, Jouvin MH, Putney JW, and Kinet JP (2008) Defective 
mast cell effector functions in mice lacking the CRACM1 pore subunit of 
store-operated calcium release-activated calcium channels. Nat Immunol 
9:89-96.

41. 	 Gwack Y. et al.(2008) Hair loss and defective T- and B-cell function in 
mice lacking ORAI1. Mol Cell Biol 28:5209-5222.

42. 	 Abdullaev IF, Bisaillon JM, Potier M, Gonzalez JC, Motiani RK, and 
Trebak M. (2008) Stim1 and Orai1 mediate CRAC currents and store-
operated calcium entry important for endothelial cell proliferation. Circ 
Res 103:1289-1299.

43. 	 Baryshnikov SG, Pulina MV, Zulian A, Linde CI, and Golovina VA (2009) 
Orai1, a critical component of store-operated Ca2+ entry, is function-
ally associated with Na+/Ca2+ exchanger and plasma membrane Ca2+ 
pump in proliferating human arterial myocytes. Am J Physiol Cell Physiol 
297:C1103-C1112.

44. 	 Potier M, Gonzalez JC, Motiani RK, Abdullaev IF, Bisaillon JM, Singer 
HA, and Trebak M (2009) Evidence for STIM1- and Orai1-dependent 
store-operated calcium influx through ICRAC in vascular smooth muscle 
cells: role in proliferation and migration. FASEB J 23:2425-2437.

45. 	 Yang S, Zhang JJ, and Huang XY (2009) Orai1 and STIM1 are critical for 
breast tumor cell migration and metastasis. Cancer Cell 15:124-134.

46. 	 Ma H-T, Venkatachalam K, Parys JB, and Gill DL (2002) Modification 
of store-operated channel coupling and inositol trisphosphate receptor 
function by 2-aminoethoxydiphenyl borate in DT40 lymphocytes. J Biol 
Chem 277:6915-6922.

47. 	 Prakriya M and Lewis RS (2001) Potentiation and inhibition of Ca2+ 
release-activated Ca2+ channels by 2-aminoethyldiphenyl borate (2-APB) 
occurs independently of IP3 receptors. J Physiol (Lond) 536:3-19.

48. 	 DeHaven WI, Smyth JT, Boyles RR, Bird GS, and Putney JW, Jr (2008) 
Complex actions of 2-aminoethyldiphenyl borate on store-operated cal-
cium entry. J Biol Chem 283:19265-19273.

49. 	 Lis A, Peinelt C, Beck A, Parvez S, Monteilh-Zoller M, Fleig A, and 
Penner R (2007) CRACM1, CRACM2, and CRACM3 are store-operated 
Ca2+ channels with distinct functional properties. Curr Biol 17:794-800.

50. 	 Schindl R, Bergsmann J, Frischauf I, Derler I, Fahrner M, Muik M, 
Fritsch R, Groschner K, and Romanin C (2008) 2-Aminoethoxydiphenyl 
borate alters selectivity of Orai3 channels by increasing their pore size. J 
Biol Chem 283:20261-20267.

51. 	 Zhang SL, Kozak JA, Jiang W, Yeromin AV, Chen J, Yu Y, Penna A, Shen 
W, Chi V, and Cahalan MD (2008) Store-dependent and -independent 
modes regulating Ca2+ release-activated Ca2+ channel activity of human 
Orai1 and Orai3. J Biol Chem 283:17662-17671.

52. 	 Morgan AJ and Jacob R (1994) Ionomycin enhances Ca2+ influx by 
stimulating store-regulated cation entry and not by a direct action at the 
plasma membrane. Biochem J 300:665-672.



217
	 August 2010

Volume 10, Issue 4

Store-operated Calcium Channels

53. 	 Lemonnier L, Trebak M, Lievremont JP, Bird GS, and Putney JW (2006) 
Protection of TRPC7 cation channels from calcium inhibition by closely 
associated SERCA pumps. FASEB J 20:503-505.

54. 	 Zarayskiy V, Monje F, Peter K, Csutora P, Khodorov BI, and Bolotina VM 
(2007) Store-operated Orai1 and IP3 receptor-operated TRPC1 channel. 
Channels (Austin) 1:246-252.

55. 	 Bolotina VM and Csutora P (2005) CIF and other mysteries of the store-
operated Ca2+-entry pathway. Trends Biochem Sci 30:378-387.

56. 	 Bolotina VM (2008) Orai, STIM1 and iPLA2beta: a view from a different 
perspective. J Physiol 586:3035-3042.

57. 	 Clementi E and Meldolesi J (1996) Pharmacological and functional prop-
erties of voltage-independent Ca2+ channels. Cell Calcium 19:269-279.

58. 	 Li SW, Westwick J, and Poll CT (2002) Receptor-operated Ca2+ influx 
channels in leukocytes: a therapeutic target? Trends Pharmacol Sci 
23:63-70.

59. 	 Broad LM, Cannon TR, and Taylor CW (1999) A non-capacitative path-
way activated by arachidonic acid is the major Ca2+ entry mechanism in 
rat A7r5 smooth muscle cells stimulated with low concentrations of vaso-
pressin. J Physiol (Lond ) 517:121-134.

60. 	 Smyth JT, DeHaven WI, Bird GS, and Putney JW, Jr (2007) Role of the 
microtubule cytoskeleton in the function of the store-operated Ca2+ chan-
nel activator STIM1. J Cell Sci 120:3762-3771.

61. 	 Smyth JT, Petranka JG, Boyles RR, DeHaven WI, Fukushima M, 
Johnson KL, Williams JG, and Putney JW (2009) Phosphorylation of 
STIM1 underlies suppression of store-operated calcium entry during 
mitosis. Nat Cell Biol 11:1465-1472. This paper provided the first  
demonstration of regulation of STIM1 by phosphorylation.

62. 	 Tran QK, Watanabe H, Le HY, Pan L, Seto M, Takeuchi K, and Ohashi 
K (2001) Myosin light chain kinase regulates capacitative Ca2+ entry in 
human monocytes/macrophages. Arterioscler Thromb Vasc Biol 21:509-
515.

63. 	 Watanabe H, Takahashi R, Zhang XX, Kakizawa H, Hayashi H, and 
Ohno R (1996) Inhibition of agonist-induced Ca2+ entry in endothe-
lial cells by myosin light-chain kinase inhibitor. Biochem Biophys Res 
Commun 225:777-784.

64. 	 Smyth JT, DeHaven WI, Bird GS, and Putney JW, Jr (2008) Ca2+-store-
dependent and -independent reversal of Stim1 localization and function. 
J Cell Sci 121:762-772.

65. 	 Ma H-T, Patterson RL, van Rossum DB, Birnbaumer L, Mikoshiba K, and 
Gill DL (2000) Requirement of the inositol trisphosphate receptor for acti-
vation of store-operated Ca2+ channels. Science 287:1647-1651.

66. 	 Maruyama T, Kanaji T, Nakade S, Kanno T, and Mikoshiba K (1997) 
2APB, 2-aminoethoxydiphenyl borate, a membrane-penetrable modulator 
of Ins(1,4,5)P3-induced Ca2+ release. J Biochem 122:498-505.

67. 	 Berridge MJ (1995) Capacitative calcium entry. Biochem J 312:1-11.

68. 	 Irvine RF (1990) “Quantal” Ca2+ release and the control of Ca2+ entry by 
inositol phosphates - a possible mechanism. FEBS Letters 263:5-9.

69. 	 Bakowski D, Glitsch MD, and Parekh AB (2001) An examination of the 
secretion-like coupling model for the activation of the Ca2+ release-acti-
vated Ca2+ current Icrac in RBL-1 cells. J Physiol (Lond ) 532:55-71.

70. 	 Braun F-J, Broad LM, Armstrong DL, and Putney JW (2001) Stable acti-
vation of single CRAC-channels in divalent cation-free solutions. J Biol 
Chem 276:1063-1070.

71. 	 Broad LM, Braun F-J, Lièvremont J-P, Bird GStJ, Kurosaki T, and Putney 
JW (2001) Role of the phospholipase C - inositol 1,4,5-trisphosphate 
pathway in calcium release-activated calcium current (Icrac) and capacita-
tive calcium entry. J Biol Chem 276:15945-15952.

72. 	 Dobrydneva Y and Blackmore P (2001) 2-Aminoethoxydiphenyl borate 
directly inhibits store-operated calcium entry channels in human plate-
lets. Mol Pharmacol 60, 541-552.

73. 	 Gregory RB, Rychkov G, and Barritt GJ (2001) Evidence that 2-amino-
ethyl diphenylborate is a novel inhibitor of store-operated Ca2+ channels 
in liver cells, and acts through a mechanism which does not involve 
inositol trisphosphate receptors. Biochem J 354:285-290.

74. 	 Iwasaki H, Mori Y, Hara Y, Uchida K, Zhou H, and Mikoshiba K (2001) 
2-Aminoethoxydiphenyl borate (2-APB) inhibits capacitative calcium 
entry independently of the function of inositol 1,4,5-trisphosphate recep-
tors. Recept Channels 7:429-439.

75. 	 Bootman MD, Collins TJ, Mackenzie L, Roderick HJ, Berridge MJ, and 
Peppiatt CM (2002) 2-Aminoethoxydiphenyl borate (2-APB) is a reli-
able blocker of store-operated Ca2+ entry but an inconsistent inhibitor of 
InsP3-induced Ca2+ release. FASEB J 16:1145-1150.

76. 	 Lievremont JP, Bird GS, and Putney JW (2005) Mechanism of inhibi-
tion of TRPC cation channels by 2-aminoethoxydiphenylborane. Mol 
Pharmacol 68:758-762.

77. 	 Peinelt C, Lis A, Beck A, Fleig A, and Penner R (2008) 2-APB directly 
facilitates and indirectly inhibits STIM1-dependent gating of CRAC chan-
nels. J Physiol 586:3061-3073.

78. 	 Suzuki AZ, Ozaki S, Goto J, and Mikoshiba K (2010) Synthesis of bis-
boron compounds and their strong inhibitory activity on store-operated 
calcium entry. Bioorg Med Chem Lett 20:1395-1398.

79. 	 Goto J, Suzuki AZ, Ozaki S, Matsumoto N, Nakamura T, Ebisui E, Fleig 
A, Penner R, and Mikoshiba K (2010) Two novel 2-aminoethyl diphe-
nylborinate (2-APB) analogues differentially activate and inhibit store-
operated Ca(2+) entry via STIM proteins. Cell Calcium 47:1-10.

80. 	 Chen Y et al. (2002) TH1 and TH2 cytokine inhibition by 
3,5-bis(trifluoromethyl)pyrazoles, a novel class of immunomodulators. 
Cell Immunol 220:134-142.

81. 	 Trevillyan JM et al. (2001) Potent inhibition of NFAT activation and T cell 
cytokine production by novel low molecular weight pyrazole compounds. 
J Biol Chem 276:48118-48126.

82. 	 Ishikawa J, Ohga K, Yoshino T, Takezawa R, Ichikawa A, Kubota H, and 
Yamada T (2003) A pyrazole derivative, YM-58483, potently inhibits 
store-operated sustained Ca2+ influx and IL-2 production in T lympho-
cytes. J Immunol 170:4441-4449.

83. 	 Zitt C, Strauss B, Schwarz EC, Spaeth N, Rast G, Hatzelmann A, and 
Hoth M (2004) Potent inhibition of Ca2+ release-activated Ca2+ channels 
and T-lymphocyte activation by the pyrazole derivative BTP2. J Biol 
Chem 279:12427-12437.

84. 	 He LP, Hewavitharana T, Soboloff J, Spassova MA, and Gill DL (2005) 
A functional link between store-operated and TRPC channels revealed 
by the 3,5-bis(trifluoromethyl)pyrazole derivative, BTP2. J Biol Chem 
280:10997-11006.



218

Review

100. 	Muik M et al. (2008) Dynamic coupling of the putative coiled-coil domain 
of ORAI1 with STIM1 mediates ORAI1 channel activation. J Biol Chem 
283:8014-8022.

101. 	Manji SS, Parker NJ, Williams RT, Van SL, Pearson RB, Dziadek M, and 
Smith PJ (2000) STIM1: a novel phosphoprotein located at the cell sur-
face. Biochim Biophys Acta 1481:147-155.

102. 	Chang WC and Parekh AB (2004) Close functional coupling between 
Ca2+ release-activated Ca2+ channels, arachidonic acid release, and leu-
kotriene C4 secretion. J Biol Chem 279:29994-29999.

103. 	Takezawa R, Cheng H, Beck A, Ishikawa J, Launay P, Kubota H, Kinet 
JP, Fleig A, Yamada T, and Penner R (2006) A pyrazole derivative potent-
ly inhibits lymphocyte Ca2+ influx and cytokine production by facilitating 
transient receptor potential melastatin 4 channel activity. Mol Pharmacol 
69:1413-1420.

Jim Putney, PhD, completed his 
doctoral work in pharmacology at 
the Medical College of Virginia and 
then pursued postdoctoral work in 
the Department of Pharmacology, 
University of Pennsylvania. He 
has held faculty positions in the 
Departments of Pharmacology 
at Wayne State University and 
the Medical College of Virginia, 

Virginia Commonwealth University. Since 1986, he has been 
Chief of the Calcium Regulation Section, National Institute of 
Environmental Health Sciences, National Institutes of Health, in 
Research Triangle Park. He also holds adjunct Professor positions 
in the Departments of Pharmacology at the University of North 
Carolina, Chapel Hill, and Virginia Commonwealth University. 
E-mail putney@niehs.nih.gov.

85. 	 Launay P, Fleig A, Perraud A-L, Scharenberg AM, Penner R, and Kinet 
J-P (2002) TRPM4 is a Ca2+-activated nonselective cation channel medi-
ating cell membrane depolarization. Cell 109:397-407.

86. 	 Launay P, Cheng H, Srivatsan S, Penner R, Fleig A, and Kinet JP (2004) 
TRPM4 regulates calcium oscillations after T cell activation. Science 
306:1374-1377.

87. 	 Mercer JC, Qi Q, Mottram LF, Law M, Bruce D, Iyer A, Morales JL, 
Yamazaki H, Shirao T, Peterson BR, and August A (2010) Chemico-
genetic identification of drebrin as a regulator of calcium responses. Int J 
Biochem Cell Biol 42:337-345.

88. 	 Ribeiro CMP, Reece J, and Putney JW (1997) Role of the cytoskeleton in 
calcium signaling in NIH 3T3 cells. An intact cytoskeleton is required for 
agonist-induced [Ca2+]i signaling, but not for capacitative calcium entry.  
J Biol Chem 272:26555-26561.

89. 	 Itagaki K, Kannan KB, Singh BB, and Hauser CJ (2004) Cytoskeletal 
reorganization internalizes multiple transient receptor potential channels 
and blocks calcium entry into human neutrophils. J Immunol 172:601-
607.

90. 	 Mery L, Strauß B, Dufour JF, Krause KH, and Hoth M (2002) The PDZ-
interacting domain of TRPC4 controls its localization and surface expres-
sion in HEK293 cells. J Cell Sci 115:3497-3508.

91. 	 Otsuguro K., Tang J, Tang Y, Xiao R, Freichel M, Tsvilovskyy V, Ito S, 
Flockerzi V, Zhu MX, and Zholos AV (2008) Isoform-specific inhibition of 
TRPC4 channel by phosphatidylinositol 4,5-bisphosphate. J Biol Chem 
283:10026-10036.

92. 	 Sweeney ZK, Minatti A, Button DC, and Patrick S (2009) Small-molecule 
inhibitors of store-operated calcium entry. ChemMedChem 4:706-718.

93. 	 Di SA et al. (2009) Targeting gut T cell Ca2+ release-activated Ca2+ chan-
nels inhibits T cell cytokine production and T-box transcription factor T-bet 
in inflammatory bowel disease. J Immunol 183:3454-3462.

94. 	 Ng SW, Di Capite J, Singaravelu K, and Parekh AB (2008) Sustained 
activation of the tyrosine kinase Syk by antigen in mast cells requires 
local Ca2+ influx through Ca2+ release-activated Ca2+ channels. J Biol 
Chem 283:31348-31355.

95. 	 Derler I, Fahrner M, Muik M, Lackner B, Schindl R, Groschner K, and 
Romanin C (2009) A CRAC modulatory domain (CMD) within STIM1 
mediates fast Ca2+-dependent inactivation of ORAI1 channels. J Biol 
Chem 284:24933-24938.

96. 	 Mullins FM, Park CY, Dolmetsch RE, and Lewis RS (2009) STIM1 and 
calmodulin interact with Orai1 to induce Ca2+-dependent inactivation of 
CRAC channels. Proc Nat Acad Sci USA. 106:15495-15500.

97. 	 McNally BA, Yamashita M, Engh A, and Prakriya M (2009) Structural 
determinants of ion permeation in CRAC channels. Proc Natl Acad Sci U 
S A 106:22516-22521.

98. 	 Yamashita M, Navarro-Borelly L, McNally BA, and Prakriya M (2007) 
Orai1 mutations alter ion permeation and Ca2+-dependent fast inactiva-
tion of CRAC channels: evidence for coupling of permeation and gating. 
J Gen Physiol 130:525-540.

99. 	 Li Z, Lu J, Xu P, Xie X, Chen L, and Xu T (2007) Mapping the interacting 
domains of STIM1 and Orai1 in Ca2+ release-activated Ca2+ channel acti-
vation. J Biol Chem 282:29448-29456.


