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SUMMARY

The means by which Ca?* store depletion evokes the opening of store-operated CaZ* channels (SOCs)
in the plasma membrane of excitable and non-excitable cells has been a longstanding mystery.
Indirect evidence has supported local interactions between the ER and SOCs as well as long-range
interactions mediated through a diffusible activator. The recent molecular identification of the ER
Ca?* sensor (STIM1) and a subunit of the CRAC channel (Orail), a prototypic SOC, has now made
it possible to visualize directly the sequence of events that links store depletion to CRAC channel
opening. Following store depletion, STIM1 moves from locations throughout the ER to accumulate
in ER subregions positioned within 10-25 nm of the plasma membrane. Simultaneously, Orail
gathers at discrete sites in the plasma membrane directly opposite STIM1, resulting in local CRAC
channel activation. These new studies define the elementary units of store-operated Ca2* entry, and
reveal an unprecedented mechanism for channel activation in which the stimulus brings a channel
and its activator/sensor together for interaction across apposed membrane compartments. We discuss
the implications of this choreographic mechanism with regard to Ca* dynamics, specificity of
Ca?* signaling, and the existence of a specialized ER subset dedicated to the control of the CRAC
channel.

1. Introduction

Store-operated Ca?* entry (SOCE) is a ubiquitous signaling mechanism in non-excitable and
excitable cells that is triggered by a reduction in the level of Ca2* in intracellular stores [1].
Physiologically, SOCE most commonly results from stimulation of cell surface receptors that
evoke Ca?* release through IP3 receptors or ryanodine receptors in the ER, which then activates
store-operated Ca2* channels (SOCs) in the plasma membrane (PM). By supplying a source
of Ca2* for refilling stores, SOCE enables the ER to release Ca2* over extended periods and
thereby evoke sustained Ca2* oscillations, exocytosis, and other Ca2*-dependent events in
response to prolonged stimulation [1]. In addition, SOCE can contribute directly to the
elevation of cytosolic Ca2* levels ([Ca%*];), as in T lymphocytes where SOCs generate the
sustained Ca2* signals needed to drive gene expression underlying T cell activation by antigen

[2].

In the years following the original proposal of the “capacitative Ca2* entry” hypothesis by
Putney [3], [Ca2*]; measurements in a variety of cells treated with thapsigargin (TG) and other
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SERCA inhibitors to deplete stores revealed that SOCE was widespread [4]. However, because
[Ca2*]; is influenced by many factors in addition to channels (e.g., pumps, transporters,
membrane potential, and organelles), an essential step in defining the entry pathway for SOCE
was the identification of a store-operated CaZ* current (the Ca2"* release-activated Ca2* current,
or Icrac) in mast cells and T cells using patch-clamp techniques. The discovery of the CRAC
current progressed in stages, beginning with the description of an extremely small Ca2* current
stimulated by 1P in mast cells [5] and by mitogens in Jurkat T cells [6], and proceeding to the
demonstration that it was store-dependent, based on activation by intracellular Ca2* buffers
and ionomycin [7] and by thapsigargin [8].

The CRAC channel emerged as a prototypic SOC for several reasons. First, it has fulfilled the
most stringent criteria for being store-operated, in that it is activated by a variety of procedures
that reduce free Ca2* in the ER under conditions of constant cytosolic [Ca2*] [1,9]. Second,
its properties have been extensively characterized, establishing a distinctive “fingerprint” of
the channel that later proved to be essential in identifying the CRAC channel gene [9]. Finally,
the CRAC channel was found to have a critical physiological function, in that a spontaneous
loss of CRAC channel activity in T cells causes a severe combined immunodeficiency (SCID)
syndrome in human patients [10-12].

Despite many efforts over the past 20 years to unravel the mechanism underlying SOCE,
relatively little progress was made largely due to a complete lack of identified SOCE proteins
[9]. However, the recent identification of genes encoding the CRAC channel and the Ca2*
sensor in the ER has made possible for the first time direct experiments that reveal the activation
process and the structure of the fundamental units of SOCE. In this review we present a
historical overview of attempts to understand coupling between the ER and SOCs, followed
by a discussion of recent work describing the elementary units of SOCE and their assembly in
response to store depletion.

2. Communication between Ca?* stores and the CRAC channel: local or

global?

The fundamental question underlying SOCE is how does a reduction of free [Ca2*] in the ER
lumen cause channels in the PM to open? At its most basic, the mechanism must include a
Ca?* sensor in the ER and a SOC (e.g., the CRAC channel) in the PM, but how and where they
communicate with each other has long been a mystery. The notion that the ER might signal
locally to SOCs in the PM dates back to the origins of the capacitative CaZ* entry model, which
was based in part on observations that extracellular Ca2* could reload intracellular stores
without an apparent increase in [Ca2*]; ([13,14], see also [15,16]). The ability of intracellular
BAPTA to slow reloading, and of Ba2* and MnZ*, which are not transported by Ca?* pumps,
to enter the cytosolic pool following store depletion, was taken as evidence that Ca* entering
the cell traverses a narrow gap of cytosol before being actively pumped into the ER [17]. Later
studies of Xenopus oocytes, endothelial cells and astrocytes showed that local receptor
stimulation evoked Ca2* entry (as detected by CI~ channel activation or Ca2*-dependent dye
signals) that was confined to within 10's to 100's of um from where Ca?* release was thought
to occur [18-21].

Further indirect evidence for a local interaction came from studies showing that calyculin A
and jasplakinolide inhibit SOCE in smooth muscle cells [22]. This effect was attributed to the
ability of these agents to promote polymerization of cortical actin and thereby prevent the ER
from forming close contacts with the PM, and led to the proposal of a “secretion-like induced
coupling model” in which store depletion induces the migration of the ER towards the PM to
activate SOCE. However, these effects have not been seen in other cells [23], and in some
cases actin breakdown rather than polymerization inhibits SOCE [24]. A membrane fusion
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model based on store depletion-stimulated insertion of CRAC channels in the PM followed
from the inhibitory effects of SNARE inhibitors [25], but again, these results are not
generalizable to all cells [26,27]. As a whole, these studies led to the notion that the stores are
close to the PM, and that some sort of local communication activates SOCs. The most explicitly
defined model along these lines was the conformational coupling model, inspired by analogy
to the Ca®* release units of skeletal muscle, in which SOCE was envisioned to result from
direct physical interactions of the 1P receptor and the CRAC channel [28-30]. Although it was
later shown that CRAC channel activation is independent of IP3 receptors [31,32], the
possibility of physical coupling between the CRAC channel and other ER proteins remains.

Other studies have argued against a strictly local mode of activation, proposing instead that
SOCE isdriven by adiffusible factor released from the ER. Early evidence for this idea included
the activation of mixed-ion currents in membrane patches that were crammed into agonist-
treated Xenopus oocytes [33]. Ca2™ influx factor (CIF), a cytosolic extract of store-depleted
cells, was shown to activate Ca2* entry when applied to cells with full stores [34], but this
effect was later attributed to nonspecific activities [35]. In subsequent work a modified CIF
preparation was proposed to activate Icrac through stimulation of iPLA, and generation of
lysolipids [36,37], but definitive tests of this model await the isolation of the active molecular
component of the CIF extract. Experiments on RBL cells, in which various conditions believed
to distance the ER from the PM (actin polymerization, microtubule depolymerization, and “cell
ballooning”) failed to affect Icrac, were cited as evidence against local coupling models
[23]. However, the ER was not actually imaged in these experiments, and therefore disruption
of local contacts could not be verified.

A major difficulty in distinguishing local from global models stemmed from the lack of
molecular markers with which to probe SOCE. Without identified proteins it was impossible
to directly observe where the CRAC channel and its sensor are located relative to each other.

3. Molecular identification of the ER Ca?* sensor and the CRAC channel

In 2005, STIM1 was identified through RNAI screens and soon thereafter shown to be the ER
Ca?* sensor of SOCE [38-40]. STIM1 is a 77-kD, type | membrane protein residing primarily
in the ER [39-41], but to a limited extent also in the PM [40,42,43]. STIM1 has a variety of
predicted protein-interaction or signaling domains, including an unpaired EF-hand, sterile-o
motif (SAM), coiled-coil, ERM, serine/proline-rich, and lysine-rich domains. Knockdown of
STIM1 suppresses SOCE, and EF-hand mutants of STIM1, designed to have low Ca2* affinity
and thereby mimic the store-depleted state, activate Icrac €ven when stores are full [39,40,
44,45]. The isolated EF-SAM domain has a Ca2* binding affinity of 200-600 uM [46],
overlapping the range of [Ca2*]; reported for the ER lumen by fluorescent protein
measurements [47].

Orail (also called CRACM1) was identified in 2006 as a second essential component of SOCE
in mammalian cells by a combination of linkage analysis of human CRAC-deficient SCID T
cells and an RNA. screen for suppression of NFAT translocation in Drosophila S2 cells [48],
as well as by RNA. screens for direct suppression of SOCE in S2 cells [49,50]. Orail is a 33-
kD, 4-transmembrane protein present in the PM. A single mutation in Orail (R91W) was shown
to be responsible for the loss of CRAC channel function in human T cells, leading to the defect
in T cell activation and immunodeficiency [48]. Overexpression of Orail and STIM1 (or their
Drosophila homologs) gave rise to extremely large CRAC-like currents [45,50-52], suggesting
that either Orail was the CRAC channel, or that it encodes a non-channel component that is
present in limiting amounts. Definitive evidence that Orail is a pore subunit of the CRAC
channel was provided by several studies showing that mutagenesis of acidic residues in Orail
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changes the divalent and monovalent selectivity of Icrac. The isolation of STIM1 and Orail
are reviewed in greater detail elsewhere in this volume and in other recent reviews [53-56].

4. Redistribution of STIM1 in response to store depletion

A remarkable finding appearing soon after the identification of STIM1 was that store depletion
causes it to relocate from a dispersed distribution throughout the ER into discrete puncta near
the PM (Fig. 1) [39,40]. This finding has been confirmed by many groups in a variety of
mammalian cells expressing STIM1 tagged at its N-terminus with fluorescent proteins [41,
43,45,57-59]. Redistribution to peripheral sites has also been shown in one study by
immunostaining of endogenous STIM1 in human T cells and Jurkat cells, RBL cells, and PC12
cells [40]. This is an important result, as it validates the use of exogenous labeled STIML1 to
follow its trafficking and localization.

Several lines of evidence suggest that the redistribution of STIM1 into puncta is a necessary
step in CRAC channel activation. First, the timing of STIM1 puncta formation at a cell
population level roughly parallels the time course of Icrac in separate patch-clamp
experiments [39,40]. Because cell-to-cell variability can obscure the precise temporal order of
puncta formation and channel opening in population measurements, the time courses have also
been compared simultaneously in single cells. In Jurkat cells stimulated by intracellular EGTA
dialysis inwhole-cell recordings, GFP-STIM1 translocation preceded Icrac activation by 0-20
sec, with an average of 6-10 s [41]. Thus, the time course of redistribution is rapid enough to
be involved in activating CRAC channels. The source of the variable delay between
translocation and Icrac activation is unknown, but one possibility is that additional events
must occur before CRAC channels can open, such as the accumulation of Orail opposite
STIM1 puncta (see below). A similar lag was observed whether stores were depleted passively
in whole-cell recording by intracellular EGTA or actively in a more physiological manner,
using the perforated-patch configuration with anti-CD3 mAb to crosslink the T cell receptor
complex (generating 1P as an activating signal) [41].

Further evidence that STIM1 redistribution is required for CRAC channel activation comes
from observations that STIM1 puncta colocalize with open CRAC channels [59] (see next
section). In addition, EF-hand mutants of STIM1 which constitutively activate CRAC channels
are prelocalized in puncta [39,40], and deletion of several domains of STIM1 (SAM, coiled-
coil/ERM, and other C-terminal regions) prevent the formation of puncta and activation of
SOCE in parallel [57]. These findings together argue that understanding the spatial
organization of the STIM1 puncta, in particular their location relative to the CRAC channel,
the ER and the PM, is a prerequisite for elucidating the mechanism of SOCE.

5. Where does STIM1 accumulate after store depletion and how does it get

there?

From confocal and total internal reflection fluorescence (TIRF) microscopy studies it is clear
that puncta form close to the PM, but there has been debate over whether they reside in the ER
or some other organelle near the PM, or whether they result from insertion of STIM1 into the
PM. The strongest evidence in support of PM insertion comes from one study in which STIM1
reactivity over the plasma membrane was shown by immunoelectron microscopy, and
streptavidin was able to pull down STIM1 following biotinylation of cell surface proteins
[40]. The amount of STIM1 recovered in this way increased after store depletion, consistent
with a depletion-stimulated insertion of STIM1 into the PM. This conclusion carries the
important implication that STIMZ1 in the PM could interact in cis with CRAC channels to cause
activation. However, the dimensions of antibodies used for immunolabeling are comparable
to the distance between the ER and the PM at sites of STIMZ1 accumulation (see below), making
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it difficult to distinguish ER from PM localization in immunoelectron microscopy [41]. Also,
another group found no increase in STIM1 pulled down by streptavidin after depletion [43],
and biotinylation of STIML1 itself was not verified in either study, raising the possibility that
STIM1 in the ER may have been recovered by binding to biotinylated PM proteins. This seems
plausible given the close interaction of the ER and PM at sites of CRAC channel activation
[41,59] and the fact that STIM1 and Orail can be co-immunoprecipitated [60,61] (see below).

On the other hand, a large number of studies using labeled STIM1 proteins have shown that it
does not enter the PM acutely after store depletion. In these studies, STIM1 was tagged by
inserting a label (a fluorescent protein or a FLAG or HA tag) at the N-terminus, just downstream
of the signal sequence. Assuming a membrane fusion mechanism for PM insertion, the labels
would be expected to change from an intraluminal to an extracellular location. However, store
depletion failed to cause extracellular exposure of the tags, as shown by the inability of acidic
extracellular pH to quench GFP fluorescence [41,58], and a lack of staining with anti-GFP
[39,45], anti-HA, or anti-FLAG antibodies [41,57]. These studies indicate that labeled STIM1
does not enter the PM on the time scale of CRAC channel activation. One caveat is that the
tags (8 to >300 amino acids) added to the N-terminus of STIM1 could alter its trafficking,
possibly preventing its insertion into the PM. Nevertheless, although these exogenously
supplied STIM1 proteins are confined to the ER, they are able to activate CRAC channels after
knockdown [39,45,62] or even knockout [57] of endogenous STIM1. Thus, it appears that
STIML1 relays the depletion signal to the CRAC channel from its location in the ER.

Although a small fraction of endogenous STIM1 can be labeled by antibodies to the N-terminus
in intact cells [42,43], the function of STIM1 in the PM is unclear at this point. Antibodies to
STIM1 in the PM were reported to inhibit Icrac [44] but this was not confirmed in a second
study [62]. STIM1 can form homodimers via its cytoplasmic coiled-coil domains [57], raising
the notion that STIM1 in the PM may interact with ER-localized STIM1 at ER-PM junctions
[40,44]; however, the function of such a complex is uncertain given that puncta formation and
Icrac activation is apparently normal in STIM1-knockout DT40 cells after expression of
FLAG-tagged STIML1 that is confined to the ER [57].

The most precise description of STIM1 puncta thus far comes from electron microscopy of
Jurkat cells expressing an HRP-labeled STIM1 [41]. In resting cells, HRP reaction product is
found in tubular structures throughout the cytoplasm that closely resemble ER tubules labeled
with an ER-targeted HRP. Following TG treatment, however, dense HRP reaction product is
seen in tubules juxtaposed to the PM, with reduced labeling of the cytoplasmic tubules.
Importantly, these structures, found within 10-25 nm of the PM, resemble the junctional ER
seen in Jurkat cells expressing ER-targeted HRP [41] and described previously in a variety of
cells from oocytes to yeast [63-66]. Thus, these results suggest that upon store depletion,
STIM1 migrates within the ER membrane to a subset of ER tubules juxtaposed to the PM.
Interestingly, even though bulk movement of the ER towards the PM was undetectable by
TIRF microscopy of Jurkat cells expressing an ER-targeted DsRed, a quantitative analysis of
the EM data showed that junctional tubules in Jurkat cells increase in number by ~50% after
store depletion [41]. These results imply that the increase in contacts involves small local
movements of the ER; our current hypothesis is that the ER is constantly probing the cell
surface, and by increasing the affinity of the ER for the PM, store depletion lengthens the
lifetime of these transient contacts. STIM1 itself is a candidate for mediating this effect, as it
is able to sense intralumenal [CaZ*] and STIM1 overexpression increases the lengths of ER-
PM contacts in a store depletion-dependent way [41].

These EM studies have several important implications. First, they show for the first time that
the N-terminus of STIM1 actually resides within the ER, based on the accumulation of the
HRP reaction product in that location. This places the EF hand of STIM1 also within the lumen
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where it can “sense” ER Ca?*. Second, they show that STIM1 puncta represent the
accumulation of STIM1 in ER subregions that are separated from the PM by a gap small enough
to permit proteins in the two membranes to interact directly. Finally, the increase in ER-PM
contacts after store depletion provides the first direct evidence for the “induced-coupling”
model of SOCE, in which store depletion causes the ER to approach the PM to activate SOCs.
The model was originally based on the ability of cortical actin polymerization to inhibit SOCE
in transformed smooth muscle cells [22]. The fact that cortical actin does not inhibit SOCE in
other cells [23] might be explained if junctions in some cells are more labile than in others.

An important question yet to be resolved is how does STIM1 travel to peripheral ER sites to
form puncta? One simple mechanism would be a diffusion trap, in which STIM1 diffuses
randomly within the ER and is trapped at peripheral sites by binding to an anchoring protein.
This idea is consistent with measurements showing that the ER does not as a whole move
towards the PM after store depletion [41]. An alternative mechanism has been proposed by
Baba et al. [57], who suggest that STIM1 is transported actively to puncta in an ER
subcompartment that moves along microtubules. This idea is based in part on observations that
afraction of overexpressed GFP-STIM1 moves as a “tubulovesicular shape” along linear tracks
in resting DT40 cells, and that these structures diminish after store depletion as puncta form.
We have observed similar rapidly moving aggregates of labeled STIM1 after overexpression
in Jurkat T cells (Supplemental Movie 1) and HEK 293 cells (M. Wu, E. Covington, R. Luik,
and R. Lewis, unpublished data). However, the nature of these moving aggregates and their
possible physiological role in SOCE is not yet clear. The prominence of the aggregates
increases with the level of STIM1 overexpression, and they persist after store depletion
(Supplemental Movie 1). In cells expressing very low levels of GFP-STIM1, TG induces
puncta to form in the absence of rapidly moving tubular aggregates (Supplemental Movie 2).
These observations raise the possibility that the aggregates are the result of high level
overexpression of STIM1. An important unresolved question is therefore whether STIM1
transport occurs by an active, motor-driven, or passive, diffusion-based mechanism, and what
causes it to accumulate at ER-PM junctions.

6. The dynamic dyad: defining the elementary unit of store-operated Ca?*

entry

To begin to understand how STIM1 at ER-PM junctions activates CRAC channels, it is
essential to know first where CRAC channels open. The only available marker for active CRAC
channels is the elevated [Ca2*]; microdomains that form near open channels. Several prior
studies using Ca2*-sensitive dyes have shown that SOCE occurs within 10-100 uM of the ER
[19-21], but the applied imaging techniques lacked sufficient resolution to pinpoint the
relationship between individual influx sites and junctional ER structures. Much higher
resolution is possible with TIRF microscopy, which has been used to image CaZ* microdomains
near voltage-gated Ca2* (Cay) channels on a submicron scale [67,68]. Luik et al. [59] adapted
this technique to image [Ca%*]; microdomains following store depletion in Jurkat cells. This
measurement was particularly challenging because the CRAC channel has a unitary
conductance <1/100 of that of most Cay, channels [8,69]. To restrict the CaZ* signal to within
0.5 um from its source, cells were loaded through the patch pipette with a low-affinity, fast
on-rate fluorescent Ca2* indicator (fluo-5F) and a 50-fold excess of a high-affinity, slow on-
rate Ca2* chelator (EGTA) [67,70]; TIRF microscopy provided an additional increase in signal-
to-noise ratio by rejecting fluorescence signals arising more than 100-200 nm from the PM.

Using this approach, Luik et al. [59] determined that STIM1 puncta overlap generally with
regions of Ca2* influx, but that puncta are normally too close together to be able to resolve
individual influx sites given the spatial spread of the fluo-5F signal by diffusion. Interestingly,
the space between puncta is increased by treatment with cytochalasin D, an agent that promotes
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actin filament depolymerization and causes the STIM1 puncta to coalesce. Importantly, when
applied during or after store depletion, cytochalasin D reorganizes but does not disrupt the
basic CRAC activation machinery: the amount of peripheral STIM1 remains constant, the sites
of STIM1 accumulation at junctional ER look normal at the EM level (Fig. 2), and Icrac iS
unchanged [59]. In cytochalasin-treated cells, individual puncta were spatially well resolved,
and overlapped very closely with [Ca%*]; elevations, to within the resolution limit of the light
microscope (Fig. 2). These results demonstrate that STIM1 delivers its activating signal locally
to CRAC channels in the PM.

Local activation could in principle stem from the local activation of a subset of widely dispersed
channels or from activation of a tightly packed cluster of channels opposite STIM1. By
coexpressing labeled STIM1 and Orail in Jurkat cells, Luik et al. found that while Orail is
widely dispersed through the cell in the resting state, store depletion causes it to accumulate
at PM sites directly opposite the STIM1 puncta, with the same approximate time course as
STIML1 redistribution (Fig. 2) [59]. Similar results were also reported in HEK 293 cells
overexpressing labeled STIM1 and Orail [58] (P. Hoover and R. Lewis, unpublished
observations). These findings reveal an unprecedented mechanism for channel activation in
which the stimulus for channel activation (in this case store depletion) causes a channel and
its sensor, residing in separate membranes, to collect at sites of close apposition where
interactions leading to channel opening can occur.

Just how STIM1 communicates with the CRAC channel at these ER-PM junctions is not clear,
although several kinds of evidence suggest that the two proteins may be physically connected.
First, the distance separating the ER and PM at the junctions (10-25 nm) is small enough to
permit protein-protein interactions [41]. Second, Orail remains closely associated with STIM1
even after reorganization of STIM1 puncta by cytochalasin D [59]. Third, STIM1 and Orail
(or their Drosophila homologs) can be co-immunoprecipitated [60,61] to an extent that may
increase following store depletion [61], as might be expected from the accumulation of STIM1
and Orail at junctional sites. It is not known whether the interaction of the two proteins is direct
or is mediated through intermediary partners or a diffusible messenger.

An important recent finding is that the cytoplasmic C-terminus of STIM1, when expressed in
Jurkat cells, is able to activate Icrac in cells with presumably full stores [71]. This result
suggests that the C-terminus of STIML1 is constitutively “active.” If this is the case, the lack of
Icrac in resting cells could be explained by the fact that only a small proportion of STIM1 is
present at ER-PM junctions when stores are full; accordingly, store depletion would elicit
activation by concentrating STIML1 at these sites. Oligomerization of STIML1 is likely to play
an important role in this process. Thus far, two parts of the molecule have been implicated in
oligomer formation: the coiled-coil region appears to dimerize in a constitutive fashion [57],
and the isolated EF-SAM region in vitro has been shown to form dimers and higher order
oligomers upon Ca2* removal [46]. The accumulation of STIM1 oligomers at the junctions
may serve to stabilize interactions with Orail leading to channel activation.

It is important to note that although much of the evidence thus far is consistent with a physical
interaction model, this does not rule out a role for a diffusible activator such as Ca2* influx
factor (CIF) [37]. In fact, both classes of mechanism are known to underlie excitation-
contraction coupling in striated muscle, where Cay channels in the PM stimulate Ca2* release
through ryanodine receptors in the SR across a similarly narrow cleft (see next section). In
skeletal muscle, communication occurs through conformational coupling of the two channels,
whereas in cardiac muscle it occurs by a diffusible messenger, Ca2* [72]. One approach to
reconciling the two types of models for SOCE will be to test whether the C-terminus of STIM1
activates Icrac independently of the ER, CIF, and its associated iPLA, pathway.
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7. Implications of CRAC-channel choreography

The studies on STIM1/Orail movements and CRAC channel opening described above
establish directly and for the first time the elementary structural and functional units underlying
SOCE (Fig. 3). These units assemble through the accumulation of STIM1 and Orail at closely
apposed sites in the ER and PM, respectively, to trigger Ca2* entry at discrete sites. This
mechanism has several interesting implications.

The “dynamic dyad.”

The ER-PM junctions in SOCE resemble in some ways the specialized SR-PM couplings that
underlie e-c coupling in striated muscle, where the SR comes to within 10 nm of the PM
[73]. At these sites, excitation of Cay in the PM activates Ca2* release through ryanodine
receptors in the SR to initiate muscle contraction. Despite the similarities in structure, there
are interesting differences as well. First, the flow of information in muscle is outside-in, with
the Cay, channel in the PM acting on the SR (a “channel-operated store™) while SOCE signaling
is inside-out, with the ER controlling the activation of a store-operated channel in the PM.
More importantly, however, the muscle unit is fully organized and ready to respond well before
the stimulus arrives, a means of ensuring reliable and rapid muscle contraction; in contrast, the
SOCE unit is assembled on demand, forming only in response to the stimulus (store depletion),
and requiring seconds for the sensor and the channel to reach their sites of interaction. The
time needed for the migration of STIM1 and Orail to these locations settles an old argument
against the physical coupling model, namely that activation by physical coupling must be
extremely fast because it is so direct. The slow time course of STIM1/Orail redistribution
creates lags between changes in store content and CRAC channel activity, possibly explaining
findings that in T cells, a variety of agents that partially deplete Ca2* stores (e.g., low doses of
TG, ionomycin and TCR crosslinking) generate [Ca*]; oscillations through the periodic
activation of Icrac[6,74].

The specificity of Ca2* signaling

The restriction of SOCE to discrete junctional sites that comprise only a few percent of the cell
surface creates opportunities for selective signaling. By concentrating CaZ* influx near to
SERCA pumps, it optimizes the efficiency of store refilling, perhaps explaining why in certain
systems stores can reload with extracellular Ca* without a detectable rise in [Ca2*]; [15,16,
75]. In general, the specificity of CaZ* signaling through SOCE could be enhanced by targeting
downstream effectors to the ER-PM junctions. Several enzymes have been reported to respond
selectively or preferentially to SOCE, including adenylate cyclase, nitric oxide synthase, CI~
channels, and PM Ca2*-ATPase [1]. Thus, an important goal will be to dissect the protein
contingent of the ER-PM junctions.

The “CRAC” store

Under some conditions, Ca2* can be released from the ER without triggering Icrac, and this
uncoupling phenomenon has prompted the idea that a specialized subset of ER (the “CRAC
store”) is responsible for controlling SOCE (reviewed in [1]). Given that store depletion triggers
the formation of STIM1/Orai1 clusters at junctional sites, we expect that local Ca2* depletion
at these sites would be required to maintain those clusters. Thus, if Ca2* is released distally it
may not reduce ER Ca?* at the junctions and therefore may fail to activate Icrac. Conversely,
local depletion at junctional sites may play the determining role under physiological conditions,
and give the appearance of a separate Ca2* store whose content is more directly connected to
CRAC channel activation.
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8. Perspectives

The discoveries of STIM1 and Orail have unleashed a barrage of new studies that have taken
our understanding of SOCE to the next level. Yet, major puzzles remain. A primary question
is still how does STIM1 activate the CRAC channel on a molecular level? How is the formation
and maintenance of junctional ER sites controlled, and what signals direct the migration and
accumulation of STIM1 and Orail at these sites? The complexity of the CRAC channel
activation mechanism portends a multitude of potential sites for modulation. Ultimately, the
dependence of SOCE on the architecture of the ER and its precise apposition to PM sites may
explain why so many different experimental interventions over the years were able to modulate
SOCE without illuminating the underlying mechanism.
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rest

store depleted

Figure 1.

Redistribution of STIM1 following store depletion. Two Jurkat cells expressing GFP-STIM1
were imaged by wide-field epifluorescence microscopy (A) or TIRF microscopy (B) at rest
and after treatment with 8 pM cyclopiazonic acid (a SERCA inhibitor) for > 2 min (store
depleted). After store depletion, STIM1 moves from being diffusely distributed throughout the
ER to accumulate in junctional ER located close to the PM. Scale bars, 5 um.
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Figure 2.

The elementary unit of store-operated Ca2* entry. Electron micrograph and TIRF images of
individual Jurkat cells treated with TG to deplete stores and exposed to cytochalasin D to
disperse puncta. (A) HRP-STIM1 accumulates in ER tubules (arrows) located 10-25 nm from
the plasma membrane (pm). (B) TIRF images of Cherry-STIML1 fluorescence at the cell
footprint (left) and at a single punctum within the boxed area. Ca2* influx (middle) at the same
punctum is expressed as pseudocolored AF/Fg ratios from minimum (blue; —0.01) to maximum
(red; 1.05) levels. Pseudocolored contour lines of Ca2* influx density overlaid on the Cherry-
STIM1 image (right) show a close association between the Ca2* influx site and the STIM1
punctum. (C) TIRF images of Cherry-STIM1 fluorescence at the cell footprint (left) and at a
single punctum within the boxed area. Cherry-STIM1 (red) and GFP-myc-Orail (green)
colocalize (merged image). Reproduced from [59]. Copyright 2006 Rockefeller University
Press.
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Figure 3.

A current model for store-operated Ca2* entry. (A) In cells with full ER Ca2* stores, Ca2*-
bound STIM1 and Orail are distributed throughout the endoplasmic reticulum and the PM,
respectively. (B) Store depletion promotes functional coupling of Ca2*-free STIM1 and Orail
by driving the coordinated redistribution of both proteins to closely apposed sites in the ER
and PM, and by increasing the number of these sites. (C) The parallel accumulation of both
proteins allows STIM1 and Orail to interact, causing the local activation of CRAC channels
at individual junctions. Reproduced from [53].
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