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Abstract

In response to decreasing Ca2* levels in the endoplasmic reticulum, STIM proteins couple with
Orai channels in the plasma membrane, leading to Ca2* influx into the cell. In addition to Ca2*-
related endoplasmic reticulum stress, STIM proteins are emerging as general stress sensors that
react to multiple stress signals to orchestrate Ca2* signaling and homeostasis.

STIM proteins are Ca2*-sensing switches that function as dynamic intermembrane
communicators, controlling CaZ* signals and Ca?* homeostasis. Discovering the role of
STIM proteins in mediating Ca2* signal generation resolved the long-standing question of
how depletion of Ca2* within the endoplasmic reticulum (ER) triggers the opening of
plasma membrane (PM) ‘store-operated” Ca2* entry channelsl-2. The two STIM proteins,
STIM1 and STIM2, are ubiquitously expressed, single-spanning ER membrane proteins that
operate as mobile mediators of Ca2* signalsl. STIM proteins accurately sense ER luminal
Ca?* levels through their N-terminal Ca2*-binding EF-hand domains and function as
switches that are activated by small decreases in luminal Ca?*. In their activated state, STIM
proteins are highly dynamic communicators, rapidly aggregating and translocating within
the ER membrane into discrete junctions closely juxtaposed with the PMZ. Here, the
activated STIM proteins couple directly with the highly Ca?*-selective family of Orai
channels, tethering and gating the channels to generate Ca2* entry signals? (Box 1; Fig. 1).
The entering Ca2* provides spatially restricted and longer-term Ca2* signals that are crucial
in the control of cellular responses, including gene expression and growth1=3,

Box 1
Activation of STIM proteins and coupling to open Orai channels
At the STIM protein N terminus

The luminal N-terminal Ca2*-sensing domain of STIM1 is a tightly clustered group of
short helices comprising EF-hand and sterile a motif (SAM) domains. There are two EF-
hands: a ‘canonical’ Ca2*-binding EF-hand (cEF) with a Ky for Ca2* ranging from 0.2 to
0.6 mM and a ‘hidden’ EF-hand (hEF)12. When Ca2" is bound, the EF-hand and SAM
domains form a tight, stable configuration. When Ca2* dissociates, the EF-SAM domain
unfolds and destabilizes!?, leading to rapid oligomerization of STIM1 proteins.

At the STIM protein C terminus
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The cytoplasmic C-terminal region of STIM1 contains extensive coiled-coil domains that
can span the ER-PM junctional space, estimated to be 10-20 nm?3, allowing STIM to
couple with and activate PM Orai channels. The C-terminal cytosolic domains of STIM
proteins interact with and activate Orai channels. The small ‘CAD’ region of STIM1
(residues 342-448) is sufficient to fully activate Orai channels!®. In its resting state, the
active CAD domain of STIML1 is obscured by intramolecular electrostatic interactions
that fold and bind the active acidic coupling domain on STIM1, preventing it from
interacting with the PM. STIM1 activation involves the dissociation of inhibitory
intramolecular electrostatic interactions between the coiled-coil CC1 and CAD regions of
STIML1. This triggers exposure of the CAD acidic domain, which can then interact with
basic sequences on Orail. In the STIM1 resting state, these acidic residues remain
hidden, suggesting that STIM1 has an autoinhibitory intramolecular regulatory
mechanism10.

STIM1 hasthreetarget interaction sites

1. A short basic sequence (residues 382—386) within the CAD region interacts
electrostatically with an acidic sequence (residues 272— 291) on the C terminus
of Orail; this is the crucial ‘coupling’ interaction required to activate Orai
channels?0.

2. Addistinct but unknown site on STIM1 likely interacts with the Orail N
terminus, enhancing the successful interaction10-14,

3. A lysine-rich, polybasic C-terminal tail on STIM1 binds directly with PM acidic
phospholipids and helps anchor STIML1 to the PM independently of Orai
channels!4,

STIM proteins as multiple stress sensors

The diminished concentration of Ca2* within the ER that triggers STIM protein activation is
a major stress condition that compromises the luminal protein-folding environment.
However, Ca2* depletion in the ER is not the only stress condition that modulates STIM
protein function. STIM1 also functions as an oxidative stress sensor, becoming activated by
reactive oxygen species (ROS) and coupling to cause opening of Orai channels independent
of ER Ca?* depletion®. STIM proteins also respond to another major stress: temperature
variation. Small temperature increases trigger activation of STIM1, leading to its
aggregation and translocation into junctions, independent of Ca2*-store depletion®. At higher
temperatures, however, the functional coupling that opens Orail channels is blocked:;
subsequent cooling allows efficient STIM coupling to resume and Orai channels to open.

We consider the activation of STIM proteins in response to each of three conditions of
cellular stress: depletion of Ca2* within the ER lumen, which severely stresses ER function;
induction of oxidative stress through ROS; and exposure of cells to rapid temperature
changes. In each case, the activation of STIM proteins follows a similar pattern of
aggregation and translocation into ER-PM junctions. Within these junctions, activated STIM
proteins are able to couple with their targets. STIM proteins have important target proteins
in addition to Orai channels, and we also consider the implications of these new targets in
STIM-mediated cellular control.

ER Ca?* stress sensing

The lumen of the ER is a unique environment containing high concentrations of Ca2* (at
least 1,000-fold higher than in the cytosol) and an abundance of Ca2*-binding proteins
crucial to the many functions of the ER, including the synthesis of membrane and secretory
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proteins, folding and post-translational modification of proteins, synthesis of lipids and
sterols, as well as Ca2* signal generation and Ca2* homeostatic control®. Ca2*-binding
proteins in the ER serve both as molecular chaperones to mediate correct protein folding and
as buffers to sequester large quantities of Ca2*. Their chaperone function is highly
dependent on the amount of luminal Ca2*; decreases in CaZ* concentration result in the
well-described ER stress response, which includes global inhibition of protein synthesis,
induction of multiple stress pathways, apoptosis, autophagy and necrosis’. Thus,
maintaining high levels of Ca2* within the ER is crucial, as decreases in luminal Ca2* cause
severe stress, resulting in the activation of the unfolded protein response to mitigate damage
from misfolded proteins®.

STIM proteins orchestrate the cellular response to changes in luminal CaZ*. They sense
changes in ER Ca%* and allow cells to adapt and maintain Ca2* within the ER stores by
activating Ca2* through Orai channels. An intimately associated but distinct role of STIM
protein activation is to trigger cytosolic Ca2* signals that control longer-term cellular
functions, including transcription and cell growth. Both STIM1 and STIM2 are ubiquitously
expressed, highly homologous proteins varying only at their extreme N and C termini. There
are subtle differences in their Ca2* sensitivities® and their kinetics of activation®. STIM1 is
the major mediator of store-operated Ca2* signals and becomes rapidly activated when ER
Ca?* is depleted; in contrast, STIM2 has greater sensitivity to Ca2*-store depletion but has a
slower activation rate than STIM1 and functions to finely control Ca2* homeostasis®°.

STIM proteins are normally widely distributed across the ER. As Ca?* is depleted from the
ER through receptor-induced Ca2* release, it dissociates and activates STIM proteins,
causing them to aggregate and translocate into ER-PM junctions, where they couple to open
Orai channels. STIM proteins likely exist as resting dimers and self-associate through
interactions within their luminal N termini and their cytoplasmic coiled-coil regions1?. As
STIM proteins are activated (Box 1; Fig. 1), conformational unraveling occurs and sites on
STIM1 become available for interactions with PM lipids or with Orai channels present in the
PM. Thus, STIM proteins function as highly controlled molecular switches triggered by
small changes in luminal Ca*. Movement of STIM proteins into ER-PM junctions appears
to be diffusion driven, and their accumulation within junctions results from interactions with
PM lipids and Orai proteins. Importantly, the activation, aggregation and PM coupling of
STIM proteins is entirely reversible: immediately upon replenishment of ER Ca2*, STIM
binds Ca2* at its luminal EF-hand motif and rapidly deactivates, leading to dissociation from
the PM and Orai proteins and, finally, diffusion of both STIM and Orai proteins through the
junctions to become redistributed within the ER and PM, respectively?.

As accurate sensors of the ER intraluminal Ca2* environment, STIM proteins are intimately
involved in both Ca%* signaling and Ca2* homeostasis. Indeed, these two processes are
essentially one and the same; complete depletion of CaZ* within the ER does not occur in
living cells, as it would have devastating consequences on the function of the ER. The
combination of STIM1 and STIM2, with their distinct sensitivities to luminal Ca2* changes,
accurately detects either very small changes in luminal Ca2* throughout the ER or larger
local changes within specific ER regions containing high densities of Ca2* release channels
(Figs. 1a,b). Thus, the number of STIM proteins moving into ER-PM junctions to activate
Orai Ca%* channels is an integration of all the deviations of Ca2* that occur throughout the
ER. Orai channel gating by STIM proteins results in the entry of just a tiny trickle of CaZ*
into the cytosol by virtue of the exceptionally high Ca2* selectivity of Orai channels!?2.
However, the entry of a few thousand Ca%* ions is sufficient to mediate significant cytosolic
Ca?* signals in an average-sized cell. The incoming Ca2* ions can be sequestered using ER
CaZ* pumps to replenish any deficit in luminal Ca2*, protecting the functional integrity of
the ER.
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Moreover, the ER functions as a Ca2* reservoir, rhythmically releasing it to generate
cytosolic Ca%* oscillations, which are crucial in providing sustained and precise Ca2*-
mediated responses in many cell types3. Indeed, STIM proteins can move in and out of ER-
PM junctions in response to local luminal Ca2* changes occurring during individual
oscillations3. The STIM proteins allow CaZ* entry, which sustains the oscillations and
ensures that ER function is not compromised by Ca2* depletion. Notably, the small amount
of STIM-induced entry of Ca2* within the oscillations can have profoundly important
signaling functions. Thus, the spatially restricted Ca2* entering through STIM-activated Orai
channels during oscillations provides a unique ‘Ca2* signature response,” which can be
crucial in controlling early gene expression and growth responses®11,

Oxidative stress

The scheme shown in Figure 2 compares the sensing functions and activation mechanisms
of STIM proteins in response to Ca2*-store depletion to two other stress conditions—
oxidative stress and temperature change. Oxidative stress sensed by STIM proteins causes
an initial activation process similar to that induced by Ca2*-store depletion®. The redox state
of cells is fundamentally important to their function, and cells use multiple regulatory
sensors to maintain redox homeostasis. ROS and reactive nitrogen species trigger important
protein modifications via oxidative reactions. Indeed, alteration of cysteine residues by ROS
or reactive nitrogen species can have major effects on protein functionl®. ROS can trigger
Ca?* transients via modulation of inositol-1,4,5-trisphosphate (InsP3)-dependent Ca2*
release as well as through extracellular Ca2* influx'6. Interestingly, STIM1 and STIM2
contain two highly conserved ER luminal cysteines toward the N terminus, and S-
glutathionylation of human STIML1 at one of these cysteines (Cys56) results in STIM1
aggregation into PM-associated junctions under conditions where ER Ca2* content is not
depleted*; thus, this modification mimics the effects of Ca2*-store depletion (Fig. 2). Indeed,
S-glutathionylation of STIM1 at Cys56 causes a substantial decrease in the binding of Ca2*
to the STIM1 EF-hand motif4, and it is likely that the modification is causing a dissociation
of Ca2* from STIM1 without actual ER Ca2* depletion.

S-glutathionylation is a modification of protein thiols formed by a reaction between cysteine
residues and the tripeptide glutathionel”. It has been implicated in mediating oxidation-
induced changes that control a spectrum of responses, including energy metabolism,
cytoskeletal assembly, protein folding and stability, ion-channel function and Ca2*
homeostasis!’. The effect of glutathionylation on STIM1 activation indicates that STIM1 is
important in redox sensing. Considering the close proximity of Cys56 to the EF-SAM
domain in STIM1, these findings implicate Cys56 in the control of Ca2* binding and STIM1
activation. This negative control can be eliminated by either S-glutathionylation or mutation
of Cys56. At supraphysiological ROS levels, S-glutathionylated STIM1 induces Orail-
mediated Ca2* entry, mitochondrial CaZ* overload and decreased cellular bioenergetics?. In
contrast, at physiological ROS levels, elevations in mitochondrial Ca2* lead to elevated
mitochondrial bioenergetics'8, though the extent to which S-glutathionylation of STIM1
contributes to this important physiological role remains to be determined.

The S-glutathionylation of proteins is not necessarily a pathophysiological event and may
serve as a defense mechanism against the irreversible oxidation of protein thiols>17, such
as the reactions leading to the formation of sulfinic (Cys-SO,H) or sulfonic acids (Cys-
SO3H)1®. Redox reactions!® and STIM-Orai functionl® have been implicated in various
disease pathogeneses, including those of cardiovascular diseases, cancer and immune
disorders. Redox reaction—dependent disease progression depends on ROS and RNS
production rates, endogenous antioxidant levels and duration of exposure. The discovery
that STIM1 operates as a ROS sensor suggests that ROS pathogenesis may, in part, be
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mediated by STIM1-Orai function. STIM1-Orail activation in response to ROS
overproduction facilitates B-lymphocyte activation, ultimately leading to mitochondrial-
dependent cell death?. This activation was observed in response to lipopolysaccharide or
IgM stimulation as well as glutathione depletion. Further, ablation of STIM1 markedly
attenuated B-lymphocyte cell death in response to all three stimuli4. Conversely, paracrine-
derived ROS resulting from immune-cell infiltration of vascular smooth muscle may
stimulate STIM1-Orail activity and facilitate smooth muscle proliferation in atherosclerosis.
Paracrine-derived ROS may also act as a chemoattractant for cancer metastasis!®, a process
also previously linked with STIM-Orai function!®. Thus, characterization of the role of
ROS-sensing and ROS-mediated STIM1 modification has enormous importance in a
spectrum of pathophysiological conditions.

Temperature sensing

Temperature change is another physical stress that has profound effects on protein structure
and protein interactions. Although higher vertebrates are homeothermic, many cell types (for
example, circulating blood cells) experience significant temperature differentials, and the
pathophysiological consequences of even small temperature changes during fever or
hypothermia are profound. Interestingly, temperature alters STIM1 function®; small
temperature increases (from 37 °C to above 40 °C) induce STIML1 activation, resulting in
aggregation and translocation into ER-PM junctions without Ca* store-depletion (Fig. 2).
Such changes mirror the actions of Ca2*-store depletion and oxidative stress induced by
ROS. However, unlike the effects of store depletion or oxidative conditions, the effects of
temperature on the functional interactions between STIM1 and Orail are complex. At
elevated temperatures (above 40 °C), STIM1-activated coupling to open Orail channels is
blocked. Exposing cells expressing STIM1 and Orail to high temperatures for short periods
(1-2 min) “prime’ the coupling process. Returning to lower temperatures causes a profound
activation of Orail channels (Fig. 2), independent of Ca2*-store depletion. Intriguingly, the
heat-induced translocation of STIM1 into junctions cannot occur without the lysine-rich,
polybasic STIM1 C-terminal domain®. In contrast, STIM1 can still translocate into junctions
and activate Orail channels in response to Ca2*-store depletion without this polybasic
domain. Therefore, the activation of STIM1 by Ca?*-store emptying is not equivalent to its
activation by heat.

The explanation for how heat induces STIM1 activation and movement into junctions likely
rests on the thermal stability of the EF-SAM domain. /nn vitro measurements on the degree
of folding of the EF-SAM complex revealed an effective temperature causing 50% change
(ETsg) for STIM1 of ~19 °C in the absence of Ca2* and ~45 °C in its presence?C. This is
highly comparable to the ETsg of 43.6 °C measured for heat-induced STIM1 junction
formation®. Thus, as temperature increases, the EF-SAM domains of STIM1 likely unfold in
a manner similar to that under Ca?*-reduced conditions. However, despite the movement of
STIM1 into junctions, Orail activation was not observed until the temperature decreased
again®. Because heat disrupted the interaction between the CAD domain of STIM1 and
Orail, it was concluded that the inhibition of Orail activation is a result of temperature-
mediated inhibition of the STIM1-Orail coupling process.

The STIML1 response to temperature is complex. As for the activation of STIM1 by ROS, it
may be that increases in temperature cause Ca2* dissociation. The temperature changes that
alter STIM activation and coupling fall within the physiological ranges encountered by
circulating blood cells, keratinocytes and muscle cells, so STIM can be activated and
‘primed’ by physiologically relevant elevations in temperatures; however, STIM-Orai
coupling and Orai activation require a decrease in temperature. This priming and subsequent
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activation may have particular importance in the responses of immune cells under fever
conditions, in which the temperature differentials are amplified.

STIM targets—broader horizons

Although the three Orai channels are the most established STIM targets, additional PM
targets have now been reported. Given the ubiquitous expression of STIM proteins among
cells, their wide distribution throughout the ER, and their profound and rapid activation and
translocation in response to multiple cellular stress conditions, it is not surprising that their
interactions extend beyond Orai channels. STIM proteins interact with two additional target
channels: TRPC and Cay/1.2. In addition, there is evidence suggesting a store-dependent
functional interaction between STIM1 and adenylyl cyclase?, although the specifics of this
interaction remain uncharacterized.

The most studied of the alternative STIM targets is the TRPC family of channels22.23 put
despite the breadth of literature examining STIM-TRPC interactions and coregulationl:22,
this remains a highly controversial area of study. There is evidence that suggests functional
interactions between STIM1 and TRPC channels; likewise, physical associations between
STIM1 and several TRPC channel subtypes have been reported?2:23, Coexpression and
mutational analyses reveal STIM1-dependent TRPC channel activation?4, and knockdown
strategies show that loss of TRPC expression can decrease SOCE23, TRPC1-knockout
animals appear to have normal SOCE within some tissues, although partial loss of this
activity was reported in salivary gland acinar cells?®. Although knockout of other TRPC
channels may have small effects, more definitive studies of their functions concluded that
they have no role in store-operated or STIM-activated Ca2* entry26:27 Recent evidence
suggests that PM insertion of TRPC channels may be under the control of STIM and Orai?3,
providing a potential explanation for some of the confusion regarding the store-dependence
of these channels.

An important relationship between STIM proteins and the operation of Cay/1.2 (L-type)
Ca?* channels has emerged?’-28 (Fig. 3). STIM1 physically associates with L-type channels
via a conformational coupling mechanism analogous to STIM-Orai interactions?”:28, Indeed,
the small Orai-interacting CAD domain of STIML1 also interacts with and modifies the
function of Cay/1.2, binding to a small region within its C-terminal tail. STIM1 interacts
with Orail and Cay/1.2 channels within the same ER-PM junctions (Fig. 3), and Orail-
induced STIM1 localization increases functional interactions with Cay/1.2 channels?’.
Intriguingly, the interaction between STIM1 and Cay/1.2 channels results in channel
inhibition27-28 (Fig. 3). Thus, STIM activation in response to store depletion and stress
conditions results in the reciprocal control of Orai and Cay/1.2 channels. Such STIM-
mediated switching between voltage-dependent and voltage-independent CaZ* signaling
may have great significance in controlling the function, growth and development of
excitable cells.

Implications and speculations on STIM

The discovery that STIM proteins are Ca2* sensors provides considerable insight into how
communication between the ER and PM controls CaZ* signal generation. STIM proteins can
now be seen as having broader importance and may be considered multimodal stress
sensors, controlling Ca2* signal generation and maintaining Ca?* homeostasis. The full
spectrum of STIM targets has yet to be determined. So far, the targets are predominantly
channels, but modification of key signaling enzymes, such as adenylyl cyclase, increases the
potential sphere of influence of STIM proteins. So far, STIM targets have all been found
within the PM and are modified by transmembrane interactions. Whether STIM proteins
exert control over ER membrane proteins is not known.
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Investigations of STIM proteins as ROS and heat sensors have focused on Orail as the
target; the extent to which other PM targets are modulated by ROS or heat remains
unknown. STIM proteins are broadly expressed among cell types and throughout the ER.
They are also expressed in the PM1, where their CaZ*-sensing motifs are exposed to the
exterior of cells. As yet, definitive functions for PM-expressed STIM proteins have not been
established. STIM1 or STIM2 animal knockout phenotypes reveal profound changes not
only in immune cells but also in muscle, skin and neural cells!-2, Combined STIM1 and
STIM2 knockdowns in mice are generally lethal early in life, and it is not yet known what
pathophysiologies are affected by the STIM proteins. In conclusion, STIM proteins are
central players in multiple stress responses. Future investigations directed toward
characterizing the complex physiological and pathophysiological roles of STIM proteins
will provide new insights into how stress conditions are sensed by cells and how
modification of Ca2* signals and CaZ* homeostasis helps cells adjust to stress and avoid
consequential damage.
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Figurel. STIM activation

(@). STIM proteins in the resting state. Under normal conditions, InsP3R Ca2* release
channels are closed, ER Ca?* stores are full and STIM proteins with Ca2* bound to their EF-
hands are distributed throughout the ER. There is no coupling with Orai channels in ER-PM
junctions, and inactive Orai channels are distributed evenly within the PM. (b) STIM
proteins in activated cells. Receptor-induced InsP5 production activates Ca?* release
channels (InsP3Rs). In areas of Ca? depletion, Ca2* dissociation from STIM proteins causes
their activation, leading to aggregation and translocation into ER-PM junctions, where they
become trapped through interactions with PM lipids and Orai proteins. (¢) STIM activation
and coupling to Orai channels. STIM proteins sense small changes in luminal Ca%* and
function as molecular switches to couple with and activate Orai channels.
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Figure 2.

Multiple stress sensing by STIM1. Switching of STIML1 to the activated form can be
triggered by either Ca?* store depletion, oxidative stress or temperature increases. In each
case, Ca2* dissociation from the luminal EF hand likely occurs. For store depletion and
activation by ROS, coupling to activate Orai channels occurs. The temperature increase
prevents coupling to Orai; upon subsequent cooling, coupling to activate Orai channels
occurs. SOAR, STIM-Orai activating region; GSH, glutathione.
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Figure 3.

Multiple targets for STIM1. STIM1 interacts with both Orail and Cay/1.2 channels, forming
a large junctional complex within which STIM1 activates Orail channels and inhibits
Cay1.2 channels. At rest, STIML1 is likely a dimer with its CAD domain (red) masked by
internal binding to CC1 (blue; see Fig. 1). Luminal Ca%* depletion causes STIM1
oligomerization and umasking of CAD acidic residues that bind basic residues on Orail,
trapping and activating its channel. The interaction with Cay/1.2 channels requires the same
STIM1-CAD domain but has yet to be characterized. Both channel targets appear to coexist
within the same ER-PM junctional complex.
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