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Abstract: Calcium (Ca?*) signaling plays a dichotomous role in cellular biology, controlling cell
survival and proliferation on the one hand and cellular toxicity and cell death on the other. Store-
operated Ca?* entry (SOCE) by CRAC channels represents a major pathway for Ca* entry in
non-excitable cells. The CRAC channel has two key components, the endoplasmic reticulum Ca?*
sensor stromal interaction molecule (STIM) and the plasma-membrane Ca?* channel Orai. Physical
coupling between STIM and Orai opens the CRAC channel and the resulting Ca®* flux is regulated
by a negative feedback mechanism of slow Ca®* dependent inactivation (SCDI). The identification
of the SOCE-associated regulatory factor (SARAF) and investigations of its role in SCDI have led
to new functional and molecular insights into how SOCE is controlled. In this review, we provide
an overview of the functional and molecular mechanisms underlying SCDI and discuss how the
interaction between SARAF, STIM1, and Orail shapes Ca?* signaling in cells.

Keywords: store operated calcium entry (SOCE); STIM1; SARAF; Orail; CRAC channel; slow calcium
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1. Introduction

Store-operated calcium entry (SOCE) is an evolutionarily conserved mechanism
present in nearly all types of metazoan cells. SOCE operates to replace Ca®* lost from
the endoplasmic reticulum (ER) with Ca?" that enters the cytoplasm through plasma
membrane (PM) channels [1]. The transmembrane Ca®* flux replenishes luminal ER Ca%*
and plays a critical role in many cellular functions, including secretion, migration, and
gene expression. Accordingly, numerous studies have shown that abnormalities in SOCE
are associated with a variety of disease states, including cancer, neurodegeneration, and
cardiovascular diseases. Moreover, gain or loss of function mutations in genes of the key
mediators of SOCE lead to multi-systemic disorders, including immunodeficiency and
autoimmunity, muscle hypotonia and skeletal muscle myopathy, ectodermal dysplasia,
and mydriasis [2,3]. Though several members of TRPC family of ion channels contribute
to SOCE [4], the calcium release-activated calcium (CRAC) channel is the prototypical
mediator of this process in most types of cells [3]. The molecular identity of the channel
remained a mystery for decades and was eventually solved in 2005-2006 with the identifi-
cation of two key components, stromal interaction molecule (STIM) and Orai [5-11]. STIM
is the ER Ca?* sensor that detects changes in ER Ca?* levels and responds by coupling to
Orai, the Ca?* channel located in the PM, to open the channel and initiate cellular CaZ*
entry. Mammalian cells contain two STIM isoforms, STIM1 and STIM2, and three Orai
isoforms (ORAI1-3); however, much of the current knowledge of the structure-function
of CRAC channels and their physiological roles arises from studies involving STIM1 and
Orail [12]. Seminal structural work by Long and colleagues revealed that channels of the fly
orthologue of mammalian Orail are arranged as hexamers [13]. Each Orai subunit has four
transmembrane segments with residues from TM1 lining the channel pore while residues
from TM2-4 organize in concentering rings around it. Both N- and C-termini of each sub-
unit face towards the cytosol, and pairs of neighboring C-termini bend towards each other
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and interact when the channel is closed and disengage when the channel opens [14,15].
The C-terminus of Orail contains a key site that is necessary and sufficient for STIM1
binding [15,16]; however, both N- and C-termini cooperate in binding to STIM1 and in
conveying the gating signal to the pore [17-22]. STIM1 is a single pass membrane protein
that localizes to endoplasmic reticulum membrane. The luminal-facing EF-SAM domain
of STIM1 harbors multiple calcium-binding sites that sense changes in luminal calcium
levels [23-25]. Unbinding of CaZ* from this domain of STIM1 induces rearrangement of
the transmembrane domain, which in turn elicits a large conformational change in the
cytosolic-facing part of the protein [26-34]. The cytosolic-facing part of STIM1 contains
multiple functional and regulatory domains, including the STIM1-Orail activation region
(SOAR [35], also referred to as CAD [36]), a short segment that is both necessary and
sufficient for binding and gating the Orail channel. Under resting conditions, the SOAR
is shielded by intramolecular inhibitory mechanisms that prevent it from spontaneously
binding to Orail. The first of these involves a well-characterized interaction between the
SOAR and the CC1 (coiled coil 1) region that is located between TM and SOAR [27,32,34].
The second involves a recently described interaction between the STIM1 inhibitory domain
(STIM1 ID), which is located C-terminally to SOAR, with the membrane proximal segment
of the CC1 region [37,38]. Depletion of ER Ca?* induces rearrangement of the STIM1 TM
region, which in turn leads to pairing of neighboring CCl1 regions [26-30,32]. Ligation of
CCl1 regions removes both brakes from SOAR and stimulates multimerization of STIM1.
These conformational changes also liberate a lipid-binding region at the C-terminus, allow-
ing STIM1 multimers to interact with plasma membrane phospholipids and accumulate
at ER-PM contact sites [6,23,39-41]. At these active sites, STIM1 binds to and gates Orail
channels to elicit Ca®* influx into cells.

Under physiological conditions, the rise in intracellular Ca®* stimulates various in-
tracellular calcium-dependent signaling cascades. However, if left unchecked, prolonged
elevation in cytosolic Ca?* may also induce cytotoxicity and cell death [42]. Consequently, a
number of inactivation mechanisms have evolved to constrain channel activity. Key among
these is a process called calcium-dependent inactivation (CDI), which represents a feedback
mechanism that operates to balance the excess of cytosolic calcium in cells. Inhibition of
CRAC channel function by calcium takes place in two basic ways, channel deactivation
and channel inactivation. Channel deactivation occurs when Ca?* levels rise both in the
cytosol and the ER lumen and involves both physical and functional decoupling between
STIM1 and Orail, accompanied by a reorganization of both proteins back to their resting
conformations [23,33,43—46]. Conversely, CDI only requires a rise in cytosolic calcium
and does not appear to involve a comprehensive physical disassembly of the channel
complex. CDI occurs through two temporally distinct mechanisms of fast (FCDI) and slow
(SCDI) inactivation. FCDI takes place on a millisecond time frame (with 11/2 of ~10 and
100 ms) and involves regulatory regions located on both STIM1 and Orail [47-51]. On
the other hand, SCDI develops gradually over tens of seconds and depends on multiple
mechanisms that are both intrinsic and extrinsic to the CRAC channel [37,52-57]. One of
the best characterized regulators of SCDI in cells is the SOCE-associated regulatory factor
SARAF. In this contribution, we begin with a mechanistic overview of CRAC channel SCDI
and focus on the idea that SCDI emerges from a number of distinct mechanisms in cells.
We then review the current state of the field for studies on the molecular basis for CRAC
channel regulation by SARAF. Finally, we discuss the physiological roles of SARAF in light
of recent studies from SARAF KO mice.

2. Slow Calcium-Dependent Inactivation—What Is the Mechanism?

A defining feature of CRAC channel SCDI in cells is the inhibition of channel activity
that develops over tens of seconds and depends on a rise in cytoplasmic Ca?* [53,54].
Although first characterized more than two decades ago, the mechanism underlying SCDI
remains poorly understood. A major contributing factor to this vagueness is the apparent
heterogeneous behavior of SCDI in different types of cells. Initial indication of the phe-
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nomenon was reported by Louzao et al., showing that the effects of BAPTA and EGTA, Ca?*
chelators with similar Ca?* affinity but different binding kinetics, on slow inactivation are
similar in lacrimal and acinar cells but different in fibroblasts [58]. Most studies, however,
employed either rat basophilic leukemia (RBL), Jurkat T-lymphocytes, or human embry-
onic kidney cells (HEK293 cells) to investigate SCDI of CRAC channels. Comparison of
functional characteristics of SCDI in these cells further suggests that different mechanisms
are at play in each cell type (summarized in Table 1).

Table 1. Summary of differences in properties of SCDI in Jurkat, RBL, and HEK293 cells.

SCDI Properties Jurkat T-lymphocytes Rat Basophilic Leukemia Cells Human Embryonic Kidney Cells
Distance from CRAC channel ~10-50 nm [59] or >100 nm [53] >100 nm [54,60] ~10-50 nm [57,61]
Ca?* IC50 ? ~0.5 uM [62] ~0.2 uM [61]
Recovery from inactivation Full current recovery [53] No current recovery [54] Intermediat&;uérlr ]ent recovery
Promoted by SARAF [52] and Promoted by SARAF [37,52,63]

Role of regulators

Insensitive to CaM [54]

ORMDL3 [55] and CaM [56]

In the three types of cells, dialysis with high levels of BAPTA (~8-10 mM) fully
suppressed SCDI whereas moderate amounts of the slow Ca?* chelator EGTA (1.2-1.4 mM)
led to about ~50% inhibition [52-54,61]. However, while dialysis with high levels of
EGTA (10-14 mM) fully blocked SCDI in RBL cells [54,60], it produced diverse effects
in Jurkat cells [53,59] and did not prevent inactivation in HEK293 cells [57,61]. These
differences suggest that in each type of cell the mechanism that triggers SCDI is located at
a different distance from the channel pore [64]. In RBL cells, the similar sensitivity to high
concentrations of either EGTA or BAPTA places the Ca?" nanodomain of SCDI at a distance
larger than 100 nm from the CRAC channel pore, while in Jurkat T-lymphocytes [59] or
HEK?293 [57,61], where SCDI is effectively blocked by high levels of BAPTA but not by
similar levels of EGTA, the Ca?* nanodomain is likely to be much closer to the channel
pore (within 10-50 nm). Further signifying that different mechanisms mediate SCDI in
these cells, SCDI shows sensitivity to Ca?* with half maximal inhibition at around ~0.5 uM
in RBL cells [62] and ~0.2 pM in HEK293 cells [61]. Furthermore, SCDI does not require
a continuous presence of elevated CaZ* in RBL cells [54], while in HEK293 [52,61] and
Jurkat [53] cells, following a transient decrease in Ca?* levels, the current recovers partially
(HEK293 cells) or fully (Jurkat cells). The basis for these differences is presently unknown
but may involve changes in the subunit composition of CRAC channels [61], expression of
regulators of STIM1 or Orail [52,55,56], or other mechanisms that contribute to localization
of CRAC channels at ER-PM contact sites [63], or to local elevation [65] or buffering [59,60]
of Ca®* near CRAC channels.

Indeed, Lis et al. showed that the different isoforms of Orai exhibit distinct functional
properties [61]. Whereas currents by Orail channels exhibit sensitivity to SCDI, those by
Orai2 and Orai3 do not [61]. It is also worth mentioning that although it is not presently
known if the sensitivity of the Orai channel to SCDI is lost or retained when Orail multi-
merizes with Orai2 or Orai3, different heteromeric assemblies of Orai in different cell types
are also likely to contribute to differences in CRAC channel SCDL

The different IC50 profiles of SCDI in HEK293 and RBL cells [61,62] may arise from
two separate sensing mechanisms with different Ca?* affinities. Calmodulin (CaM) was
reported as a putative Ca?* sensor for SCDI in HEK293 cells [56]. Consistent with the
notion that SCDI is mediated by distinct Ca?* sensing mechanisms in HEK293 and RBL
cells, pharmacological inhibition of CaM suppresses SCDI in HEK293 [56] but not in RBL
cells [54]. The cell-type specific effect of CaM inhibition is somewhat surprising since CaM
is ubiquitously expressed and highly abundant in cells. However, this inconsistency may
be explained by the different ways through which CaM has been shown to affect the CRAC
channel, including the binding of CaM to Orail [66,67] or to the SOAR of STIM1 [56],
which promotes the decoupling of STIM1 from Orail, and the interaction of CaM with
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the lipid-binding C-terminus of STIM1 or STIM2 [68,69], which may interfere with the
targeting of STIM1 to ER-PM junctions and therefore with SCDI [63].

Calcium buffering by mitochondria has also been shown to modulate SCDI, suggesting
that mitochondrial heterogeneity is another important source for cell-type dependent
differences in SCDI. The steep membrane potential (~—180 mV) across the mitochondrial
inner membrane that drives ATP synthesis also enables robust and rapid calcium uptake
into the mitochondrial matrix. Gilabert and Parekh reported strong SCDI when intracellular
Ca?* was buffered by 0.1 mM EGTA but almost no inactivation with 10 mM EGTA in RBL
cells [60]. Under low intracellular CaZ* buffering (0.1 mM EGTA), inclusion of a cocktail
of intermediary metabolites required for mitochondrial respiration in the patch pipette
strongly suppressed SCDI and this effect was reversed by ruthenium red, a blocker of
mitochondrial Ca?* uptake [60]. A subsequent study by Gilabert and collaborators analyzed
SCDI in Jurkat T-cells and showed that the release of ATP by mitochondria localized close
to CRAC channels increases Ca®* buffering capacity and suppresses SCDI [59]. Hence,
different cell-dependent mechanisms by mitochondria contribute to buffering of free
cytosolic Ca?* and hence to suppression of SCDI. A search for regulators of mitochondrial
Ca?* led to a serendipitous identification of SARAF, a key regulator of SCDI [52]. As
elaborated in the following sections, the contribution of SARAF to the regulation of SOCE
also exhibits cell-type dependent variations. Therefore, while the molecular basis of SCDI
is presently unclear, the idea that it arises from distinct mechanisms operating in a cell-type
specific manner should be instrumental to the design and execution of future studies of
this inhibitory pathway.

3. Molecular Identification of SARAF

SARAF was identified by a high throughput functional screen for modulators of mito-
chondrial matrix calcium. Although SARAF localizes primarily to the ER membrane [52],
and also partially to the PM [70] but not mitochondria, its overexpression caused a sig-
nificant decrease in resting mitochondrial calcium. This conundrum was resolved by
analysis of changes in the levels of cytosolic and ER Ca®* which demonstrated that in-
creased expression of SARAF caused a global change in cellular Ca?* homoeostasis by
modulating Ca* fluxes across the plasma membrane. A combination of Ca?* imaging
and electrophysiological analyses further revealed that the pathway sensitive to the effect
of SARAF is SOCE and that SARAF facilitates CRAC channel SCDI in both HEK293 and
Jurkat T-cells [52]. Although subsequent studies found that SARAF also affects the function
of arachidonic acid-sensitive channels [71] and TRPC1 channels [72], the main target of
SARAF appears to be CRAC channels. Confirming a key role for SARAF in both CRAC
channel deactivation and SCDI, a number of reports showed that while an increase in
SARAF expression promotes channel inhibition, a reduction therein causes the opposite
effect [37,63,73,74]. Investigations of the mechanism behind CRAC channel regulation by
SARAF yielded a considerably more complex picture.

4. Interaction of SARAF with the CRAC Channel

Physical interaction between SARAF and STIM1 is well documented, and the dy-
namics of this interaction are summarized in Figure 1. Upon heterologous expression of
fluorescent protein-tagged versions of SARAF and STIM1 in cells, FRET measurements
place the two proteins within a 2-10 nm distance and protein pull-down analyses indicate
that they occupy the same protein complex [37,52,63]. Protein co-immunoprecipitation
(colP) studies revealed that when incubated with lysates prepared from cells expressing
STIM1 and Orail, a purified fragment of the C-terminal region of SARAF mainly precip-
itated STIM1 proteins, indicating that STIM1 is the key binding partner of SARAF [52].
The TM and ER luminal-facing domains of SARAF were not required for this interaction,
placing the site of STIM1-SARAF interaction in the cytosol [52]. Consistent with this con-
clusion, additional colP studies showed that the SOAR is the key binding site for SARAF
in STIM1 [37] and that physical interaction between full length STIM1 and SARAF occurs
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at resting conditions [37,63,73,75,76], transiently decreases during the first minute after ER
Ca?* depletion but is regained shortly afterwards (1-2 min) [63,75,76], and exhibits sensi-
tivity to mutations in the STIM1 CC1 [73] and CTID [37], which control the accessibility of
SOAR. Total internal reflection microscopy (TIRFM) and Forester resonance energy transfer
(FRET) studies added important insights related to the cellular localization and dynamics
of this interaction. The analyses showed that following ER Ca?* depletion, SARAF translo-
cates to ER-PM contact sites in a STIM1-dependent manner, that this step is accompanied
by augmentation of STIM1-SARAF interaction after STIM1 binds to Orail [52,63], and
that it occurs specifically at membrane microdomains enriched with phosphatidylinositol
4,5-bisphosphate (PI(4,5)P2) and stabilized by E-Syt1 and septin 4 [63]. The interaction is
reversible and returns to basal levels after ER Ca?* refilling [52]. An interesting and highly
important point is that almost all supporting data for the dynamic increase in interaction
between SARAF and the STIM1-Orail channel complex were obtained under conditions
that do not elicit SCDI. Therefore, SARAF already physically engages the CRAC channel
during channel activation and prior to induction of SCDI. While the functional significance
of this early interaction is presently unclear, it may indicate an initial role for SARAF
in channel activation [76,77] and raises a critical question regarding how the binding of
SARAF to STIM1 ultimately promotes SCDI.

Rest Active

STIM1 .
et . D ® ®
A AT
| : VR I E—1 [ ER
= SARAF % ‘dﬁ % %

Figure 1. Interaction between the CRAC channel and SARAF during channel activation. Rectangle and oval symbols

indicate the different domains of STIM1. At resting conditions, a fraction of SARAF (green) interacts with STIM1. Following

ER Ca?* depletion (step #1), SARAF undergoes a transient disassociation from STIM1 but the interaction is quickly regained
(step #2) and further augmented (step #3) following binding of STIM1 to Orail.

5. Current Models for SCDI by SARAF

Two related and presently unresolved questions are (1) how does the interaction
between SARAF and the CRAC channel complex promote channel inhibition? and (2) what
is the molecular basis for the Ca?* sensitivity of CRAC channel inhibition by SARAF?

By expressing a series of STIM1 deletion mutants in HEK293 cells, Jha et al. examined
the contribution of different regions in the C-terminus of STIM1 to CRAC channel function
and to the interaction with SARAF [37]. The study identified a region in STIM1 called the
C-terminal Inhibitory Domain (CTID, amino acids 448-532), which is located C-terminally
to SOAR and operates both to keep the SOAR shielded from interaction with Orail under
resting conditions and to regulate its interaction with SARAF [37]. Subsequent work by Lee
et al. narrowed the critical inhibitory region within the CTID to residues 470-491, which
encompass the STIM1 inactivation domain (STIM1 ID), and showed that this site interacts
with the CC1 region to maintain STIM1 in its resting conformation [38]. Importantly, the
CTID study showed that SARAF binds to SOAR and partially inhibits Orail currents
induced by SOAR when Ca?* is buffered by low levels of EGTA (1.2 mM) but not when it
is buffered by higher levels (10 mM) of BAPTA [37]. This finding indicates that SARAF
inhibits SOAR only when Ca?* levels are elevated and, since inhibition was about ~50% of
that observed for full length STIM1, other regions (i.e., the CTID) in STIM1 are required
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for the full inhibitory effect [37]. The study further showed that while SARAF does not
bind directly to the CTID, this regulatory site controls the interaction between SARAF
and SOAR. Deletion of a section of the CTID located proximally to SOAR (amino acids
448-490) enhanced both the interaction between STIM1 and SARAF as well as CRAC
channel inhibition, while interference with the section of the CTID that is more distal to
SOAR (amino acids 490-532) caused opposite effects. Based on these findings, a model
was presented whereby the two lobes of the CTID play differential roles in the inhibition of
CRAC channel function by allowing or restricting the access of SARAF to SOAR. In the
resting state, the distal lobe directs SARAF to SOAR to maintain the resting conformation
of STIM1. Upon STIM1 activation, the proximal lobe transiently restricts access of SARAF
to SOAR and allows SOAR to interact with and activate Orail. Finally, an additional
conformational transition in the STIM1 CTID, presumably triggered by a rise in cytosolic
Ca?*, supports the re-interaction of SARAF with SOAR to promote channel inhibition [37].

The CTID model provides a useful framework that accounts for a number of observa-
tions related to the dynamics of STIM1-SARAF interaction and the dual inhibitory effect of
SARAF at both rest and activated states of STIM1. However, the model is inconsistent with
several observations from other reports. For example, analysis of FRET between STIM1
and SARAF before and after ER Ca?* depletion shows only an increase in interaction and
not the transient bidirectional interaction change proposed by the model [52,63]. As dis-
cussed throughout the current work, there are multiple lines of evidence for non-inhibitory
interaction between SARAF and STIM1 after ER Ca?* depletion and prior to induction of
SCDI, which is not accounted for by the model. It is also not clear that the CTID is indeed
essential for maintaining the resting conformation of STIM1 since a STIM1 deletion con-
struct truncated at residue 448 (STIM1 1-448), and hence lacking the entire CTID, exhibits
normal store-operated coupling to Orail [36,78]. This indicates that spontaneous activation
of Orail by the STIM1 ID or CTID deletion mutants depends on the C-terminal region
after the CTID (residues 530-685). The corresponding C-terminal region of STIM1 contains
sites important for microtubule tracking [79,80] and for stabilizing interaction of STIM1
with PM phospholipids [81-85]. Intriguingly, both functions have been shown to regulate
Orail channel inhibition. Enhancement of STIM1 binding to EB1 has recently been shown
to delay translocation of STIM1 to ER-PM junctions and consequently prevents excess of
SOCE [86], and the lysine-rich C-terminus of STIM1 was shown to be critical for SCDI and
for interaction with SARAF in HEK293 cells [63]. Hence, the CTID model seems to provide
only a partial account of the contribution of SARAF to regulation of CRAC channels.

A report by Albarran et al. added additional complexity to the CTID model and
provided evidence that prior to promoting CRAC channel inhibition, SARAF initially
contributes to channel activation [76]. The study showed that shortly after STIM1 activation
by ER Ca?" depletion, SARAF dissociates from STIM1 and binds transiently to the C-
terminus of Orail [76]. Ca?* imaging experiments in murine hybridoma cancer cells
demonstrated that purinergic stimulation was followed by enhancement of cellular Ca?*
entry. This PM Ca?* flux was sensitive to changes in expression of either Orail or SARAF,
suggesting that binding of SARAF to Orail stimulated channel activation [76]. In line
with a stimulatory role for SARAF during SOCE activation, Ca?* imaging experiments
in human endothelial cells showed that RNAi-mediated knockdown of Orail or SARAF
expression attenuates VEGF-induced Ca?t entry [77]. Because Albarran et al. had used
cells with low expression levels of STIM1, their model suggested that SARAF contributes
to Orail channel activation independently of STIM1 [76]; however, it is not clear that the
contribution of SARAF to Ca?* entry in these cells was indeed STIM-independent as it may
have involved STIM2, which also mediates SOCE in cells [12] and which is also regulated
by SARAF [52]. Further uncertainty for a STIM-independent effect of SARAF on Orail
function arises from studies in HEK293 cells which showed that SARAF fails to reach
ER-PM sites in the absence of STIM1 [52] and that the deletion of both STIM1 and STIM2 is
sufficient to fully block Ca®* entry [87] despite significant levels of endogenous SARAF
and Orail proteins in these cells [52,63]. Finally, reduced levels of either Orail, SARAF,
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or STIM1 attenuate Ca?* entry in endothelial cells, suggesting that all three components
affect SOCE in these cells [88,89]. The bi-directional effect of SARAF on CRAC channel
activation and inactivation is highly intriguing and suggests a broader role for SARAF
in the regulation of SOCE. Clearly, additional work is necessary to elucidate exactly how
SARAF participates in either mechanism of CRAC channel function.

6. The Molecular Basis for Ca?* Sensitivity of SCDI by SARAF

In both of the above mentioned models, binding of SARAF to the SOAR of STIM1
under high levels of cytosolic Ca?* promotes inhibition of CRAC channel function [37,63,76].
The models, however, remain ambiguous as to whether SARAF physically interacts with
SOAR in a Ca?*-independent manner and promotes inactivation only when cytosolic Ca?*
levels rise, or alternatively, whether a rise in cytosolic Ca?* elicits an interaction between
SARAF and SOAR that inhibits its ability to activate Orail. Currently, based on a large body
of evidence from multiple studies, the first possibility appears more likely. Demonstrating
a type of SARAF-STIMI1 interaction that does not require Ca?*, co-IP analyses showed
that SARAF binds to either full length STIM1 [37,52,63,75,76] or SOAR alone [37] under
conditions in which the levels of free Ca?* in the cytosol are expected to be low (i.e.,
resting levels of about ~50-100 nM). FRET experiments also show a significant interaction
between STIM1 and SARAF under resting conditions [52,63]. Both coIP and FRET studies,
however, show an increase in SARAF-STIM1 interaction after depletion of ER CaZ* with
SERCA-inhibiting compounds [52,63,73,75,76]. This change might represent a form of
Ca?*-dependent interaction since application of SERCA inhibitors causes a transient rise in
cytosolic Ca?*. However, this scenario appears doubtful because the increase in STIM1-
SARAF FRET is not transient, as would be expected from a Ca?*-dependent process [52,63]
and is unaffected by elevation of intracellular Ca?* following induction of SOCE [52], and
since coIP studies indicate that complexes of SARAF and STIM1 obtained under resting
or ER Ca?*-depleted conditions are not sensitive to prolonged incubation (~4-8 h) in
nominally zero Ca?* (due to the presence of millimolar concentrations of Ca* chelators
in the lysis buffers) [52,73,75,76]. Moreover, TIRFM experiments demonstrated that after
ER Ca?* depletion, SARAF co-localizes with STIM1 at ER-PM junctions in cells pre-loaded
with BAPTA and that the SARAF E148 A mutant, which does not induce SOCE inhibition,
maintains interaction with STIM1 [52]. Therefore, the interaction of SARAF with either the
resting or activated forms of STIM1 does not require high levels of Ca?* and is not strictly
correlated with channel inhibition.

What is then the mechanism through which SARAF promotes CRAC channel SCDI?
As mentioned above, the answer is not known but there is evidence to support several
alternatives (Figure 2).

One option is that SARAF cooperates with a Ca?*-binding protein to promote chan-
nel inhibition. There are several potential Ca?* binding candidates. In the first scenario,
interaction between SARAF and the penta-EF-hand Ca?*-binding protein ALG-2 may
promote SCDI (Figure 2A). In support of such a scenario, Kimberlin et al. have shown
that dimerization of SARAF could enhance SOCE inhibition [74] and Zhang et al. showed
that ALG-2 physically interacts with the cytosolic-facing domain of SARAF and stabilizes
dimerization of this region in a Ca?*-dependent manner [90]. While it is currently unknown
if ALG-2 indeed modulates SOCE, a number of other Ca?*-binding proteins, including
CRACR2A [91], calmodulin [56], and EFHB [75] have been shown to do so. Whether
SARAF cooperates with either calmodulin or CRACR2A for inhibition of SOCE is not
known. Conversely, a recent study showed that modulation of EFHB expression affects
both SOCE and the interaction between STIM1 and SARAF [75]. The study demonstrated
that ER Ca?* depletion in HeLa cells elicits transient binding of EFHB to STIM1 in parallel
with unbinding of SARAF from STIM1 and that preloading of cells with BAPTA stabilizes
an interaction between EFHB and STIM1. Based on these findings, a model was presented
in which EFHB contributes to SCDI by competing with SARAF over binding to STIM1 in a
Ca”*-dependent manner (Figure 2B). The transient and reversible disassociation of SARAF
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and STIM1 after ER Ca%* depletion is consistent with data from additional studies [37,76].
However, the idea that STIM1 and SARAF re-associate after ER Ca?* depletion only when
cytosolic Ca?* rises is inconsistent with data from other studies which show that SARAF
and STIM1 interact after store depletion and under low levels of free Ca?* [37,52,63,73], that
the interaction is also maintained in cells loaded with BAPTA and is unaffected by intracel-
lular Ca®* rise following induction of SOCE [52]. Further work that examines whether and
how EFHB affects the CRAC current is required to shed light on this interesting possibility.
A second option is that Ca?* binding directly to SARAF or STIM1 operates to switch a
non-inhibitory interaction between SARAF and STIM1 into an inhibitory one (Figure 2C).
SARATF has no identifiable Ca* binding sites. On the other hand, the STIM1 ID region has
been shown to bind to Ca?* [92] and to affect CRAC channel CDI by SARAF, suggesting
that this region in STIM1 could function as a Ca?* sensor for SCDI [37]. A third alternative
is that binding of SARAF to STIM1 is not inhibitory on its own but instead serves to direct
the STIM1-Orail channel complex to specialized ER-PM contact sites where SCDI takes
place (Figure 2D). Several studies have demonstrated a critical role for membrane lipids in
the regulation of CRAC channel function [63,83,93-96]. An important report by Maléth et al.
showed that upon ER Ca?* depletion, STIM1 translocates initially to ER-PM sites poor with
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) and that it later migrates to ones
enriched with PtdIns(4,5)P2 [63]. The composition of PtdIns(4,5)P2-poor microdomains
is currently unknown but likely includes PtdIns4P or PtdIn3P, which have been known
to impact CRAC channel activation [83,97-99]. Notably, while depletion of PtdIns(4,5)P2
did not alter the degree of CRAC channel activation [63,83], it did reduce SCDI [63]. This
finding suggests that SCDI occurs exclusively at ER-PM contact sites enriched with Pt-
dIns(4,5)P2. To further test this idea, Maléth et al. replaced the C-terminal lipid-binding
region of STIM1 with that of either Kras, that binds to PtdIns(4,5)P2, or that of Lyn or Hras
that do not [100]. The different lipid-binding domains trapped STIM1 at ER-PM sites with
different lipid compositions and enabled analyses of the effect of each lipid environment
on SCDI and on interaction of STIM1 with SARAF. The results showed that when STIM1
was targeted to PtdIns(4,5)P2-rich domains, it interacted with SARAF and was sensitive to
SCDI but not when it was targeted to domains poor with PtdIns(4,5)P2. Therefore, binding
of SARAF to STIM1 at PtdIns(4,5)P2-poor microdomains may promote SCDI by facilitating
the translocation of the STIM1-Orail channel complex to PtdIns(4,5)P2-rich microdomains.
Interestingly, formation of Ca?*-phosphoinositide complexes alters the shape of phospho-
lipid membranes and elevated levels of Ca?* were found to interfere with lipid binding in
a number of PtdIns(4,5)P2-binding proteins [101-104], including STIM2 [69]. Hence, an
attractive feature of the phospholipid translocation model is that it also points towards
a potential Ca*-sensing mechanism for SCDI that involves Ca?*-dependent remodeling
of the PtdIns(4,5)P2-rich microdomain. Whether binding of SARAF to STIM1 facilitates
the translocation of the STIM1-Orail channel complex to ER-PM domains enriched with
PtdIns(4,5)P2 and whether elevated Ca?* modulates STIM1-phospholipid interaction are
currently unknown and await future investigation.
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Figure 2. Models for SCDI by SARAF. Rectangle and oval symbols indicate the different domains of STIM1 as in Figure 1.
(A) Ca?*-dependent interaction between ALG-2 (yellow) and SARAF (green) promotes channel inactivation via stabilization
of SARAF dimers. (B) EFHB (brown) binds to the STIM1-Orail channel complex. Increase in Ca?* causes disassociation of
EFHB from STIM1. Subsequent binding of SARAF to STIM1 promotes channel inactivation. (C) Binding of Ca* to the
STIM1 ID induces persistent channel inactivation when SARAF interacts with STIM1. (D) Binding of SARAF to STIM1
facilitates translocation of the channel complex from PM microdomains poor with PtdIns(4,5)P2 (off-white) to domains

enriched with PtdIns(4,5)P2 (cyan). Local increase in Ca?* promotes channel inactivation by remodeling the interaction of

STIM1 with the PM.

7. The Regulatory Function of the ER Luminal-Facing Domain of SARAF

While inhibition of CRAC channel by SARAF does not require the ER luminal-facing
region of the protein, the degree of inhibition is modulated by this domain [52]. Recently, a
study by the Reuveny and Minor groups reported the X-ray crystal structure of the SARAF
luminal domain [74]. The structure shows that the SARAF luminal domain forms dimers
(Figure 3A). Each monomer contains a 10-stranded 3-sandwich fold constrained by a set of
three disulfide bonds which establishes the “SARAF fold” (Figure 3A,B). The SARAF dimer
is formed by the “SARAF luminal switch”—a domain swap arrangement in which the
last two (3-strands (39 and (310) from each subunit are exchanged. Initial characterization
of the effect of SARAF on CRAC channel deactivation suggested that SARAF somehow
senses changes in luminal Ca?* levels [52]. However, although the SARAF luminal domain
was crystallized in 1 mM Ca®*, no Ca?* binding sites were resolved therein [74]. The
finding that the SARAF fold is stabilized by three conserved sets of disulfide bonds is
highly interesting and indicates that one or more of the three cysteine pairs could operate
as a redox sensor. Given that redox and Ca?* are tightly coupled in the ER lumen [105-107],
changes in ER Ca?* that induce changes in the ER redox state could affect the oligomeric
state of SARAF through reversible disulfide bond formation (Figure 3C). An indication
that the oligomeric state of SARAF is indeed dynamic was shown by FRET experiments
in live cells [74]. Therefore, an intriguing possibility is that dynamic changes in ER redox
modulate the oligomeric state of the SARAF luminal fold and thus affect the action of
the SOAR binding C-terminal region. Consistent with this idea, following transient ER
Ca?* depletion and under conditions that allow for ER Ca?* refilling in cells, currents
recorded in cells expressing a monomeric SARAF mutant lacking the SARAF luminal
switch (SARAF A150-165) were transiently larger than those in cells expressing the full
length protein [74]. The underlying mechanism behind the effect, however, is presently
unclear and alternative scenarios must also be considered. The results could suggest that
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the dimeric state of SARAF accelerates CRAC channel deactivation; however, considering
the effect of SARAF on channel activation [76,77], the results could alternatively imply
that monomeric SARAF is more efficient in promoting CRAC channel activation than the
SARAF dimer. Overall, while the luminal-facing domain of SARAF clearly affects CRAC
channel function, remaining important questions are whether and how redox changes in
the ER lumen induce oligomeric changes in SARAF and how such changes affect CRAC
channel function.
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Figure 3. Structure and putative redox-dependent rearrangement of the SARAF luminal fold.
(A) Structure of the SARAF domain-swapped dimer (PDB ID: 602U). Chains A and B are shown
in green and grey, respectively, and the 9th and 10th p-strands from chain A are also labeled.

(B) Magnification of the structure of b1 to b8 from chain A with cysteine residues forming disulfide
bonds highlighted in red. (C) Cartoon representation of the SARAF luminal fold showing putative
dimer to monomer reversible transitions mediated by oxidation-reduction of cysteine pairs indicated
in (B). S-S denotes disulfide bonds.

8. The Physiological Role of SARAF

Consistent with its role in the regulation of SOCE, the expression of SARAF appears in
a wide range of cell and tissue types similar to those of STIM1 or Orail [108-110]. Moreover,
similar to STIM1 and Orail, the expression of SARAF has also been shown to be regulated
by androgen receptor stimulation [108,111,112]. Although changes in SARAF transcripts or
protein levels have been reported in a number of pathologies, including pancreatitis [113],
cancer [111,114], and neurodegenerative [114-116] or cardiovascular [117-121] diseases,
there is no direct indication that loss- or gain-of-function mutations in SARAF lead to any
specific pathophysiology at this time.

Several activating mutations in STIM1 or Orail are known to cause the rare Stormorken
syndrome, whose features include congenital miosis and tubular aggregate myopathy.
Interestingly, many of the disease-causing mutations are gain-of-function mutations that
induce spontaneous channel activation. Functional analyses of these mutations showed that
SCDI is perturbed in some cases [57], although not in all [122], suggesting that deficiency
in SCDI may contribute to the disease state. As mentioned above, whether changes in
SARAF expression or loss-of-function mutations in SARAF are associated with Stormorken
syndrome is currently unknown but presents an interesting avenue to explore.

Studies in mice lacking SARAF expression provided new insights regarding the
physiological roles of SARAF [113,120]. The reports have shown that mice with whole
body knockout of SARAF are viable and appear to develop normally, indicating that loss
of SARAF is overall well tolerated. It is worth mentioning that this finding is not very
surprising given that the contribution of SARAF to regulation of Ca®" entry in cells is
likely to be compensated for by a number of alternative mechanisms. Nevertheless, the
loss of SARAF expression is not without effect and at the cellular level leads to perturbed
Ca?* homeostasis in pancreatic acini cells [113], though not in cardiomyocytes [120], while
at the tissue level in either heart or pancreas, the effect of SARAF deletion on function
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appears predominantly under pathological conditions [113,120]. In the following sections
we discuss the role of SARAF under pathological states of cardiovascular, pancreatic and
smooth muscle tissues.

9. The Role of SARAF in Pathologies of Cardiovascular Tissues

Elevated expression levels of SARAF were reported in patients with dilated cardiomy-
opathy (DCM), suggesting a possible role for SARAF in cardiac pathology associated with
sustained hypertrophy [119]. The role of SARAF in cardiac hypertrophy, however, yielded
apparently conflicting findings. Suggesting that increased expression of SARAF in the heart
is not pathological and could play a protective role, Dai et al. showed that mice treated with
SARAF lentiviruses exhibit normal cardiac size and function despite a significant increase
in the expression of SARAF [118]. Notably, overexpression of SARAF in the heart blunted
the increase in ventricle wall size after abdominal aortic constriction [118]. In contrast,
using a different experimental model for pressure overload, Sanlialp et al. reported that
full-body knockout of SARAF expression diminished cardiac hypertrophy following trans-
verse aortic constriction (TAC) and that adeno-associated viruses induced overexpression
of SARAF in the heart that contributed to pathological cell growth following treatment
with Angiotensin II (Ang II) [120]. It is possible that the differences in the experimental
models employed in the above reports contributed to the different effects of SARAF on
hypertrophy responses. Moreover, considering the tight relationship between angiogenesis
and pathological cardiac hypertrophy, it is worth mentioning that SARAF was shown to
contribute to different steps in the angiogenesis process [77]. Hence, since overexpression
of SARAF was driven by cardiomyocyte-specific myosin light chain ventricular isoform
(MLC-2v) promoter only in one of the two studies [120], cell-type specific functions of
SARAF may have also contributed to the observed differences. At the cellular level, the ef-
fects of SARAF on cardiomyocyte cell growth were associated with changes in calcium and
mTORCI signaling and were partially dependent on STIM1 expression, revealing a novel
role for SARAF in regulating the crosstalk between SR calcium homeostasis and mTORC1
signaling [120]. Interestingly, several of the phenotypes of mice with SARAF deletion or
overexpression are similar to those observed in animal models with altered expression of
STIM1. While deletion of either STIM1 or SARAF in the heart protects against pressure-
induced hypertrophy [120,123], overexpression of either protein leads to an increase in
the magnitude and frequency of Ca?* transient currents and also to similar hypertrophic
responses following TAC, including increased heart weight and worsened remodeling of
cardiac function [120,124]. These findings therefore suggest that in the heart, STIM1 and
SARAF undergo a cooperative but not antagonizing interaction. The positive contribution
of SARAF, STIM1, and Orail to both store-operated Ca?* entry in endothelial cells and to
angiogenesis [77,88,89,125] suggests that such a cooperative relationship between SARAF
and CRAC channels may also occur in additional cell types and tissues.

10. The Role of SARAF in Acute Pancreatitis

Aberrant calcium signaling is a hallmark of pancreatic inflammation [126,127] and
SOCE mediated by either Orail [128-130] or TRPC1 and TRPC3 [131-135] channels is the
main Ca?" entry pathway in pancreatic duct and acinar cells. Notably, SARAF inhibits the
activity of either Orail [37,52,63,73,76] or TRPC1 [72] channels, suggesting it may play a key
role in Ca?* signaling in the pancreas. The potential therapeutic benefit of SOCE inhibition
by SARAF, together with the finding that SARAF expression in the pancreas is reduced
in patients with pancreatitis, prompted Son et al. to investigate a possible role of SARAF
during acute pancreatitis [113]. In vitro studies utilizing cells with deleted or elevated
expression of SARAF revealed a critical role for SARAF in SOCE inhibition in pancreatic
acinar cells. Curiously, however, interaction between SARAF and STIM1 in either HEK293
or mouse pancreatic acini cells increased during the first couple of minutes following
stimulation with carbachol and remained stable when cells were stimulated with low
levels of the agonist but gradually diminished at high levels thereof. The latter decrease in
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SARAF-STIM1 interaction is somewhat surprising considering that it is not observed after
ER CaZ* depletion with SERCA inhibitors [52,63] or after induction of SOCE [52] and since
stimulation at high agonist levels is likely to produce a stronger intracellular Ca?* response
followed by a more robust SCDI than those with low levels of the agonist. Although the
cause for this decrease was not elucidated, a possible explanation is that it results from
strong phospholipase C (PLC)-induced depletion of PtdIns(4,5)P2 in the cell membrane,
which in turn diminishes SCDI by SARAF [63]. Remarkably, in vivo studies showed
that the deletion of SARAF expression led to high basal pancreatic trypsin activity and to
elevated secretion of amylase and saliva upon muscarinic receptor stimulation. Importantly,
induction of acute pancreatitis by low doses of caerulein led to a more aggravated response
in SARAF KO mice compared to WT mice whereas SARAF over-expressing mice exhibited a
more protective effect, suggesting that SOCE inhibition by SARAF plays a critical protective
role during acute pancreatitis.

11. The Role of SARAF in Smooth Muscle Remodeling

In both vascular and airway tissues, the remodeling of smooth muscle cells (SMC) is
considered to be an important mechanism that underlies different disease states, including
restenosis, atherosclerosis, hypertension, and atopic asthma [136]. SMC remodeling is
characterized by a phenotypic change in which cells transition from a normal contractile
phenotype to a more migratory-proliferating one and the process is associated with upreg-
ulation of Ca?* entry via STIM and Orai. Interestingly, in both airway and vascular SMCs,
STIM and Orai establish two distinct types of channels, store-operated CRAC channels
and store-independent arachidonate-regulated Ca?* (ARC) channels. Both CRAC and
ARC channels have been shown to be regulated by SARAF in other cell types [52,71];
however, whether SARAF exerts a similar effect on both types of channels in SMCs is
not firmly established yet. Nonetheless, accumulating evidences suggest that SARAF
plays an important role during pathological remodeling of both types of smooth muscle
tissues [108,117,137]. Using a balloon-induced carotid artery injury model in rats, Yang
et al. showed that while in healthy arteries the expression of SARAF was significant in
the media and intima layers, it was very low in the newly formed neointima layer in
injured arteries. Importantly, the study showed that increased levels of SARAF may endow
protection against neointimal hyperplasia. Overexpression of SARAF in cultured vascular
SMC-attenuated PDGF evoked intracellular Ca* responses and suppressed cellular prolif-
eration and migration. Likewise, overexpression of SARAF in vivo partially suppressed
neointima formation after balloon injury. Studies in airway SMC imply a similar protective
role for SARAF against inflammation-induced SMC remodeling. In human airway SMCs,
exposure to the pro-inflammatory cytokine TNF or treatment with SARAF siRNAs caused
reduction in expression of SARAF and elevation in SOCE [108,137]. Likewise, the SARAF-
deficient cells exhibited increased migration and proliferation [137]. Using a model for
asthma in mice, Wang et al. showed that remodeling of SMCs after either acute or chronic
inflammation in the lungs was correlated with reduction in expression of SARAF and that
both severity of inflammation as well as SMC remodeling was significantly reduced in
mice over-expressing SARAF. Therefore, through its suppressive effects on Ca?* entry in
SMC, SARAF appears to play an important protective role during pathological remodeling
of smooth muscle tissue.

12. Concluding Remarks and Future Directions

By shaping cellular Ca?* entry in cells, slow CDI of CRAC channels plays key roles
in regulation of gene expression, secretion, and cellular toxicity [113,138]. As the inacti-
vation process involves different mechanisms in different types of cells, understanding
the molecular basis for this functional heterogeneity represents a significant challenge for
future work. The discovery of SARAF and its role in regulation of CRAC channel function
constitutes a step forward in this direction. It enabled a first examination of the role of
SCDI in vivo and confirmed that SCDI indeed plays a protective role against Ca**-induced
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cellular toxicity [76] or pathological tissue remodeling [117,137]. However, in some tissues,
the role of SARAF appears to extend beyond its contribution to SCDI [77,120], thus calling
for further examination of the function of SARAF in additional tissues and under different
physiological and pathophysiological states. There are also a number of key issues that
require elucidation from a mechanistic point of view. The regulatory effect of SARAF on
CRAC channel function depends on multiple factors, including the levels of free Ca®* in
the cytosol, the oligomeric state of the SARAF luminal fold, and the localization of the
channel at PtdIns(4,5)P2-rich PM microdomains. The mechanism by which changes in
these factors are communicated via SARAF to the STIM1-Orail channel complex remains
elusive. This issue segues with the final point as there exists strong evidence that the in-
crease in interaction between SARAF and STIM1 correlates with CRAC channel activation
but not SCDI and that under some circumstances SARAF promotes rather than inhibits
CaZ* entry in cells [76,77]. Therefore, exactly how interaction between SARAF and the
STIM1-Orail channel complex affects either the process of activation or inactivation is
another fundamental issue that awaits elucidation.
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