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A B S T R A C T

A primary calcium (Ca2+) entry pathway into non-excitable cells is through the store-operated Ca2+ release
activated Ca2+ (CRAC) channel. Ca2+ entry into cells is responsible for the initiation of diverse signalling
cascades that affect essential cellular processes like gene regulation, cell growth and death, secretion and gene
transcription. Upon depletion of intracellular Ca2+ stores within the endoplasmic reticulum (ER), the CRAC
channel opens to refill depleted stores. The two key limiting molecular players of the CRAC channel are the
stromal interaction molecule (STIM1) embedded in the ER-membrane and Orai1, residing in the plasma mem-
brane (PM), respectively. Together, they form a highly Ca2+ selective ion channel complex. STIM1 senses the
Ca2+ content of the ER and confers Ca2+ store-depletion into the opening of Orai1 channels in the PM for
triggering Ca2+-dependent gene transcription, T-cell activation or mast cell degranulation. The interplay of Orai
and STIM proteins in the CRAC channel signalling cascade has been the main focus of research for more than
twelve years. This chapter focuses on current knowledge and main experimental advances in the understanding
of Orai1 activation by STIM1, thereby portraying key mechanistic steps in the CRAC channel signalling cascade.

1. Introduction

As diverse signalling pathways depend on Ca2+ levels within cells,
the refilling of the intracellular stores in the ER is a crucial step in Ca2+

signalling. More than 30 years ago Putney et al proposed a concept of a
Ca2+ entry pathway that is activated upon store-depletion of these
internal Ca2+ reservoirs [1]. Today this Ca2+ influx pathway is referred
to as store-operated Ca2+ entry (SOCE), which can be observed in a
variety of cell types including lymphocytes, pancreatic acinar, vascular
endothelial and smooth and skeletal muscle cells [2–6]. Under phy-
siological conditions, SOCE is initiated upon Ca2+ release from the ER
lumen into the cytoplasm after receptor activation. Inositol-1,4,5-tri-
phosphate (IP3) is produced upon activation of receptors that are cou-
pled to phospholipase C (PLC) stimulation which hydrolyses phospha-
tidylinositol-4, 5-bisphosphate (PIP2) [7,8]. Subsequently, IP3 binds to
its receptor in the ER membrane, thereby initiating Ca2+ release [9,10].
The Ca2+ release activated Ca2+ (CRAC) channel is the best-char-
acterized store-operated channel (SOC) and its currents are defined by a
set of characteristic features [5,11].

Decades after Putney’s concept of store-operated Ca2+ entry, the
two key players of the CRAC channel complex have been identified:
STIM1 and Orai1 [12–16]. Genetic screens by RNAi have revealed that
STIM1 constitutes a functional component of the CRAC channel [12,13]
and senses the Ca2+ content of the ER. Orai1 has been shown to play an

important role in T-cell effector functions due to the fact that a single
missense mutation (R91W) abrogates CRAC channel function, which
leads to a severe immunodeficient phenotype (SCID – severe combined
immunodeficiency) [16].

Ca2+ ions enter the cell upon physical interaction of STIM1 with
Orai1 and act as second messengers to sustain Ca2+ oscillations, to
maintain Ca2+ homeostasis and to provide long-term Ca2+ signals.
These long-term Ca2+ signals regulate a plethora of signalling cascades
including cytokine secretion, mast cell degranulation, T-cell differ-
entiation into effector subsets, B-cell differentiation into plasma cells,
lysis of cancerous or infected target cells by cytolytic T-cells, cell pro-
liferation or gene transcription [14–25].

In the following sections we will specify CRAC channel proteins and
describe key findings that have established our current knowledge of
the Orai1 activation process by STIM1.

2. Key players in the CRAC signalling cascade

The STIM1 protein is uniformly distributed and shows constitutive
movement along microtubules within the ER when Ca2+ stores are full.
During store-depletion, bound Ca2+ ions dissociate from the luminal EF
hand of STIM1, a signal that triggers STIM1 to oligomerize and trans-
locate to ER-PM junctions, leading to puncta at sites near the PM
[18,26–28]. The pore-forming subunit of the CRAC channel in the PM,
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Orai1, accumulates at sites opposite to STIM1. Thus, high proximity
between these two proteins allows for direct interaction and leads to
CRAC channel activation and subsequent refilling of internal Ca2+

stores [18,28,29].

3. Characteristics of Orai proteins

There are three members of the Orai family (Orai1 – 3) in mammals,
each within selected tissues exhibiting elevated expression [19,30] and
each of them forming a hexameric channel complex with a highly Ca2+

selective pore in the PM [31–33].
Orai1 is a 33 kDa protein (composed of 301 amino acids) containing

four transmembrane domains (TM) with both the N-terminus and the C-
terminus residing in the cytosol [16] (Fig. 1A, B). The hexameric as-
sembly of the closed Orai channel of Drosophila melanogaster, which
shows 73% sequence identity to hOrai1, has been resolved by X-ray
crystallography in 2012 [32]. This structure, achieved with truncated
NH2 and COOH termini (residues 132–341 in dOrai1 (corresponding
residues 60–296 in hOrai1) used for the crystal structure), the mutation
of two non-conserved cysteine residues (dOrai C224,283 T; hOrai1
S153,T240) and a mutated loop3 (dOrai1 P276,277R; corresponding
residues in hOrai1 K204,Q205), has revealed that six Orai monomers
are arranged around a central axis, in which the TM1 of each subunit
forms the inner ring of the pore. The remaining three TMs are arranged
in concentric rings around the ion conducting pore (Fig. 1C).

The cytosolic C-termini of the TM4 helices have been described as
arranged in pairs, with the helices bending in the opposite directions to
form coiled-coil interactions with other Orai subunits. It has been
shown that mutations in the coiled coil regions of hOrai1 (L273 and
L276) lower the coiled-coil probability and inhibit STIM1 binding and
channel activation [28,34,35]. Quite recently, the Long lab managed to
crystallize the Drosophila melanogaster Orai channel in its open con-
formation [36]. By using a gain-of-function (GOF) mutation in Orai
(dOrai H206 A corresponding to hOrai1 H134 A, which switches the
channel into a constitutively open conformation as shown by Frischauf
et al in 2017 [37]) they have been able to identify that the pore dra-
matically dilates on the cytosolic end being ∼10 Å apart at K159
(corresponding to K87 in hOrai1) upon channel opening. This opening
requires the release of cytosolic latches with P288 (P245 in hOrai1) and
the SHK motif (aa263,264,265 in hOrai1) as hinge points. A

straightening of TM4 and TM4ext leads to new TM4ext-TM4ext inter-
actions from different channel subunits and a continuous α-helix that
extends 45 Å into the cytosol.

Although it appears in the crystal that pore lining amino acids closer
to the extracellular side stay locally constant in closed and open con-
formations, the low resolution limits to observe if the opening of the
channel involves a slight rotation of the TM1 helix as has been proposed
by Yamashita et al in 2016 [38]. Hou et al. have also found that the
unlatching of cytosolic regions alone is not responsible for inducing the
open conformation of the channel, rather it seems to expose cytosolic
docking sites for STIM1. The subsequent interaction with STIM1 po-
tentially stabilizes the unlatched conformation and a widening of the
pore, which allows for Ca2+ influx. Taken together, the open dOrai
channel conformation at a 6.7 Å resolution exhibits a dilated pore
within the basic regions and changes in cytosolic latch regions, an
outward rotation of TM1-TM4 and subtle changes towards the extra-
cellular side [36].

In earlier studies it has been hypothesized that upon STIM1 binding,
the Orai1 C-termini straighten, which breaks their coiled-coil interac-
tion and allows binding of STIM1 [32]. However, an NMR structure
suggests a different model where Orai1 C-termini keep their con-
formation, with some minor alterations only in the angles of the Orai1
helices [39]. These findings may also reflect earlier, transient steps in
the activation cascade of the CRAC channel. The closed Drosophila
melanogaster crystal structure also reveals that the narrowest part of the
pore (∼6 Å) is formed by a ring of glutamates at position E106 in
hOrai1 (E178 in dOrai), constituting the selectivity filter of the Orai
channel, which has a highly negative electrostatic potential [32]. The
identification of E106 to be the selectivity filter for Ca2+ is in line with
the high-affinity of this residue to Ca2+ [40–42]. Other hOrai1 residues
facing the inner side of the pore in the closed as well as in the open
channel configuration are V102, G98, L95 and R91, all of them dis-
cussed to have a specific role in gating of the channel [32]. Mutational
analysis has shown that the polar substitution of V102 yielded con-
stitutively open channels [43] while G98 has been suggested to function
as gating hinge [44]. Also R91, together with the formation of a water
layer, may act as gate of the channel [37]. V102 and F99 have been
proposed to work in concert to form a hydrophobic gate, as mutation to
more polar amino acids leads to leaky gates [38].

Recently, Frischauf et al. have identified a cluster of Orai1

Fig. 1. (A) Cartoon of full-length hOrai1 depicting the overall structure with important regions highlighted. (B) Schematic representation of a single hOrai1
monomer with the 4 transmembrane (TM) regions, N- and C-terminus and highlighted important residues like in (A). (C) Top view of a modelled hOrai1 hexameric
structure showing TM1 (inner ring-pore), TM2-4, loop1 (red) and loop3 (blue) representing a closed channel.
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mutations, located in TM2, to be a trigger site for Orai1 gating [37].
Functional analysis of constitutively open Orai1 mutants, derived from
large-scale cancer genomics data sets and introduced in fluorescence-
labelled Orai1 constructs, has revealed two fundamental gates reg-
ulating Ca2+ influx: Arginine side-chains were displaced so they no
longer blocked the pore and a chain of water molecules formed in the
hydrophobic pore region. In molecular dynamics (MD) simulations re-
sidue E190 within TM3 has also been shown to contribute to selectivity
and gating by reducing the number of water molecules in this region
when mutated to glutamine [45]. Another important region of human
Orai1 was described by Frischauf et al in the extracellular loop region,
in close proximity to the selectivity filter. This Ca2+-accumulating re-
gion (CAR) enhances Ca2+ permeation at low Ca2+ concentrations via
accumulating Ca2+ at the outer mouth of the channel thereby in-
creasing the local Ca2+ concentration. Mutational analysis has revealed
two aspartate residues (D110, D112) within the first extracellular loop
of Orai1 channels to function as Ca2+ accumulating sites (Fig. 1A, B)
[46].

4. Characteristics of STIM proteins and their activation

There are two mammalian homologs of STIM, i.e. STIM1 and
STIM2. These proteins are type I, single-pass ER membrane proteins,
which interlink Ca2+ store-depletion and Ca2+ influx through the PM.

STIM1 displays constitutive movement along microtubules in
resting cells. Via a tandem EF hand like sequence on its luminal side,
STIM1 senses a drop in [Ca2+]ER that triggers its translocation into
defined ER-PM junctions [12,13,24,26,47]. Mutations of the acidic re-
sidues within the EF hand mimicked the store-depleted state as STIM1
was no longer able to bind Ca2+ [12,26].

STIM1 is a 75 kDa protein (built up of 685aa) with its N-terminus
located in the ER lumen, followed by a single TM spanning domain and
a cytosolic C-terminus (Fig. 2).

STIM2 is a 84 kDa protein (composed of 746aa) that mediates Orai1
channel activation in the absence of agonist stimulation under resting
conditions [48] attributed to a weaker Ca2+ binding affinity of STIM2
compared to STIM1 [12,49]. Alternative splicing of STIM2 results in the
STIM2β isoform (also named STIM2.1) that contains an 8aa insertion
near the end of CC2 [50,51]. The STIM2.1 protein has just recently been
shown to directly preclude Orai1 channel activation by inducing
structural perturbations in the STIM1 CC region [52].

Compared to STIM1, the STIM2 SOAR induces a weaker activation
of Orai1 although it binds to the channel efficiently [53,54]. The C-
terminal polybasic region of STIM2 shows a stronger affinity for PIP2
than that of STIM1 and a lack of this specific domain eliminates STIM2
clustering [55,56]. Upon Ca2+ dissociation from the luminal EF hand of
STIM2, conformational changes within the N-terminus show different
temporal dynamics compared to STIM2 [57]. Overexpressed STIM2 in
cells exhibits pre-clustering near the PM and causes constitutive acti-
vation of Orai1 [48,50,51,53,58].

As this review is predominantly focused on STIM1 activation of
Orai1, we will not further discuss other STIM or Orai isoforms in detail.

4.1. Luminal domains of STIM1

Studies on the activation and homo-/oligo-merization process of
STIM1 all have in common that the initial trigger for homo-/oligo-
merization of the luminal STIM1 part is a decrease in [Ca2+]ER, a signal
that is consecutively transduced through the TM segment, reaching
cytosolic coiled-coil (CC) domains which results in higher order STIM1
oligomerization [12,13,18,27,35,47,59–61].

Essential domains within the luminal part are the canonical and
hidden EF hand (cEF and hEF, respectively) and the sterile alpha motif
(SAM) (Fig. 2A) [24,62,63]. Structurally, the EF hand exhibits a helix-
loop-helix motif with negatively charged aspartates and glutamates that
interact with Ca2+ as long as [Ca2+]ER is full. The binding affinity of

the EF hand is adequate to [Ca2+]ER ranging from 400 to 800 μM to
ensure an accurate response to varying Ca2+ concentrations. Dissocia-
tion of Ca2+ from the EF hand destabilizes the entire EF-SAM entity
[62]. Stathopulos et al have examined the EF-SAM complex in detail
[24], showing that the EF-Ca2+-SAM holoform is monomeric whereas
the apoform is at least a dimer [24,62]. STIM2 proteins also contain a
luminal EF-SAM domain which has been shown to have different cel-
lular functions [48].

4.2. The transmembrane domain of STIM1

Within the TM domain a single point-mutation has been identified
(C227W) that switches the CRAC channel constitutively open [64].
This GOF mutant has been shown to resemble an activated state of full-
length STIM1, forming puncta at ER-PM junctions. This is of advantage
when examining the ER lumen-to-cytosol signal transduction, as it re-
presents an activated STIM1 protein without the necessity of store-de-
pletion, thereby bypassing physiological steps of activation. In resting
cell conditions, the C227W mutant shows proximity of the N-terminal
TM parts similar to EF-SAM domains upon store-depletion. FRET
measurements point to a decreased interaction of CC1 with SOAR in
case of C227W, consistent with formation of the activated STIM1 form
that is physiologically obtained by Ca2+ depletion-induced homo-/
oligo-merization [64]. Three glycines within the TM domain (G223,
G225 and G226) have been suggested to grant flexibility needed for
conformational changes to transduce the activation signal from the ER
lumen to cytosolic STIM1 domains [64,65].

Further mechanistic aspects for the transduction of the signal from
the luminal domain of STIM1 to the cytoplasmic SOAR region have
recently been published [66]. It has been shown that the TM domains
are not in close proximity in the resting state of STIM1, but the loss of
Ca2+ from the luminal EF-hand actually brings them close. By this
mechanism the signal of reduced Ca2+ content is transmitted from the
luminal part of the TM region to the STIM1 cytoplasmic region at amino
acids 230–233. Hirve et al. stated that the physiological signal propa-
gation is directional, which means that the signal is originating in the
ER lumen and is propagated to the cytoplasm. In contrast, the con-
formational change of the STIM1 protein is cooperative and therefore
non-directional [66].

4.3. Cytosolic domains of STIM1

Successive to the α-helical TM domain, STIM1 contains a cytosolic
strand including three CC regions, a CRAC modulatory domain (CMD),
a serine/proline and a lysine-rich region (Fig. 2A) [21,67]. Independent
studies [68,69] have shown that the STIM1 C-terminus alone is suffi-
cient to activate CRAC currents through Orai1. Several cytosolic STIM1
fragments capable to activate Orai1 have been identified thereafter:
OASF (Orai activating small fragment, aa233-450), CAD (CRAC acti-
vation domain, aa342-448), SOAR (STIM1-Orai1 activation region,
aa344-442) and CCb9 (aa339-444) [54,69–71]. All these Orai-acti-
vating STIM1 fragments have the CC2 (aa363-389) and CC3 (aa399-
423) region with additional 19 amino acids in common. Together with
CC2 and CC3, a STIM1 homomerization domain (SHD, aa421-450) has
been identified for mediating homomerization and is required in the
coupling to and activation of the CRAC channel. An SHD deletion
within the OASF fragment decreases drastically interaction with Orai1
and abrogates CRAC channel activation in patch-clamp experiments
[69].

In 2013 Stathopulos et al published an NMR structure of a SOAR
overlapping fragment [39]. The X-ray crystallographic structure of a
cytosolic portion of STIM1 has been published in 2012 [72] revealing a
human SOAR protein (aa345-444 with mutations L374M, V419 A and
C437 T) in a dimeric assembly with intra- as well as intermolecular
interactions (Fig. 2C). The dimeric SOAR structure exhibits an R-shaped
structure where an antiparallel arrangement of CC2 and CC3 with two
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inter-adjacent short α-helices is visualized. This dimeric assembly is
generated by coiled-coil interactions whereby C-terminal residues of
one monomer (R429, W430, I433 and L436) interact with N-terminal
residues of the other (T354, L351, W350 and L347), forming an overall
V-shaped structure of the SOAR dimer which is its physiological con-
formation. The CC2 domains cross each other at position Y361, forming
a stacked interaction. Mutation of this binding interface in SOAR or full-
length STIM1 abrogated co-localization with and activation of Orai1
channels [72]. A basic amino acid cluster (K382, K384, K385, K386 and
R387) is located at the tips of the V-shaped SOAR dimer [72,73].

The polybasic cluster at the C-terminal end of STIM1 together with
the SOAR/CAD domain have been shown to be crucial for puncta for-
mation through a diffusion-trap mechanism via interaction with PM-
resident phospholipids and Orai channels. In contrast, it has been
shown that this K-rich region is not necessary for the oligomerization of
STIM1 [60,68,70,74,75]. At resting state, the C-terminal STIM1 do-
mains, including the CC1, SOAR/CAD and the polybasic region are
inactive through a folded-back configuration. Upon ER Ca2+ store-de-
pletion, the STIM1 C-terminus adopts a more extended configuration by
exposing the SOAR/CAD as well as the polybasic domain. At ER-PM
contact sites, the polybasic tail can interact with PIP2 in the inner leaflet
of the PM [64,76].

Within STIM1 fragment structures available, the CC1 domain is not
or only partially visible. This STIM1 region comprises three alpha he-
lical segments (CC1α1 aa238-271, CC1α2 aa278-304 and CC1α3
aa308-337 also known as inhibitory helix) [21,72,76]. The role of
STIM1 CC1 is on the one hand to bridge the distance at ER-PM junctions
allowing for interaction with Orai1 and on the other hand to keep
STIM1 in a tight and compact conformation at high [Ca2+]ER levels
[64,76–78]. The structural rearrangements upon Ca2+ store-depletion

range from luminal oligomerisation and rearrangement of TM domains
to a conformational change in cytosolic STIM1 regions and SOAR ex-
posure. The most prominent change there is the switch from the in-
active, tight state to the activated, extended state [64,76,78]. Through
this switch SOAR is exposed upon the release of an intramolecular CC1-
CC3 clamp.

To monitor STIM1 C-terminal conformational changes, a double-
labelled conformational sensor construct has been developed by Muik
et al. [77] based on STIM1 OASF. FRET data show that OASF folds into
a rather compact structure which likely corresponds to the quiescent
state of STIM1. Point mutations within OASF induce a conformational
change which results in different intramolecular FRET signals. Muta-
tions in CC1 (L251S) or CC3 (L416S, L423S) for example lead to an
extended OASF structure. Introducing these mutations in full-length
STIM1 lead to constitutive STIM1 activation and CRAC channel acti-
vation [76,77]. These findings suggest the existence of an in-
tramolecular CC clamp within the quiescent STIM1 protein. These in-
hibitions are most likely released by either CC1α1 or CC3 mutations or
physiologically upon store-depletion [77]. Likewise, Zhou et al. have
observed an extended STIM1 conformation induced by artificial cross-
linking of CC1 domains to promote dimerization or by introducing the
L251S STIM1 activating mutation [78]. Taken together, these results
reveal the impact of CC1α1 on the transition of STIM1 from a quiescent,
tight state to an activated, extended state. Fahrner et al have identified a
direct CC1α1-CC3 interaction as key molecular determinant in setting
the quiescent state of STIM1 [76], by use of a FRET-based method
called FIRE (FRET Interaction in a Restricted Environment). Ad-
ditionally, among the three α helices of CC1, CC1α2 also contributes to
the activation of STIM1.

Constitutive cluster formation and CRAC channel activation are

Fig. 2. (A) Schematic representation of full-length human STIM1 depicting the essential regions for interaction with Orai together with the overall structure. (B)
Model of STIM1 in resting (left) and activated (right) state. (C) Model of the STIM1 SOAR domain depicting Sα1-4 regions [53,72].
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characteristics of the Stormorken Syndrome [79–81]. This syndrome is
associated with the STIM1 R304W mutant carrying the mutation at the
end of CC1α2, in which the CC1α2 inherent function is enhanced by
this mutation resulting in permanently oligomerized and activated
STIM1 proteins. A more recent study by Fahrner et al. [82] proposes a
dual mechanism that switches the STIM1 R304W Stormorken mutant
into its activated state. The identified R304 has been proven to be a
crucial position for the extension of STIM1 and the exposure of the
CAD/SOAR domain. Mutation from arginine to tryptophane (R304W)
enforces CC1 homomerization together with an elongation of the heli-
city of CC1, thereby preventing CC1−CC3 clamp formation and locking
STIM1 in the active state [82].

Covington et al have studied the homomerization of STIM1 C-term-
inal truncation mutants using FRET [83] to investigate the impact of the
cytosolic CC domains. They came to the conclusion that the mere pre-
sence of CC1 leads to store-independent but unstable oligomerization.
While longer constructs including CC3 and SHD lead to strong and
store-dependent oligomerization. Besides this important role of CC1 it
has been shown that it also plays a regulatory role in the activation
cascade upon store-depletion. Several studies focused on how CC1
governs the switch between the quiescent and the activated state of the
STIM1 protein. Cui et al have managed the structural resolution of CC1,
revealing a long helix which dimerizes in an antiparallel manner [84].
Korzeniowski et al have first addressed the role of CC1 in the control of
STIM1 activation by an autoinhibitory clamp between a glutamate-rich
segment within CC1α3 (aa308-337) and a lysine-rich region within CC2
(aa382-387) [73]. As evident from the CC1-SOAR crystal structure of

Caenorhabditis elegans, the CC1α3 (inhibitory helix) and the lysine-rich
region are not in the proximity to form the suggested electrostatic in-
teractions [72]. Based on these findings Yang et al propose residues
within CC1α3 which interact with residues at the beginning of CC2 as
well as at the end of CC3. Their proposed model states that in resting
conditions STIM1 forms a dimer with the SOAR domain responsible for
dimerization and CC1α3 stabilizing the inactive state of STIM1. Yu et al
presented an intramolecular shielding model that keeps STIM1 inactive
[85]. They suggest that the contribution of electrostatic or coiled-coil
interactions is rather unlikely, and consequently present a model in
which the amphipathic properties of CC1α3 regulate the STIM1 acti-
vation state.

In summary, the STIM1 conformation (Fig. 2B) is pivotal for the
function of CRAC channel activation. The activation process of STIM1 is
dynamic and is initiated by low [Ca2+]ER. In resting cell conditions
when [Ca2+]ER is full, inactive STIM1 proteins exhibit a tightly packed
structure of their C-termini. The dimeric, tight state is stabilized by
intramolecular CC1-CC3 clamp formation [76,77]. The spark for indu-
cing a STIM1 luminal conformational change originates upon Ca2+ flux
from the ER lumen into the cytosol [62,63]. This signal is further
transmitted through the transmembrane domain to the cytosolic STIM1
domains [64]. As a result, the clamp of CC1-CC3 is released and SOAR
exposed [39,64,76–78]. Rearrangement of CC2 and CC3 results in the
formation of SOAP (STIM1 Orai activation pocket, see below) and may
trigger exposure of CC3 for homo-/oligomerization and clustering [39].
Finally, higher order oligomers are formed via CC3 of STIM1 [76,77].

Fig. 3. Simplified model of the CRAC activation process. Starting with STIM1 at resting state with Ca2+ bound at the luminal EF-hand which remains as monomer
together with SAM, followed by the activation of STIM1 due to Ca2+ dissociation off the EF hand. Subsequent interaction of the TM and the EF-SAM domains and
further signal propagation via a dynamic rearrangement of the cytosolic portion of STIM1. Undocking of the SOAR/CAD domain from CC1 allows interaction with the
Orai1 protein in the PM, upon multimerization of STIM1. Ca2+ influx, achieved by the gating of the Orai1 channel via STIM1 activates downstream effector functions
like Ca2+ dependent gene expression. (This model does not take stoichiometry issues, uni- or bimolecular coupling models or rearrangements within the SOAR
molecule into account).
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5. Coupling of STIM1 and activation of the Orai channel

Conformational rearrangements of STIM1 upon store-depletion are
thought to facilitate spanning the distance between ER and PM [77].
Within ER-PM junctions, clusters of STIM1 and Orai proteins form,
representing hotspots of local Ca2+ entry [86]. Several studies have
suggested a direct interaction of these two proteins [28,35,87]. STIM1
coupling to the Orai1 channel involves the cytosolic strand of STIM1
and both, N- and C-termini of Orai1. It has been shown that the CAD
fragment directly binds to both strands of Orai1 [54,70] and that the
Orai1 C-terminus is indispensable for proper coupling to STIM1. As can
be seen in the closed dOrai crystal structure [32], the TM4 of Orai
extends into the cytosol. In the open dOrai structure the TM4 regions
straighten and extend 45 Å into the cytosol granting accessibility for the
STIM1 protein [36]. All three mammalian Orai homologs show certain
probabilities for the formation of C-terminal CC domains. Frischauf et al
have suggested a weak coiled-coil probability for Orai1 whereas the one
of Orai2 and Orai3 has been shown to be 15–17 fold higher. We suppose
that the affinity towards STIM1 increases with the higher CC prob-
ability of Orai C-terminal domains [88]. Within Orai2 and Orai3, mu-
tations of at least two hydrophobic core positions within the CC region
are required to fully interrupt interaction with STIM1, whereas in Orai1
single mutations are sufficient [88]. It has been shown that hydro-
phobic residues L273 and L276 in Orai1 play an important role in
coupling to STIM1 and in the C-terminal dimerization process within
the hexameric channel complex [32] (Fig. 3).

Besides the important role of CC structures in the interaction event,
Calloway et al have proposed an electrostatic interaction model be-
tween STIM1 and Orai [89,90]. Acidic residues within the Orai1 C-
terminus and positively charged amino acids in STIM1 (KIKKKR aa382-
387) were hypothesized to form salt bridges, however, mutating these
residues in Orai1 still allowed for coupling to STIM1 and retained
channel function, suggesting that the coupling process involves other
structural components [39,90]. Taken together, all these data strongly
suggest a direct coupling of STIM1 to Orai via CC domains. Conclusive
evidence was provided in 2013 by Stathopulos et al [39] with the NMR
structure of a STIM1 fragment including the rear part of CC1 as well as
the whole CC2 domain (aa 312–387) together with an Orai1 C-terminal
domain ranging from aa 272 to 292. These data have been the first to
prove a C-terminal interaction of STIM1 and Orai1 on a structural basis,
although it has to be kept in mind that the STIM1 fragment lacks the
important CC3 domain. The SOAP involves the Orai1 leucines L273 and
L276 as well as negatively charged aspartates D284, D287 and D291
interacting with basic STIM1 residues K382, K384, K385 and K386.
Furthermore, several other STIM1 residues (L347, L351, Y362, L373
and A376) are highlighted that are in close proximity to the Orai1 C-
terminus. Summarized, the coupling process mediated between Orai1
C-terminus and STIM1 CC2 involves hydrophobic as well as electro-
static interactions.

The closed dOrai hexameric crystal structure pinpoints to an anti-
parallel crossing of Orai1 C-termini within three Orai1 dimers which is
strongly supported by hydrophobic interactions of L273 and L276 [32].
Mutation of these residues to less hydrophobic ones abolishes Orai1
activation [91]. Via cysteine-crosslinking analysis of L273C, L276C
mutants, STIM1 binding is inhibited and only reversed upon disulphide-
bond break [92].

A flexible linker region connects the TM4 and the C-terminus of
Orai1 which is crucial for the orientation of the C-termini and in turn
for coupling to STIM1 (Fig. 1A) [91–93]. The binding of STIM1 to Orai1
mutants within the linker region is significantly reduced compared to
wild type proteins, yet only completely destructed by additional C-
terminal Orai1 mutations [91,93]. These data suggest that this Orai1
region is necessary for establishing the optimal position of the C-termini
required for STIM1 binding. Besides a couple of Orai1 linker mutants
that do lose function [93,94] [92], there were some constitutively ac-
tive mutants characterized which exhibit biophysical characteristics

comparable to wild type Orai1 [93]. It has been concluded that these
mutants induce conformational changes within the Orai1 protein si-
milar to those occurring through STIM1 binding to accomplish signal
propagation elementary for channel opening. This is in strong agree-
ment with the crystal structure of open dOrai1, which proposes con-
formational changes of the TM4 and the extended TM4 region upon
channel opening. While the closed structure shows an interaction of
TM4 and TM3, it is disrupted in the open conformation. This unlatching
is apparently necessary for STIM1 binding, but is not sufficient open the
channel [36].

Another region identified to be a crucial segment for C-terminal
STIM1 binding is the helical extension of TM4. Especially a segment of
five amino acids (aa 261–265, LVSHK), termed “nexus”, was recently
proven to transmit information from the STIM1-binding site to the core
of the Orai1 channel (Fig. 1A). Mutation of four amino acids in this
region (LVSHK to ANSGA) led to a constitutively active channel, which
appears to have the same properties like a channel activated by STIM1.
It seems that L261 and V262 are hydrophobically attached to the TM3,
position L174, respectively [93]. The SHK region of Orai has also been
shown to be a hinge point for channel opening [36] as its unlatching is
required to expose docking sites for STIM1, a prerequisite for channel
opening.

These functional and structural data indicate a predominant role of
the Orai1 C-terminus in coupling to STIM1. Nevertheless, the N-ter-
minus of Orai1 is also a prerequisite for correct channel gating as it has
been shown that N-terminal deletions or point mutations lead to loss of
function [35,93,95]. The interaction of STIM1 with the N-terminus of
Orai1 involves a conserved sequence (aa 73–90) close to the TM1 re-
gion, termed extended transmembrane Orai1 N-terminal (ETON) region
[70,95]. Orai1 mutants that lack the ETON region, completely lose
function and the introduction of mutations at positions L74 and W76
results in highly reduced interaction with STIM1, suggesting this N-
terminal Orai1 region contributes to a STIM1 binding interface [95].
The three Orai homologs, although fully conserved among the ETON
region, are differently affected by N-terminal deletions, for example
Orai3 retains activity upon deletion of a larger N-terminal fragment. It
has been recently shown that the fully conserved ETON region is
needed either in Orai1 as well as in Orai3 to restore CRAC channel
activity together with STIM1 in case of constitutive active TM3/TM4
mutants as well as in store-operated channel configuration. The do-
mains of the conserved N-terminal region seem to fulfil different
functions, as the latter stretch (Orai1 aa 80–90; Orai3 aa 55–65) is in-
volved in general channel activity, the other part (Orai1 aa 73–79;
Orai3 aa 47–54) appears to fine-tune Ca2+ entry [96,97]. In addition,
Zheng et al have examined progressive N-terminal deletions yielding
the result that the Orai1 N-terminus is essential for binding to STIM1
[98]. They suggest that STIM1 first binds to the Orai1 C-terminus fol-
lowed by binding to the N-terminus. A recent study [53] hypothesized
that a specific region within STIM1 between CC2 and CC3 (aa 393–403)
functions as binding site to Orai1. Furthermore, residue F394 is pro-
posed to interact with hydrophobic residues in the N-terminus of Orai1
(aa73-85), thereby probably constituting part of the STIM-Orai binding
site, because mutation to hydrophilic amino acids abolishes the acti-
vation of Orai1 [53]. In addition, the loop2 of Orai1, which connects
TM2 and TM3, has been moved in the focus of interest. Not only the
Orai1 N-terminal region alone, but also the interaction of the N-ter-
minus with loop 2 seems to have impact on STIM1 coupling. This fine-
tuning of Orai1 channel function seems to take place due to predicted
interactions of residues Y80 in the N-terminus and N156 in loop2 [99].
Palty et al proposed a sequential Orai1-activation model by SOAR. The
first step is SOAR binding to Orai1, that partially activates the channel
and leads to structural rearrangements. This change in structure permits
sequential steps of SOAR binding to fully activate the channel [100].

STIM1 and Orai1 proteins have been proven sufficient to recon-
stitute CRAC currents. Nevertheless, various proteins and lipids have
been identified that modulate the STIM1-Orai1 signalling cascade:
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STIMATE [101], Septin [102], SARAF [103,104], CRACR2 A [105] and
cholesterol [106,107].

In summary, besides the Orai1 C-terminus, the N-terminal ETON
region contributes to the STIM1 binding interface and provides elec-
trostatic components that impact the structure of the elongated pore.
The created bridge upon STIM1-Orai1 binding may generate a force
that induces a conformational change of the ETON and TM1 regions, in
line with the open dOrai structure – a signal that is propagated to the
channels gate and results in Ca2+ influx.

Although for a long time believed to be a tetramer, the hexameric
dOrai structure is now widely accepted [31,32,108–111]. Still, the
exact stoichiometry of a functional STIM1-Orai1 complex remains
elusive. Several studies hypothesized that CRAC channel activation
depends on the number of STIM1 molecules bound [34,112,113]. For
Ca2+ dependent inactivation (CDI) a higher amount of STIM1 to Orai1
molecules leads to more pronounced inactivation [114]. Other studies
with Orai1 proteins linked to tandem CAD fragments indicated that
eight STIM1 molecules are required for maximal activation and in-
activation [34]. The selectivity for Ca2+ is also enhanced by an in-
creasing amount of coupled STIM1 fragments, which has been shown
by McNally et al who used Orai1 and Orai1 V102 A proteins linked to
single and tandem CAD/SOAR domains [115]. The NMR structure of
the SOAP region suggests a 1:1 ratio of STIM1 to Orai1 proteins in an
active channel complex, which probably denotes that six STIM1 pro-
teins attach to six Orai1 subunits [39]. Having the dOrai crystal
structure in view, it is better conceivable that six but not eight STIM1
proteins bind to a hexamer of Orai subunits.

Based on the SOAP structure, it has been hypothesized that Orai1
channel activation occurs upon interaction of a SOAR dimer within
STIM1 with a dimer of adjacent Orai1 subunits in the hexameric Orai1
channel – a model termed bimolecular interaction [39]. Alternatively, a
unimolecular coupling model has been suggested by Zhou et al
[53,93,116]. By the use of SOAR1/SOAR2 chimeras, F394 in SOAR1
has been identified as critical residue that determines differences in
binding to and activation of Orai1 by STIM1 and STIM2. The in-
troduction of F394 point mutations (to L, A or H) in wild type STIM1
decreases or fully abolishes SOCE, with F394H as most effective in
disrupting STIM1 interaction with Orai1. As a SOAR concatemeric
dimer with one functional SOAR monomer linked to one F394H con-
taining SOAR monomer has a similar effect on Orai1 binding and ac-
tivation as a SOAR concatemer with two functional SOAR monomers, a
unimolecular interaction model has been suggested with each Orai1
channel subunit in the hexameric complex bound to one STIM1 of a
STIM1 dimer. This model further leads to speculate that the second,
uncoupled STIM1 within a STIM1 dimer interacts with an adjacent
Orai1 subunit of another hexameric channel complex thereby enabling
clustering of Orai1 channels in the PM [117].

To finally prove a bi- or unimolecular coupling model, clearly more
experiments are necessary, as is it conceivable that the observed clus-
tering of Orai1 channels may also occur via a bimolecular STIM1-Orai1
binding, as clustering between STIM1 proteins may be able via their
CC3 regions in the active state [76].

Summing up, STIM1 to Orai1 coupling predominantly occurs via the
C-terminus of Orai1. The coupling process highly likely involves a
conformational rearrangement of Orai1 subdomains, a process that is
followed by a bridging to the Orai1 N-terminus that results in CRAC
channel activation. Clearly, further functional and structural data of
human Orai1 proteins in complex with STIM1 are needed to throw light
on the underlying mechanism of STIM1/Orai1 activation.

5.1. Open Orai channel structure

Since the discovery of the CRAC channels key players, STIM1 and
Orai1, in 2005 and 2006 respectively [12,13,15,16,118], extensive
progress has been made and parts of the CRAC channel system have
been resolved with 3D atomic resolution.

Just recently, the open dOrai structure has complemented our
knowledge on structural rearrangements that occur in the open
channel. Both Drosophila melanogaster Orai crystal structures have ex-
perimentally been designed with dOrai protein deletions (aa 133–341)
and mutations (P276R, P277R, C224S and C283 T). It is of note that the
open dOrai structure is based on the usage of a constitutively open
channel (H106 A corresponding to H134 A in hOrai1 proteins) that does
not require STIM binding for channel opening. Physiologically, upon
Ca2+ store-depletion STIM1 couples to the cytosolic strands of Orai1
that gates the channel into the open state. While the coupling of STIM1
to the C-terminus of Orai1 is widely accepted, the role of the N-terminus
needs to be clarified in more detail. Deductively, there is no structural
knowledge about the N-terminal regions in closed and open Orai pro-
teins available. Binding of STIM1 to the Orai1 C-terminus allosterically
affects the whole Orai1 protein. A recently published study by Frischauf
et al suggests that a patch of amino acids in the TM2 acts as trigger for
hOrai1 channel gating [37]. This is in line with the findings in the
crystal structure of dOrai, which shows that the amino acids in TM1
hardly change their position except of a dilation of the pore itself. This
indicates that the gating trigger has to be located elsewhere than in
TM1. We have also shown in this study that residue H134 in hOrai1
forms a hydrogen bond with residue S93 which further stabilizes the
channel and suggests an effect of the TM2 domain on the pore during
gating [36,37]. Further experiments and experimental data are needed
that should be orientated towards elucidating the physiological cou-
pling of STIM1 to Orai1 to gain a complete description of gating in the
wild type CRAC channel.

6. Perspectives/open questions

The conformational rearrangements within Orai1 that are induced
by STIM1 binding are only partially resolved. Constitutively active
Orai1 mutants which act independently of STIM1 (H134 A, P245 L,
ANSGA) [37,93] (Fig. 4) have the potential to provide structural re-
solution of further open hOrai1 channel conformations, as it has been
recently shown with the new crystal structure of dOrai [36]. These
mutations can help to provide hints how the transition from the closed
to the open state(s) may take place in detail. Nevertheless, one has to
keep in mind that dOrai shares only 73% sequence homology with
hOrai1 [32] and differences in these two protein sequences could ex-
hibit unique structural and functional characteristics, in addition to the
fact that STIM1 as physiological activator is still missing in these
structures. Just recently it has been shown that the gating mechanism of
Orai channels radically differs between mammalian and C. elegans
forms [119]. In contrast to STIM1 binding to the N- and C-termini of
Orai1 in mammals, it interacts with the intracellular loop2 of Orai in C.
elegans. This previously unknown mechanism suggests that different
gating mechanism have evolved and diverged between invertebrates
and mammals.

It is likely that STIM1 binding to one or both Orai1 termini induces a
signal propagation by exerting a force on the four TM regions. It needs
to be clarified whether it is a unidirectional signal propagation from
Orai1 C-terminus to the TM1 pore or whether additional sites in TM
regions exist that have the ability to control TM1 pore opening.
Recently the group of Prakriya [120] has proposed a rotation of the
TM1 helix that is linked with conformational changes in the Orai1 C-
terminus upon STIM1 binding and channel opening. Alternatively,
Frischauf et al have shown that a small local widening of the pore oc-
curs upon channel opening [37]. The open dOrai crystal structure [36]
reveals a widening of the basic region in the channels pore and has
shown that pore-lining amino acids keep almost the same position
during channel opening. Nevertheless, the limited resolution may have
prevented identification of a slight rotation of the pore helix. Clearly,
this mechanism needs further clarification.

For STIM1, 3D atomic structures are available only for STIM1 C-
terminal fragments and exhibit substantial differences. To resolve the
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mechanisms that switch STIM1 from its inactive, tight conformation to
the active, extended one, larger crystallized portions of the STIM1
protein, at least including the CC1 domain, are required.

Furthermore, optogenetic engineering approaches are emerging.
Studies focus on the generation and testing of a photo-activated CRAC
channel and clearly will shed light on the regulatory mechanisms of
STIM1-Orai1 downstream signalling pathways [121,122].

Despite all considerable advances in the knowledge of CRAC
channel function, a thorough understanding of this fascinating coupling
machinery clearly requires further studies, with results from the pow-
erful cryo EM technique so far still missing. The additional proteins,
only shortly mentioned in this review, that modulate STIM1/Orai1
function even enhance the complexity of the native CRAC channel
system and have to be taken into account for their physiological impact
on STIM1 and Orai1 protein function.
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