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bstract

Human and murine STIM1 were originally discovered as candidate growth regulators in tumours and in the bone marrow stroma, and the
tructurally related vertebrate family members, STIM2 and the Drosophila homologue D-Stim, were subsequently identified. STIM proteins
re ubiquitously expressed type I single-pass transmembrane proteins which have a unique combination of structural motifs within their
olypeptide sequences. The extracellular regions contain an N-terminal unpaired EF-hand Ca2+ binding motif adjacent to an unconventional
lycosylated SAM domain, while the cytoplasmic regions contain alpha-helical coiled-coil domains within a region having homology to
RM domains adjacent to the transmembrane region, and phosphorylated proline-rich domains near the C-terminus. STIM1, STIM2 and
-Stim diverge significantly only in their structure C-terminal to the coiled-coil/ERM domains. The STIM structural domains were predicted

o function in Ca2+ binding as well as in mediating interactions between STIM proteins and other proteins, and homotypic STIM1–STIM1 and
eterotypic STIM1–STIM2 interactions were demonstrated biochemically. However, the functional significance of the cellular localisation of
TIM1 and its domain structure only became evident after recent breakthrough research identified STIM1 as a key regulator of store-operated

2+
alcium (SOC) entry into cells. It is now clear that STIM1 is both a sensor of Ca depletion in the endoplasmic reticulum (ER) lumen and
n activator of Orai1-containing SOC channels in the plasma membrane. On the basis of recent functional studies a model can be proposed to
xplain how the biochemical properties of STIM1 contribute to its precise membrane localisation and its function in regulating SOC entry.

2007 Elsevier Ltd. All rights reserved.
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. Discovery of STIM gene products

Human STIM1 (where STIM1 is stromal interaction
olecule; initially named GOK) was identified by chro-
osome walking as a novel gene adjacent to RRM1

n chromosome 11p15.5, in a search for novel tumour
uppressor genes within the region of 11p15.5 impli-
ated in several childhood and adult tumours as well as
eckwith–Wiedemann syndrome [1]. Transfection of full

ength STIM1 cDNA into either rhabdoid tumour or rhab-

omyosarcoma cell lines inhibited cell proliferation and
nduced cell death, consistent with a potential tumour sup-
ressor role in myogenic cells [2]. Murine Stim1 was
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dentified independently at approximately the same time as a
one-marrow stromal gene product through signal sequence
trap’ screening [3]. The recombinantly expressed extracel-
ular region of Stim1 was shown to bind to the cell surface
f pre-B lymphoid cells and promote their clonal expansion
n vitro, implicating Stim1 as a stromal cell surface protein
hat mediates interactions between stromal and haematopoi-
tic cells within the bone marrow. Sequence comparisons
howed 96% amino acid identity between murine Stim1 and
uman STIM1. The second vertebrate STIM family member,
TIM2, and the Drosophila homologue, D-Stim, were identi-
ed using bioinformatic approaches to search gene databases
or translated protein sequences related to the full-length

TIM1 amino acid sequence [4]. Such searches have revealed

hat only two STIM genes are present in mammalian species,
hile a third family member has been more recently identified

n zebrafish (Johnstone and Dziadek, unpublished). A sin-
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le STIM gene appears to exist in invertebrates (Drosophila
elanogaster, Caenorhabditis elegans), while no STIM-like
enes have been identified in prokaryotes or unicellular
ukaryotes (e.g. yeast) [4]. The initial data indicating a
unction of STIM1 in growth regulation prompted a more
xtensive biochemical characterisation of STIM1, STIM2
nd D-Stim protein structures. This information contributed
o the recent elucidation of their function in regulation of Ca2+

ntry after sensing depletion of Ca2+ stores in the endoplas-
ic reticulum (ER) [5,6]. STIM1 was identified in limited

unctional screens for genes involved in store-operated Ca2+

SOC) entry using RNAi technology in Drosophila S2 cells
170 genes, [6]), and human HeLa cells (2304 genes, [5]).
hese screens targeted genes coding for proteins with trans-
embrane domains that also have a possible function as ion

hannels or in cell signalling. STIM1, STIM2 and D-Stim
ere the only proteins identified in these functional screens
hose knockdown by RNAi resulted in reduced SOC entry.

. Structure of STIM proteins

STIM1, STIM2 and D-Stim code for proteins of 685, 746
nd 570 amino acids, respectively [4]. Northern blotting
hows two transcripts for STIM1, a predominant 4.1 kb tran-
cript expressed in most adult tissues and a larger 4.5 kb
ranscript expressed in adult and fetal brain (Fig. 1A). Both

ranscripts are expressed in other fetal tissues (Fig. 1A).
mmunoprecipitation and Western blotting analyses of cell
ysates from a variety of cell lines have shown the presence
f a single major 90 kDa protein product in all cell types

ig. 1. (A) Northern blot analysis of STIM1 transcripts in polyA RNA iso-
ated from human adult and fetal tissues. Two STIM1 transcripts of 4.1
nd 4.5 kb are evident. (B) Western blot analysis of protein lysates pre-
ared from sections of normal adult human and mouse brain, and control
562 cells (Con) using antibodies specific to STIM1: frontal (Fr), parietal

Pa), hindbrain (HB), occipital (Oc), cerebellum (Cb), hippocampus (Hi),
ypothalamus (Hy), striatum (St), cortex (Co), brainstem (BS) and spinal
ord (SC). A 90 kDa STIM1 protein is evident in all samples.
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7]. A single 90 kDa STIM1 protein is also expressed in all
egions of adult human and murine brain (Fig. 1B), indicat-
ng that the larger 4.5 kb STIM1 transcript does not code
or a larger STIM1 protein isoform in the brain. In addi-
ion, RT-PCR analysis across the entire open reading frame of
TIM1 transcripts in brain tissues did not reveal the presence
f additional exons (unpublished data). Single polypeptide
pecies have also been demonstrated for STIM2 (105 kDa)
nd D-Stim (64.5 kDa) which are subject to posttranslational
odification [4]. All three STIM proteins are modified by N-

inked glycosylation within the extracellular domain, STIM1
t two sites and STIM2 and D-Stim at one site (Fig. 2, [4,8]).
oth STIM1 and STIM2 are phosphorylated predominantly
n serine and threonine residues, and differences in the degree
f phosphorylation is the major factor that causes the variation
n electrophoretic mobility of STIM2 in cells [4].

STIM1, STIM2 and D-Stim share several structural fea-
ures within both the extracellular and the intracellular
egions of the polypeptide chain (Fig. 2). While the extra-
ellular region of all three proteins are very similar in their
omain structure, D-Stim contains an additional 70 amino
cid region near the N-terminus that is not present in STIM1
nd STIM2 and has no obvious homology with any known
unctional or structural sequence motifs (Fig. 2, [4]). All three
TIM proteins have signal peptides at the N-terminus and
ontain two cysteine residues spaced eight amino acids apart
hat are situated N-terminal of a single helix-loop-helix region
hich conforms to the consensus motif for an EF-hand cal-

ium binding domain [4]. A conserved five helical bundle
ingle sterile alpha motif (SAM) domain is situated between
he EF hand and the transmembrane region in each STIM
rotein (Fig. 2). An N-linked glycosylation site at the N-
erminal limit of the SAM domain is conserved in all three
roteins, while STIM1 contains an additional N-linked gly-
osylation site within the SAM domain itself (Fig. 2, [4]).
hese glycosylation sites are endoglycosidase H sensitive in

oth STIM1 and STIM2 [4,8] indicating that they are not
ully processed to an endoglycosidase resistant mature form
ithin the ER. Further terminal processing to an endogly-

osidase H resistant oligosaccharide chain is often, but not

ig. 2. Diagrammatic representation of the structural domains in vertebrate
TIM1 and STIM2 proteins, and Drosophila D-Stim: signal peptide at the
-terminus (SP), EF hand, SAM domain, transmembrane region (TM),

oiled-coils within an ERM domain, proline-rich region (PR) and lysine-
ich tail at the C-terminus (KK). A pair of cysteine residues is present near
he N-terminus (cc), and a conserved N-linked glycosylation sites resides
-terminal to the SAM domain (hexagon) and also within the STIM1 SAM
omain. D-Stim contains an extra protein sequence adjacent to the signal
eptide (X) that is not present in vertebrate STIMs.
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lways, associated with translocation of glycoproteins from
he ER to the plasma membrane [9,10]. To our knowledge the
AM domain in STIM proteins still remains the only SAM
omain identified to date that has an extracellular localisa-
ion. SAM domains are common protein–protein interaction

otifs, having now been identified in over 1300 proteins, and
how a high degree of versatility in their functional proper-
ies [11]. SAM domains can interact with SAM domains in
ther proteins in a homotypic or heterotypic fashion to form
imers or oligomers, or can bind to non-SAM containing pro-
eins, and these protein–protein interactions mediate a wide
ange of biological processes including cell signalling and
ranscriptional regulation [11].

The cytoplasmic regions of STIM1, STIM2 and D-Stim
ontain two adjacent alpha-helical structures near the trans-
embrane segment that are predicted to form coiled-coils [4].
hese coiled-coils reside within a larger region recently iden-

ified as having homology to ERM (ezrin/radixin/moesin)
omains (Fig. 2, [12,13]). ERM proteins were originally
dentified as a family of proteins that mediate linkage of
he cytoskeleton to the plasma membrane [14] and have a
tructural and regulatory role in the function of the cortical
ytoskeleton [15]. ERM homology domains have been found
n several proteins localised at the plasma membrane, such
s talin, focal adhesion kinase, and protein tyrosine phos-
hatases, that are thought to mediate protein–protein and
rotein–membrane interactions to anchor protein complexes
t specific membrane sites [15]. An interesting feature of
RM proteins is that they exist in a conformationally ‘inac-

ive’ form in which the binding sites for other proteins are
asked by intramolecular head-to-tail electrostatic interac-

ions within the ERM domain, and an ‘active’ form that
equires a conformational change to unmask binding sites
hat can associate with plasma membrane and cytoskeletal
roteins [16–18]. This conformation can be regulated and
tabilised by phosphorylation of specific sites within the
-terminal tail of the ERM proteins [17,19,20]. Given the

tructural and functional characteristics of ERM domains the
oiled-coil/ERM domain is predicted to play an important
ole in mediating the functional properties of STIM proteins.

The sequences of the three STIM proteins diverge signifi-
antly C-terminal to the coiled-coil/ERM domain [4]. STIM1
nd STIM2 contain unique proline-rich regions near the C-
erminus of each protein, while the truncated D-Stim protein
acks such a region (Fig. 2). In STIM1 the proline-rich region
ncludes multiple serine residues (SPSAPPGGSPHLDSS-
RHSPSSPDPDTPSP) while the STIM2 proline-rich region
ontains multiple histidine residues in addition to sev-
ral serines (PSSPQPQRAQLAPHAPHPSHPRHPHHPQH-
PHSLPSPDP). Proline-rich sequences are very common in
roteins in all organisms, and are important motifs for medi-
ting protein–protein interactions that regulate many cellular

rocesses [21]. A variety of specific consensus motifs exist
hat bind different classes of proteins that contain proline-
ecognition domains, such as the SH3 domain [21]. Both
TIM1 and STIM2 contain several PXXP core motifs rec-
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gnized by SH3 binding proteins. The C-terminal tails of
TIM1 and STIM2 are lysine-rich sequences that contain
i-lysine residues, which are also absent in D-Stim (Fig. 2).
uch domains frequently function as ER retrieval and reten-

ion signals, dependent on the length and structure of the
ytoplasmic tail [22].

. Cellular localisation

STIM proteins are ubiquitously expressed [4,7], consis-
ent with their critical roles as sensors of Ca2+ within the ER
umen and activators of SOC channels. A large proportion of
TIM1 appears to be localised intracellularly within the ER,
hile in at least some cells a proportion is also localised at the

ell surface. While the question of plasma membrane locali-
ation remains controversial, and has influenced concepts of
ow STIM1 regulates SOC channel activity [5,6,13,23,24],
here is now sufficient evidence from a number of laboratories
hich clearly demonstrates cell surface localisation in some

ell types. In our own studies we used specific antibodies
gainst an N-terminal sequence of STIM1 in immunofluo-
escence of unfixed live cells [7] and FACS analysis [8,25]
o detect cell surface expression of endogenous and trans-
ected STIM1, respectively. Cell surface biotinylation studies
hich have adequately controlled for absence of access of

he biotin to intracellular proteins have demonstrated that
ome 15–25% of STIM1 protein can be detected on the
ell surface [7,12,25,26]. More direct evidence of a plasma
embrane role of STIM1 comes from studies showing inhi-

ition of SOC activity when cells are incubated with STIM1
-terminal antibodies, suggesting a functional role for cell

urface STIM1 in regulating SOC activity [24,27]. While one
tudy has shown that store depletion stimulates rapid cell sur-
ace expression of STIM1 [27], other studies have shown that
he amount of STIM1 on the cell surface is not increased after
tore depletion [25,28]. There is, however, clear evidence that
tore-depletion causes aggregation of STIM1 beneath the PM
ut not incorporation into the PM [28,29]. The role of cell
urface STIM1 in regulation of SOC activity at the plasma
embrane remains controversial.
A recent study has identified a role for STIM1 in reg-

lation of arachidonic acid-regulated Ca2+-selective (ARC)
hannels in the plasma membrane, the activity of which are
ndependent of store depletion [26]. This study is the first
o report a potential function of STIM1 as a more universal
egulator of Ca2+ entry into cells, and identifies a function
f cell-surface localised STIM1 that is independent of SOC
hannels. Other studies using epitope-tagged STIM1 con-
tructs have failed to detect cell surface STIM1 [5,28–30],
hich may be due to the epitope tag influencing localisation
espite the ability of these constructs to express STIM1 pro-

ein that is functional in SOC activation, or may represent
ifferences in either cells utilised in these studies or particu-
ar experimental protocols. In summary though, the evidence
trongly implies that STIM1 can be translocated to the plasma
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embrane where it may have a number of different functions
hat remain to be defined. The cellular localisation of STIM2
as been much less studied, but a single investigation indi-
ates that, unlike STIM1, STIM2 cannot be detected on the
ell surface by either FACS analysis or by surface biotiny-
ation, even when levels of STIM2 expression are similar to
hat of STIM1 [25]. No cellular localisation studies have so
ar been reported for D-Stim.

. Tissue expression

STIM1 transcripts are expressed in both fetal and adult
issues (Fig. 1), and the limited data available indicates
evelopmental regulation in many tissues, with relatively
ow, uniform levels of expression in many cells and higher
xpression in differentiated cell types (e.g. differentiated
keletal muscle). Immunostaining for STIM1 in tissue sec-
ions reveals low expression throughout many tissues, but
bundant localisation in certain cell types and cellular regions
Fig. 3). STIM1 is readily detected in both the fetal and
dult central and peripheral nervous systems, particularly in
xonal projections within cortical regions of the brain, gan-
lia and in dermal tissue in the fetus (Fig. 3). Purkinje cells

n the cerebellum are highly stained (Fig. 3). This localisa-
ion pattern suggests a potential role for STIM1 in regulation
f store-operated calcium entry in the nervous system [31].
igh levels of STIM1 are also present throughout all layers

C
i
c
i

ig. 3. Immunofluorescent staining of STIM1 in fixed frozen sections of fetal and ad
D); (B) day 16.5 dermis showing peripheral nerve tracts; (C) day 16.5 dorsal root
howing Purkinje cell layer; (G) day 16.5 fetal gut, showing crypt of villus; (H) da
etina (NR); (I) cortical region of adult cerebellum.
Calcium 42 (2007) 123–132

f the developing stratified epidermis (Fig. 3). The specific
ole of STIM1 in epidermal cells has not yet been investi-
ated. A particularly high accumulation of STIM1 is seen in
he apical, microvillus surface of epithelia in several tissues,
ncluding the gut, palate, kidney, oviduct, epididymis, uterus,
nd choroid plexus (some examples shown in Fig. 3). Ca2+

ignalling complexes have been shown to be selectively con-
entrated at the apical surface of polarised secretory epithelia
32], and our observations suggest that STIM1 may partici-
ate in the assembly and/or the function of these complexes in
ighly polarised Ca2+ signalling in epithelial tissues in vivo.

. Function of STIM structural domains

The last 2 years have seen remarkable progress in defin-
ng the critical roles of STIM1 and Orai1 in the regulation
f SOC entry into cells [13,28,33,34], and this information
s presented in detail in other articles in this edition of Cell
alcium. The molecular characterisation of these proteins

upports the ‘conformation coupling’ hypothesis that was put
orward prior to identification of the key players, whereby
OC activation was proposed to be regulated by interactions
etween proteins in the ER and protein components of the

a2+ channel in the plasma membrane [35,36]. These close

nteractions necessitate reorganisation of the cortical actin
ytoskeletal network to enable close, but reversible, phys-
cal communication between microdomains of the ER and

ult mouse tissues: (A) day 16.5 fetal skin showing epidermis (E) and dermis
ganglion; (D) adult oviduct; (E) day 16.5 fetal palate; (F) adult cerebellum
y 16.5 retina showing retinal pigmented epithelial layer (RPE) and neural
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lasma membrane [37]. The role of STIM1 in the sequence of
vents leading to activation of plasma membrane SOC chan-
els in response to emptying of Ca2+ stores in the ER can be
riefly summarised as follows (see also Fig. 5): (1) STIM1
n the ER membranes acts as a Ca2+ sensor to detect Ca2+

epletion in the ER lumen; (2) upon Ca2+ depletion STIM1
s redistributed from a uniform ER pattern to discrete lat-
ral aggregates, or punctae, in the ER membrane juxtaposed
o the plasma membrane; (3) STIM1 induces clustering of
rai1 within the plasma membrane resulting in activation of

unctional SOC channels and entry of Ca2+ into the cyto-
lasm. While the precise molecular mechanisms underlying
he regulation of SOC activation remain to be elucidated,
xperimental studies using mutated STIM cDNA constructs
ave illuminated how the extracellular and intracellular struc-
ural domains of STIM1 are involved in Ca2+ sensing, in
ggregation and translocation of STIM1 complexes in the
R, and in SOC activation at the plasma membrane.

.1. The extracellular domain contains the ER Ca2+

ensor

The single unpaired EF hand motif in STIM1 is, as
xpected, responsible for Ca2+ sensing in the ER lumen, with
ow affinity Ca2+ binding (Kd ∼ 0.2–0.6 mM) that compares
o that of other ER Ca2+-binding proteins such as calreticulin
38]. Ca2+ sensors are proteins that undergo a conforma-
ional change in response to binding and dissociation of Ca2+

hat has downstream effects to ultimately regulate a Ca2+-
ependent cellular function [39]. Mutations of critical amino
cids in the STIM1 EF hand prevent Ca2+ binding and ren-
er STIM1 in a constitutively active form that behaves as if
R stores were constantly depleted. Thus, in cells which are
tore-replete, EF hand-mutated STIM1 nevertheless aggre-
ates and translocates to form punctae in the ER adjacent to
he plasma membrane, which couple with and activate SOC
hannels in the plasma membrane [5,24,34]. These studies
emonstrate that Ca2+ binding to this domain in wild type
TIM1 is sufficient to prevent the entire sequence of events

eading to SOC activation. In recent studies, a sequence con-
aining only the EF and SAM domain-containing region has
een recombinantly expressed in Escherichia coli and the
ffects of Ca2+ binding on its conformation studied in vitro
38]. These biophysical analyses show that in the presence
f Ca2+ the EF hand/SAM domain exists as a monomer
hat has a compact alpha-helical structure. In contrast, when
a2+ is depleted, the EF hand/SAM domain changes to a

ess alpha-helical, less compact conformation that promotes
ggregation to dimers and oligomers. Repletion of Ca2+

esults in disaggregation of this domain back to monomers,
emonstrating complete reversibility of this Ca2+-dependent
onformational change. The conformational change is not

estricted to the EF-hand domain, but also encompasses the
AM domain, suggesting that conformational changes of

he SAM domain may mediate the initial homotypic STIM1
nteractions observed upon Ca2+-depletion in the ER lumen

h
i
t
i
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38]. Since the EF-hand/SAM region was expressed in E. coli,
he role of N-linked glycosylation within the SAM domain
annot be ascertained. The only known function of N-linked
lycosylation demonstrated so far is in localisation of STIM1
o the plasma membrane [8], such that when glycosylation is
nhibited by tunicamycin, FACS analysis shows a reduction
n cell surface STIM1 levels [8].

Deletion of the SAM domain alone renders STIM1 inca-
able of store depletion-mediated punctae formation and does
ot result in constitutive STIM1 aggregation into punctae
or constitutive activation of SOC channels [30]. These data
upport a critical role of the SAM domain in determining
he Ca2+-dependent conformational transition of the extra-
ellular region. Since expression of protein containing only
he cytoplasmic region of STIM1 appears to elicit the same
ffects as an EF hand mutant in constitutive activation of SOC
hannels in store-replete cells [12], it can be concluded that
he extracellular domain of STIM1 plays a critical role in
reventing the lateral aggregation of STIM1 oligomers into
unctae and subsequent SOC channel activation in store-
eplete cells, rather than having a necessary and sufficient
ole in actively promoting these events after store depletion.
owever, a role of this region in enhancing STIM1–STIM1

nteractions in normal cells, when STIM1 is not so abun-
ant, cannot be ruled out. Ca2+ binding to the EF hand may
hus be the single critical endogenous regulatory mechanism
hat prevents the SAM-dependent conformational change in
he extracellular region of STIM1 required for aggregation
nd translocation of STIM1 into punctae in the ER. It is not
nown whether this conformational change involves alter-
tions in the interaction of the SAM domain with other
roteins (including STIM1), or whether the SAM domain
n STIM1 only mediates intramolecular interactions within
he extracellular region.

.2. The cytoplasmic coiled-coil/ERM domain mediates
TIM1 aggregation and SOC activation

While the data presented above indicate that the extracel-
ular region of STIM1 only dimerises in the absence of Ca2+,
TIM1 does not appear to exist in a monomeric form in the
esting, Ca2+ replete state of cells in vivo, since both endoge-
ous and overexpressed STIM1–STIM1 and STIM1–STIM2
omplexes can be readily co-immunoprecipitated from
tore-replete cell lysates [8]. In fact, the formation of
hese complexes has been shown not to be dependent
n the extracellular region, since STIM1–STIM1 interac-
ions occur when the extracellular region of STIM1 is
eplaced with the non-STIM protein GCSF, but rather
nvolves the cytoplasmic coiled-coil/ERM domain [8]. We
ropose that STIM1–STIM1 and STIM1–STIM2 inter-
ctions in store-replete cells represent homodimers and

eterodimers, respectively, which subsequently aggregate
nto higher order oligomers within punctae upon Ca2+ deple-
ion. These observations suggest that the cytoplasmic region,
ncluding the coiled-coil/ERM domains, exists in different
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onformation states that either permit or prevent higher order
ligomerisation.

When overexpressed in cells, the intracellular region of
TIM1 protein is alone sufficient in mediating constitutive
OC entry [12], indicating that this region must assume a
efault active conformation that, like the EF hand mutant,
s able to assemble into punctae in the ER and activate
OC channels in the PM. The role of the coiled-coil/ERM
omain in this process has been investigated by deletion
f this domain in full-length wild type STIM1 protein, in
he constitutively active EF-hand mutant and in the consti-
utively active intracellular region of STIM1. In each case,
eletion of the coiled-coil/ERM domain decreased translo-
ation of STIM1 into punctae and inhibited activation of
OC channels [12,30]. In addition, deletion of this domain

n the constitutively active EF-hand mutant inhibited store-
epletion-dependent clustering of wild type STIM1 in a
ominant-negative manner, indicating the critical role of this
omain in mediating the response of STIM1 to absence of
a2+ binding in the ER lumen [12]. The importance of the
oiled-coil/ERM region in the translocation and function of
TIM1 within the ER suggests that this domain mediates
ggregation of STIM1 dimers into punctae below the plasma
embrane, and also interactions between STIM1 in the ER

nd integral PM proteins, including protein components of

OC and other Ca2+ entry channels.

The demonstrated role for the coiled-coil/ERM domain
n mediating quite different processes in store replete and
tore-deplete cells supports a model in which the coiled-

s
t
c
a

ig. 4. (A) Diagrammatic representation of STIM1 protein fragments expressed from
-terminal deletions: deleted lysine-rich region (�KK, at D666), deletion of prolin
oiled-coil/ERM region (CCL, at H395), deletion downstream of the first coiled-co
t R235). (B) Western blot analysis of cell lysates from 293T cells expressing the
-terminal peptide of STIM1. Molecular weights of STIM1 proteins are shown on

C) Autoradiograph showing phosphorylation of full length and truncated STIM1
or 2 h followed by further incubation for 1 h in the presence (+) or absence (−) o
mmunoprecipitated with STIM1 antibodies prior to gel electrophoresis.
Calcium 42 (2007) 123–132

oil/ERM domain undergoes a conformational change that
etermines the nature of the protein–protein interactions
ediated through this region. Very few interacting part-

ers have so far been identified for STIM1. STIM1 can be
o-precipitated with plasma membrane TRPC proteins, and
hese interactions are mediated by the coiled-coil domain
12]. However, interactions between STIM1 and TRPC
roteins are not regulated by store depletion. In contrast, inter-
ctions between STIM1 and Orai1 are significantly enhanced
fter store depletion [40], but it is not clear whether this is
ue to conformational changes in these proteins after store-
epletion or simply due to localisation of STIM1 to ER sites
here close association is physically possible. A role for the

oiled-coil domain in mediating Orai1–STIM1 interactions
as been suggested [41] but not demonstrated biochemically.
owever, since this is the only intracellular domain present in
-Stim, which does interact with Drosophila Orai1 to medi-

te SOC entry [34], the coiled-coil/ERM domain of D-Stim
s almost certainly involved in their interaction.

As discussed above, ERM proteins are known to undergo
onformational changes that cause them to be ‘active’ or
inactive’ in mediating interactions with other proteins. It
ill be of major importance to determine whether such con-

ormational changes in the STIM1 coiled-coil/ERM domain
re responsible for mediating different STIM1 associations in

tore-replete and store-deplete states, and whether conforma-
ional changes are influenced by the Ca2+-binding dependent
onformational status of the extracellular region. We suggest
model in which the coiled-coil/ERM domain can exchange

a full length STIM1 cDNA construct (FL) and constructs with progressive
e-rich and lysine-rich regions (�PR, at M597), deletion downstream of the
il region (CCS, at S340), and deletion of entire intracellular region (�IC,
STIM1 cDNA constructs shown in A, using an antibody recognising an
the right. The cell surface expression was determined by FACS analysis.
proteins expressed in 293T cells. Cells were incubated in 32P phosphate
f the phosphatase inhibitor calyculin A (as in [4]). STIM1 proteins were
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nteracting partners, dependent on the conformational sta-
us of the entire region. Thus, while in a store-replete state
hese coiled-coils form dimers with other STIM proteins
STIM1 or STIM2) they might undergo a conformational
hange after store-depletion to enable interactions with other
TIM1 dimers, other proteins, and with coiled-coils in Orai1.
etailed structural analysis of the coiled-coil region will
e required to understand exactly how the dynamic state in
TIM1 interactions might be regulated, and this is an impor-

ant area for further research.
The interaction between STIM1 and STIM2 has been

hown to have a powerful inhibitory effect on SOC activa-
ion in a variety of cell types [25] suggesting that STIM1
nd STIM2 may have a coordinate role in regulating SOC
ntry. Even though STIM2 has an EF hand in the extra-

ellular region, it does not appear to act as an ER Ca2+

ensor, and is not redistributed within the ER after store
epletion when overexpressed [25]. Only when STIM1 levels
re high enough does store depletion result in translocation

o
r
s
p

ig. 5. A proposed model for conformational changes in STIM1 protein (pink) i
n the plasma membrane (PM) to form functional SOC channels. (A) In resting,
he extracellular region of STIM1 in a compact, monomeric conformation. STIM1
ytoplasmic coiled-coil/ERM domains, which are distributed uniformly thoughout th
he Ca2+-dependent conformation of the extracellular region. We propose that the c
o promote STIM1 aggregation and/or interaction with other proteins. (B) After sto
a2+ binding by assuming an extended conformational change that promotes STIM

his, in turn, induces a conformational change in the cytoplasmic region that prom
eneath the PM. The cytoplasmic domains of STIM1 associate with the cytoplasmi
f STIM1 in the ER causes clustering of Orai1 and STIM1 in the PM to form a comp
OC channels. Specific protein interactions in these complexes regulate SOC chan

his figure legend, the reader is referred to the web version of the article.)
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f STIM2 to punctae at the ER-plasma membrane junction,
resumably through association with STIM1. However, these
TIM1–STIM2 aggregates are not able to activate SOC entry
25]. STIM2 can also inhibit the function of the constitutively
ctive STIM1 EF hand mutant that pre-exists in punctae, indi-
ating that it can interfere downstream of punctae formation,
resumably by competing positively with other protein inter-
ctions that make up functional complexes between the ER
nd SOC channels. However, high levels of STIM2 expres-
ion can result in constitutive activation of Ca2+ entry without
ny redistribution within the ER, which is enhanced by co-
xpression of Orai1 [42]. Thus, it is not yet clear what actual
ole STIM2 has in regulating Ca2+ entry in vivo, and further
esearch is required in this area.

Residues within the coiled-coil domain are required not

nly for redistribution of STIM1 in the ER but are also
equired for retention of STIM1 within the ER rather than
equestration to the plasma membrane. Deletion of the cyto-
lasmic region C-terminal of the coiled-coil domain (CC long

n the ER that mediate interactions with Orai1 protein (blue) and STIM1
store-replete cells, binding of Ca2+ (circles) in the ER lumen maintains
nevertheless exists as dimers, mediated through associations between the
e ER. Lateral aggregation of dimers is prevented by a mechanism involving
onformational state of the coiled-coil/ERM region determines its potential
re depletion, the extracellular region of STIM1 responds to the absence of
1 dimerisation and oligomerisation through this region. We propose that

otes lateral aggregation of STIM1 dimers within the ER to specific sites
c domains of Orai1 and STIM1 proteins in the PM. (C) Lateral aggregation
lex of proteins (punctae) that couple the ER and PM to establish functional

nel activity and Ca2+ entry. (For interpretation of the references to color in



1 / Cell

f
t
a
w
a
d
t
c
m
l
i
t
w

5
t

a
l
S
s
c
c
a
h
n
t
p
3
c
r

n
o
t
m
t
t
a
m
f
t
a
a
m
p
i
t
i
c
i
m
i
w
S

i
p
e
i

6

d
i
t
t
t
p
T
c
c
w
S
c
c
t
r
t
w
t
i
o
c
r
l
h
c
a
S
m

w
(
e
m
t
s
u
c
a
r
i
a
c
a

30 M.A. Dziadek, L.S. Johnstone

orm, Fig. 4) that contains the proline-rich region (PRR) and
he lysine-rich tail (KK tail) does not markedly influence the
mount of overexpressed STIM1 localised to the cell surface
hen compared to full-length STIM1, determined by FACS

nalysis in HEK293 cells (12% cf. 25%, respectively). This
ata indicates that the lysine-rich region is not an ER reten-
ion signal in STIM1. However, deletion of the C-terminal
oiled-coil segment (CC short, Fig. 4) or the entire cytoplas-
ic region (�IC, Fig. 5) causes 91% and 76% of STIM1 to be

ocalised at the cell surface. It is possible that protein–protein
nteractions between STIM1 and other proteins mediated by
he coiled-coil domain are required for retention of STIM1
ithin the ER, but this has not been determined.

.3. The cytoplasmic proline-rich region and lysine-rich
ail regulate SOC activity

The C-terminal half of the cytoplasmic regions of STIM1
nd STIM2 contain dissimilar proline-rich regions and
ysine-rich tails. The phosphorylation state of STIM1 and
TIM2 is significantly enhanced in the presence of the
erine/threonine phosphatase inhibitor calyculin A [4], indi-
ating that the phosphorylation of STIMs undergoes dynamic
hange in cells. Quantitative analysis of STIM1 phospho-
mines in store-replete cells using thin layer chromatography
as demonstrated that STIM1 is phosphorylated predomi-
antly on serine residues [7], all of which are C-terminal to
he coiled-coil domain (Fig. 4). An estimated 70% of phos-
horylated residues are within the proline-rich region while
0% are located within the C-terminal region of the coiled-
oil ERM domain, where they could potentially function to
egulate the conformation of the extracellular region.

Deletion of the proline-rich and lysine-rich domains does
ot inhibit SOC activation, but appears to influence the rate
f transport of STIM1 from the general ER to the punctae at
he plasma membrane contacts [30], and influences the phar-
acology of the SOC activation and inactivation response

o store depletion [24]. The proline-rich region thus appears
o have a role in regulating the dynamics of both STIM1
ggregation and SOC channel activity, presumably through
ediating protein–protein interactions within the complexes

ormed at the ER-plasma membrane interface. This fine-
uning function as opposed to a critical role in SOC channel
ctivity is consistent with the absence of a proline-rich and
lysine-rich domain in D-Stim and imply a much simpler
olecular control over Ca2+ entry in Drosophila cells. The

resence of a second STIM protein in vertebrates that can
nhibit STIM1-mediated SOC activation after store deple-
ion also supports a more complex control of SOC channels
n vertebrate cells. The proline-rich region in human STIM1
ontains a motif (HSPSSP) for binding of the SH3 contain-
ng protein 14-3-3, but this sequence is not conserved in the
urine protein. We have not been able to demonstrate an
nteraction between 14-3-3 and STIM1 in store-replete cells,
hich may indicate that this is not a critical functional site in
TIM1, or that the site is functional only after store-depletion

S

p
d

Calcium 42 (2007) 123–132

n human cells. Identification of proteins that interact with the
roline-rich domains of STIM1 and STIM2 will be critical for
lucidating the mechanisms by which these domains function
n the regulation of SOC channels.

. Conclusions

The biological significance of the unique structural
omains of STIM1 is now becoming clear. A good work-
ng model can be proposed for how these domains contribute
o the function of STIM1 as a Ca2+ sensor in the ER and
he sequential changes in aggregation, translocation within
he ER, formation of punctae at sites of contact with the
lasma membrane and activation of SOC channels (Fig. 5).
he biochemical and biophysical data suggest that the extra-
ellular region of STIM1 exists in a monomeric compact
onformational state when Ca2+ is bound to the EF hand,
hile the intracellular coiled-coil domain mediates dimeric
TIM1–STIM1 interactions. Upon Ca2+ depletion, the extra-
ellular EF hand/SAM domain undergoes a conformational
hange that promotes dimerisation and oligomerisation of
he extracellular region. The intracellular coiled-coil/ERM
egion of STIM1 mediates lateral aggregation of STIM1 and
ranslocation within the ER either after Ca2+ depletion or
hen the extracellular region is absent or mutated and unable

o bind Ca2+. This default conformational state is prevented
n the Ca2+ replete state by the Ca2+-dependent conformation
f the extracellular region. We thus propose that in normal
ells, the Ca2+-dependent conformation of the extracellular
egion of STIM1 influences the conformation of the intracel-
ular coiled-coil/ERM domain that permits aggregation into
igher order protein complexes. These complexes are translo-
ated to sites beneath the plasma membrane where they are
ble to form complexes with Orai1 and regulate the activity of
OC channels through specific protein–protein interactions
ediated by the intracellular STIM1 domains.
There are still many unanswered mechanistic questions

hich will undoubtedly be addressed over the next few years:
1) How does Ca2+ binding to the extracellular region influ-
nce oligomerisation of the cytoplasmic region? (2) What
echanisms cause STIM protein aggregates to be redis-

ributed and translocated into punctae within the ER at contact
ites with the plasma membrane? (3) Which proteins make
p the protein complexes at these punctae? (4) What proteins
onstitute the SOC channel in addition to Orai1? (5) Are inter-
ctions between ER- and plasma membrane-localised STIM1
equired for SOC function? (6) How do protein interactions
nfluence SOC channel pharmacokinetics? (7) What role, if
ny, does STIM1 phosphorylation play in regulation of SOC
hannel activity? (8) What other functions does STIM1 have
t the plasma membrane? (9) What is the role of STIM2 in

OC inhibition and activation in vivo?

An understanding of what actual role these mechanisms
lay in the regulation of SOC function in vivo, during tissue
evelopment, homeostasis and disease, will require further
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tudies in animal models. Such studies are also likely to reveal
hether regulation of SOC entry mediated by STIM pro-

eins has a role in cell proliferation and survival, the function
nitially proposed for STIM1.
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