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In 1986, J.W. Putney presented a model for capacitative calcium (Ca%*) entry conveying that depletion of
endoplasmic reticulum stored Ca®* levels leads to activation of plasma membrane Ca?* channels which
mediate influx of Ca?* from the extracellular space into cells. Presently, the biomolecules regulating
this process, more widely known as store operated Ca?* entry (SOCE) which is vital to myriad signaling
pathways in health and disease, are known and the focus of intense structural biology research aiming

to illuminate the atomic mechanisms of function. This brief review highlights the known structures with
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respect to the mechanisms of SOCE regulation and possible future directions in this field developed out
of Putney’s conceptualization of this process.

© 2016 Elsevier Ltd. All rights reserved.

Forty years ago, the J.W. Putney group demonstrated that potas-
sium (K*) permeability in response to acetylcholine exposure of
parotid gland occurred through sequential transient and sustained
phases [1], and remarkably, the transient response was dependent
onintracellularly stored calcium (Ca2*) [2]. Soon after, they showed
that the presence of internally stored Ca2* was dependent on the
existence of external Ca2*, revealing the first association between
intracellular stored ion release and influx into cells [2]. Consis-
tent with these initial observations, Putney’s group discovered that
86rubidium (Rb*) efflux, used as a surrogate for K*, through Ca2*
activated K* channels was only transient in lacrimal acinar cells
when the external medium lacked CaZ*, and a second transient
response was only observed when CaZ* was restored to the extra-
cellular medium [3]. Although inconspicuous at the time, these
studies laid the foundation for the capacitive CaZ* entry model
articulated a decade later by Putney that first described the pro-
cess of store operated Ca2* entry (SOCE): depletion of endoplasmic
reticulum (ER) CaZ* stores signals the opening of plasma membrane
(PM) Ca2* channels [4,5].

Just as inconspicuous were the molecular players and mech-
anisms involved in directly mediating SOCE. Introduction of the
SOCE model was followed by a ‘dark ages’ period whereby can-
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didate proteins and mechanisms including transient receptor
potential (TRP) channels [6], diffusible messengers [7,8], vesicle
fusion/exocytosis [9,10] and direct coupling between ER inosi-
tol 1,4,5-trisphosphate receptor channels and PM CaZ* channels
[11-14] were put forth, but the real molecular players were still
unknown during that time interval. It was not until 2005 using
a large scale small inhibiting RNA screen against 2304 signaling
proteins [15] and an RNA interference gene knockdown approach
directed against Drosophila genes in S2 cells [16] that stromal
interaction molecules (i.e. Stim in Drosophila, STIM1 and STIM2
in humans) were identified as the key proteins directly regulating
SOCE. Importantly, the ability of STIMs to detect changes in ER lumi-
nal Ca2* levels and activate SOCE was demonstrated by mutation in
a primary sequence predicted single EF-hand motif where disrup-
tion of Ca2* binding led to activation of SOCE [15,17]. One year later,
the Orail subunits making up the PM channel pore were identified
through similar interfering RNA, pedigree analyses of a family with
inherited immunodeficiency disease and CaZ* release activated
Ca2* (CRAC) current measurements after rationalized mutagenesis
[18-23]. With the identification of these molecular players, Putney
and others showed that ectopic co-expression of STIM1 and Orail
produced enormous synergistic levels of SOCE [24-26].

The discovery of STIM1/-2 and Orail led to the proliferation of
functional studies aimed at teasing out the cellular mechanisms
of SOCE. These cellular studies were highlighted by discoveries
revealing that upon luminal Ca2* depletion, STIM proteins homo-
oligomerize [27] and translocate to ER-PM junctions where they
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assemble into larger aggregates described as puncta [17,27-31].
The PM-resident Orail channel proteins are recruited to the same
puncta via direct interactions with STIM1 [28,32-34] where they
are gated and form functional channels (see below).

STIM proteins are modular with a single pass transmem-
brane (TM) segment separating the ER luminal from the cytosolic
domains. The first atomic resolution structure of any domain
involved in mediating SOCE was the luminal CaZ* sensing region of
human STIM1 corresponding to the evolutionarily conserved EF-
hand together with the sterile a-motif (SAM) domains (EFSAM)
[35]. It was already known that Ca?* depletion from this ER lumi-
nal STIM1 region causes a profound destabilization-coupled with
oligomerization [36]; however, this structure provided atomic-
level mechanistic insights into the basis for this oligomerization
and thus, the initiation of SOCE via STIM1. The work revealed
that the luminal domain of STIMs indeed contain a sequence-
unidentifiable EF-hand which pairs with the canonical Ca%* binding
EF-hand in the formation of an extensive hydrophobic cleft;
moreover, in the Ca?*-bound state, the C-terminal helix of the
SAM domain is anchored in EF-hand cleft, keeping EFSAM in
a compact, monomeric conformation and maintaining STIM1 in
a quiescent state (Fig. 1A) [35]. Upon Ca?*-depletion, EFSAM
undergoes a destabilization-coupled oligomerization linked to
increased hydrophobic residue exposure [35,36]. The luminal
domain oligomerization initiates conformational changes in the
STIM1 cytosolic domains, the translocation process and activation
of PM Orail channels.

Remarkably, the human STIM1 homologue, STIM2, has a distinc-
tive luminal Ca2* sensitivity and plays a prominent role in basal
ER luminal and cytosolic Ca?* homoeostasis [37]. STIM2 functions
as a feedback regulator of basal CaZ* levels by becoming active
after smaller decreases in ER Ca%* concentrations [37], owing to
a lower EF-hand Ca?* binding affinity compared to STIM1 EFSAM
[38]. Mechanistically, this lower affinity was initially somewhat
puzzling since STIM2 EFSAM is more stable than STIM1 [38]. How-
ever, structural studies revealed a more extensive hydrophobic
cleft and SAM domain core as well as ionic interactions between
the EF-hand:SAM domains enhance STIM2 stability by promoting
the compact conformation (Fig. 1B) [39], despite the lower Ca2*
binding affinity mediated by the canonical EF-hand motif. Collec-
tively, these structural studies revealed that STIM1 EFSAM is a
robust ON/OFF regulator of Orail channels using a balance of higher
Ca2* binding affinity (i.e. responsive to large magnitude ER luminal
Ca?* depletion) with lower stability (i.e. increasing oligomerization
propensity and rates), while STIM2 EFSAM is an ideal regulator
of basal Ca?* homeostasis with a lower Ca%* binding affinity (i.e.
responsive to small magnitude ER luminal Ca?* depletion) and
higher stability (i.e. mediating lower oligomerization propensity)
[39,40].

While EFSAM is responsible for Ca%* sensing and initiation of
STIM1 oligomerization, the cytosolic domains including the coiled-
coil (CC) regions play roles in oligomerization, translocation, Orail
coupling as well as gating [20,22,27,31,41,42].In fact, STIM1 cytoso-
lic fragments encompassing only the CC domains are sufficient
for eliciting constitutively active SOCE when co-expressed with
Orail [33,41,43-46]. There are three conserved CC domains in the
cytosolic region of STIMs (i.e. CC1, CC2 and CC3); CC2 together
with CC3 (i.e. residues ~342-448) constitute the minimal region
required for coupling to and activation of Orail channels in cells
[43,45,46]. A L374M/V419A/C436T triple mutant crystal structure
of this minimum region revealed a V-shaped dimer structure where
CC3 runs antiparallel to CC2, and the CC2-CC3 linker region is posi-
tioned at the apex of each monomer [47] (Fig. 2A). Moreover, a
M244L/L321M double mutant crystal structure of CC1 (i.e. residues
237-340) revealed a helical conformation that extends ~13 nm,
confirming the ability of ER-inserted STIM1 to bridge the distance
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Fig. 1. Atomic resolution structures of the STIM1 and STIM2 Ca?* sensing luminal
domains. A. Solution NMR structure of Ca**-loaded STIM1 EFSAM. The STIM1 EF-
hand (pink) hydrophobic cleft is made up of 12 residues (beige sticks: V68,171, H72,
L74,M75,V83,192,196,K104,F108,1115,L120). The SAM domain (green) hydropho-
bic core is made up of 9 residues (orange sticks: V137,L141,V145,L159,L167, M174,
H186, L190, A194). The anchor residues (red sticks: L195, L199) that keep the SAM
domain closely apposed to the hydrophobic cleft are shown. B. Solution NMR struc-
ture of Ca%*-loaded STIM2 EFSAM. The STIM2 EF-hand (pink) hydrophobic cleft is
made up of 13 residues (beige sticks: L72,175, H76,M79,187,F95, M100, K103, K108,
L112,L119,L124,W128). The SAM domain (green) hydrophobic core is made up of 9
residues (orange sticks: L142,L145,V149,F158,V163,L168,M179,1180,L183,H190,
K193, L194). The anchor residues (red sticks: L199, L203) and the ionic interaction
(D200 and K203; red and blue sticks, respectively) that keep the SAM domain closely
apposed to the hydrophobic cleft are indicated. In A and B, the estimated equilibrium
dissociation constants (Kq) of Ca?* binding and midpoints of temperature denatu-
ration (Tp,) are from [35,36] and [38,39] for STIM1 and STIM2, respectively. Ca®* is
represented by a yellow sphere and the images were rendered using 2K60 and 2L5Y
in PyMOL.

to the PM during Orail channel activation [48] (Fig. 2B). CC1 also
plays important roles in keeping the CC2-CC3 regions in a quies-
cent state through direct CC1:CC2-CC3 interactions [49]. In fact,
mutations in CC1 are capable of inducing a conformational exten-
sion which culminates in CC2-CC3 constitutively activating Orail
channels [50].
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Fig. 2. Atomic resolution structures of the STIM1 CC domains and Drosophila Orai. A. Crystal structure of the STIM1 CC2-CC3 (i.e. SOAR/CAD/ccb9) region. B. Crystal structure
of the STIM1 CC1 domain. The ~13.1 nm distance spanned by this extended conformation that likely bridges the ER-PM distance during Orail channel activation [48] is
indicated. C. Solution NMR structure of the STIM1 CC1-CC2 fragment. The CC1:CC1’ (cyan) and CC2:CC2’ (pink) interfaces which interact via supercoiling are indicated. D.
Solution NMR structure of the STIM1 CC1-CC2 fragment in complex with two Orai1 C-terminal domain peptides. The CC1:CC1’ (cyan) interface is indicated. The SOAP made
up of hydrophobic (orange sticks: P344, L347, L351, H355, V359, Y362/, K366/, A369', L373', A376', A380', 1383’) and basic residues (blue sticks: H355, K365', K366/, K377,
K382/, K384/, K385/, K386', R387’) exclusively from the CC2 helices (pink) are indicated. The complementary acidic residues (red cartoon: E272, E275, E278, D284, D287,
D291) from the Orail C-termini (yellow) are also shown. E. Drosophila melanogaster hexameric Orai crystal structure. Each dimer building block is coloured distinctly (i.e.
blue, brown, and yellow). F. Zoomed view of the Orai dimer exhibiting a high degree of C-terminal domain structural compatibility with the human STIM1 CC1-CC2:0rail
C-terminal conformation and hypothetical binding mode in the cytosol. The similar interhelical angles in E and F are indicated. The overlapping CC1 regions in B, C and D are
coloured cyan. The overlapping CC2 regions in A, C and D are coloured pink. The images in A-F, were rendered using 3TEQ, 409B, 2MA], 2MAK and 4HKR, respectively, in
PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

While static crystal structure snapshots have provided a wealth
of information on the mechanisms of STIM1 cytosolic domain func-
tion, a series of elegant live cell fluorescence resonance energy
transfer experiments indicate the CCs undergo large structural
changes concomitant with activation [33,44,49,50]. In the inactive
state, the CC1 region interacts with CC2-CC3 (i.e. CAD/SOAR/ccb9)
[49,51], maintaining a compact cytosolic conformation. While,
studies are in agreement about the domains which interact and lock
STIM1 in a quiescent state (i.e. CC1:CC3), the precise CC1 residues
involved may include L251 [49] or L258/L261 [52]. Dimerization
of the ER STIM1 luminal domains brings the STIM1 CC1 regions
into close apposition, triggering the cytosolic extension required
for coupling and gating of PM Orail channels [51]. The single
TM domain of STIM1 plays a role in the ER luminal to cytosolic
domain signal transmission, as a change in the interhelical TM angle
between adjacent STIM1 monomers (i.e. that would be induced
by EFSAM dimerization/oligomerization) is sufficient to bring CC1
regions together and unlock SOAR/CAD/ccb9 region for Orail acti-
vation [52].

STIM1 cytosolic CC domain conformational changes are also
evident from the solution NMR structures of a STIM1 CC1-CC2
fragment (i.e. residues 312-387). CC1-CC2 forms a dimer structure
made up of two U-shaped monomers with CC1:CC1’ and CC2:CC2’
interfaces formed in an antiparallel manner (Fig. 2C) [53]. In com-
plex with the Orail C-terminal domain (i.e. residues 272-292)
linked with recruitment and gating on the PM [54], CC1-CC2 under-
goes a dilation between the CC2:CC2’ interface, a registry shift in
the CC1:CC1’ interface and new supercoiling interactions between
Orail-C:CC2’ (Fig. 2D) [53]. To accommodate two Orail-C termi-
nal domains, the CC2 forms a symmetrical STIM-Orai association
pocket (SOAP) that has a hydrophobic interior and is surrounded
by a positively charged rim. These features are complementary to
the negatively charged Orail C-terminal domain containing distinct
hydrophobic residues that insert into the SOAP [53].

The CC2 region of the CC1-CC2 protein in complex with the
Orail C-terminal domain assembles differently than CC2 in the
CC2-CC3 crystal structure (Fig. 2B and D), reinforcing the capa-
bility for extensive conformational changes in the CC regions of
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Fig. 3. STIM1:0rail stoichiometric coupling models. A. STIM1 dimers coupling to
Orail dimers in a hexameric channel assembly derived from the solution NMR struc-
ture of STIM1 CC1-CC2 in a symmetric complex with two Orail C-terminal domains
[53]. B. STIM1 dimers coupling to Orail monomers in a hexameric channel assembly
derived from STIM1 CC2-CC3 dimer concatemers with an inactivating mutation in
one subunit fully activating SOCE [61].

STIM1. More remarkable than these differences, however, is the
high degree of structural similarity between the orientation of the
Orail-C terminal helices observed in the CC1-CC2:0rai1-C NMR
structure and the conformation of the Orai C-terminal helices
(i.e. residues 318-334) observed in the C224S/C283T/P276R/P277R
quadruple mutant Drosophila melanogaster Orai crystal structure
(Fig. 2E) [55]. Considering Levinthal’s protein folding paradox [56],
it is unlikely that the two structures (i.e. fly Orai crystal and
human solution STIM1:0rai1-C complex) are structurally similar by
chance, implying a compelling coupling and stoichiometric assem-
bly mechanism for the STIM1:0rail interaction. This structural
congruency suggests that the coupling of two STIM1 molecules
to two Orail C-terminal helices (i.e. 1:1 stoichiometry) plays a
role in the assembly and activation of Orail channels (Fig. 3A).
This docking arrangement is supported by studies which show
that mutational alteration of the bend architecture of the Orail C-
terminal helices attenuates binding to STIM1 CC2-CC3, locking the
Orail C-terminal bend through Cys crosslinking still permits bind-
ing to STIM1 CC2-CC3 and the crosslinking efficiency of residues
central in the Orail C-termini crossover position exhibited in the
NMR complex structure is greater than peripheral residues in this
region [57].

Absent from the NMR-derived STIM1:Orail coupling scheme
due to construct design is the F394 residue located on CC3
which may be important for Orail channel gating [58] via inter-
actions with the N-terminal Orail extensions [33,45,54,58-60].
Furthermore, concatenated STIM1 CC2-CC3 dimers carrying an
activity-diminishing F394H mutation in one monomer are still able
to elicit maximal channel activation, leading to a recent contrast-
ing model which proposes STIM1 dimers couple to Orail monomers
(2:1 stoichiometry) through only one STIM1 subunit [61] (Fig. 3B).

With universal and crucial cell signaling roles in health and
disease, a tremendous amount of research has been invested in
understanding the cellular, molecular and atomic mechanisms of
SOCE regulation since Putney’s initial conceptualization several
decades ago. However, growing scientific knowledge will continue
to spawn new inquiries, and at the structural level, several promi-
nent questions remain: What is the structure of human wild-type
Orail in the open channel configuration? What is the structure of
the full cytosolic STIM1 domain in the compact and extended con-
formations? How does full-length STIM1 couple to full-length Orail
and in what stoichiometry? What role does membrane insertion play
in the mechanisms of STIM1 activation? How do post-translational
modifications contribute to these structural mechanisms? How do the

different isoforms of STIM and Orai differentially regulate Ca?* signal-
ing? Clearly, the mechanisms of SOCE activation will be the focus
of intense research for many decades in the future, all borne out of
J.W. Putney'’s conceptualization of SOCE.
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