
CHAPTER THREE
Structure and Function of
Endoplasmic Reticulum STIM
Calcium Sensors
Peter B. Stathopulos1, Mitsuhiko Ikura1
Department of Medical Biophysics and Ontario Cancer Institute, University of Toronto and University Health
Network, Toronto, Ontario, Canada
1Corresponding authors: e-mail address: pstathop@uhnres.utoronto.ca; mikura@uhnres.utoronto.ca

Contents
1.
Cur
ISS
http
Introduction
rent Topics in Membranes, Volume 71 2013 Published by Elsevier Inc.
N 1063-5823
://dx.doi.org/10.1016/B978-0-12-407870-3.00003-2
60

2.
 STIM and Orai Domain Architectures
 63

3.
 STIM1 and Orai1 in the Activation in SOCE
 68

4.
 Human STIM1 and STIM2 EF–SAM Biophysical Features
 71

5.
 Human STIM1 EF–SAM Structure
 74

6.
 Human STIM2 EF–SAM Structure
 78

7.
 Human STIM1 and STIM2 Cytosolic Domains
 81

8.
 STIM Coupling to Orai
 82

9.
 Concluding Remarks
 85

Acknowledgments
 87

References
 87
Abstract
Store-operated calcium (Ca2þ) entry (SOCE) is a vital Ca2þ signaling pathway in nonex-
citable as well as electrically excitable cells, regulating countless physiological and path-
ophysiological pathways. Stromal interaction molecules (STIMs) are the principal
regulating molecules of SOCE, sensing changes in sarco-/endoplasmic reticulum
(S/ER) luminal Ca2þ levels and directly interacting with the Orai channel subunits to
orchestrate the opening of Ca2þ release-activated Ca2þ (CRAC) channels. Recent atomic
resolution structures on human STIM1 and STIM2 have illuminated critical mechanisms
of STIM function in SOCE; further, the first high-resolution structure of the Drosophila
melanogaster Orai channel has revealed vital data on the atomic composition of the
CRAC channel pore and the assembly of individual Orai subunits. This chapter focuses
on the mechanistic information garnered from these high-resolution structures and the
supporting biophysical, biochemical, and live cell work that has enhanced our under-
standing of the relationship between STIM and Orai structural features and CRAC chan-
nel function.
59
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1. INTRODUCTION

Extracellular stimuli which interact with receptors on the surface of
eukaryotic cells initiate signaling cascades that control myriad cellular pro-

cesses (Berridge, Lipp, & Bootman, 2000; Bootman & Lipp, 2001). For

example, upon T-cell receptor or G-protein-coupled receptor agonist bind-

ing, phospholipases are either indirectly or directly activated resulting in the

metabolism of phosphatidylinositol 4,5-bisphosphate (PIP2), generating

inositol 1,4,5-trisphospate (IP3) and diacylglycerol (Berridge, Bootman, &

Roderick, 2003; Bootman et al., 2001). The IP3molecule is a small diffusible

messenger which directly binds to IP3 receptors (IP3Rs) on the cytosolic face

of the endoplasmic reticulum (ER) membrane. Furthermore, IP3 binding to

IP3Rs induces a conformational change on these enormous tetrameric Ca2þ

release channels resulting in the opening of the IP3R pore which permeates

Ca2þ ions down a large concentration gradient from the relatively high Ca2þ

levels of the ER lumen (i.e.,�100–800 mM) into the low free Ca2þ levels of

the cytosol (i.e.,�0.1–1 mM) (reviewed in Stathopulos et al., 2012). Due to

the high Ca2þ levels of the ER lumen compared to other intracellular

compartments, this cellular partition is often termed the ERCa2þ store. This

intracellular Ca2þ release channel efflux into the cytosol can be terminated by

release of the IP3 molecule as well as a feedback mechanism by which Ca2þ

binds to the IP3R, thereby closing the channel. Interestingly, low levels

of cytosolic Ca2þ increase the open probability, whereas high Ca2þ levels

decrease the open probability, generating a bell-shaped Ca2þ-dependency
in channel activity (reviewed in Stathopulos et al., 2012). While IP3Rs

are also found in electrically excitable cells, ryanodine receptors (RyRs)

dominate intracellular Ca2þ release channel function in these cell types

(reviewed in Van Petegem, 2012). Native RyRs do not bind IP3, but can

be activated by Ca2þ or cyclic adenosine diphosphate ribose; however, they

share a remarkable structural and functional conservation in Ca2þ release

channel function. For example, RyRs demonstrate a bell-shaped Ca2þ-
dependency, and key domains within IP3Rs and RyRs are interchangeable

with a preservation of function suggesting a highly conserved activation

mechanism exists between these two Ca2þ release channel cousins (Seo

et al., 2012).

Ultimately, both RyRs and IP3Rs regulate cytosolic and luminal Ca2þ

levels. The spatial and temporal changes in intracellular Ca2þ mediate myr-

iad physiological and pathophysiological activities in cells such as memory,
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contraction, the immune response, and apoptosis, to name a few (Berridge

et al., 2000). However, the sarco/ER (S/ER) lumen is only a limited source

of Ca2þ as evidenced by S/ERCa2þ ATPase (SERCA) pump blockers such

as thapsigargin (TG) used in conjunction with fluorescent cytosolic Ca2þ

indicators such as Fura-2 which demonstrate the exhaustible escape of

Ca2þ from the lumen into the cytosol through leak pathways (Jackson,

Patterson, Thastrup, & Hanley, 1988; Liou et al., 2005). While local and

acute increases in cytosolic Ca2þ can trigger many processes, numerous cel-

lular activities rely on longer, sustained cytosolic Ca2þ increases to elicit the

signaling response, such as in transcriptional activation (reviewed in Hogan,

Chen, Nardone, & Rao, 2003). Eukaryotic cells have evolved the inter-

compartmental coordination of Ca2þ signals to achieve the vast array of dif-

ferent activities required in life and death processes.

The major Ca2þ entry pathway of nonexcitable cells such as immune

cells and platelets is store-operated calcium (Ca2þ) entry (SOCE)

(Shaw & Feske, 2012; Varga-Szabo, Braun, & Nieswandt, 2011). SOCE

is the process by which an external cell stimulus results in compartmentalized

S/ER luminal Ca2þ release, through the IP3-mediated pathway, for exam-

ple; furthermore, this S/ER Ca2þ store release results in a communication

between the Ca2þ-depleted S/ER lumen and the plasma membrane (PM).

Subsequently, PM-resident Ca2þ channels open and Ca2þ enters the cytosol

down a steep Ca2þ concentration gradient from the extracellular space (i.e.,

[Ca2þ] of the extracellular space �1000 mM vs. �0.1–1 mM in the cytosol)

(Feske, 2007). The essentially inexhaustible supply of Ca2þ from the extra-

cellular space has the capacity to provide a sustained Ca2þ entry required for

longer term increases in cytosolic Ca2þ. Additionally, Ca2þ entering the

cytosol via SOCE is an important source of Ca2þ for the SERCA pump

refilling of the S/ER lumen. As critical Ca2þ-dependent processes take place
within the S/ER lumen such as protein folding, chaperone quality control of

protein folding, steroidogenesis, vesicle trafficking, and initiation of cell

death pathways, it is essential that Ca2þ levels within the S/ER lumen do

not remain chronically low (Berridge, 2002). Hence, SOCE provides the

Ca2þ necessary to regulate cellular activities which require sustained eleva-

tion of cytosolic Ca2þ and to prevent Ca2þ levels of the S/ER lumen from

becoming detrimentally low.

Although the SOCE model was first proposed in 1986 (Putney, 1986),

almost two decades passed prior to the identification of the principal molec-

ular players in this process. Using a systems biology approach which

employed small inhibiting RNA (siRNA) knockdown of over 2300 human
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genes, stromal interaction molecule-1 (STIM1) and -2 (STIM2) were iden-

tified as molecular components of SOCE (Liou et al., 2005). The genes were

chosen based on the presence of primary sequence-identified signaling

domains, and the level of SOCE activity was assessed in siRNA-transfected

mammalian cells by monitoring changes in Fura-2 fluorescence after hista-

mine and TG treatment which empty S/ER luminal Ca2þ stores via

receptor-mediated IP3 production and SERCA pump inhibition, respec-

tively. In an independent study using an RNA interference (RNAi) screen

of Drosophila melanogaster genes in S2 cells, knockdown of D. melanogaster

STIM was identified to almost completely abolish an electrophysiological

inward rectifying current with characteristics identical to mammalian

T-cell Ca2þ release-activated Ca2þ (CRAC) current; furthermore, SOCE

through CRAC channels is the principal Ca2þ entry pathway in human

immune cells such as T-cells, and RNAi knockdown of the human homo-

logue toD. melanogaster, STIM1 in human T-cells resulted in suppression of

CRAC currents, thereby confirming STIM as a key molecular component

of CRAC channels (Roos et al., 2005). Importantly, it was shown that

mutation of key Ca2þ coordinating residues in the putative EF-hand

resulted in constitutive CRAC activation, linking the a Ca2þ sensing ability

of STIM to SOCE regulation (Zhang et al., 2005).

Interestingly, while STIM knockdown using inhibiting nucleic acid

strategies suppressed SOCE, overexpression of STIM in mammalian cells

only modestly increased SOCE activity (Liou et al., 2005; Roos et al.,

2005). One year after the STIM molecular link was elucidated, a pedigree

and interference RNA analysis identified another protein, Orai1 as critical in

SOCE (Feske et al., 2006). A mutation in Orai1 (Arg91Trp), a predicted

four-transmembrane (TM) protein, caused an inheritable form of severe

combined immunodeficiency disease (SCID) in which patient T-cells

showed a complete lack of CRAC entry (Feske et al., 2006). SCID was

sensationalized in the late 1970s and early 1980s with reports of a SCID

patient which spent the first 12 years of his life in isolation due to poor

immune function (Lawrence, 1985; Stone, 1977). The identification of

Orai1 as a key player in SOCE lead to studies showing that cooverexpression

of STIM1 andOrai1 induces robust and dramatic increases in cytosolic Ca2þ

after ER luminal Ca2þ depletion by TG (Mercer et al., 2006; Soboloff et al.,

2006). Ultimately, studies confirmed that Orai1 was a subunit of the PM

CRAC channel pore and a major molecular component of SOCE

(Prakriya et al., 2006; Vig, Beck, et al., 2006; Vig, Peinelt, et al., 2006;

Yeromin et al., 2006; Zhang et al., 2006). Prior to the identification of
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the PM Orai proteins, the transient receptor potential family of proteins

were candidates as the PM channels mediating SOCE (Draber &

Draberova, 2005; Parekh & Penner, 1997; Parekh & Putney, 2005;

Varga-Szabo, Braun, & Nieswandt, 2009).

Elucidation of three-dimensional (3D), atomic resolution protein struc-

ture is vital to understanding the precise mechanisms by which proteins

function. In recent years, tremendous progress has been made in revealing

high-resolution structural information on important conserved regions of

STIM1 and Orai; further, combined with live cell experiments assessing

SOCE in mammalian cells, great strides have been made in understanding

the mechanisms of CRAC channel regulation and function. This chapter

discusses the current known structural information of the CRAC compo-

nents, with a particular emphasis on the mechanisms by which STIM mol-

ecules regulate Orai1 channel formation. Additionally, known structural

differences between human STIM1 and STIM2 and how the distinctions

and similarities relate to the discrete role of these homologues in mammalian

cell signaling are discussed.

2. STIM AND Orai DOMAIN ARCHITECTURES

STIMs are single-pass TM proteins (Cai, 2007a). A small fraction of
these proteins is localized to the PM after glycosylation of Asn131 and

Asn171, while the vast majority is localized to the ER membrane where

the function of these regulatory molecules is best understood (Manji

et al., 2000; Williams et al., 2001, 2002; Zhang et al., 2005). Vertebrates

express two homologues, STIM1 and STIM2. The sequence-identifiable

ER luminal domains consist of an EF-hand and sterile a-motif (SAM)

domains. The cytosolic portion of STIMs contains three conserved

coiled-coil (CC) domains. Immediately proximal to the TM region a long

CC1 is predicted followed by two shorter CC domains (i.e., CC2 and CC3)

close in sequence space; further, the carboxy-terminal region of STIMs con-

tain Pro/Ser-rich and poly-Lys regions (Fig. 3.1A). Homologues from

lower to higher eukaryotes show conservation in these aforementioned

domains (Cai, 2007a), which play crucial roles in the mechanisms of SOCE

activation (see below). Human STIM1 and STIM2 share a 76% sequence

similarity through a 558-amino acid overlap, analyzed using the Lalign

server (Huang & Miller, 1991) (Fig. 3.1B). Nevertheless, these homologues

play distinct roles in Ca2þ homeostasis and signaling. STIM1, which

has been the focus of most of the research on this system to date, regulates



Figure 3.1 Domain architectures and sequence alignments of STIM proteins. (A) The
architectures of the two Homo sapiens homologues, STIM1 and STIM2, are shown. S,
signal peptide; cEF, canonical EF-hand; nEF, noncanonical EF-hand; SAM, sterile a-motif;
TM, transmembrane region; CC1, putative coiled-coil 1; CC2, coiled-coil 2; CC3, coiled-coil
3; P/S, Pro/Ser-rich region; poly-K, Lys-rich region; N, amino terminus; C, carboxy
terminus. The residue boundaries for each domain are indicated above and are derived
from the EF–SAM (2K60.pdb) and SOAR (3TEQ.pdb) structures for cEF, nEF, CC2, and CC3.
For STIM1, mutations associated with heritable immunodeficiencies are indicated by a
blue arrowhead. The location and sequence of the STIM1L insertion are shown with
a green arrowhead. The location and sequence of the long STIM2 ER signal peptide
are shown with a green arrowhead. (B) Multiple sequence alignment of human and
lower order STIM proteins. H. sapiens STIM1 (NCBI, NP_003147.2), H. sapiens STIM2
(NCBI, NP_065911.3), Caenorhabditis elegans STIM (NCBI, CCD73857.1), and Drosophila
melanogaster STIM (NCBI, NP_523357.2) sequences were aligned using Clustal Omega
(Sievers et al., 2011) with the default settings. The (*) indicates fully conserved residue,
(:) strongly similar residues, and (.) weakly similar residue. Conserved residue regions
are shaded to correspond with the domain color scheme in A.
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the inducible ON/OFF source of Ca2þ entry to cells, while STIM2 appears

to be more directly involved in basal Ca2þ homeostasis (see below).

Human STIM1 and STIM2 each have demonstrated interesting varia-

tions in the identity of each respective mature protein. Splice variations

in the STIM1 gene result in a long version of the translated protein (i.e.,

STIM1L) as well as the shorter, dominant version. STIM1L contains a

106-amino acid insertion in the nonconserved cytosolic region of STIM1,

following the conserved CC domains (Fig. 3.1A), and whereas STIM1 is

ubiquitously expressed in human tissues, STIM1L is found only in skeletal

muscle (Darbellay, Arnaudeau, Bader, Konig, & Bernheim, 2012;

Horinouchi et al., 2012). The potency of STIM1L and STIM1

TG-induced activation of SOCE is similar; however, STIM1L has been

reported to be critical for fast SOCE activation within myotubes required

for repetitive store-dependent Ca2þ signals (Darbellay et al., 2012). Interest-

ingly, immunoprecipitation experiments demonstrate that STIM1L binds

more abundantly to Orai1 than does STIM1 (Horinouchi et al., 2012).

STIM1 encodes a 22-amino acid ER-localization peptide at the

N-terminus. STIM2, on the other hand, encodes an additional 87 residues,

prior to the homologous ER signal peptide region. It has been suggested that

these 87 residues upstream of the STIM1-homologous signal peptide con-

stitutes a much longer signal sequence for STIM2 (Fig. 3.1A), necessary for

appropriate ER localization of STIM2 proteins (Graham, Dziadek, &

Johnstone, 2011). This 101 residue signal peptide is believed to decrease

the ER-localization efficiency of STIM2, resulting in a significant fraction

of cytosolic STIM2. Interestingly, it has been suggested that the 101-amino

acid signal peptide [i.e., 87 amino acid extended plus 14 amino acid con-

served region (Fig. 3.1A and B)] that is cleaved from the ER-inserted

STIM2 preprotein may play a role in regulation of gene transcription, inde-

pendent of SOCE and Orai proteins (Graham et al., 2011).

Human Orai1 is composed of 301 amino acids and has four predicted

TM segments (Cai, 2007b) (Fig. 3.2A). Both the N- and C-termini of this

PM protein face the cytoplasm, and each plays a role in activation by STIM1

at S/ER–PM junctions (see below). The TM segment 1 (TM1) forms the

Ca2þ permeation pathway within Orai channels; further, Glu106 in TM1

has been identified as a key residue required for Ca2þ ion permeability

and selectivity (Prakriya et al., 2006; Yeromin et al., 2006). Glu190 on

TM3 may also play a role in ion selectivity (Prakriya et al., 2006). Chemical

cross-linking data suggest that residues 88, 95, 102, and 106 are in close

apposition to one another, implying that TM1 is centrally located in channel



Figure 3.2 Domain architectures and sequence alignments of Orai proteins. (A) The
architectures of the three H. sapiens homologues, Orai1, Orai2, and Orai3, are shown.
NTD, N-terminal domain; TM1, transmembrane region 1; L1, loop 1; TM2, transmem-
brane region 2; L2, loop2; TM3, transmembrane region 3; L3, loop 3; TM4, transmem-
brane region 4; CTD, C-terminal domain; N, amino terminus; C, carboxy terminus. The
residue boundaries are shown above and are derived from theD.melanogaster structure
(4HKR.pdb), where each transmembrane region was defined by the uninterrupted helix
approximately parallel to the long axis of the pore. For Orai1, mutations associated with
heritable immunodeficiencies are indicated with a blue arrowhead. Critical residues for
Orai channel function that are conserved among the three homologues are indicated by
the green broken lines intersecting the domains. (B) Multiple sequence alignments
of human and lower order Orai proteins. H. sapiens Orai1 (NCBI, NP_116179.2),
H. sapiensOrai2 (NCBI, AAH69270.1), H. SapiensOrai3 (NCBI, AAH15555.1), C. elegansOrai
(NCBI, CCD63979.1), and D. melanogaster Orai (NCBI, NP_995881.2) sequences were
aligned in Clustal Omega and the output symbols are as described in Fig. 3.1B. The trans-
membrane regions are shaded to correspond to the boundaries defined in (A), and the
regions located intracellularly and extracellularly are indicated above the sequences.

66 Peter B. Stathopulos and Mitsuhiko Ikura



67Structure and Function of ER STIM Calcium Sensors
formation (Zhou, Ramachandran, Oh-Hora, Rao, & Hogan, 2010). In an

analogous study combining Cys mutagenesis and assessment of thiol reactive

agent accessibility, it was also shown that Glu106 is a critical component of

the Ca2þ permeation pathway which is made of TM1 residues (McNally,

Yamashita, Engh, & Prakriya, 2009). Leu95, Gly98, and Val102 are closest

to the putative symmetric axis of the channel, and point mutations in Gly98

and Val102 constitutively activate the channel, with substitution type

suggesting that Gly98 acts as the gating hinge, while Val102 functions as

the gate itself (McNally & Prakriya, 2012; McNally, Somasundaram,

Yamashita, & Prakriya, 2012; Zhang et al., 2011).

Humans express three Orai homologues; moreover, these three proteins

share a high primary sequence conservation among the residues making up

the TM regions, acidic residues involved in ion permeability, residue impor-

tant for ion selectivity, residue facilitating the gating hinge within TM1, res-

idue forming the hydrophobic gate within the pore, as well as basic residue

position associated with SCID (Fig. 3.2B). Recently, a boundary-optimized

version of D. melanogaster Orai was crystallized as a pore-closed hexamer,

confirming that Glu106 (i.e., D. melanogaster Glu178) binds Ca2þ ions and

that Leu95 (i.e., D. melanogaster Leu167) and Val102 (i.e., D. melanogaster

Val174) are important hydrophobic components lining the pore at the axis

of symmetry (Hou, Pedi, Diver, & Long, 2012). Human Orai1, Orai2, and

Orai3 show a conservation of these important pore residues and are all capa-

ble of forming functional CRAC channels with distinct properties when

ectopically expressed (Bogeski et al., 2010; DeHaven, Smyth, Boyles, &

Putney, 2007; Frischauf et al., 2009; Gwack et al., 2007; Lis et al., 2007).

Further, all three homologues are widely expressed in human tissues

(Gwack et al., 2007; Schindl et al., 2009); however, Orai1 plays a prevailing

role in mediating CRAC entry in immune cells (Feske, Skolnik, & Prakriya,

2012). It should be noted that heterotypic assembly of different Orai proteins

and PM-localization of these heteromultimers has been reported (Frischauf

et al., 2011; Lis et al., 2007; Mignen, Thompson, & Shuttleworth, 2008;

Schindl et al., 2009), suggesting that CRAC channels with distinct func-

tional properties may form in a tissue-dependent manner. That being said,

the role of Orai2 and Orai3 in CRAC entry is much less well-understood

than Orai1.

Since the discovery of the principal molecular components of CRAC

channels, several autosomal recessive mutations in STIM1 and Orai1 have

been identified in association with immunodeficiency diseases that present

a similar clinical phenotype as SCID (Feske, 2012; Feske et al., 2012).
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Inheritable mutations in STIM1 include the Glu128Arg_fsX9 caused by an

adenine insertion that results in a frame shift and prematurely terminates

STIM1 expression in the SAM domain (i.e., Glu136STOP) (Picard et al.,

2009), the 1538-1G>A splice site mutation abrogating full-length STIM1

mRNA transcription (Byun et al., 2010) and the Arg429Cys which does

not affect the full-length expression of STIM1, but exerts a dominant-

negative effect on CRAC channel function (Fuchs et al., 2012). Four muta-

tions in Orai1 have been linked with inheritable immunodeficiency diseases.

The Ala88Ser_fsX25 mutation terminates Orai1 expression, 25 residues

after the open reading frame shift at Ala88 (Feske et al., 2012; Partiseti

et al., 1994). The Arg91Trp mutation on TM1 does not interfere with pro-

tein expression or Orai1 localization, but eliminates channel function, per-

haps through plugging of the pore by the symmetric packing of hydrophobic

indole side chains (Feske et al., 2006; Hou et al., 2012; Thompson,

Mignen, & Shuttleworth, 2009). Each of the Ala103Glu mutation on

TM1 and the Leu194Pro mutation on TM3 result in immunodeficiency;

these point substitutions may exert their affects by attenuating protein levels,

through destabilization, misfolding, and degradation, for example (Feske

et al., 2012; Le Deist et al., 1995). While the aforementioned mutations

cause immunodeficiencies, changes in wild-type STIM1 and Orai1 expres-

sion levels have been linked with cardiovascular pathophysiologies

(reviewed in Zhang & Trebak, 2011) and various cancers (Faouzi et al.,

2011, 2013; McAndrew et al., 2011; Motiani, Abdullaev, & Trebak,

2010; Motiani et al., 2013). Additionally, somatic mutations in STIM1,

STIM2, Orai1, and Orai2 proteins have also been linked with cancers

(Capiod, 2012).

3. STIM1 AND Orai1 IN THE ACTIVATION IN SOCE

The sequence of cellular events leading to SOCE through the STIM
and Orai pathway is a multistep process. Within the luminal region, STIMs

contain the machinery required to sense Ca2þ changes and initiate SOCE.

After ER Ca2þ store depletion, through the agonist-induced IP3-mediated

pathway, for example, STIM1 self-associates. This oligomerization is prereq-

uisite to the subsequent translocation of STIM1 molecules from a pervasive

distribution on the ER to sites which are in close apposition to the PM

(i.e., ER–PM junctions) (Liou, Fivaz, Inoue, & Meyer, 2007; Liou et al.,

2005; Zhang et al., 2005). At ER–PM junctions, the oligomerized STIM1

recruits Orai1 to the same sites creating a CRAC channel complex (Luik,
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Wu, Buchanan, & Lewis, 2006; Varnai, Toth, Toth, Hunyady, & Balla,

2007; Wu, Buchanan, Luik, & Lewis, 2006; Xu et al., 2006). The dynamic

redistribution of these proteins is evident in HeLa and HL1 cardiomyocyte

cells cooverexpressing monomeric cherry fluorescence protein (mCh)-

STIM1 and enhanced green fluorescence protein (eGFP)-Orai1which show

a diffuse mCh and eGFP fluorescence at resting ER Ca2þ. After passive ER
Ca2þ store depletion by external TG addition, mCh-STIM1 forms visible

aggregates at ER–PM junctions called puncta; moreover, eGFP-Orai1

also accumulates at these puncta, evident from mCh/eGFP colocalization.

Visualization of the cellular fluorescence using total internal reflective fluo-

rescence (TIRF) microscopy reveals that puncta form within �100 nm of

the PM, the distance limit from the plane of the slide in contact with the cell

(i.e., the outer PM) for fluorescence excitation by the TIRF technique

(Fig. 3.3). These puncta made up of STIM1 and Orai1 proteins form sites

of CRAC entry.

Two independent studies demonstrated that an intramolecular transi-

tion of the STIM1 cytosolic domains occurs prior to coupling with Orai1

and gating the channel at ER–PM junctions. Using cyan fluorescent

protein (CFP) and yellow fluorescent protein (YFP) fused to the N- and

C-terminus, respectively, of a cytosolic STIM1 fragment encompassing res-

idues 234–450 [i.e., Orai activating STIM fragment (OASF)] and assessment

of the CFP/YFP intramolecular FRET, it was demonstrated that mutations

in CC1 (i.e., Leu251Ser) or CC3 (i.e., Leu416Ser/Leu423Ser) could induce

an extended conformation (i.e., decreased FRET); moreover, a similar

change in FRET was observed upon coupling with and activating Orai1

channels (Muik et al., 2011). Introduction of the same mutations into

full-length STIM1 leads to constitutive activation of CRAC entry, indepen-

dent of ER Ca2þ store depletion. In a separate study, FKB12 was fused to a

cytosolic fragment of STIM1 encompassing residues 238–462; moreover, it

was demonstrated that maximal CRAC activation could only be achieved

by this fragment after rapamycin treatment, artificially oligomerizing the

molecules with an ER-targeted FRB fragment (Korzeniowski, Manjarres,

Varnai, & Balla, 2011). Further, cooverexpression of an FKBP12–STIM1

fusion encompassing residues 238–343 with a spontaneously active

FKB12–STIM1 fusion encompassing residues 315–462 that maximally acti-

vates Orai1 channels, followed by rapamycin treatment inhibited Orai1

activity (Korzeniowski et al., 2011), suggesting that a region within residues

238–343 is involved in inhibition of the STIM1 conformational transition

involved in achieving an Orai1 activation-competent state.



Figure 3.3 Fluorescentmicroscopy of human STIM1 andOrai1 localization inmammalian
cells. (A) HeLa cells cooverexpressing mCh-STIM1 and eGFP-Orai1, visualized using total
internal reflective fluorescence (TIRF) microscopy. In the absence of ER Ca2þ store deple-
tion, the mCh-STIM1 and eGFP-Orai1 fluorescence are pervasively distributed; upon pas-
sive Ca2þ store depletion with thapsigargin, the mCh-STIM1 and eGFP-Orai1 form distinct
puncta, defined as the clustering of molecules (i.e., and fluorescence) at ER–PM junctions
(white arrowheads). When the images are merged, the eGFP-Orai1 and mCh-STIM1
exhibit a coclustering (yellow fluorescence). The TIRF mode limits fluorescence excitation
within �100 nm of the PM. (B) HL1 cardiomyocytes cooverexpressing mCh-STIM1 and
eGFP-Orai1, visualized using TIRF. Upon passive sarcoplasmic reticulum (SR) Ca2þ store
depletion using thapsigargin, a similar redistribution of mCh-STIM1 and eGFP-Orai1 is
observed in these electrically excitable cells as for HeLa cells. In (A) and (B), cells were
bathed in HBSS plus 1.5 mM CaCl2. Images were taken at ambient temperature, before
and 5 min post thapsigargin addition (2 mM external).
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Deletion of the C-terminal tail of STIM1 prevents translocation to ER–

PM junctions after S/ERCa2þ store depletion (Baba et al., 2006; Park et al.,

2009). This effect has been attributed to the Lys-rich region of STIM1.

Remarkably, cooverexpression of truncated STIM1 with Orai1 rescues
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translocation and activation of CRAC channels (Muik et al., 2009; Park

et al., 2009; Yuan et al., 2009). STIM proteins in lower order organisms such

as D. melanogaster do not contain this polybasic region (Cai, 2007a),

suggesting that the STIM poly-Lys-mediated mechanism of translocation

and the STIMCC-mediated coupling and recruitment of Orai1 (see below),

where the CC region is highly conserved among all phylogeny (Fig. 3.1B),

are two separable processes. Several cell biology studies suggest that the

STIM1 poly-Lys region interacts with membrane PIP2, as membrane

depleting and supplementing agents inhibit and enhance translocation,

respectively (Calloway et al., 2011; Korzeniowski et al., 2009; Walsh

et al., 2010). These observations reinforce the complexity of Ca2þ signaling,

as receptor-mediated activation of SOCE involves the conversion of PIP2 to

IP3 and diacylglycerol by phospholipases, yet PIP2 depletion is inhibitory to

the entire process.

4. HUMAN STIM1 AND STIM2 EF–SAM BIOPHYSICAL
FEATURES
Mobilization of the molecular components involved in SOCE is ini-

tiated in the ER lumen after Ca2þ store depletion. The EF-hand together

with SAM domain of STIMs (i.e., EF–SAM) is highly conserved from lower

to higher order eukaryotes. In vitro studies show that EF–SAM can be

recombinantly expressed and isolated with high purity from Escherichia coli

(Stathopulos, Li, Plevin, Ames, & Ikura, 2006). Remarkably, the two

domains fold cooperatively indicative of the mutual dependency of the

two domains on the conformational stability of the region. The isolated

EF–SAM region of STIM1 exhibits drastic conformational differences in

the presence and absence of Ca2þ (Stathopulos et al., 2006). In the presence

of Ca2þ, STIM1 EF–SAM demonstrates high a-helicity, in a monodisperse

monomeric conformation. In the absence of Ca2þ, STIM1 EF–SAM loses a

considerable amount of a-helicity and forms a polydisperse solution of

dimers and oligomers (Stathopulos, Zheng, Li, Plevin, & Ikura, 2008).

The well-folded and monodisperse character of the Ca2þ-loaded state com-

pared to the partially folded polydisperse and oligomerized character of the

Ca2þ-depleted state is clearly evident in the 1H–15N heteronuclear quantum

single coherence (HSQC) nuclear magnetic resonance (NMR) spectra

where the Ca2þ-loaded protein spectrum is well-dispersed and each amide
1H(N) resonance is resolved versus the Ca2þ-depleted protein spectrum

which exhibits the 1H(N) resonances clustered in the unfolded 1H chemical
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shift region (i.e., �7.5–8.5 ppm) and many resonances broadened beyond

detection (Stathopulos et al., 2006). The broadening observed in the

Ca2þ-depleted NMR spectra is due to conformational exchange of the

unfolded regions of EF–SAM, the polydisperse nature of the oligomers

(i.e., dimers and high-order oligomers) diluting the resonances in multiple

quaternary structures and the decreased tumbling time of the larger order

oligomers which undergo fast relaxation of magnetization.

In nature, EF-hand motifs are predominantly found in pairs, promoting

backbone hydrogen bonding between the loop regions of these helix-loop-

helix motifs and stabilizing the Ca2þ-binding sites and the entire EF-hand

domain (reviewed in Gifford, Walsh, & Vogel, 2007; Ikura & Ames,

2006). STIM proteins exhibit only a single primary sequence-identifiable

EF-hand motif. Assessment of STIM1 EF–SAM Ca2þ binding using a
45Ca2þ equilibrium ultrafiltration procedure, as well as by monitoring

changes in secondary structure and intrinsic Trp fluorescence of EF–SAM

as a function of Ca2þ concentration revealed that the EF–SAM domain

binds a single Ca2þ atom with relatively low affinity (i.e., equilibrium dis-

sociation constant, Kd�200–600 mM) (Huang et al., 2009; Stathopulos

et al., 2006; Zheng et al., 2011). Nevertheless, the experimentally derived

in vitroCa2þ affinity of STIM1 EF–SAM is in the range of Ca2þ levels docu-

mented for the ER lumen (Feske, 2007), suggesting that the Ca2þ-binding
property of EF–SAM is sensitive to fluctuations in ER Ca2þ associated

with SOCE.

Human STIM2 EF–SAM has been successfully expressed and purified

recombinantly from E. coli (Zheng, Stathopulos, Li, & Ikura, 2008). In

the presence of Ca2þ, STIM2 EF–SAM is well-folded and contains high

a-helicity, as per STIM1 EF–SAM. Unlike STIM1 EF–SAM which mark-

edly loses a-helicity in the absence of Ca2þ, STIM2 EF–SAM retains much

of the a-helicity observed in the Ca2þ-loaded state, after Ca2þ depletion. At

4 �C, the far-UV circular dichroism (CD) spectrum of STIM2 EF–SAM

shows two intense minima at 208 and 225 nm, indicative of high a-helicity;
moreover, after Ca2þ depletion, the twominima are retained in STIM2 EF–

SAM with only a marginal decrease in negative ellipticity (Zheng et al.,

2008). In the case of STIM1, the Ca2þ-depleted far-UV-CD spectrum

markedly loses the negative ellipticity associated with both the 208 and

225 nm bands and the 208 nm band shifts to lower wavelength, suggesting

a partial unfolding. A loss of regular secondary structure is usually associated

with a decrease in conformational stability; moreover, thermal melts are

often employed as a straightforward assessment of protein stability, where a
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spectroscopic signal reporting on the structure of a protein is monitored as a

function of temperature. STIM1 and STIM2 EF–SAM thermal melts mon-

itored by far-UV-CD at 225 nm exhibit apparent midpoints of temperature

denaturation (Tm) of�45 and 50 �C, respectively, in the Ca2þ-loaded state.
In the Ca2þ-depleted state, STIM1 exhibits a Tm of�21 while STIM2 EF–

SAM is�36 �C (Zheng et al., 2008, 2011). The differences in Tm in the apo

versus holo state (i.e., DTm) is ��14 �C for STIM2 EF–SAM compared

to ��24 �C for STIM1 EF–SAM. These stability parameters are consistent

with the much lesser affect of Ca2þ depletion on the far-UV-CD spectrum

of STIM2 EF–SAM compared to STIM1 EF–SAM and suggest that STIM1

EF–SAM more readily undergoes a structural transformation in response to

Ca2þ depletion than STIM2 EF–SAM.

Size exclusion chromatography with in-line multiangle light scattering

(SEC-MALS) has been an important tool used to assess the oligomerization

state of STIM proteins. At 4 �C, STIM1 EF–SAM transitions from a mono-

mer to a dimer and higher order oligomers after Ca2þ depletion (Stathopulos

et al., 2008). On the other hand, STIM2 EF–SAM resists the oligomeriza-

tion observed for STIM1 EF–SAM, maintaining a monomeric conforma-

tion at stabilizing low temperatures upon Ca2þ depletion. At 25 �C,
STIM2 EF–SAM readily aggregates after Ca2þ depletion demonstrated by

the void volume elution in SEC-MALS experiments and severely broad-

ened 1H–15N-HSQC spectra, suggesting that this region of STIM2 possesses

an innate ability to oligomerize in a Ca2þ-depletion-dependent manner

(Zheng et al., 2008), as per STIM1; however, STIM2 EF–SAM demon-

strates a markedly reduced propensity for oligomerization compared to

the STIM1 counterpart (Stathopulos, Zheng, & Ikura, 2009). These distinc-

tions in oligomerization propensity are related to the aforementioned struc-

tural stability differences. The importance of EF–SAM oligomerization to

full-length physiological function of STIM1 was demonstrated in an elegant

study where the EF–SAM region of STIM1 was replaced by FKBP12 and

FK506 domains, and oligomerization of these domains was induced chem-

ically by rapamycin which can freely diffuse through cell membranes (Luik,

Wang, Prakriya, Wu, & Lewis, 2008). This FKBP12–STIM1 chimera

showed no ERCa2þ sensitivity; however, rapamycin treatment, which arti-

ficially oligomerized the luminal region of the chimera, resulted in SOCE

activation. Additionally, FRET data demonstrated that STIM1 proteins

truncated after the TM region display little intermolecular FRET at resting

ER Ca2þ; on the other hand, ER Ca2þ depletion results in a high inter-

molecular FRET indicative of the self-association of this region in a
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Ca2þ-depletion-dependent manner (Covington, Wu, & Lewis, 2010).

Overall, these data suggest that EF–SAM oligomerization is an important

initiation mechanism for STIM1 activation and in vitro assessment of the

self-association propensity of this region can be used as a readout of the pro-

pensity for SOCE initiation.

Kinetics of EF–SAM oligomerization has been evaluated directly by

changes in light scattering intensity as a function of time and indirectly by

monitoring changes in secondary structure as oligomerization is coupled

to partial unfolding of the EF–SAM region. Using these biophysical probes,

it has been demonstrated that Ca2þ-depleted STIM2 EF–SAM undergoes a

much slower transformation to an oligomerized state compared to STIM1

EF–SAM. Consistent with the greater propensity and faster kinetics of olig-

omerization, STIM1 EF–SAM exhibits greater than threefold faster urea-

induced unfolding rates compared to STIM2 EF–SAM (Stathopulos

et al., 2009).

Human STIM2 has been implicated in the regulation of resting cytosolic

and ER luminal Ca2þ levels (Brandman, Liou, Park, & Meyer, 2007). This

role in basal Ca2þ homeostasis has been attributed to the fact that STIM2

activates Orai1 at basal ER Ca2þ, and is more sensitive to small changes

in ER Ca2þ levels than STIM1. Biophysically, STIM2 EF–SAM has

increased stability and decreased propensity for oligomerization than

STIM1; however, the Ca2þ affinity of STIM2 EF–SAM, assessed by changes

in secondary structure as a function of Ca2þ, is lower than that assessed for

STIM1 (i.e., Kd�600–800 mM) (Zheng et al., 2011). Hence, a larger frac-

tion of STIM2 molecules is in the Ca2þ-depleted state at basal ER Ca2þ

compared to STIM1. Nevertheless, a fraction of STIM2 can also be acti-

vated after receptor-mediated ER Ca2þ store depletion, suggesting that

STIM2 also plays a role in SOCE.

5. HUMAN STIM1 EF–SAM STRUCTURE

Themodular architecture of STIMproteins has facilitated a fragmentary
approach to elucidating atomic resolution structural information on these pro-

teins. The first atomic resolution structure solved on any component of the

CRAC complex was Ca2þ-loaded STIM1 EF–SAM (Stathopulos et al.,

2008). This ER lumen-residing region of STIM1 encompassing residues

58–201 folds into a primarily a-helical protein consisting of 10 helices

(Fig. 3.4A). Remarkably, the STIM1 EF–SAM structure revealed that despite

only a single primary sequence-identifiable EF-hand, a second EF-hand exists,



Figure 3.4 Structural features and comparison of human STIM1 and STIM2 luminal
domains. (A) Structure of human Ca2þ-loaded STIM1 EF–SAM (2K60.pdb). The
10 a-helices and 2 b-strands making up the compact EF–SAM structure are labeled.
N, amino terminus; C, carboxy terminus; Ca2þ (yellow sphere), calcium ion. Motif color-
ing corresponds to Fig. 3.1A, with a5 shown in gray. (B) STIM1 EF-hand:SAM domain
intramolecular interaction, stabilizing the monomeric conformation. The surface repre-
sentation is shaded as in (A). The principal side chains forming the EF-hand hydrophobic
pocket are shown (sticks). The SAM hydrophobic protrusion residues are illustrated
(spacefill). The zoomed view of the intimate hydrophobic contacts in the interface

(Continued)
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forming an EF-hand pair through backbone hydrogen bonding of the loops.

The canonical EF-hand motif is made up of a1-b1-a2 secondary structure

components, while the a3-b2-a4 components make up the noncanonical

EF-hand. The carbonyl oxygen atoms [i.e., C(O)] of Val83 and Ile115 in

b1 and b2, respectively, and the amide protons [i.e., N(H)] of Val83 and

Ile115 form two hydrogen bonds, creating a short b-sheet. A short a-helix
links the EF-hand domain to the SAM domain in sequence space.

Interestingly, the STIM1 EF-hand pair is most structurally similar to the

C-terminal EF-hand pair of Ca2þ-loaded calmodulin (CaM), even though

the noncanonical EF-hand of STIM1 does not bind Ca2þ (Stathopulos et al.,

2008). In Ca2þ-loaded C-CaM, the interhelix angles are 81.4� and 107.7�,
each adopting an “open” conformation. In STIM1 EF–SAM, the canonical

and noncanonical EF-hand interhelix angles are 80.0� and 96.7�, respec-
tively, also in an “open” conformation. “Open” EF-hands expose hydro-

phobic side chains for interaction with binding partners (Gifford et al.,

2007; Ikura & Ames, 2006). The STIM1 SAM domain folds into a

5-helix bundle (i.e., a6–a10) and is structurally similar to many other

SAM domains, the most homologous being the EphB2 receptor. The

EF-hand and SAM domains are not structurally independent from one
Figure 3.4—Cont'd (broken black boxes) is shown at right. The individual EF-hand
residues (purple sticks) and the SAM residues (red spacefill) are labeled. (C) Electrostatic
surface of Ca2þ-loaded STIM1 EF–SAM. The electrostatic surface shownwith aþ1 (blue) to
�1 (red) kT/e gradient was calculated using the APBS tools (Baker, Sept, Joseph, Holst, &
McCammon, 2001) in PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC)
with data generated from the PDB2PQR server (Dolinsky et al., 2007). (D) Structure of
human Ca2þ-loaded STIM2 EF–SAM (2L5Y.pdb). The 10 a-helices making up the compact
EF–SAM structure are labeled. The two EF-hands exhibit hydrogen bonding between
loops, although no b-sheet was identifiable. Motif coloring is as per (A), with different
shades of red (raspberry), blue (slate), and green (pale green) to be distinguishable
from STIM1. N, amino terminus; C, carboxy terminus; Ca2þ (yellow sphere), calcium ion.
(E) STIM2 EF-hand:SAM domain intramolecular interaction. The surface representation
is shaded as in (C). The principal side chains forming the EF-hand hydrophobic pocket
are shown (sticks). The SAM hydrophobic protrusion residues are illustrated (spacefill).
The zoomed view of the intimate hydrophobic contacts in the interface (broken black
boxes) is shown at right. The individual EF-hand residues (purple sticks) and the SAM
residues (red spacefill) are labeled. (F) Orientation of the STIM1 SAM relative to the
EF-hand domain. The a2 (i.e., within the cEF) and a10 (i.e., within the SAM) interhelix
angles are semiperpendicular (i.e., �94�) in Ca2þ-loaded STIM1 EF–SAM. (G) Orientation
of the STIM2 SAM relative to the EF-hand domain. The a2 and a10 interhelix angles are
semiparallel (i.e.,�150�) in Ca2þ-loaded STIM2 EF–SAM. In (F) and (G), the view is 90� into
the page relative to (B) and (E), respectively.
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another; rather, they intimately interact through a robust interface

(Fig. 3.4B). Residues from both “open” EF-hands contribute to the creation

of an extensive hydrophobic pocket, reminiscent of the inside palm of a

hand. Val68, Ile71, His72, Leu74, Met75, and Leu92 from the canonical

EF-hand and Leu96, Lys104, Phe108, Ile115, and Leu120 from the non-

canonical EF-hand form the cleft. The SAM domain packs tightly into

the EF-hand hydrophobic pocket with residues on the a10 helix forming

a hydrophobic protrusion. The most projected residues on the SAM domain

include Leu195 and Leu199 which behave as hydrophobic anchors for the

EF-hand pocket. The SAM domain fits into the EF-hand cleft like a fist into

the palm of a hand. Together, both the EF-hand domain and the SAM

domain of STIM1 fold into a compact globular shape. The electrostatic sur-

face of Ca2þ-loaded STIM1 EF–SAM is primarily acidic, promoting aber-

rant migration on SDS-PAGE gels. However, a small positive region exists

on the surface of the SAM domain (Fig. 3.4C). The positive region may

serve to electrostatically guide Ca2þ ions (i.e., via repulsion) to the more

negative EF-hand region of EF–SAM; additionally, this electropositive

patch may promote binding to other ER proteins or membrane lipids as

reported for other SAM domains (Kim & Bowie, 2003; Koveal et al.,

2012) and is consistent with the close apposition of EF–SAM to the inner

leaflet of the ER membrane.

Throughmutational analyses, it has been demonstrated that the intramo-

lecular EF-hand:SAM domain interaction is a structural feature that plays a

critical role in the regulation of STIM1 oligomerization. Mutations within

the canonical Ca2þ-binding loop of EF–SAM which abrogate Ca2þ coor-

dination result in the oligomerization of STIM1 and the formation of pun-

cta, independent of ER Ca2þ store depletion (Liou et al., 2005; Luik et al.,

2006; Zhang et al., 2005). Remarkably, mutations which disrupt the

EF-hand:SAM domain interface also induce oligomerization, puncta forma-

tion, and SOCE activation, but keep the native Ca2þ-binding properties of
EF–SAM completely intact (Stathopulos et al., 2008). Furthermore, bio-

physical analyses on EF–SAM demonstrate a partial unfolding upon Ca2þ

depletion is coupled with a high propensity for oligomerization. Mutations

which perturb the EF-hand:SAM domain interface (i.e., Leu195Arg—SAM

anchor disruption and Phe108Asp/Gly110Asp—EF-hand cleft disruption)

also partially unfold EF–SAM and promote oligomerization of this domain.

Hence, the loss in stability due to disruption of the EF-hand:SAM domain

interface and the subsequent coupled oligomerization is a key mechanistic

step in initiating SOCE activation. In the native protein, it is tempting to
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speculate that a closure of the EF-hand renders the hydrophobic cleft resi-

dues inaccessible to the SAM anchor residues, destabilizing both domains.

The large heterogeneity in oligomerized Ca2þ-depleted EF–SAM prevents

the extraction of high-resolution structural information. Nevertheless,

negative-stain transmission electron microscopy has demonstrated that

oligomerized EF–SAM form amorphous aggregates rather than the ordered

polymeric filaments observed previously for other SAM domains (e.g., TEL,

Yan, Scm, and polyhomeotic) (Stathopulos et al., 2008). Taken together,

the live cell data demonstrating that oligomerization of the luminal STIM1

domains initiates SOCE, the structural data elucidating the robust and non-

mutually exclusive structure of the EF-hand and SAM domains, the bio-

physical experiments revealing the Ca2þ-depletion-induced loss in

stability and increased propensity for oligomerization, and the estimated

Ca2þ-binding affinity of EF–SAM in the range of physiological ER Ca2þ

levels, suggest that EF–SAM domains within STIM molecules sense Ca2þ

depletion in the ER lumen through a destabilization-coupled oligomeriza-

tion, a structural change which initiates further downstream alterations to

the cytosolic domains that is fundamental to the activation of SOCE.
6. HUMAN STIM2 EF–SAM STRUCTURE

Structurally, human STIM2 EF–SAM is highly homologous to
STIM1, as the two human homologues share 85% sequence identity through

the EF–SAM region (Zheng et al., 2011). Despite this high sequence simi-

larity, STIM2 EF–SAM has distinct biophysical characteristics and the full-

lengthmolecule exhibits a unique role in basal Ca2þ homeostasis (see above).

In the presence of Ca2þ, STIM2 EF–SAM folds into a 10-helix globular

structure (Fig. 3.4D). A noncanonical EF-hand is located adjacent to the

noncanonical EF-hand, and a short linker helix links the EF-hand pair to

the 5-helix bundle SAMdomain. The loops of the EF-handmotifs aremutu-

ally stabilized through hydrogen bonding [i.e., Ile119 C(O):Ile 87 N(H)].

A hydrophobic cleft is formed by the two EF-hands; however, the STIM2

EF-hand hydrophobic pocket is more extensively concentratedwith nonpo-

lar side chains than STIM1 (Zheng et al., 2011). The canonical STIM2

EF-hand positions Leu72, Ile75, His76, Met79, Ile87, and Phe95 side chains

in the cleft, while the noncanonical EF-hand contributes Met100, Lys103,

Lys108, Leu112, Ile119, Leu124, and Trp128 side chains to the cleft
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(Fig. 3.4E). In STIM2 EF–SAM, the Trp128 (i.e., Trp124 in STIM1) and

Lys103 (i.e., His99 in STIM1) are located outside of the cleft. The STIM2

SAM domain has Leu199 and Leu203 side chains at the distal end of the a10
helix which are oriented into the EF-hand hydrophobic pocket; moreover,

the STIM2 a10 helix has an additional nonconserved Val201 (i.e., Thr197 in
STIM1) which contributes to the stability of the STIM2 EF-hand:SAM

domain interaction.

The more extensive hydrophobic cleft found in STIM2 EF–SAM allows

the SAM domain to rotate away from the canonical EF-hand motif. This

rotation is exemplified in the a2–a10 interhelix angle which is �150� in

STIM2 EF–SAM (i.e., semiparallel) compared to �94� in STIM1 EF–

SAM (i.e., semiperpendicular) (Fig. 3.4F and G), and allows Asp200 of

the STIM2 a10 helix to position itself in close apposition to the oppositely

charged Lys108 of the noncanonical EF-hand (Zheng et al., 2011). The

increased stability of Ca2þ-loaded STIM2 EF–SAM is in part due to the

enhanced EF-hand:SAM domain interactions. Nevertheless, it is important

to note that the STIM2 SAM domain buries 12 nonpolar residues in the

SAM core (i.e., Leu142, Leu145, Val149, Phe158, Val163, Leu168,

Met179, Ile180, Leu183, His190, Lys193, and Leu194) with greater than

95% solvent inaccessibility compared to only nine residues in the STIM1

SAM domain (i.e., Val137, Leu141, Val145, Leu159, Leu167, Met174,

His186, Leu190, and Ala194) (Zheng et al., 2011). The hydrophobic

rearrangement for the STIM2 SAM domain is due to the presence of

Ile180, which is not conserved in STIM1 (i.e., Gly176 in STIM1); further,

the STIM2 Phe158 and Lys193 are included in the STIM2 SAM core,

whereas the aligned Phe154 and Lys189 in STIM1 are excluded.

Despite these structural differences, the individual motifs within EF–SAM

are remarkably interchangeable, and this type of chimeric approach elegantly

reveals information about the bases for the functional differences between

human STIM1 and STIM2. After defining the canonical EF-hand, non-

canonical EF-hand and SAM structural motifs as the building blocks of the

EF–SAM domain, every combination of STIM1–STIM2 EF–SAM chimera

was engineered, and while pure protein was unattainable from one combina-

tion (i.e., STIM2 canonical EF-hand-STIM2 noncanonical EF-hand-STIM1

SAM domain, named ES-221), highly pure recombinant EF–SAM protein

was attainable from all other combinations. Using this chimeric approach,

both a “super-stable” and “super-unstable” EF–SAM were engineered

(Zheng et al., 2011). The “super-stable” EF–SAMwasmade up of the STIM1
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canonical EF-hand, STIM2 noncanonical EF-hand, and STIM2 SAM

domain (i.e., ES-122); further, this composition is congruent with the higher

Ca2þ-binding affinity of the STIM1 canonical EF-hand, combined with the

increased hydrophobicity of the EF-hand cleft afforded by additional STIM2

noncanonical residues Lys103 and Trp128, additional STIM2 SAM domain

hydrophobic anchor and the increased core hydrophobicity of the STIM2

SAM domain. As expected, the “super-unstable” EF–SAM chimera (i.e.,

ES-211) combined the low Ca2þ-binding affinity of the STIM2 canonical

EF-hand with the reduced hydrophobicity of the STIM1 noncanonical

EF-hand and the reduced stability of the STIM1 SAM domain. In vitro, the

“super-stable” ES-122 exhibited significantly enhanced thermal stabilities

compared to wild-type STIM1 or STIM2 EF–SAM in the Ca2þ-loaded
and Ca2þ-depleted states. In contrast, the “super-unstable” ES-211 EF–

SAM showed attenuated thermal stabilities in both the Ca2þ-loaded and

the Ca2þ-depleted states compared to wild-type STIM1 or STIM2 EF–

SAM. More importantly, consistent with the notion that EF–SAM stability

mediates the initiation of SOCE through STIMs, live cells expressing the

“super-stable” ES-122 EF–SAM in place of the wild-type EF–SAM in the

full-length STIM1 protein demonstrated significantly decreased maximal

inward rectifying currents and increased times to maximal activation after

ERCa2þ store depletion. On the other hand, cells expressing STIM1 harbor-

ing the “super-unstable” ES-211 EF–SAM in place of the wild-type EF–SAM

exhibited spontaneous and maximally active CRAC channels in the absence

of ER Ca2þ store depletion (Zheng et al., 2011).

Overall, the high-resolution structural data elucidated for STIM1 and

STIM2 EF–SAM combined with the in vitro biophysical and live cell func-

tional analyses have revealed three critical aspects in SOCE regulation. First,

the EF–SAM region of STIM proteins is metastable so that Ca2þ binding or

release can induce marked structural changes in association with a gain or

loss in stability, respectively; second, the EF-hand:SAM domain interaction

is a key mediator of conformational stability, where Ca2þ depletion disrupts

the interaction and induces a partial unfolding-coupled oligomerization;

third, the differences in STIM1 and STIM2 function can be partly attributed

to a divergent balance between EF-hand Ca2þ-binding affinity and SAM

domain stability, where STIM1 binds Ca2þ with higher affinity than

STIM2, but STIM2 has a more stable SAM domain compared to STIM1.

STIM1 is an effectiveON/OFF regulator of SOCE as the higher Ca2þ affin-

ity renders it less susceptible to marginal changes in ER Ca2þ; however,
upon reaching an ER Ca2þ depletion threshold, the lower SAM stability
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and less robust EF-hand:SAM interface facilitate increased kinetics of olig-

omerization compared to STIM2. On the other hand, STIM2 plays a role in

basal Ca2þ homeostasis as the lower Ca2þ affinity confers an increased sen-

sitivity to small decreases in ER Ca2þ compared to STIM1; however, the

increased stability of the Ca2þ-depleted STIM2 EF–SAM prevents hyper-

activation of CRAC channels through decreased propensity for oligomer-

ization and attenuated kinetics of this self-association.

7. HUMAN STIM1 AND STIM2 CYTOSOLIC DOMAINS

While the STIM luminal domains regulate the initiation of SOCE, the
cytosolic domains play a crucial role in further STIM oligomerization, stabi-

lization of the oligomers, targeting oligomerized STIMmolecules to ER–PM

junctions, coupling to and recruitment of the Orai subunits, gating of the

CRAC channel pore, and channel inactivation (Covington et al., 2010;

Derler et al., 2009; Muik et al., 2009; Park et al., 2009). Several independent

studies showed that the cytosolic domains within STIM1, conserved from

lower to higher eukaryotes, can constitutively activate Orai1 channels in

the absence of the luminal domains and without anchoring to the ER mem-

brane. The OASF, encompassing residues 233–450, or 233–474 in a longer

version, was shown to induce Ca2þ-selective inward rectifying Orai1 cur-

rents, independent of ER luminal Ca2þ, and colocalize with Orai1 (Muik

et al., 2009). The minimal boundaries within OASF to couple with Orai1

and spontaneously induce maximal inward rectifying currents were later

defined by the CRAC activating domain (CAD; residues 342–448) (Park

et al., 2009), the STIM-Orai activating region (SOAR; residues 344–442)

(Yuan et al., 2009), and ccb9 (i.e., residues 339–446) (Kawasaki, Lange, &

Feske, 2009). The putative CC3 region within OASF and CAD has been

shown to be important in homotypic oligomerization of these cytosolic

domains (Covington et al., 2010; Muik et al., 2009). In fact, the oligomers

formed by EF–SAM upon ER Ca2þ depletion are more susceptible to disso-

ciation at high salt concentrations than the oligomers, subsequently formed by

the CAD region. In particular, STIM1 residues 420–450 augment STIM1

homomerization concomitant with CRAC channel activation (Muik et al.,

2009), and residues 392–448 stabilize higher order STIM1 oligomers against

salt-induced dissociation (Covington et al., 2010).

In the absence of Orai1 cooverexpression, human OASF, CAD, and

SOAR demonstrate a pervasive distribution within the cytosol; however,

in the presence of Orai1 cooverexpression, these constructs colocalize with
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Orai1 into aggregates near the PM (Muik et al., 2009; Park et al., 2009; Yuan

et al., 2009). This behavior is in contrast to STIM1 constructs which retain

the polybasic region at the distal C-terminal region and are capable of tran-

slocating into puncta without Orai1 cooverexpression (see above).

Recently, an X-ray crystallography structure of human SOAR, mutated

to stabilize a dimeric state, has revealed information on the atomic organiza-

tion of this region capable of maximally activatingCRAC channels (Yang, Jin,

Cai, Li, & Shen, 2012). A Leu374Met/Val419Ala/Cys437Thr triple mutant

exhibited three different dimer interfaces from four identical molecules in the

asymmetric unit. Based on buried surface area, a symmetric dimerwas deemed

the physiological relevant state, forming a V-shape. Within each subunit,

extensive intramolecular CC2:CC3 interactions are observable (Fig. 3.5A).

Interestingly, a Caenorhabditis elegans structure of cytosolic STIM residues

212–410, corresponding to human residues 233–465 was also solved by the

same group, substantiating the dimer interface (Yang et al., 2012). Although

most of CC1 shows no electron density, C. elegans residues 257–279,

corresponding to human 307–337, form a helix designated the “inhibitory”

helix. This “inhibitory” helix makes contacts with the SOAR region, and it

has been suggested that this interaction keeps STIM in a quiescent state, as

deletion of the homologous region in human STIM1 results in constitutive

CRAC channel activation, independent of ER luminal Ca2þ (Yang et al.,

2012). It should be noted that human residues 310–317 are not conserved

in theC. elegans homologue, and thus, some fundamental differences between

the worm and human structures must exist in this region. Consistent with

these differences, C. elegans STIM has been reported to be distributed into

puncta even at basal Ca2þ, and C. elegans C-terminal chimeras (i.e., human

234–685 cloned into the equivalent C. elegans region) partially convert the

chimera localization to a diffuse, human-like distribution (Gao et al., 2009;

Lorin-Nebel, Xing, Yan, & Strange, 2007; Yan et al., 2006).

8. STIM COUPLING TO Orai

Orai proteins have an N-terminal region, C-terminal region, and an
intracellular loop oriented in the cytosol (Fig. 3.2B). A yeast-two-hybrid

approach was employed to show that human STIM1 CAD interacts with

the N- and C-termini of Orai1, but not the sole intracellular Orai1 loop

(Park et al., 2009). Further, Orai1 truncation studies demonstrated that

removal of Orai1 residues 1–91 (i.e., cytosolic N-terminus) or 257–301

(i.e., cytosolic C-terminus) abolished CRAC current measurements (Park



Figure 3.5 Human SOAR and D. melanogaster Orai structures. (A) Dimer structure of
human Leu374Met/Val419Ala/Cys437Thr SOAR (3TEQ.pdb). The dimer illustrated is
one of three different dimer units in the asymmetric cell, formed by identical monomer
conformations. Each monomer is a different shade of yellow. Extensive CC2:CC3
intramolecular contacts are observed (broken black box) keeping CC2 and CC3 in an

(Continued)
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et al., 2009; Yuan et al., 2009). Interestingly, while removal of the

N-terminal region of Orai1 eliminated CRAC channel currents, Orai1

retained the ability to colocalize and cluster with CAD (Park et al.,

2009). Further, within the N-terminal region of Orai1, residues �66–91

bind tighter than the full N-terminal domain (i.e., residues 1–91), and Orai1

is still capable of channel activity after deletion of residues 1–70 (Park et al.,

2009). Overall, the C-terminal domain of Orai1 appears to bind tighter to

STIM1 than the N-terminal domain, but both are requisite for CRAC

channel activation (Frischauf et al., 2009; Muik et al., 2008; Muik,

Schindl, Fahrner, & Romanin, 2012; Park et al., 2009; Yuan et al., 2009;

Zhou, Meraner, et al., 2010).

Human STIM1 CAD (i.e., residues 342–448) exhibits �76% primary

sequence identity and �91% similarity with STIM2 CAD (Fig. 3.1B). The

high level of amino acid conservation within this minimal CRAC activating

region implies that the mode of coupling with and activation of Orai1 is prin-

cipally similar between the two STIM homologues. The small variations in

the amino acid sequence of CAD could result in subtle structural differences

that contribute to functional distinctions between STIM1 and STIM2, as

observed with the EF–SAM domains; however, less well-conserved regions

between STIM1 and STIM2 within the ER luminal domains (Zhou et al.,

2009) and the cytosolic regions likely play a more dominant role in the dif-

ferential modulation of Orai1 channel activity. The humanOrai1 N-terminal

region (i.e., residues 66–91) which interacts with CAD and is required for

channel gating is highly conserved in human Orai2 and Orai3 (i.e., �89%

and 77% sequence identity, respectively) (Fig. 3.2B). Nevertheless, the three

human homologues share little sequence similarity through the remaining

intracellular N-terminal residues. The C-terminal domain of Orai1 (i.e., res-

idues 257–301) which more strongly binds to CAD exhibits �36% and 44%

sequence identity with human Orai2 and Orai3, respectively (Fig. 3.2B). The
Figure 3.5—Cont'd antiparallel orientation. Mutated residues positions which cause
an intramolecular conformational extension within the STIM1 cytosolic domains (i.e.,
minimum of 15% decrease in CFP-OASF-YFP FRET) are indicated (red sticks); among
these mutations, Leu416Ser/Leu423Ser within OASF spontaneously induces maximum
CRAC currents (Muik et al., 2011). (B) Dimer unit observed in the D. melanogaster Orai
hexameric crystal structure (4HKR.pdb). Each monomer is shaded a different shade of
gray. The antiparallel coiled-coil (broken black box) which forms in the CTD of each
dimer unit is colored yellow. The hydrophobic residues (purple sticks) involved in
stabilizing the coiled-coil and the dimer unit are indicated. All structure images were
rendered in PyMOL.
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sequence divergence in the intracellular N- and C-terminal regions of the

human Orai homologues contribute to the functional differences of the Orai

channels (Frischauf et al., 2009); however, as per the STIM proteins, other

regions of poor sequence conservation among the human Orai proteins

may also play a role in dictating functional variation.

Recently, an X-ray crystal structure of theD. melanogasterOrai channel in

the closed state has provided some high-resolution information on potential

mechanisms of interaction with STIM molecules (Hou et al., 2012). Surpris-

ingly, theD. melanogasterOrai channel crystallized in a hexameric state; more-

over, this is in contrast to studies suggesting that human Orai1 is an active

tetramer (Ji et al., 2008; Madl et al., 2010; Maruyama et al., 2009; Penna

et al., 2008). The hexameric Orai structure exhibits a threefold symmetry

on the outer region as the C-terminal domain adopts two different conforma-

tions, whereas TM1 from the six subunits forms the inner ring of the channel

and the pore with a sixfold axis of symmetry. The TM1-assembled pore is

comprised of a ring of glutamates (i.e., Glu178, corresponding to human

Glu106) near the extracellular surface, a hydrophobic region (i.e., Val174,

Phe171, and Leu167, corresponding to human Val102, Phe99, and

Leu95), and a basic stretch near the intracellular side of the pore (i.e.,

Lys163, Lys159, and Arg155, corresponding to human Arg91, Lys87, and

Arg83). Ca2þ binding occurs at the glutamate ring, and interestingly, anion

binding was discovered at the basic region of the pore, although the identity

of the anion is not certain. Remarkably, the C-terminal regions of two Orai

subunits interact, creating a minimal dimer unit which is repeated three times

in the hexameric architecture (Fig. 3.5B). The cytosolic C-terminal domains

from two subunits of Orai form an antiparallel CC interaction, where Ile316

packs against Leu319 from the opposite subunit and vice versa. Considering

the putative CC nature of the STIM cytosolic domains, it is tempting to spec-

ulate that this C-terminal region of the dimer unit represents a STIM attach-

ment domain, colocalizing via a STIM:Orai CC interaction mechanism.

9. CONCLUDING REMARKS

The high-resolution structural data on the EF–SAM region of STIM1
and STIM2, the SOAR domain of STIM1 and C. elegans STIM, and the

D. melanogaster Orai hexamer channel structure have revealed a remarkable

breadth of mechanistic data on how STIM and Orai proteins create CRAC

channels. In the case of the EF–SAM domains, the intimate interaction

between the EF-hand and SAM domains keeps STIM molecules in a
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quiescent state and maintains SOCE in an OFF state. Moreover, the “open”

EF-hand conformation facilitates the robust hydrophobic packing when

Ca2þ is bound in the canonical EF-hand. ER luminal Ca2þ depletion results

in a drastic destabilization of this EF-hand:SAM interaction, promoting olig-

omerization of EF–SAM. The EF–SAM oligomerization initiates down-

stream mechanistic steps involved in CRAC channel activation. One

such step that has been experimentally exposed is a conformational transition

which must occur to the cytosolic domains of STIM prior to Orai recruit-

ment and channel gating. This conformational change involves SOAR,

which X-ray crystal structures have shown may be in an inhibited state

through interactions with a region of CC1. Finally, theD. melanogasterOrai

hexamer structure has revealed that individual Orai dimer units are repeated

in the higher order hexamer structure of the channel as well as the precise

composition of the closed channel pore which includes an anion binding site

near the intracellular channel opening. The Orai dimer units are stabilized

by antiparallel CC interactions between the cytosolic C-terminal domains of

each Orai subunit, and this antiparallel intersubunit CC region may repre-

sent a recruiting handle for STIM proteins.

Despite progress in illuminating important structural features of the

CRAC channel complex, several structural milestones regarding the

activation mechanism remain elusive. First, how does the EF–SAM oligo-

merization transmit a signal to the CC domains that induces cytosolic

domain oligomerization? Second, how does the SOAR region of STIM

interact with the C-terminal antiparallel CC domain within each dimer unit

of Orai? Third, what structural changes occur within SOAR to promote and

mediate the Orai recruitment via these C-terminal domains? Fourth, what

structural alterations occur to the Orai C-terminal CC region upon com-

plexation with SOAR and are these conformational changes also involved

in channel gating? Fifth, how does the Orai N-terminal region interact with

SOAR and how does this interaction propagate CRAC channel pore

gating through a TM1 conformational change? Sixth, what is the structural

basis for oligomerization of the cytosolic region of STIM? Finally, what

is the “open” CRAC channel complex stoichiometry (i.e., number of

STIM relative to number of Orai molecules). The answer to these structural

questions combined with the structural data garnered to date will provide a

basis to the development of new strategies for the maintenance of human

health as well as development of therapeutics which act in the SOCE

pathway to modulate Ca2þ signaling and treat Ca2þ-signaling-mediated

malignancies.
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