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Abstract

This chapter focuses on the Orai proteins, Orai1–Orai3, with special emphasis

on Orai1, in humans and other mammals, and on the definitive evidence that Orai

is the pore subunit of the CRAC channel. It begins by reviewing briefly the

defining characteristics of the CRAC channel, then discusses the studies that

implicated Orai as part of the store-operated Ca2+ entry pathway and as the

CRAC channel pore subunit, and finally examines ongoing work that is

providing insights into CRAC channel structure and gating.
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3.1 The Native CRAC Channel

The CRAC current was originally defined electrophysiologically in T cells and

mast cells (Fig. 3.1) (Lewis and Cahalan 1989; Hoth and Penner 1992, 1993;

McDonald et al. 1993; Zweifach and Lewis 1993, 1995). Its essential characteristics

are that it is activated by a reduction in free Ca2+ concentration in endoplasmic

reticulum (ER) stores and that under physiological conditions it exhibits a very high

selectivity for Ca2+ over Na+ and other ions. Its small unitary current, estimated at

~6 fA in normal physiological solution at �110 mV (Prakriya and Lewis 2006),

speaks of an energetic barrier to ion passage through the pore. In part this barrier

may represent a purely physical constraint, the narrow pore diameter (~0.39 nm)
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inferred from permeation by a series of organic cations in the absence of Ca2+

and Mg2+ (Bakowski and Parekh 2002; Prakriya and Lewis 2006). Selective CRAC

channel inhibitors have not been available until recently (Prakriya and Lewis 2015),

but the classical pharmacological fingerprint of the channel includes blockade by

low concentrations of lanthanides (Hoth and Penner 1993; Ross and Cahalan 1995;

Aussel et al. 1996) and enhancement of current by low concentrations and block by

higher concentrations of 2-aminoethoxydiphenyl borate (2-APB) (Prakriya and

Lewis 2001).

CRAC current was observed electrophysiologically in cells other than T cells or

mast cells (reviewed in Parekh and Putney 2005). These scattered observations

foreshadowed the broad tissue distribution of Orai proteins (Gwack et al. 2007,

2008; Vig et al. 2008; McCarl et al. 2009) and the physiological role of Orai1 in

tissues from the skin to secretory epithelia to muscle (Gwack et al. 2008; McCarl

et al. 2009; Davis et al. 2015; Concepcion et al. 2016).

3.2 Identification of Orai

Orai was linked to store-operated Ca2+ entry by three RNAi screens in Drosophila
S2 cells (Feske et al. 2006; Vig et al. 2006a; Zhang et al. 2006, reviewed in Hogan

et al. 2010). One screen (Feske et al. 2006) scored nuclear localization of the

transcription factor NFAT, visualized as a human NFAT-GFP fusion protein, to

report on sustained Ca2+ influx in response to ER Ca2+ store depletion. RNAi

treatment identified a handful of Drosophila genes whose depletion prevents

nuclear import of NFAT-GFP, including a gene annotated at the time as olf186-F,
now renamed Drosophila Orai. This finding meshed with the genetic mapping of

severe combined immunodeficiency (SCID) trait in a human family to a region of

human chromosome 12 containing Orai1, a human homolog of Drosophila Orai
(Feske et al. 2006). Carriers of the SCID trait were found to be heterozygous for a

point mutation that encoded an R91W replacement in the Orai1 protein, and the two

Fig. 3.1 Typical current–

voltage (I–V ) relation of the

CRAC channel. The graph is

an idealized rendering of the

whole-cell current recorded

from T cells or mast cells. In

physiological solutions, the

inward current at negative

transmembrane potentials is

carried by Ca2+, and outward

current at positive

transmembrane potentials is

negligible
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affected SCID patients were homozygous. Reconstitution of T cells from a SCID

patient with wildtype Orai1 restored CRAC current.

The two other RNAi screens (Vig et al. 2006a; Zhang et al. 2006), using

cytoplasmic Ca2+ levels as readout, found a large number of Drosophila genes

contributing to store-operated Ca2+ entry, including Orai. These laboratories

verified that Drosophila Orai or its homolog Orai1 has a role in CRAC current by

showing that there was a substantial increase in the store-operated current when

Orai was coexpressed with its corresponding ER Ca2+ sensor protein, Drosophila
STIM or human STIM1 (Zhang et al. 2006; Peinelt et al. 2006).

Orai1 deficit is not one of the common causes of inherited immunodeficiency in

humans, but a few additional families have been identified with loss of CRAC

current due to independent Orai1 mutations (see also Chap. 21, reviewed in Feske

et al. 2010; Lacruz and Feske 2015). In addition, rare autosomal dominant

mutations in Orai1 lead to increased or constitutive Ca2+ influx and cause skeletal

myopathy (reviewed in Lacruz and Feske 2015). Studies with cells from Orai1�/�

mice show that Orai1 is a main contributor to CRAC current in murine mast cells

and mature effector T cells (Vig et al. 2008; Gwack et al. 2008). A residual CRAC-

like current in naı̈ve murine T cells has been ascribed to other Orai-family proteins

(Vig et al. 2008; Gwack et al. 2008).

3.3 Recombinant Orai Currents

Orai is a plasma membrane protein of mass ~33 kDa with four transmembrane

helices (Fig. 3.2). The multimeric Orai1 channel is distributed more or less uni-

formly in the plasma membrane of resting cells. Following store depletion, Orai1

redistributes to discrete sites on the cell surface, coincident with the STIM1

“puncta” that have been shown to mark sites of Ca2+ influx (Luik et al. 2006; Xu

et al. 2006; Li et al. 2007; Muik et al. 2008; Navarro-Borelly et al. 2008; Calloway

et al. 2009). The physical basis for this redistribution in a STIM-Orai protein-

protein interaction is elaborated in Chap. 4. Overexpressed Orai collaborates with

overexpressed STIM to produce large CRAC currents, exceeding native CRAC

currents in some cases by two orders of magnitude (Zhang et al. 2006; Peinelt et al.

2006; Soboloff et al. 2006; Mercer et al. 2006). Thus, STIM and Orai are the only

limiting components of the CRAC channel pathway in the mammalian and Dro-
sophila cells tested.

Currents recorded from cells expressing recombinant human or Drosophila Orai
have precisely the same characteristics as native CRAC currents (Fig. 3.3) (Feske

et al. 2006; Prakriya et al. 2006; Zhang et al. 2006; Peinelt et al. 2006; Mercer et al.

2006; Li et al. 2007; Yamashita et al. 2007). The channels are activated by depletion

of ER Ca2+ stores. They are highly selective for Ca2+. The unitary current is

miniscule, and the channel pore is narrow. The pharmacology is that of the

CRAC current. Thus, expression of Orai1 gives functional CRAC channels.

3 The STIM-Orai Pathway: Orai, the Pore-Forming Subunit of the CRAC Channel 41

https://doi.org/10.1007/978-3-319-57732-6_21
https://doi.org/10.1007/978-3-319-57732-6_4


3.4 Orai Is the Pore-Forming Subunit

Several point mutations in Orai1 are sensed by ions permeating the channel,

implying that Orai contributes to the CRAC channel pore. The replacements

E106A or E106Q, which eliminate the negative charge at E106 in transmembrane

helix 1 (TM1), block Ca2+ current, even though the mutant Orai proteins are

expressed at normal levels at the cell surface (Prakriya et al. 2006; Vig et al.

2006b; Spassova et al. 2008). More tellingly, the point mutation E106D in human

Orai1 or the corresponding mutation, E180D, in Drosophila Orai alters ion selec-

tivity (Yeromin et al. 2006; Prakriya et al. 2006; Vig et al. 2006b; Spassova et al.

2008) and reduces Ca2+ affinity for a site in the pore as measured by Ca2+ block of

Na+ currents (Prakriya et al. 2006; Yamashita et al. 2007). These electrophysiologi-

cal data, together with biochemical and structural evidence discussed below, lead to

the conclusion that E106 is part of a Ca2+ binding site or sites in the pore. Aside

from the effect of mutations at E106, replacement of individual acidic residues in

the TM1–TM2 loop alters lanthanide blockade of the channel (Yeromin et al. 2006;

McNally et al. 2009), and the replacement E190Q in TM3 has allosteric effects on

Ca2+ selectivity and pore diameter (Prakriya et al. 2006; Vig et al. 2006b;

Yamashita et al. 2007; McNally et al. 2009; Zhou et al. 2010b). The latter findings

are additional strong evidence that Orai1 is part of the channel, although the TM1–

TM2 loop is not an essential Ca2+ binding site and E190 is not in the permeation

pathway.

There is further evidence that only Orai is needed to assemble functional CRAC

channels in the plasma membrane. In the STIM and Orai coexpression studies,

Fig. 3.2 The Orai1 monomer

is the basic building block of

the CRAC channel. The

301-residue Orai1

polypeptide has four

transmembrane helices

(TM1–TM4) and intracellular

N and C termini. Features

discussed in the text include

STIM binding and gating

segments in the cytoplasmic

regions of Orai; E106

residues that constitute the

principal Ca2+ binding site in

the pore; the TM1–TM2 loop,

whose acidic residues account

for lanthanide binding and

channel blockade; and R91,

site of an R > W replacement

that underlies an inherited

immunodeficiency syndrome
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labeled STIM stays in the ER (Mercer et al. 2006; Xu et al. 2006), so only Orai is

overexpressed in the plasma membrane. Recombinant Orai1 in isolated yeast

membrane vesicles is gated by a purified soluble STIM1 fragment (Zhou et al.

2010a). Because S. cerevisiae does not have a STIM-Orai Ca2+ signaling mecha-

nism, nor indeed an ER-based Ca2+ signaling mechanism, the yeast expression host

is unlikely to have contributed an essential channel subunit. Finally, purified

recombinant Orai1 reconstituted into liposomes conducts Ca2+ when gated by

soluble STIM1 (Gudlur et al. 2014). Recombinant Orai1 solubilized and purified

from insect, HEK293, and yeast cells is a homomultimer (Park et al. 2009;

Maruyama et al. 2009; Hogan 2012), indicating that the basic channel complex

consists only of Orai. All of these studies involve overexpression of Orai, however,

and they do not establish that overexpressed Orai is gated as efficiently as Orai in

the native CRAC channel of T cells and mast cells. In mammalian cells, other

Fig. 3.3 Expression of Orai1 restores CRAC channel function in Orai1(R91W) SCID T cells. (a)
Development of CRAC current upon store depletion in a SCID T cell expressing recombinant

wildtype Orai1. Divalent-free (DVF) extracellular solution is used to examine the current carried

by Na+ in the absence of Ca2+ and Mg2+. Na+ does not carry appreciable current when divalent ions

are present. (b) Typical inward rectifying I–V curves for CRAC current carried by Ca2+ or by Na+

at the times indicated by arrows in a. (c) CRAC current is not observed upon store depletion in

SCID T cells expressing recombinant Orai1(R91W). (d) Peak CRAC current densities in normal T

cells, in SCID T cells expressing wildtype Orai1 or Orai1(R91W), and in cells from the cultures

transduced with wildtype Orai1 that received little or no expression vector as indicated by the

absence of the marker GFP (reproduced from Feske et al. 2006; Fig. 6)
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associated proteins may modulate the efficiency of CRAC current activation

(Srikanth et al. 2010; Krapivinsky et al. 2011; Palty et al. 2012; Jing et al. 2015;

Sharma et al. 2013; Quintana et al. 2015; reviewed in Soboloff et al. 2012).

3.5 Channel Architecture

The Orai1 channel pore architecture was first deduced from Cd2+ blockade of

current and from disulfide crosslinking experiments on Orai channels harboring

single engineered cysteine residues. The Cd2+ blockade data showed that TM1

helices line the pore, with residues R91C, L95C, G98C, and V102C facing into the

conductance pathway (McNally et al. 2009). Disulfide bridge formation between

engineered cysteine residues came to the same conclusion, with sharp peaks of

crosslinking at A88C, L95C, and V102C (Zhou et al. 2010b). Engineered E106C

residues were readily crosslinked, demonstrating the physical proximity of E106

residues of separate monomers in the channel (McNally et al. 2009; Zhou et al.

2010b). Since the Cd2+ blockade experiments report on occlusion of the conduc-

tance pathway in the open channel, and covalent crosslinking on the preferred

position of side chains in the resting channel, the close similarity of the results

suggested that Orai gating movements are subtle. The deduced pore architecture has

been confirmed by a 3.35 Å structure of an inactive Drosophila Orai channel (Hou

et al. 2012) (Fig. 3.4). Importantly, the E106 residues form a negatively charged

ring encircling the extracellular opening of the pore, and crystals soaked in the

permeant ion Ba2+ or the pore blocker Gd3+ exhibit electron density for those ions at

the E106 ring (Hou et al. 2012). (A second lanthanide-binding site that has been

observed in electrophysiological experiments (Yeromin et al. 2006; McNally et al.

2009) is not observed in the crystal structure.) The biochemical and structural

verification that E106 residues constitute a Ca2+ binding site or sites completes

the argument that originated from electrophysiological studies.

The Drosophila channel structure also showed that Orai is a hexameric channel.

This finding prompted considerable debate, as reviewed in detail by Amcheslavsky

et al. (2015), since studies with Orai1 concatemers, as well as technically difficult

single-molecule fluorescence experiments, had favored the idea that the channel

was a tetramer. The conclusion from the crystal structure that Orai is a hexamer was

reinforced by determination of the molecular mass of the purified channel complex

using light scattering/UV absorbance/refractive index measurements and by protein

cross-linking of Drosophila Orai expressed in mammalian HEK293 cell

membranes that produced a clearly resolvable ladder of multimers up to the

hexamer (Hou et al. 2012). Two careful new studies examining Orai1 concatemers

explain the earlier concatemer results and support a hexameric structure (Yen et al.

2016; Cai et al. 2016).
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3.6 The Conductance Pathway

The conductance pathway from outside to inside comprises an outer vestibule, the

Ca2+ binding site or sites in the vicinity of the E106 ring, a pore segment lined by

nonpolar TM1 side chains, and a pore segment flanked by a more polar region of the

TM1 helices and their cytoplasmic extensions (Fig. 3.4). Two of these regions have

plausible connections to two defining properties of the CRAC channel—the E106

Ca2+ binding site(s) to the Ca2+ selectivity of the channel and the nonpolar pore

segment to the very small single-channel current. However, important mechanistic

details of Ca2+ ion conductance remain to be unraveled, as noted below.

The vestibule has not yet been defined structurally. The TM1–TM2 loops are not

resolved in the Drosophila Orai structure—presumably because they are flexible

and can adopt multiple conformations (McNally et al. 2009)—and the neighboring

TM3–TM4 loops of Drosophila Orai, which are resolved, differ substantially in

length and sequence from those of Orai1. What is known is that the vestibule

immediately external to E106 is relatively wide, given that introduced cysteine

residues 107C–110C are accessible to the reagent MTS-TEAE, which has an

Fig. 3.4 Structural overview of the Orai channel. (a) A cutaway view of a human Orai1 model,

generated using the Drosophila Orai structure PDB:4HKR, highlighting key features of the

channel. Some of the subunits and surfaces have been culled for clarity. Surfaces corresponding

to E106 and D110 are shaded red. The TM1–TM2 vestibule at the extracellular mouth of the

channel is marked approximately by red lines, the narrow nonpolar region by white lines, and the

TM1 cytoplasmic extension region by blue lines. Residues D110, E106, V102, and R91 are shown
in stick representation. Note that parts of this apparently concrete model derive from in silico

predictions, since the vestibule TM1–TM2 loops and the cytoplasmic TM2–TM3 loops were not

resolved in the Drosophila Orai crystal structure, and the structure of the Drosophila TM3–TM4

loops is not informative for the human protein. (b) A snapshot of the channel as viewed from the

extracellular side. Each subunit of the hexamer is represented in a different color to accent the

hexameric organization of the channel. E106 residues are shown in stick representation
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8 Å-diameter headgroup (McNally et al. 2009). It has been established by compari-

son of wildtype and D110A channels that the negatively charged D110 side chains

can facilitate Ca2+ delivery into the pore (Frischauf et al. 2015). In contrast, D > A

replacements indicate that D112 and D114 individually do not contribute signifi-

cantly to Ca2+ current (Frischauf et al. 2015). The latter finding is not surprising,

since continuity of the protein backbone to TM2 implies that these residues are more

distant from the pore opening than D110, in a region where their negative charge

may be countered by the basic residues in the TM3–TM4 loop of human Orai1. The

channel vestibule also appears to influence the configuration of the ion selectivity

filter, directly or indirectly, since the more extensive vestibule substitutions D110A/

D112A and D110A/D112A/D114A decrease Ca2+ selectivity and increase pore

diameter (Yeromin et al. 2006; Vig et al. 2006b; Yamashita et al. 2007).

The Ca2+ binding site at the mouth of channel is a main determinant of Ca2+

selectivity. The blockade of Na+ currents through the wildtype CRAC channel by

Ca2+ at low micromolar concentrations had been interpreted as a block by Ca2+ in

transit through the pore (Lepple-Wienhues and Cahalan 1996; Bakowski and

Parekh 2002; Prakriya and Lewis 2006) and can now be referred specifically to

binding in the vicinity of the E106 ring. This has a functional parallel in the Ca2+

binding site that underlies discrimination between Ca2+ and Na+ in the L-type Ca2+

channel (Yang et al. 1993; Ellinor et al. 1995). There is another layer of complexity

under this seemingly straightforward conclusion. Certain experimental

observations, exemplified, for example, by the anomalous mole fraction behavior

of Ca2+ and Ba2+ currents (Hoth 1995), are inconsistent with a model in which the

CRAC channel binds only one Ca2+ at a time. Where could the additional Ca2+ ion

(s) bind? One possibility is the E106 ring itself. Note that Ca2+ binding “site” of the

L-type Ca2+ channel—sometimes more properly termed a Ca2+ binding “locus”—is

understood to be capable of binding two Ca2+ ions simultaneously during Ca2+

influx (Yang et al. 1993; Ellinor et al. 1995). The E106 ring of the Orai channel,

with two more acidic side chains than the acidic ring in the L-type channel,

should arguably also be able to bind more than one Ca2+. Another candidate is

the Gd3+/La3+ site (or, again, locus) in the channel vestibule, which has been

rigorously documented in electrophysiological experiments (Yeromin et al. 2006;

McNally et al. 2009). Gd3+ binding at this physiologically defined locus was not

evident in the crystal structure, presumably either because the TM1–TM2 loop is

disordered and Gd3+ binding has no one preferred configuration or because Gd3+

does not bind tightly to these sites in the closed channel. Defining how individual

Ca2+ ions interact with available ligands as they traverse the channel will be

challenging. The relevant configurations are necessarily fleeting and—given

the low channel conductance—infrequent. Nonetheless, understanding the possible

Ca2+ trajectories through the pore is inextricably linked to understanding the very

high Ca2+ selectivity of the Orai channel.

The highly conserved nonpolar segment of TM1 spans three turns of the helix

just internal to the E106 site. It is anchored by the region from residues 99–104,

whose relative structural rigidity is evidenced by low rotational mobility in the

intermonomer disulfide crosslinking assay and by low temperature factors in the
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corresponding region of the Drosophila Orai crystal structure (Zhou et al. 2010b;

Hou et al. 2012). The nonpolar segment of the pore presents a barrier to ion flux that

can be traced in silico in the free energy profile for Na+ traversing the closed

wildtype channel (Dong et al. 2013) and experimentally in the barrier that prevents

constitutive Ca2+ flux in a channel truncated to remove other proposed barriers at

R91 and in the TM1 cytoplasmic extensions (Gudlur et al. 2014). The several lines

of evidence that this barrier is displaced during STIM-dependent channel gating are

discussed below.

The role of the TM1 cytoplasmic extensions remains uncertain. Intermonomer

crosslinking at residue A88C of the inactive channel (Zhou et al. 2010b), the partial

Cd2+ blockade at residue R91C of the open channel (McNally et al. 2009), and the

effect of diamide crosslinking on current through the R91C channel (Zhang et al.

2011) had established that separate TM1 helices can come into close apposition

near the cytoplasmic boundary of the membrane. The Drosophila Orai crystal

structure visualizes helices projecting roughly 2 nm beyond the membrane bound-

ary, to a position corresponding to Q72 in human Orai1 (Hou et al. 2012). Any

interpretation relating the TM1 extensions to channel conductance properties is

tentative, because it is uncertain whether the configuration of the helices observed

for channels in detergent-lipid micelles represents that in a native lipid environment

and whether the position of the helices in the crystallized closed channel reflects

their configuration in the open channel. In this connection, for instance, it is not

obvious from the Drosophila Orai structural model how residues 74–83 would bind

cholesterol and decrease channel activity (Derler et al. 2016). The TM1 extensions

are stabilized in the crystallized form by an iron-containing anionic complex, and it

is a further open question whether physiological anions give the same stabilization

in cells. All these questions will be answered, of course, and the answers will lead to

a clearer understanding of how the TM1 extensions contribute to channel function.

3.7 Channel Gating

Channel gating depends on a direct interaction of Orai1 channels with STIM

(reviewed extensively in Gudlur et al. 2013). The initial interaction in cells that

recruits Orai to junctions requires the C-terminal cytoplasmic regions of Orai

(Li et al. 2007). The region of interaction in Orai1 has been mapped roughly to

residues 267–283 by truncations and mutations (Muik et al. 2008; Navarro-Borelly

et al. 2008; Yuan et al. 2009; Park et al. 2009; Frischauf et al. 2009; Lee et al. 2009)

and by direct binding measurements with Orai1 peptide fragments (Muik et al.

2008; Yuan et al. 2009; Park et al. 2009; Zhou et al. 2010a). The solution NMR

structure of a fragment of STIM1 complexed with Orai1(272–292) illustrates one

way in which a STIM1 dimer could bind to a pair of adjacent Orai1 C-terminal

helices (Stathopulos et al. 2013). Other experiments have pointed to an alternative

binding model in which Orai C-terminal helices interact individually with STIM1

(Hou et al. 2012; Zhou et al. 2015, Tirado-Lee et al. 2015, Palty et al. 2015). It is, of

course, conceivable that both modes of binding occur during the physiological
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interaction of STIM1 with the channel. The issue will be clarified by further

experiments.

The N-terminal region of Orai1 spanning residues 73–91 is essential for STIM-

dependent activation of the channel (Li et al. 2007; McNally et al. 2013; Derler

et al. 2013; Zheng et al. 2013; Palty and Isacoff 2016). Some specific residues that

contribute to gating have been mapped in mutational studies (Lis et al. 2010; Derler

et al. 2013; Gudlur et al. 2014; Zhou et al. 2016). Most strikingly, the introduction

of the three mutations 81LSRAK85 > 81AARAE85 or the single mutation L81A

disrupts gating by STIM1, despite STIM-Orai binding through an intact Orai1

C-terminus (Gudlur et al. 2014; Zhou et al. 2016). The isolated peptides Orai1

(68–87) and Orai1(65–91) bind to STIM1 (Park et al. 2009; Zhou et al. 2010a), and

deletions or mutations in this region decrease the interaction of Orai1 with full-

length STIM1 or with a soluble STIM1 fragment in cells (McNally et al. 2013;

Derler et al. 2013), suggesting that STIM binds directly to the N-terminal region to

gate Orai. Other contrasting evidence favors the possibility that STIM binding to

the Orai C-terminus is all that is required for gating (Zhou et al. 2015, 2016). In the

latter case, the impairment of gating by mutations in the N-terminal segment might

indicate that contacts between this segment and other parts of the Orai channel itself

are necessary to stabilize the open conformation of the channel. A clearer view of

the positioning of this region in the STIM-gated channel will be crucial in under-

standing physiological channel gating.

While the detailed STIM-Orai interactions and the detailed conformational

rearrangements linking STIM binding to channel gating remain to be defined,

there has been progress in delineating how gating affects the pore itself. Specifi-

cally, productive interaction with STIM1 leads to a rearrangement of the TM1

helices at E106 and at V102 in the nonpolar segment of the pore. The first direct

evidence locating a gate in the ion-conducting path of Orai1 was the state-

dependent accessibility of G98C to the covalent modifier MTSEA (McNally et al.

2012). More recently, a gating movement of the wildtype channel has been

observed directly by monitoring luminescence of Tb3+ bound in the Orai1 Ca2+

binding site (Gudlur et al. 2014) (Fig. 3.5). The luminescence of bound Tb3+

increases when STIM1 binds under conditions that trigger ion flux, indicating

that there is a structural rearrangement in the vicinity of E106. This in vitro

conformational change is sensitive to the 81LSRAK85 > 81AARAE85 mutation

and is blocked—as is STIM1-dependent current in cells—by the Orai N-terminal

peptide Orai1(66–91). Additionally, an increase in intermonomer disulfide

crosslinking triggered by soluble STIM1 in the V102C channel strengthens the

argument that the hydrophobic region near V102 moves during gating (Gudlur et al.

2014). Completing the argument that the rearrangements detected are essential to

gating, an intact L95–V102 segment largely blocks ion flux in a closed channel,

even in the absence of R91 and the TM1 extensions (Gudlur et al. 2014), indicating

that movement of the nonpolar segment is necessary for ion conductance.

It is informative to compare the physiologically gated wildtype channel with the

constitutively conducting channels produced by certain V102X replacements.

Replacement of V102 by the small and more polar residues C, S, T, G, or A results
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in a constitutively conducting and less selective channel (McNally et al. 2012;

Derler et al. 2013). In silico calculations for the Drosophila V174A channel—

corresponding to a human V102A channel—suggest that it retains the closed pore

conformation of the wildtype Drosophila channel but presents a markedly lower

Fig. 3.5 A gating movement in the Orai channel. (a) Tb3+ binding to purified Orai1 channels

reconstituted into liposomes is detected as a luminescence signal following Tb3+ addition (red
curve). Soluble STIM1 (S1CT) causes a further increase in luminescence of Tb3+ bound to Orai1

(green curve), indicating a structural rearrangement at the Tb3+ binding site. (b) The purified

E106A channel in liposomes exhibits very little Tb3+ binding (red curve) and a minimal response

following addition of soluble STIM1 (green curve), identifying the ring of E106 side chains as the
main site of Tb3+ binding and STIM1-dependent rearrangement. Other evidence that STIM elicits

movement of the TM1 segment G98–E106 is cited in the text. (c) Analysis of constitutive whole-
cell currents in cells expressing truncated Orai channels with Orai residues 1–88 replaced by a

short unstructured peptide and residue R91 replaced by glycine. Truncated V102A Orai1 channels

(red) exhibit constitutive currents comparable in amplitude to those of full-length V102A channels

expressed at the same level. In contrast, cells expressing corresponding truncated wildtype

channels (black) have little or no constitutive current. Thus the nonpolar pore region of the Orai

channel in itself forms a major barrier to ion permeation. Inset: I–V curves of constitutive currents

in cells expressing the truncated wildtype and V102A Orai1 channels. (d) A schematic view of the

pore of the truncated wildtype channel in panel c, showing the locus probed by Tb3+ in the

experiment of panel a (gray ellipse) and the short unstructured regions replacing the TM1 helix

extensions for the experiment of panel c (gray). Only two of the six channel subunits are depicted

(a–c from Gudlur et al. 2014; Figs. 2b, 2d, and 6b–c)
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energetic barrier to ion conductance (Dong et al. 2013). Consistent with the idea

that the channel is not already in the STIM-gated conformation, the relatively

nonselective V102X channels undergo a STIM-dependent conformational change

to more selective channels (McNally et al. 2012; Derler et al. 2013). The Tb3+

luminescence assay also detects a STIM-dependent conformational change in the

V102A channel (Gudlur et al. 2014). This evidence indicating that V102X

replacements produce a leaky channel without a gating conformational change

further supports the conclusion that the nonpolar segment is a barrier to passage

of ions in the closed state of the channel.

The SCID mutant R91W channel also offers some insight. The R91W protein

inserts normally into the plasma membrane (Feske et al. 2006) and assembles into a

multimeric Orai complex (Muik et al. 2008; Navarro-Borelly et al. 2008). STIM

engages R91W Orai upon store depletion, as gauged in store-depleted cells by

recruitment of Orai to puncta, by FRET between appropriately labeled STIM and

Orai proteins, and by the detectable change in FRET between C-terminally labeled

R91W Orai monomers and in vitro by the comigration of soluble STIM1 with cell

membranes containing R91W channels on a sucrose density gradient (Muik et al.

2008; Navarro-Borelly et al. 2008; Derler et al. 2009, 2013; Gudlur et al. 2014). A

circumstantial case could be made that the SCID mutation blocks ion flux through

an otherwise open channel in store-depleted cells. The R91W tryptophan ring is

seen to occlude the channel in the Drosophila Orai crystal structure (Hou et al.

2012), and experimentally the R91W replacement overrides the constitutive con-

ductance of the V102C mutant (McNally et al. 2012). However, both observations

refer to the closed conformation of the channel. Importantly, R91W channels do not

exhibit STIM1-dependent gating as measured by Tb3+ luminescence or by V102C

crosslinking (Gudlur et al. 2014). Therefore, the simplest explanation of the failure

to conduct ions is that packing of the six tryptophan residues stabilizes the resting

configuration of the Orai N-terminus and disallows a productive gating interaction

of the N-terminal segment either with STIM1 or with other parts of the Orai

channel.

Gating might additionally involve widening of the pore by an outward move-

ment of residues 76–95 (Zhang et al. 2011; Hou et al. 2012; Derler et al. 2013;

Rothberg et al. 2013). It has been proposed, specifically, that the several basic pore-

facing residues in this region—R83, K87, and R91—constitute a barrier to ion flux

that is repositioned upon gating. However, empirical support for this hypothesis

remains equivocal. R91 has been the most prominent candidate to form a barrier,

but the R91G, R91D, and R91E Orai1 channels are all closed at rest and open

normally upon store depletion, seemingly ruling out an essential role for R91 in

gating (Derler et al. 2009; Zhang et al. 2011). The absence of constitutive current

through the Orai1(R83A/K87A) channel (Derler et al. 2013) further suggests that

R83 and K87 are not required elements of the channel gate. The latter mutant raises

some unanswered questions, though, since even the Orai1(R83A/K87A/V102A)

channel does not conduct in resting cells, but it is opened by STIM1 to a Ca2+-

selective channel (Derler et al. 2013). Other substitutions at positions 83 and

87 might provide further insight. In any case, it is unlikely that the segment
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spanning residues 76–95 acts independently as a gate, given that the nonpolar

segment from L95–V102 by itself, in a truncated channel lacking the basic residues

and the TM1 helix extension, allows little or no constitutive ion flux (Gudlur et al.

2014) (Fig. 3.5).

Mechanistic studies of CRAC channel gating and kinetics have been hampered

in the past by the inability to resolve either single-channel currents or gating

currents. Recently developed alternative methods, such as detecting the gating

conformational change with Tb3+ or other fluorescent probes (Gudlur et al. 2014)

or recording optically from single Orai1 channels tagged with genetically encoded

calcium indicators (Dynes et al. 2016), may offer a way around these limitations.

3.8 Orai2 and Orai3 Channels

Orai2 and Orai3 are reviewed in detail elsewhere (Hoth and Niemeyer 2013), and

hence only a few essential facts with regard to pore formation and CRAC activity

are outlined here. Both proteins exhibit high sequence similarity to Orai1, particu-

larly in their transmembrane segments. Consistent with this similarity,

overexpression of Orai2 or Orai3 together with STIM1 results in store-dependent

Ca2+ influx and Ca2+-selective currents (Gwack et al. 2007; Lis et al. 2007;

DeHaven et al. 2007). Orai3 channels account for a major fraction of the CRAC

current in the MCF-7 breast adenocarcinoma cell line (Motiani et al. 2010), and

Orai1–Orai3 heteromultimers underlie an arachidonate/leukotriene C4-regulated

Ca2+-selective current, or ARC current, elicited by receptor-phospholipase A2

signaling (Mignen et al. 2008a, 2009; Gonzalez-Cobos et al. 2013; Zhang et al.

2014). Thus, the other Orai-family proteins are pore-forming channel subunits, and

Orai3 has a documented physiological role as a CRAC channel subunit, but the

spectrum of physiological Orai channels extends beyond the classical CRAC

channel.

Orai3 channels, and to a lesser extent Orai1 channels, can be gated by 2-APB

without the intervention of STIM (Peinelt et al. 2008; Zhang et al. 2008; DeHaven

et al. 2008; Schindl et al. 2008). STIM and 2-APB trigger the same basic gating and

permeation mechanism: The Orai3 correlate of the E106A replacement, E81A,

depresses both store-operated current and 2-APB-dependent current (Zhang et al.

2008); and the Orai3 correlate of the R91W mutation, R66W, abolishes the inward

current triggered by either stimulus (Schindl et al. 2008). However, in clear contrast

to the STIM-gated Orai3 channel, which is selective for Ca2+, the 2-APB-treated

Orai3 channel undergoes pore dilation and loses selectivity for Ca2+ (Peinelt et al.

2008; Zhang et al. 2008; DeHaven et al. 2008; Schindl et al. 2008, Amcheslavsky

et al. 2014). This difference may limit the usefulness of 2-APB as a tool for

understanding physiological STIM1-dependent gating.

The close sequence similarity of Orai-family proteins has aided in constructing

chimeric Orai proteins to dissect specific channel properties, an approach that has

been especially fruitful in dissecting STIM-Orai coupling (Frischauf et al. 2009), as
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discussed in Chap. 4. The same approach has been applied to other regions of Orai

proteins (Zhang et al. 2008; Frischauf et al. 2011).

3.9 Conclusions

Classical electrophysiological studies defined the CRAC current as a store-operated

Ca2+ current responsible for physiological activation of T cells and mast cells. The

CRAC channel is now known to be widely expressed. RNAi screens identified Orai

as a protein essential for CRAC channel function, and a combination of studies

using human SCID T cells, protein biochemistry, and electrophysiology established

that Orai is the pore subunit of the channel. Ongoing work has illuminated the pore

architecture of the channel and the basis for its signature electrophysiological

features and has provided insights into channel gating. Despite these considerable

advances, a thorough understanding of this specialized Ca2+ channel will require

further high-resolution structural studies, biophysical probing of conducting Orai

channels, and in silico simulations of channel gating and Ca2+ permeation.
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