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Introduction

Store-operated calcium channels (SOCs) are a family
of plasma membrane ion channels that are activated
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Abstract Store-operated Ca’' release-activated Ca’™ (CRAC) channels are a widespread
mechanism for generating cellular Ca’* signals and regulate many Ca®*-dependent functions,
including transcription, motility and proliferation. The opening of CRAC channels in response
to depletion of intracellular Ca®* stores involves a cascade of cellular events that culminate in
direct interactions between STIM1, the endoplasmic reticulum Ca’" sensor, and the channels
composed of Orai proteins. Evidence gathered over the last two decades indicates that CRAC
channels display a unique functional pore fingerprint characterized by exquisite Ca®* selectivity,
low unitary conductance, and low permeability to large cations. Here, we review the key pore
properties of CRAC channels and discuss recent progress in addressing the molecular foundations
of these properties. Structure—function and cysteine-scanning studies have revealed the identity
and organization of pore-lining residues, including those that form the selectivity filter, providing
a structural framework for understanding CRAC channel pore properties. Recent studies in pore
mutants that produce STIM1-independent constitutive channel activation indicate that exquisite
Ca’* selectivity in CRAC channels is not hardwired into Orai proteins, but is instead manifested
only following the binding of STIM1 to the intrinsically poorly Ca**-selective Orai channels.
These findings reveal new functional aspects of CRAC channels and suggest that the selectivity
filter of the CRAC channel is a dynamic structure whose conformation and functional properties
are powerfully regulated by the channel activation stimulus.
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by the depletion of endoplasmic reticulum calcium
stores in response to the generation of 1,4,5-inositol
trisphosphate. Ca*" entry through SOCs regulates a wide
variety of cellular functions including gene expression, cell
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motility, proliferation and the exocytosis of inflammatory
mediators (Hogan et al. 2010; Lewis, 2011). SOC currents
have been identified using patch-clamp techniques in
several cell types including T-cells, mast cells, hepatocytes,
pancreatic acinar cells, endothelial cells and smooth
muscle cells (Parekh & Putney, 2005). Imaging studies
indicate that a store-operated entry mechanism exists
in an even wider range of tissues and cell types that
includes skeletal muscle and even some types of neurons
(Dirksen, 2009; Gemes et al. 2011). Nevertheless, the
SOC subtype for which the most detailed information
is available is the Ca?* release-activated Ca’* (CRAC)
channel, a highly Ca*" selective SOC that is expressed
in T-cells, mast cells and related haematopoetic cells
(Lewis, 2011). CRAC channels were investigated for more
than two decades before their molecular composition was
identified in 2005-2006, first with the discovery of STIM1,
a protein in the endoplasmic reticulum (ER) membrane
responsible for sensing the drop in ER calcium (Liou et al.
2005; Zhang et al. 2005), followed by the discovery of
Orail, a prototypic pore-forming CRAC channel protein
(Feske et al. 2006; Vig et al. 2006b; Zhang et al. 2006).
It is now known that STIMI binds to and directly
activates Orail and these two molecules appear both
necessary and sufficient to reconstitute store-operated
calcium entry (SOCE) (Mercer et al. 2006; Peinelt et al.
2006; Muik et al. 2008; Park et al. 2009; Zhou et al.
2010a). Much of the attention on CRAC channels has
surrounded the mechanism of channel activation in
response to store depletion, and significant progress has
occurred in this area (Lewis, 2011). By comparison, the
mechanisms of ion conduction and channel gating are
less well understood, although this is rapidly changing
in recent years. This review will focus on our current
understanding of the ion conduction properties of
CRAC channels and the molecular determinants of these
properties.

Functional fingerprint of the CRAC channel pore

Perhaps the most prominent hallmark of the CRAC
channel’s biophysical fingerprint is its extraordinarily high
Ca?* selectivity (Pc,/Pn, > 1000), which placesit, together
with voltage-gated Ca’*t (Ca,) channels, in a unique
category of highly Ca** selective channels (Hoth & Penner,
1993). Interestingly, the CRAC channel’s strong preference
for Ca>* ions is seen only in solutions with mixtures of
Ca?* and monovalent ions. In the absence of extracellular
Ca’* and other divalent ions, CRAC channels readily
conduct a variety of small monovalent ions including
Na®, Lit and K* (Lepple-Wienhues & Cahalan, 1996;
Bakowski & Parekh, 2002; Prakriya & Lewis, 2002). This
feature suggests that exclusive permeation of Ca’*" is

B. A. McNally and M. Prakriya

J Physiol 590.17

not hardwired into the CRAC channel pore but arises
from competition between Ca*" and monovalent ions
for binding sites within the ion conduction pathway.
Consistent with this interpretation, extracellular Ca®*
potently blocks Na™ currents (K; ~20 um at —100 mV;
Hoth & Penner, 1993; Bakowski & Parekh, 2002; Su
et al. 2004; Prakriya & Lewis, 2006), and, as expected
for a binding site within the pore, Ca®* block is voltage
dependent (Prakriya & Lewis, 2006; Yamashita et al. 2007).
Qualitatively, these characteristics are reminiscent of the
properties of voltage-gated Ca** (Ca,) channels, in which
Ca*" ions similarly bind tightly with a high-affinity site
within the pore to occlude Na™ flux (Lansman et al. 1986;
Sather & McCleskey, 2003). Unlike Ca, channels, however,
CRAC channels display a very low permeability to large
monovalent cations such as Cs™. As described below, the
feature probably arises from a narrow pore that limits
the electrodiffusion of large cations within the restricted
confines of the pore (Prakriya & Lewis, 2006; Yamashita
et al. 2007; McNally et al. 2009; Zhou et al. 2010b). CRAC
channels also display a very low unitary conductance that
is estimated from noise analysis to be only 18-24 1S in
110 mm Ca*™ and ~1pS for Nat (Zweifach & Lewis,
1993; Prakriya & Lewis, 2006). At physiological Ca’"
concentrations (2 mMm), the unitary conductance has been
estimated to be even lower, ~9fS (Zweifach & Lewis,
1993).

Pharmacologically, CRAC channels are distinguished
by high sensitivity to blockade by trivalent lanthanide
ions (K; < 1 uM) (Mason et al. 1991; Aussel et al. 1996;
Yeromin et al. 2004, 2006), a feature that differentiates
these channels from many less Ca®* selective cation
channels. Many other inhibitors of CRAC channels
have been described over the years. These include the
compounds 2-aminoethyldiphenyl borate (2-APB), which
inhibits CRAC channels at concentrations >10 uM, and
YM-58483, also known as BTP2, which inhibits CRAC
channels and SOCE with a K; of ~10nMm (Zitt et al.
2004). Both compounds inhibit many other classes of
ion channels including TRPC channels (Bootman et al.
2002; Takezawa et al. 2006) and therefore only have
limited utility as specific probes for elucidating the cellular
functions of CRAC channels. However, 2-APB elicits
a spectrum of unusual CRAC channel behaviours that
have become a popular focus of investigation. These
effects include a strong enhancement of Icprac at low
drug concentrations, transient facilitation followed by
persistent inhibition at high doses, and the removal
of fast Ca*"-dependent inactivation (CDI) (Prakriya &
Lewis, 2001; Ma et al. 2002; Yamashita et al. 2011).
Adding to this complexity, recombinant Orai3 (and to
a smaller extent Orail) channels are also directly activated
by 2-APB in a store-independent manner (DeHaven
et al. 2008; Peinelt et al. 2008; Schindl et al. 2008;
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Zhang et al. 2008; Yamashita et al. 2011). In addition to
these compounds, newer, more selective CRAC channel
inhibitors developed for therapeutic applications include
the drugs Synta-66 (Ashmole et al. 2012) and CM2489
(CalciMedica, www.calcimedica.com). With the exception
of lanthanides, however, which block CRAC channels by
binding to the acidic residues in the TM1-TM2 loop
region (Yeromin et al. 2006; McNally et al. 2009), the
mechanisms by which the different compounds inhibit
CRAC channel activity are unknown. Nevertheless, when
used in conjunction with the biophysical fingerprint
described above, these pharmacological agents have
proven useful for identifying and characterizing CRAC
channels in many native tissues.

Molecular underpinnings of selectivity and
permeation in CRAC channels

Permeation and selectivity in ion channels are typically
controlled by the organization and chemistry of
pore-lining residues. For CRAC channels, a mechanistic
understanding of ion permeation is confronted with
the challenge that the Orai proteins bear little sequence
homology to other ion channels. Hence, lessons drawn
from other channels cannot be readily extrapolated to
CRAC channels. Thus, an important focus of recent
efforts has been the identification of amino acids that
line the CRAC channel ion conduction pathway. In early
studies, site-directed mutagenesis was employed to explore
the role of conserved acidic amino acids located in the
transmembrane (TM) domains for high Ca*" selectivity.
These studies resulted in the identification of several acidic
residues that influenced ion permeation, including E106
in TM1, E190 in TM3, and D110, D112 and D114 in
the TM1-TM2 linker region of human Orail (Fig. 14;
Prakriya et al. 2006; Vig et al. 2006a; Yeromin et al. 2006).
Mutations at these positions resulted in a wide range of
effects including loss of Ca®* selectivity, increase in Cs*
permeation, changes in the voltage dependence of Ca**
block, widening of the pore, and (for the TM1-TM2
loop residues) diminished La** block (Prakriya et al.
2006; Vig et al. 2006a; Yeromin et al. 2006; Yamashita
et al. 2007). Based on these findings, early models of
the CRAC channel pore concluded that both TM1 and
TM3 flank the ion conduction pathway, with the Glu
residuesat 106 (TM1) and 190 (TM3) and the Asp residues
in the TM1-TM2 loop forming rings of coordinating
sites for the conducting ions (Vig et al. 2006a; Cai,
2007).

But are these residues directly exposed to the ion
conduction pathway? Or do the mutations simply
destabilize the energetic stability of the pore through
long-range effects? To address this issue, we used the
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substituted cysteine accessibility method to identify
and illuminate the organization of pore-lining residues
(McNally et al. 2009). In this method, successive
amino acids within specific target areas of Orail are
substituted one at a time by Cys, and the sensitivity of
the mutated channels to block by aqueous thiol-labelling
reagents is examined (Karlin & Akabas, 1998). The
highly polar nature of the thiol reagents (including
methanethiosulphonate (MTS) reagents and Cd**) causes
them to react rapidly with water-exposed sulthydryl
groups resulting in the attachment of the reagent to
single sulthydryl groups (in the case of MTS reagents)
or coordination by multiple SH-groups (in the case of
Cd**). If the cysteine residue is located in the pore of the
channel, the attachment of the reagents to pore-lining
residues results in rapid blockade of ion conduction,
thereby revealing the identity of pore lining residues
(Karlin & Akabas, 1998). Cysteine accessibility methods
have been successfully applied to numerous ion channels
to identify pore-lining amino acids and deduce their
relative organization within the ion conduction trajectory
(Karlin & Akabas, 1998; Yellen, 1998). In a complementary
approach, another study examined the ability of Cys
substitutions in the predicted TM1 segment to form
intersubunit disulfide bonds across the pore (Zhou et al.
20100).

The results of the two studies converged towards
many similar conclusions. Both studies reaffirmed the
hypothesis that the TM1 segment flanks the pore.
However, residues in TM3 including E190 failed to exhibit
any detectable reactivity, indicating that despite the effects
of some E190 mutations on ion selectivity, TM3, in fact,
does not flank the pore (McNally et al. 2009; Zhou
et al. 2010b). Given that functional CRAC channels are
tetramers of Orai subunits (Mignen et al. 2008; Penna
et al. 2008), these results imply that the ion selective
part of the pore is fashioned by four TMI1 segments,
with the selectivity filter formed by a quartet of E106
residues. The electrophysiological study also revealed that
sequential residues of the TM1-TM2 loop segments inter-
act tightly with both large (>8 A) and small (<3 A) as well
as with positively charged and negatively charged probes,
and form inter-subunit disulfide bonds (McNally et al.
2009). This pattern of solvent reactivity is consistent with
the TM1-TM2 segments forming a flexible vestibule at the
outer mouth of the pore.

Moving deeper into the pore, differences in the
accessibility of thiol probes of different sizes showed that
the pore narrows sharply at the base of the vestibule,
probably above the Ca®t binding site formed by E106
(McNally et al. 2009). Notably, several ‘hotspots’ of
strong Cd*" reactivity and disulfide bond formation
were found in the TM1 segment (McNally et al. 2009;
Zhou et al. 2010b). The positions of these highly reactive
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residues displayed a periodicity typical of a pore-facing
a helix (Fig. 1B and C). Interestingly, because strong
coordination of Cd** requires the presence of several (>3)
coordinating SH-groups in ion channel pores (Liu et al.
1997; Loussouarn et al. 2001), the ability of sequential
pore-facing residues on the TM1 helix to coordinate Cd**
indicates that the centrally located TM1 helices are located
close to each other, effectively forming a long narrow
pore. Even R91 at the cytoplasmic rim of TM1 displayed
significant ability to coordinate Cd*" (Fig. 1B and C),
suggesting that introduction of hydrophobic bulky amino
acids at this position, such as that found in the human
severe combined immunodeficiency (SCID) mutation
R91W, could interfere with ion conduction due to steric or
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hydrophobic occlusion of the inner pore. A88C, which is
technically predicted to be in the cytoplasmic N-terminus,
also formed inter-subunit disulfide bonds (Zhou et al.
2010b), raising the prospect that the cytoplasmic rim of
the pore may extend further into the N-terminus than had
been previously considered.

A long narrow pore may be a feature unique to CRAC
channels. In the equally Ca’* selective Ca, channels,
by contrast, the inner pore is reported to form a wide
vestibule large enough to accommodate very large thiol
reagents and one or more hydrated ions (Zhen et al
2005). This structural feature of the CRAC channel
pore could produce steric hindrance for the electro-
diffusion of ions within the narrow confines of the
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A, the predicted topology of Orail. Key residues (mentioned in the text) are labelled. B, the pattern of Cd2*
blockade for residues in TM1 domain and TM1-TM2 loop regions. Residues V102, G98 and L95 in TM1 exhibit
strong blockade, identifying them as pore-lining amino acids (adapted from McNally et al. 2009). C, a schematic
representation of the Orai1 pore-lining residues in TM1, along with their identified structural or functional features.
For clarity, only two of the four TM1 domains are depicted. D, a schematic representation of STIM1 and its key
functional domains. These domains include: Sig, signal peptide; SAM, sterile @ motif; TM, transmembrane domain;
CC, coiled-coil domain; CAD, CRAC activation domain; IDstm1, inactivation domain of STIM1.
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pore, possibly accounting for its low permeability to
large ions (>3.8A) and low unitary conductance. It is
interesting that the results of the two cysteine scanning
studies were in broad agreement about the identity and
organization of the TM1 pore-lining residues despite
differences in the methodologies employed (the electro-
physiological study examined accessibility of thiol reagents
in open STIMI1-gated channels, whereas the disulfide
cross-linking study studied a non-functional mutant
in the absence of STIMI1; McNally et al. 2009; Zhou
et al. 2010b). This correspondence suggests that channel
activation by STIM1 may not involve large conformational
alterations in the TM1 segment. More studies are needed
to understand the structural dynamics of the CRAC
channel pore during gating. However, findings from
these studies provided the first step towards building a
structural model of the pore, and offer testable hypotheses
for further functional, pharmacological and structural
investigations.

STIM1 binds to Orai1

As noted above, CRAC channels are operationally defined
as store-operated channels. The molecular basis of this
fundamental property originates in the direct binding of
the ER Ca’" sensor, STIMI1, to the pore-forming Orai
proteins. Under basal conditions in cells with full ER
Ca*" stores, STIMI is diffusely distributed through the ER
membrane. Store depletion initiates a highly stereotyped
set of events that culminates in the direct binding of
STIM1 to Orail. The principal events of this process
include the release of Ca** from the luminal EF-SAM
domain of STIMI, the oligomerization of STIMI1, and
redistribution of the STIM 1 oligomers into distinct puncta
at junctional ER sites located in close proximity to the
plasma membrane (Lewis, 2007, 2011). Thus, STIMI1
fulfils two critical roles for CRAC channel activation: first,
it senses the depletion of ER Ca®t stores, and second,
it communicates store depletion to the CRAC channels
located in the plasma membrane. STIM1 oligomerization
is an early and essential step in this signalling pathway and
serves as a critical switch that can unfold all the subsequent
steps of the channel activation process (Stathopulos
et al. 2006, 2008; Liou et al. 2007; Luik et al. 2008).
Interestingly, recent studies indicate that activation of
STIM1 can occur even in the absence of ER Ca’" store
depletion under certain conditions, for example following
S-glutathionylation of the cysteine residue located in the
EF-SAM domain (Hawkins et al. 2010), and in elevated
temperatures (35-37°C; Xiao etal.2011). The mechanisms
of these latter effects remain to be firmly established, but
are thought to be related to a reduction in the Ca’* binding
capacity of the STIM1 EF-SAM domain, thereby triggering

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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STIMI1 oligomerization (Hawkins et al. 2010; Xiao et al.
2011).

Association of STIM1 with Orail has been shown
under a variety of conditions and chemical environments
including in live cells, cell lysates, and even in a system
of only purified components in solution (Yeromin et al.
2006; Muik et al. 2008; Park et al. 2009; Zhou et al.
2010a). Harnessing this finding, several groups employed
deletions and serial truncations of STIM1 to identify
a domain in the cytoplasmic region of STIM1 (amino
acids 342-448) as a necessary and sufficient element for
binding and activation of Orail channels. The structure
of this minimal activation domain, termed the CRAC
activation domain (CAD), (Fig. 1D) has recently been
solved (Yang et al., 2012). The structure reveals a V-shaped
dimeric module with the main functional domains of
CAD, two coiled-coil regions (CC2 and CC3), forming
a hair-pin motif (Yang et al., 2012). How the dimeric CAD
structure is altered upon binding to Orail is not known
yet, nevertheless, this high-resolution structure provides
several testable hypotheses for dissecting the structural
underpinnings of STIM1 function.

In Orail, structure—function studies have identified two
regions located in the C- and N-termini that are essential
for STIM1 binding and channel activation (Li et al. 2007;
Muik et al. 2008; Navarro-Borelly et al. 2008; Park et al.
2009). As in STIMI, the critical binding motif in the
Orail C-terminus is a coiled-coil domain encompassing
amino acids 268-291. Deletion of this motif (Li et al.
2007) or mutations of key hydrophobic residues (L273S
and L276D) (Muik ef al. 2008; Navarro-Borelly et al.
2008) strongly affect STIM1-Orail coupling and Orail
activation, probably due to disruption of the coiled-coil
helix. In the Orail N-terminus, a weak interaction of
CAD with a region corresponding to amino acids 68-91
was found in co-immunoprecipitation and pull-down
assays (Park et al. 2009; Zhou et al. 2010a). Interestingly,
mutation of a critical lysine residue in this region (K85E)
attenuates Orail activation by STIM1 without detectably
reducing the ability of the Orail N-terminus (amino acids
48-91) to co-immunoprecipitate CAD (Lis et al. 2010),
suggesting that this residue has a critical role in channel
gating independent of STIM1 binding.

Collectively, these studies have radically altered our
understanding of how CRAC channels are activated.
They reaffirmed an old theory (Irvine, 1990) that the
physical basis of CRAC channel activation involves local
and direct interactions between an ER molecule and the
channel. Mechanistically, we now have a firm under-
standing of the minimal structural requirements of CRAC
channel activation by STIM1. Further progress in this
area will depend on illumination of some key questions
surrounding the binding of STIMI1 and Orail. For
example, the specific contributions of the two distinct
STIM1 binding sites in Orail for channel function are
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unknown. In addition, the thermodynamic features of
STIM1-Orail binding have not been quantified and
evidence exists for both strong as well as weak interactions.
These questions are likely to be addressed in time with the
use of more in-depth biophysical and protein biochemistry
approaches.

STIM1 stoichiometry of CRAC channel activation

A fundamental aspect of the interaction between
STIMI and Orail crucial to our understanding of the
CRAC channel activation process is the stoichiometric
requirement of Orail activation by STIM1. How many
STIM1 molecules does it take to activate CRAC channels?
Two recent studies have addressed this question using
very different approaches (Hoover & Lewis, 2011; Li
et al. 2011). In one study, Li et al. (2011) used tandem
constructs to determine the effect of the STIM:Orail ratio
on CRAC channel activity. Tandem constructs with a
varying number of Orail protomers (1-4) were fused to
a STIM1 region containing two repeats of the minimal
activation domain (amino acids 336-485, termed the
‘S domain). Icgac was largest for constructs with a 2:1
S:Orail ratio, and decreased as the STIM1:Orail ratio
decreased. Moreover, knocking out STIM1 binding sites
sequentially in the C-terminus of Orail in a concatamer
containing four Orail molecules revealed a graded
relationship between STIM1 binding and Orail activation.
Together, their data suggested that a 2:1 STIM1:Orail
ratio gives optimal CRAC activity. Given that the active
Orail complex is expected to contain four copies of
Orail (Mignen et al. 2008; Ji et al. 2008; Penna et al.
2008), these results hence indicate that eight copies of
STIMI1 are required for optimal activation of single
CRAC channels. Additionally, the data indicated that
progressively decreasing the functional STIM1:Orail ratio
produces a graded decline in Icrac amplitude (Hoover &
Lewis, 2011; Li et al. 2011).

In an alternative approach, Hoover & Lewis (2011)
varied the relative expression of full-length STIM1
and Orail that were fused to fluorophores mCherry
and GFP to study the functional requirements of
Orail activation as well as trapping at the ER—plasma
membrane junctions. Although their results indicated
that activation was graded with increasing amounts of
STIM1 bound to Orail channels, channel activation was
highly non-linear (Hoover & Lewis, 2011). Maximal
CRAC current activation required the binding of eight
STIM1 molecules to each channel, and activation declined
sharply with diminishing STIM1 such that the minimal
stoichiometry for trapping Orai channels at puncta fails
to evoke significant activation (Hoover & Lewis, 2011).
Thus, their results suggested that once the optimal STIM
threshold is reached, individual channels would pre-
sumably open abruptly to their fully active state in an
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all-or-none manner. This model seems harmonious with
earlier findings in native CRAC channels in Jurkat T-cells
indicating that the slow increase in Icrac following store
depletion occurs from the stepwise recruitment of closed
channels to a very high open probability state (Prakriya &
Lewis, 2006). The reasons for the apparent discrepancy in
the degree of non-linearity of Orail activation by STIM1
between the studies of Li et al. (2011) and Hoover &
Lewis (2011) are unknown, but it is worth noting that
the Hoover and Lewis study employed full length STIM1
and monomeric Orail, whereas Li et al. (2011) employed
a tandem SS domain to activate Orail tetramers. This
difference in methodology raises the possibility that the
activation behaviour of tetrameric Orail constructs may
be different from that of monomeric Orail. In native
tissues, the presence of additional modulatory proteins
that regulate STIM—Orai binding (e.g. the CRACR2A/B
proteins; Srikanth et al. 2010) may further accentuate
the all-or-none activation behaviour by modulating the
cooperativity of STIM1-Orail binding.

A surprising finding from the Hoover and Lewis study
was that in addition to activation gating, STIM1 also
regulates Ca’'-dependent inactivation (CDI) of CRAC
channels. CDI is a prominent hallmark of CRAC channels
seen as a decline in Icrac amplitude over tens of milli-
seconds during hyperpolarizing voltage steps (Zweifach &
Lewis, 1995). CDI is mediated by the high local [Ca®*];
around individual Ca** channels and is driven by Ca®*
binding to calmodulin (Litjens et al. 2004; Mullins et al.
2009), resulting in the binding of Ca’>*-calmodulin to the
membrane proximal N-terminal region of Orail (residues
68-91; Mullins et al. 2009). There is strong evidence that
STIM1 regulates this process. CDI is absent in CRAC
currents activated by the minimal activation domain of
STIM1 (the CAD domain; Park et al. 2009), and the extent
of CDI is correlated to the relative abundance of STIM1
(Scrimgeour ef al. 2009), suggesting that a region within
STIM1 distinct from CAD confers CDI. Subsequent work
has revealed that an acidic region in the C-terminus of
STIM1 (amino acids 470-491) is critical for this gating
process although the precise mechanism by which this
domain confers CDI remains unclear (Derler et al. 2009b;
Lee et al. 2009; Mullins et al. 2009). The finding that
CDI, a functional property closely associated with the
CRAC channel pore, is regulated by STIM1 indicates that
STIM1 is, in effect, a subunit of the channel that confers
inactivation by direct and specific interaction with the
channel pore (Mullins ef al. 2009).

How does the pore open and close?

As described above, the CRAC channel pore opens
to allow Ca*" influx in response to STIM1 binding.
The conformational motion underlying the opening and

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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closing of the pore, collectively called gating, is carefully
regulated to provide the dynamic Ca®* signals required for
activating a wide range of cellular functions. Although our
understanding of the moving parts of the CRAC channel
pore that allow pore opening and closing still remains
rudimentary, results from site-directed mutagenesis and
cysteine scanning studies have begun to shed light on this
issue.

One clue has come from mutational analysis of a
highly conserved Gly residue, located in the middle of
the predicted TM1 helix (Zhang er al. 2011). Mutation
of G98 to Ala results in non-functional channels,
suggesting a critical role for G98 in channel gating. More
significantly, introducing a Pro at this position, which
should produce a inflexible kink in the helix, results in
constitutively open channels that are active even in the
absence of STIMI1. Likewise, mutation to Asp (G98D)
causes STIM1-independent constitutive channel activity
(Zhang et al. 2011). Interestingly, the G98D and G98P
channel mutants are non-selective and do not display the
signature high selectivity of CRAC channels, indicating
that the mutations significantly disrupt the CRAC channel
selectivity filter. Taken together, these results are consistent
with the notion that G98 may function as a gating hinge
to induce movement of TM1 and open the channel gate
located elsewhere along the ion conduction pathway.

But where is the channel gate located? Cahalan
and colleagues have proposed that R91, located at the
cytoplasmic rim of TMI1, could function as the gate
(Zhang et al. 2011). R91C mutant channels can be induced
to form intersubunit disulfide bonds in response to
diamide, a potent oxidizing agent. Further, application
of diamide to R91C Orail channels results in pore
occlusion that could be relieved by the reducing agent
bis(2-mercaptoethyl)sulfone (BMS) (Zhang et al. 2011).
Importantly, the ability of diamide to induce the formation
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of intersubunit disulfide bonds is eliminated in the
constitutively active R91C/G98D channels, suggesting that
the channel pore is substantially widened by the G98D
mutation (Zhang et al. 2011). Combined with ample
physical evidence that CRAC channels have a narrow pore,
these results indicated that cysteine residues at 91 from
adjacent positions come close enough to form disulfide
bridges. On the basis of this evidence, R91 is suggested to
comprise part of the physical gate at the inner mouth
of the channel (Zhang er al. 2011). It is important to
note, however, that a broad range of mutations at R91,
including charge neutralizing and reversal substitutions,
do not perturb store-operated gating (Derler ef al. 2009a).
Moreover, the ability of R91C channels to form disulfide
bonds is not unique to R91 but is seen in Cys sub-
stitutions at several pore lining positions including E106,
V102 and G98 (McNally et al. 2009; Zhou et al. 2010D).
Hence, additional studies are needed to clarify the precise
mechanism of gating by R91 in this model.

In an alternative approach to uncover the molecular
participants in TM1 for activation gating, we examined
differences in the accessibility of thiol reagents between
open and closed channels to Cys residues introduced
at specific pore positions (McNally ef al. 2012). In this
approach, the positions of accessible pore lining residues
are determined, as near as possible, to the closed gate. In
the closed state of the pore, only residues located exteriorly
to the closed gate should be accessible to reagents added
to the extracellular medium. This pattern of accessibility
is then compared to the accessibility in open channels to
obtain a reasonable first approximation of the location
of the gate (Karlin & Akabas, 1998). The results of this
comparison indicated that the CRAC channel gate is
located towards the extracellular region of the pore, juxta-
posed in a pore region that includes the residue V102
(Fig 2; McNally et al. 2012).
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Figure 2. The pore-lining residue G98C in Orai1 is modified by MTSEA in a state-dependent manner.

A, a HEK293 cell expressing G98C/E106D Orail and STIM1 was exposed to two applications of MTSEA, the first
at rest prior to whole-cell break-in, and the second following activation of /crac by passive store depletion. The
degree of MTSEA blockade for open and closed states of the channel was determined from the relief of blockade
elicited by the reducing agent, bis(2-mercaptoethyl)sulfone (BMS) at the times indicated by the arrows. B, summary
of MTSEA blockade in open and closed G98C/E106D Orai1 and D110C Orail (adapted from McNally et al. 2012).
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If V102 is a component of the gating mechanism,
mutations at this locus might be expected to destabilize
channel gating. In agreement with this possibility,
several mutations of V102 produce constitutively active
Orail channels that are open even in the absence of
STIM1 (McNally et al. 2012). These mutations include
substitutions to several mildly hydrophobic and polar
amino acids such as Cys, Gly, Ala, Ser and Thr.
However, substitutions of V102 to strongly hydrophobic
residues including Leu, Ile and Met produce only
STIM1-dependent activation, as seen in wild-type Orail.
These results indicated that mutations of V102 destabilize
activation gating, resulting in constitutively open CRAC
channels. Coincidently, V102 appears to be located in an
unusually narrow region of the pore as would be expected
for the location of the gate: Cd** trapping in V102C
channels occurs with a very high affinity (~300nm) and
these channels display a high propensity to form inter-
subunit disulfide bonds (McNally et al. 2009; Zhou et al.
2010b). Moreover, as expected for a residue nestled in a
narrow region of the pore, introducing a variety of bulky
residues such as Trp, Tyr and Phe produce non-functional
Orail channels (McNally et al. 2012), probably because
of pore occlusion. The strong dependence on hydro-
phobicity at position V102 for store-operated gating is
reminiscent of the behaviour of the nicotinic ACh receptor
and the large mechanosensitive ion channel (MscL), which
appear to use rings of hydrophobic residue (Leu, Val
and/or Ile) as gates in the middle of the ion conduction
pathway to inhibit the flux of hydrated ions (Chang et al.
1998; Miyazawa et al. 2003; Doyle, 2004). Based on these
findings, it seems attractive to hypothesize that V102
comprises a hydrophobic gate in the extracellular pore
region to regulate ion conduction, with mutations of the
gate to less hydrophobic residues resulting in a leaky gate.

So where then is the activation gate? Is it at R91 at
the lower end of TM1? Or is it at V102 towards the
extracellular region of the pore, close to the selectivity
filter at E106? And how can the apparent dichotomy
between the conclusions of the two studies described
above be reconciled? One possibility is that there are two
activation gates whose actions are synergized to regulate
pore opening. However, given the narrow dimensions of
the pore, it is also probable that pore closure does not
occur at a defined locus, but is rather, distributed along
much of the length of the pore, with V102 and R91
forming the external/internal boundaries of the closed
pore. In this scenario, destabilizing mutations at the
external boundary at V102 could affect the stability of
the entire pore and cause a leaky channel. Of course,
given the many limitations of the mutagenesis and cysteine
accessibility approaches employed in the studies, it is also
plausible that neither location is the gate and that the
observed effects arise simply due to general effects on
the stability of the closed-to-open conformations of the
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channel. Ultimately, resolution of this question would have
to involve additional functional and structural analyses to
illuminate the molecular details of the pore structure in
different channel states.

STIM1 regulates CRAC channel ion selectivity

A surprising functional aspect of CRAC channels revealed
by analysis of the ion selectivity of V102X mutants was
that STIM1 not only controls CRAC channel gating,
but also bestows many fundamental features that have
historically defined the fingerprint of the CRAC channel
pore (McNally et al. 2012). In the absence of STIMI,
V102C mutant channels exhibit poor Ca’" selectivity
and allow permeation of Cs* and several other large
cations that are normally impermeable through CRAC
channels (Fig.3). Unexpectedly, interaction of mutant
channels with STIM1 effectively corrects the aberrant ion
selectivity of the STIM1-free mutant channels, restoring
high Ca’" selectivity to the poorly selective STIM1-free
channels (McNally et al. 2012). In fact, STIM1 was found
to modulate CRAC channel permeability for a broad range
of cations including Ca®*, Ba?*, Sr** and Cs* (Fig. 3).
These changes are accompanied by alterations in the pore
geometry, and specifically, narrowing of the CRAC channel
pore to a state that more closely resembles the dimensions
seen in wild-type (WT) Orail channels. Moreover, tuning
of Orail ion selectivity by STIM1 was not unique to the
V102X mutant channels, but was also seen in WT Orail
channels as the amount of STIM1 bound to Orail was
increased (McNally et al. 2012), suggesting that the V102X
mutations simply unmask a native intermediate channel
activation state due to a leaky gate (Fig. 4).

A potential explanation for the different ion selectivities
of STIM1-bound and -free V102 mutant channels is that
these channels have different subunit stoichiometries, as
proposed in a recent model for resting and active WT
Orai channels (Penna et al. 2008). Because STIM1-free
Orai complexes are dimers in this model, the inevitable
change in pore structure resulting from STIM1-induced
assembly of Orai dimers to tetramers could naturally
lead to very different permeation properties. However,
analysis of the Cd’* blockade in concatemeric Orail
channels, in which the number of Cys-bearing protomers
was varied, indicated that the subunit stoichiometries of
the STIM1-free and STIM1-bound mutant channels are
identical (McNally et al. 2012). This result argues that the
distinct permeation properties of the STIM1-bound and
-free V102X channels are due to different pore structures
of fully assembled, tetrameric channels rather than an
alternate subunit stoichiometry. Whether this finding can
be extrapolated to WT Orail channels remains to be
established, but given that WT Orail ion selectivity is also
tuned by the amount of STIM1 bound to the channels
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(McNally e al. 2012), it is tempting to speculate that
basal WT Orail channels also exist as preformed tetramers
under resting conditions.

Taken together, these results reveal that STIM1-free
Orail channels are intrinsically poorly Ca’* selective.
Instead, high Ca®" selectivity and several other
distinguishing features of CRAC channels (low Cs*
permeability and a narrow pore) are bestowed to the
otherwise poorly Ca’" selective Orail channels by STIM1
(Fig.4). Why STIMI1 has such a powerful effect on
ion selectivity is unknown, but given that the Orail
N-terminus bears a STIM1 binding site in close proximity
to the pore-forming TM1 segment (Fig. 1A), it is not
difficult to envision that STIM 1 binding to the N-terminus
could exert powerful effects on the energetic stability of
the selectivity filter. This finding has many important
implications for the molecular mechanisms governing ion
selectivity, the nature of Ca®' signals arising from the
opening of Orail channels under different conditions,
and even the identity of native cation currents activated
by non-STIM1 Orail activators. The ability of CRAC
channels to conduct Na® under certain conditions may
expand their potential functions to include novel modes
by which they encode and process cellular information.
Because emerging evidence suggests that CRAC channels,
aside from activation by STIM1, can also be activated in
a STIM1-independent fashion by other ligands, including
the small molecule 2-APB (DeHaven et al. 2008; Peinelt

A
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etal. 2008; Schindl et al. 2008; Zhang et al. 2008; Yamashita
et al. 2011), and the Golgi Ca*"-ATPase SPCA2 (Feng
et al. 2010), these findings raise the possibility that Orail
channels may function either as highly Ca*" selective
channels or non-selective channels depending on the
nature of the upstream activation signal. In addition, the
tight coupling of permeation and gating described in this
study offers a new perspective on ligand—ion channel
interactions that contradicts conventional ion channel
postulates on the separation of these processes. The picture
that emerges is of a hydrophobic gate (V102) located
in close proximity to the selectivity filter (E106); the
proximity of the two structures most likely results in a
variety of conformational alterations in the selectivity
filter during gating. The close coupling of permeation
and gating in CRAC channels provides support for the
emerging viewpoint in the ion channel literature that
there is much more happening in the vicinity of the
selectivity filter with respect to gating than initially
imagined (Contreras et al. 2008; Thompson & Begenisich,
2012).

Conclusions

Thus far, approaches for elucidating the CRAC channel’s
permeation and gating properties have consisted of
examining alterations in channel properties resulting from
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Figure 3. STIM1 modulates the ion selectivity of the constitutively active V102C Orai1 channels.

A, current-voltage relationships of currents produced by WT Orai1 + STIM1, V102C Orai1 alone, and V102C Orai1
+ STIM1 in 20 mm Ca?* or divalent-free (DVF) Ringer solutions. The red arrows indicate the reversal potentials
in each case. B, summary of reversal potentials (V) of V102C Orail currents in the presence and absence of
STIM1. C, currents elicited by replacing the standard extracellular Ringer solution with Na*- or Cs*-based DVF
solutions in V102C Orail channels expressed either alone or together with STIM1. In the absence of STIM1, large
Cs™ currents are seen in V102C Orail channels. By contrast very little Cs* conduction is observed in the presence

of STIM1 (adapted from McNally et al. 2012).
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site-directed mutagenesis or examining the pattern of
solvent accessibility in combination with Cys scanning.
While these approaches have given us a strong framework
for building a structural model of the pore, many
fundamental aspects of permeation and gating remain
unclear. How does STIM1 regulate CDI and the ion
selectivity of CRAC channels? What are the roles of the
STIM1 binding sites in the Orail C- and N-termini
for permeation, selectivity, and channel gating? How
do the candidate gate residues, V102 and R91, regulate
the opening and closing of the pore? What are the
conformational changes in the pore involved in pore
opening? More structure—function studies are needed to
achieve a deeper understanding of these issues. However,
ultimately, the clarity of a high resolution X-ray crystal
structure of the pore is required for a full understanding
of the structural basis of selectivity and permeation.
In conjunction with related approaches such as NMR

Orai
(closed)

Q

Figure 4. A schematic representation of the conformational
transitions of resting, open and V102C mutant CRAC channels
in response to STIM1 binding.

STIM1 binding alters the pore structure of wild-type (WT) Orai1
channels to open the channel gate and produce a highly Ca®*
selective channel with a narrow pore. The V102C Orail mutation
destabilizes the channel gate to unmask a constitutively active CRAC
channel with poor Ca%* selectivity and wide pore, probably due to a
leaky gate. Interaction of V102C Orai1 mutant channels with STIM1
restores high CaZt selectivity and a narrow pore to the mutant
channels, mimicking the conformational transition that occurs in WT
Orail.
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spectroscopy and spin labelling, these approaches may
make it possible to elucidate the dynamics of the CRAC
channel ion transport cycle, and ultimately herald the
development of newer and more specific CRAC channel
blockers for treating a range of immune syndromes.
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