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Summary

Interaction between the endoplasmic-reticulum protein STIM1 and the plasma-membrane channel
Orail generates calcium signals that are central for diverse cellular functions. How STIM1 binds
and activates Orail remains poorly understood. Using electrophysiological, optical and
biochemical techniques, we examined the effects of mutations in the STIM1-Orail activating
region (SOAR) of STIM1. We find that SOAR mutants that are deficient in binding to resting
Orail channels are able to bind to and boost activation of partially activated Orail channels. We
further show that the STIM1 binding regions on Orail undergo structural rearrangement during
channel activation. The results suggest that activation of Orail by SOAR occurs in multiple steps.
A first step in which SOAR binding to Orail partially activates the channel and induces a
rearrangement in the SOAR binding site of Orail. That rearrangement of Orail then permits
sequential steps of SOAR bhinding, via distinct molecular interactions, to fully activate the channel.
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Store operated Ca2* entry (SOCE) is a specialized cellular mechanism that relies on a
dynamic assembly of endoplasmic reticulum-plasma membrane (ER-PM) bridges to
translate the depletion of Ca2* from the ER to the opening of Ca* channels in the plasma
membrane (Hogan et al., 2010; Putney, 1986). The prototypical mediator of this pathway is
the Ca?* Release Activated Ca2* (CRAC) channel (Hoth and Penner, 1992; Lewis and
Cahalan, 1989; Zhang and McCloskey, 1995). The best characterized components of CRAC
channels are STIM1, a single span membrane protein that mostly localizes to the ER
membrane(Soboloff et al., 2006a; Spassova et al., 2006), and Orail (also known as
CRACM1(Vig et al., 2006)), a pore forming subunit that multimerizes to form channels in
the plasma membrane(Feske et al., 2006; Liou et al., 2005; Mercer et al., 2006; Peinelt et al.,
2006; Prakriya et al., 2006; Roos et al., 2005; Soboloff et al., 2006b; Vig et al., 2006; Zhang
et al., 2005, 2006). STIM1 and Orail are ubiquitously expressed and contribute to diverse
cellular functions such as secretion, gene expression and cell differentiation and
proliferation(Hogan et al., 2010). The activation of CRAC channels is a subject of intense
investigation and several steps in this process are becoming well understood. Depletion of
Ca?* from the ER causes Ca2" release from the luminal facing STIM1 EF-hand Ca%*
binding domain and elicits dimerization of adjacent SAM domains(Stathopulos et al., 2006).
These changes prompt reorganization of the STIM1 trans-membrane region that, in turn,
drives an extensive conformational change in the cytosolic facing carboxyl-terminal
region(Covington et al., 2010; Luik et al., 2008; Muik et al., 2011; Stathopulos et al., 2006;
Yu et al., 2011, 2013; Zhou et al., 2013). The conformational change of STIM1 exposes a
short region that has been broken down into three largely overlapping segments, which are
necessary and sufficient for interaction with Orail: the CAD (amino acids 342-448), CCh9
(amino acids 339-444) and SOAR (amino acids 344-442) (Kawasaki et al., 2009; Park et
al., 2009; Yuan et al., 2009). We refer to the activation region hereafter as SOAR. Activated
STIM1 molecules form oligomers and translocate to cortical regions of the ER that are in
close proximity to the plasma membrane(Lioudyno et al., 2008; Luik et al., 2006, 2008; Wu
et al., 2006; Xu et al., 2006). In these ER-PM microdomains, STIM1 binds to Orail through
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cooperative interactions with the N and C termini regions of Orail, to gate the channel
open(Lis et al., 2010; McNally et al., 2013; Palty and Isacoff, 2016; Palty et al., 2015; Park
et al., 2009; Zheng et al., 2013; Zhou et al., 2010). The process of coupling STIM1 binding
to induction of channel opening is, however, not well understood.

X-ray crystallography of the Drosophila melanogaster dOrai revealed that the channel
consists of six subunits(Hou et al., 2012). In the resting channel, in the absence of STIM, the
C terminal regions from neighboring dOrai subunits dimerize through hydrophobic coiled-
coil interactions to generate an internal trimeric symmetry within each dOrai hexamer(Hou
et al., 2012). Structural and biochemical studies have shown that SOAR is a functional
dimer(Park et al., 2009; Yang et al., 2012; Yuan et al., 2009). Recently, an NMR study
showed that short fragments of SOAR assemble into a dimer that binds to two Orail C
terminal segments thereby suggesting that STIM1 binds to Orail at 1:1 STIM1 to Orail
stoichiometry (Stathopulos et al., 2013). Investigations of the stoichiometric requirements
for Orail channel activation by STIM1 showed, however, that a 1:1 STIM1 to Orail ratio
yields only partial, ~25%, channel activation compared to the full activation obtained at a
2:1 STIM1 to Orail ratio (Hoover and Lewis, 2011; Li et al., 2011). In line with a 2:1
STIML1 to Orail stoichiometry, a recent study suggested that STIM1 dimers couple to Orail
monomers to activate the channel(Zhou et al., 2015). Nevertheless, it is not known whether
the mechanism of STIM1 binding is the same for all STIM1 molecules that bind the Orail
channel at saturation and the molecular nature of partial and full activation is not understood.
In this work we address these issues by studying the effect of mutations in the a1, a2 and
a4 helical regions of SOAR on binding to Orail and induction of the partial and maximal
activation states. We show that SOAR mutants with deficient binding to and activation of
resting Orail channel are fully capable of boosting to maximum the activity of a channel
that is partially activated by covalent fusion to SOAR, by pharmacological stimulation or by
a mutation of Orail. We further show that channel activation is accompanied by a
rearrangement of the STIM1 binding sites in Orail. Our findings suggest that the resting
Orail channel is partially activated following binding to STIM1 and that this process
induces a rearrangement in the STIM1 binding site of Orail that permits binding, via a
distinct set of molecular interactions, to additional STIM1 molecules that induce full channel
activation.

Mutant SOAR ligands interact with Orail channels in a state dependent manner

The al, a2 and a4 regions of SOAR were recently shown to play important roles in the
binding of STIML1 to Orail and Orail activation (Maus et al., 2015; Wang et al., 2014). We
asked whether these interactions mediate both partial activation, which occurs at 1:1 STIM1
to Orail ratio, and full activation, which occurs at 2:1 STIM1 to Orail ratio(Hoover and
Lewis, 2011; Li et al., 2011). Within the SOAR helical regions mutation of four lysine
residues in a1l (382KIKKK38mutated to 382AIAAA386 herein and referred to henceforward
as 4KA), F394H in a2 or R429C in a4 were each shown to abolish the ability of either full
length STIM1 or SOAR-like constructs of STIM1 to bind and activate Orail (Calloway et
al., 2010; Jha et al., 2013; Korzeniowski et al., 2010; Stathopulos et al., 2013; Wang et al.,
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2014; Yang et al., 2012). We created SOAR-like constructs (residues 342-465, referred to as
S1C henceforward, Figure 1A) harboring these mutations. Single molecule analysis showed
that all mutants retain the ability to form dimers (Figure S1i). Western blot analysis showed
that WT, the 4KA or the F394H S1C mutants express at similar levels (Supplemental text
and Figure S1i). Expression of S1C R429C, however, required increased transcription in
order to reach these expression levels (achieved by a four-fold increase in plasmid
concentration of S1C R429C, Figure S1i). Consistent with the earlier studies (Korzeniowski
etal., 2010; Maus et al., 2015; Park et al., 2009; Yuan et al., 2009; Zhou et al., 2015), whole
cell patch-clamp electrophysiology showed that cells co-expressing Orail with S1C have
large currents, with a characteristic CRAC current-voltage relationship, whereas there was
little or no such current in cells expressing Orail with one of the mutant S1Cs (Figure 1B
and see Supplemental text and Figure S1ii). The disruption of Orail channel activation by
these mutations of S1C was also seen in an assay of nuclear NFAT localization, an
established downstream effector of store-operated Ca2* entry (Figure S1iiB, red bars).

Having confirmed that the published mutations in the a1, a2 and a4 of STIM1 each disrupt
the activation of Orail, we asked if they would boost activity in a partially activated channel.
To induce partial activation, we relied on an earlier approach (Li et al., 2011) for generating
a defined sub-maximal SOAR to Orail ratio of 1:1 by fusing a single SOAR-like domain
(residues 340-485, referred to henceforward as S) to Orail (Figure 1C). Consistent with
earlier studies (Li et al., 2011; McNally et al., 2012; Palty et al., 2015), and indicative of
partial channel activation, cells expressing Orail-S alone exhibited an average current
density of about ~25-30% of that measured when wt S1C was co-expressed together with
either Orail or with Orail-S (Figure 1C and Figure S1ii). Strikingly, cells expressing Orail-
S together with a soluble version of either the 4KA or F394H mutant of S1C had a wildtype
current level (Figure 1C and Figure S1ii). This suggests that, like wildtype SOAR, these
SOAR mutants are able to interact with the partially activated channel and boost its level of
activation to the maximum. In contrast, SIC R429C did not boost the current of Orail-S
(Figure 1C and Figure S1ii), suggesting that this mutation disrupts not only interaction with
the resting channel but also with the partially activated Orail-S channel. Furthermore, while
similar currents where recorded from cells co-expressing S1C and Orail-S wt or with Orail-
S in which the S domain carried the F394H mutation, little to no current was recorded when
cells co-expressed Orail-S and S1C constructs in which both SOAR domains carried the
F394H mutation, suggesting that partial activation of the Orail-S channel is critical for
interaction with the S1C F394H mutant.

We next directly tested binding of the mutant SOARSs to two versions of the channel: Orail
on its own and the partially activated Orail-S. To do this, we co-expressed an EGFP-tagged
Orail (Orail-EGFP) or Orail-S (Orail-S-EGFP) with wildtype or mutant versions of
FLAG- and mCherry-tagged S1C (FLAG-mCherry-S1C) and performed co-
immunoprecipitation (colP) analysis. In line with our electrophysiology results, wt S1C
bound robustly to Orail, whereas the 4KA mutant bound weekly and the F394H or R429C
mutants did not bind. However, wt S1C and the 4KA and F394H mutant versions of S1C all
bound to Orail-S (Figure 1D & E and Figure S1iii). Consistent with our
electrophysiological analysis, the S1C with the R429C mutation did not bind to either Orail
or Orail-S (Figure 1D & E and Figure Sliii). We reasoned that because of their enforced
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proximity, adjacent S domains in each hexameric Orail-S channel would form three dimers
of SOAR. Nonetheless, we also considered the possibility that the S domains of Orail-S
could alternatively dimerize with soluble S1C mutant subunits thereby creating a SOAR
heterodimers that may be fully capable of activing Orail channels as recently shown(Zhou et
al., 2015). To address this possibility, we generated two Orail-S constructs, in the first we
deleted the Orail C terminal region (residues 273-301, Orail AC) and in the second we
introduced the point mutation L273S to the C terminal region. Since these Orail mutations
abolish interaction with soluble S1C we asked whether fusion of the S domain to these Orail
mutant channels will be sufficient to fully rescue physical interaction with soluble S1C.
Arguing against dimerization between soluble S1C and S domains found on Orail-S, S1C
bound robustly to wt Orail-S but only weakly to Orail-S L273S and not at all to Orail-S
AC. The indication that soluble S1C do not readily heterodimerize with channel fused S
domains is further supported by the finding that S1C R429 failed to interact with Orail-S
(Figure 1E) despite its ability to form heterodimers with WT SOAR(Maus et al., 2015) or
with S1C subunits (see Figure S1i).

Taken together, these results suggest that binding of SOAR to Orail at 1:1 SOAR to Orail
ratio partially activates the channel and enables binding of additional SOAR molecules,
which is required to fully activate the channel.

The CRAC channel modulator 2-APB partially activates Orail and enables liganding by
mutant SOARs

In order to further understand the interaction of SOAR mutants with the partially active
Orail channel, we undertook a second approach to modify the active state of Orail by using
the CRAC channel modulator 2-APB(Peinelt et al., 2008). Previous work showed that the
cytoplasmic C-terminal domain of STIM1 or the F394H mutant of SOAR exhibit little or no
interaction with Orail, respectively, but are recruited to the channel by 2-APB, which also
transiently activated the channel (Wang et al., 2009; Zhou et al., 2015). We reasoned that 2-
APB may enable the binding of these deficient STIM1 ligands to Orail by transiently
activating Orail channels. To address this hypothesis we asked whether 2-APB would rescue
interaction between Orail and the 4KA or R429C SOAR mutants. We expressed mCherry-
Orail alone or together with a GFP-tagged version of wt S1C or a version of S1C carrying
either the 4KA, F394H or R429C S1C mutation and studied changes in the cellular
distribution of S1C and the level of intracellular Ca2* following application of 2-APB. At
rest (in absence of 2-APB), the EGFP-S1C mutants were mostly distributed in the cytosol
but, strikingly, following addition of 2-APB (50uM) this fluorescence redistributed to the
plasma membrane (Figure 2A—C and Figure S2). In line with deficient binding of the S1C
mutants to resting Orail channels, Ca?* addback experiments revealed a strong rise in
intracellular Ca%* levels in cells co-expressing Orail and wt S1C but not in cells expressing
Orail alone or together with either of the S1C mutants. Addition of 2-APB after Ca2*
addition inhibited Ca?* fluxes in cells co-expressing Orail and wt S1C. However, addition
of 2-APB induced a strong and transient Ca2* rise in cells co-expressing Orail with mutant
mCherry-S1C, but only a weak and transient increase in cells expressing Orail alone (Figure
2D and Figure S2). Thus, these results are consistent with earlier studies(Peinelt et al., 2008;
Wang et al., 2014, 2009; Zhou et al., 2015) and indicate that Orail is weakly and transiently
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activated by 2-APB and that this activation is massively potentiated by binding of the mutant
S1C constructs. Importantly, the result demonstrate that the SOAR R429C mutant that
carries a structural impairment (Maus et al., 2015) and fails to activate Orail channels or
partially active Orail-S channels is not a dead ligand but rather a ligand that operates in a
specific state dependent manner. Thus, these results suggest that transient activation of Orail
channels by 2-APB induces a transition that enables the mutant SOAR ligands to bind.

The P245L mutation in Orail induces partial activated channels and interaction with S1C

mutants

Thus far, we have seen that two methods of partially activating Orail (by enforcement of a
1:1 SOAR to Orail ratio or by exposure to 2-APB) induce a change in the channel that
enables it to be liganded and further activated by mutant SOARs that cannot bind or activate
Orail in its resting state. To further test this, we asked if a mutant version of Orail, which is
constitutively partially activated by mutation to a conserved proline residue at the bend near
the middle of TM4 (P245L) (Palty et al., 2015), would show the same behavior. Indicative of
interaction between mutant S1C’s and P245L Orail, we found that GFP-tagged versions of
S1C carrying either the F394H or 4KA mutation were localized both to plasma membrane
and cytosol in cells co-expressing mCherry-Orail P245L (Figure S3). Furthermore, co-
immunoprecipitation analyses revealed similar interaction between Orail P245L and either
wt S1C or the 4KA mutant S1C, as well as substantial, albeit reduced, interaction with the
F394H and R429C mutant versions of S1C (Figure 3A and Figure S3). In line with co-IP
analysis, currents recorded from cells expressing Orail P245L together with wt S1C or
either mutant were significantly larger than currents recorded in cells that expressed Orail
P245L alone (Figure 3B). Thus, unlike wt Orail, the partially active P245L mutant of Orail
binds to and is further activated by the mutant versions of S1C.

The N and C terminal regions of Orail contribute to the interface that binds mutant SOAR
when the channel is partially activated

Our results so far show that partial activation of Orail, by any one of three manipulations,
induces a change in the channel that enables liganding and further activation by mutant
SOAR ligands that neither bind to nor activate the resting channel. This suggests that the
mutant SOAR binds to an interface in Orail that is exposed in the partially activated state of
the channel. SOAR has been shown to interact with two sites in Orail, a weak interaction
with the N terminal region and a strong interaction with the C terminal region (Derler et al.,
2013; McNally et al., 2013; Palty and Isacoff, 2016; Park et al., 2009; Yuan et al., 2009;
Zhou et al., 2010). To study the contributions of the N and C terminal regions of Orail to
SOAR interaction in the partially activated state, we separately examined key mutations in
the Orail N terminal region (K85E) and C terminal region (L273S) that diminish or prevent,
respectively, binding of soluble SOAR fragments to the resting channel(Lis et al., 2010;
Muik et al., 2008; Navarro-Borelly et al., 2008). We asked whether partial activation by 2-
APB would restore binding of SOAR to the mutant Orail channels. We expressed EGFP-
S1C together with mCherry-Orail in which Orail was either wt or mutated in the N or C
terminal region and examined the ability of 2-APB to change the cellular distribution of
EGFP-S1C. Under basal conditions, before addition of 2-APB, EGFP-S1C fluorescence was
found almost exclusively on the plasma membrane in cells expressing wt Orail and the
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addition of 2-APB did not change this distribution (Figure 4A). This is consistent with the
high affinity and maximal degree of binding of SOAR to the wt channel (McNally et al.,
2013; Palty and Isacoff, 2016; Park et al., 2009; Yuan et al., 2009). In cells co-expressing
mCherry-Orail K85E, EGFP-S1C was found in both the plasma membrane and cytosol and
this distribution was not affected by 2-APB (Figure 4B). This is consistent with the reduced
affinity of S1C binding to the N-terminal Orail mutant (Lis et al., 2010; McNally et al.,
2013; Palty and Isacoff, 2016) and shows that the remaining interaction of wt S1C,
presumably with the C terminal region of Orail, is not further boosted by 2-APB. In striking
contrast, in cells co-expressing Orail L273S, at basal conditions EGFP-S1C fluorescence
was localized entirely to the cytosol but addition of 2-APB redistributed a substantial
fraction of the fluorescence to the plasma membrane (Figure 4C). The redistribution of S1C
to the PM in cells co-expressing S1C and Orail L273S also triggered strong Ca2* influx
compared to cells expressing Orail L273S alone. This shows that although soluble S1C
cannot bind to the C-terminal mutated Orail when the channel is in the resting state, it does
bind and boosts channel activation when the channel is partially activated. The observation
that the K85E mutation in Orail eliminates the enhancing effect of 2-ABP on SOAR-Orail
interaction suggests that the N-terminal region may constitute an important element in the
interface in Orail that is exposed in the active state of the channel. The observation that 2-
APB restores only a moderate degree of interaction between SOAR with Orail L273S
compared to the level seen with wt Orail suggests that the C terminal region of Orail may
also contribute to the exposed active-state site.

Since mutation in the a1, a2 or a4 regions of SOAR all prevent binding to Orail and 2-
APB restores a moderate degree of SOAR-Orail binding, we used the S1C mutants as
sensitive tools to further elucidate whether both the N and C terminal regions contribute to
the SOAR-binding active state interface of Orail. We reasoned that if a mutant SOAR
fragment interacts solely with either the N or the C terminal region of the partially activated
Orail channel then mutating the other terminal region will not affect this interaction. When
co-expressed with Orail L273S, the cellular distribution of all S1C mutants was unchanged
following the addition of 2-APB, indicating that L273 in Orail is critical for interaction with
the S1C mutants (Figure 4E-G and Figure S4) and suggesting that L273 contributes the
interface in Orail that is exposed in the active state of the channel. When co-expressed with
Orail K85E and following the addition of 2-APB the cellular distribution of all SIC mutants
did not recapitulate the pattern of distribution seen when either mutant was co-expressed
with wt Orail (Figure 4E-G and Figure S4). The 4KA S1C mutant did not redistribute to
plasma membrane regions following 2-APB application (Figure 4E and Figure S4). A small
fraction of R429C and a moderate fraction S1C F394H reallocated to plasma membrane
regions after addition of 2-APB (Figure 4F-G and Figure S4). Compared to cells expressing
Orail K85E alone, the moderate redistribution of S1C F394H to the plasma membrane in
cells co-expressing Orail K85E, however, did not elicit a stronger Ca2* influx (Figure 4S).
These results are consistent with a dual role of the N terminal region of Orail in binding to
STIM1(McNally et al., 2013; Palty and Isacoff, 2016; Palty et al., 2015) and in channel
gating(L.is et al., 2010) and further suggest that this Orail region contributes to interaction
with each of the S1C mutants when the channel transits to a partially activated state. Thus,
taken together, results from Figure 4 show that sites from both the N and C terminal regions
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of Orail affect binding of SOAR to partially activated Orail channels and therefore suggest
that both terminal regions of Orail are involved in forming the partially activated state
interface that engages SOAR.

Rearrangement of the STIM binding sites in Orail is required for binding to SOAR mutants

Having shown that residues from both N and C terminal regions of Orail contribute to the
channel’s partially activated-state interface that engages SOAR, we next asked if the
exposure of this interface was mediated by a molecular rearrangement of the Orail terminal
domains. In resting Orail channels adjacent C-termini from neighboring subunits dimerize
through anti-parallel coiled-coil interaction to form a putative interaction site for SOAR
(Hou et al., 2012; Stathopulos et al., 2013; Tirado-Lee et al., 2015). Since the Orail N
terminal site and the monomeric or dimeric Orail C terminal sites are architecturally
distinct, we investigated the interaction between wt or mutant S1C and isolated N or C
terminal regions of Orail. To test for interaction between S1C and the Orail N terminal
region we co-expressed S1C constructs tagged with EGFP together with fragments of the
Orail N terminal region (residues 66-91) tagged with FLAG and mCherry and performed
co-immunoprecipitation analysis. Results from this analysis revealed similar levels of
interaction between wt or mutant S1C and the N terminal region of Orail (Figure 5A and
Figure S5). To study interaction between S1C and the C terminal region of Orail, free of
constraints imposed by the hexameric assembly of the channel (assessed in Figure 1D), we
expressed wt or mutant FLAG-mCh-S1C together with a short fragment of the Orail C
terminal region (residues 264-301) tagged with EGFP and repeated the co-
immunoprecipitation analysis. We found clear interaction between wt S1C and the Orail C
terminal region (Figure 5A). Strikingly, all three mutants S1C had reduced interaction with
the Orail C terminal region compared to wt S1C, but were able to maintain some binding
(Figure 5B and Figure S5). Since 2-APB has been previously shown to exert functional and
structural effects on STIM1 (DeHaven et al., 2008; Muik et al., 2011; Peinelt et al., 2008),
we further asked whether the compound would modify interaction between S1C and the
Orail C terminal fragments. Treatment with 2-APB did not change the interaction between
S1C mutants and Orail C terminal proteins (Figure S5C), suggesting that the ability of 2-
APB to rescue interaction between S1C mutants and full length Orail is due to modulation
of Orail. The finding that SOAR mutants F394H and R429C retain binding to isolated N
and C terminal fragments of Orail (Figure 5A-B), interact with the partially activated full
length Orail (Figure 1-3), but do not interact with the resting full-length Orail (Figure 1),
suggests that during channel activation the cytosolic facing regions of Orail may rearrange
to permit interaction with the mutant SOAR’s.

To test the model that partial activation involves a conformational rearrangement of the N or
C terminal regions of Orail we expressed SNAP-tagged versions of Orailin HEK293 cells.
The SNAP-tag was added to the N or C terminal regions of Orail (SNAP-Orail or Orail-
SNAP). We used cell-permeable benzylguanine (BG) versions of green (Oregon Green) and
red (6-carboxytetramethylrhodamine, TMR) fluorophores to selectively and covalently label
SNAP (Figure 6A). In cells expressing SNAP-Orail and stained with a mixture of BG-
Oregon green and BG-TMR, green and red fluorescence was localized to intracellular
structures and seen only faintly at the plasma membrane (Figure S6A), indicating that
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SNAP-Orail is impaired and precluding further evaluation. However, cells expressing Orail-
SNAP exhibited selective labeling of the plasma membrane (Figure 6B), permitting further
study. Analyses of the cellular distribution of S1C and NFAT in cells co-expressing Orail-
SNAP indicated that the SNAP tag does not interfere with S1C binding or Orail activation
(Figure S6B). Based on the close proximity of the C terminal regions of neighboring Orail
subunits, which the crystal structure (Hou et al., 2012) suggests reside within the Forster
resonance energy transfer (FRET) distance of this donor-acceptor pair, we used FRET as a
readout of conformational changes in the Orail C-terminal following channel activation by
2-APB or STIM1. We found that 2-APB, but not vehicle alone (DMSO), induces a transient
increase in donor (green) emission and decrease in acceptor (red) emission, indicating a
transient decrease in FRET (Figure 6C and Figure S6) and consistent with a conformational
change in the C terminal region of Orail. Orail channel activation by STIM1 triggered a
distinct FRET response in the channels C termini. Store depletion with thapsigargin (Tg), an
inhibitor of endoplasmic reticulum Ca2* pump, caused a gradual FRET increase in cells that
co-express Orail-SNAP and STIM1 but not in cells expressing Orail-SNAP alone (Figure
6D), indicating that the rise in FRET depended on STIM1 and on Ca2* stores. Since binding
of STIML1 to Orail, which elicits maximal channel activation, and treatment with 2-APB,
which elicits transient and partial channel activation, induced different FRET changes, we
further analyzed changes in the configuration of the Orail C terminal region. We used the
recovery of donor fluorescence after acceptor photobleaching to asses FRET under
additional conditions that induce partial and maximal Orail channel activation. We found a
strong increase in FRET efficiency (Figure 6E) in cells co-expressing S1C together with
Orail-SNAP and a moderate increase in cells expressing the Orail-SNAP P245L mutant
alone. In contrast, treatment with 2-APB reduced the average FRET efficiency compared to
non-treated cells or to cells treated with vehicle (DMSO), however, this reduction did not
reach statistical significance (Figure 6E and Figure S6). Taken together, results from Figure
6 indicate that the transition from resting to partially and fully active states of Orail channel
involves changes in the configuration of the channels C terminal region.

Discussion

The amplitude, duration and frequency of oscillation of internal Ca2* concentration exert
specific effects on cell behavior. Orail channels contribute in an important way to the spatio-
temporal Ca2* pattern in several types of immune cells, including T-cells and B-cells(Hogan
et al., 2010). Previous work on the relationship between STIM1 and Orail stoichiometry and
the degree of Orail channel activation revealed that maximal channel activation occurs at a
2:1 STIM1:Orail subunit ratio (Hoover and Lewis, 2011; Li et al., 2011).

However, recent structural evidence by Ikura and colleagues (Stathopulos et al., 2013)
showed that the interaction between isolated peptides from SOAR and the C terminal region
of Orail, the major determinants for STIM1-Orail protein-protein interactions, saturate at a
1:1 ratio, a stoichiometry which does not maximally activate the channel (Hoover and Lewis,
2011; Lietal., 2011).

Our results shed light on this conundrum by revealing distinct forms of STIM1-Orail
interaction that arise when Orail channels transit from the resting state to a partially
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activated state. This sequential-step interaction was revealed through our study of SOAR
mutants that are deficient in binding to resting Orail channels. We found that these mutant
SOARs bind to the partially activated state of Orail. This behavior was observed whether
the Orail channel was partially activated by fusion of each of its subunits to one wt SOAR
or by exposure to the gating modifier 2-APB or by mutation of a key hinge proline near the
internal end of the Orail TM4. In each of these cases a mutant SOAR, which had no binding
to or effect on the resting state Orail, bound to the partially activated state Orail and
boosted its activity toward the fully activated level.

How does the activation state of Orail affect SOAR binding? Although detailed structural
information regarding the interaction between STIM1 and Orail is still lacking previous
studies have shown that both the N and C terminal regions of Orail cooperate in binding to
SOAR, with the C terminal region contributing to high affinity binding(McNally et al., 2013;
Palty and Isacoff, 2016; Park et al., 2009; Zhou et al., 2010). Recent structural studies have
reported different conformations of the C terminal region of Orail. Two crystal structures of
dOrai, obtained in the absence of STIM proteins, propose significant flexibility in the region
that begins with the fourth transmembrane segment and continues C terminally. In the first
published structure of dOrai, the pore appears closed, TM4 is twisted and the C terminal
extension of TM4 from neighboring subunits self-associate (Hou et al., 2012). Notably, the
configuration of the Orail C terminal regions in this structure(Hou et al., 2012) is analogous
to their configuration in the NMR structure of the STIM1-Orail complex(Stathopulos et al.,
2013), suggesting that the conformation of the resting Orail C terminal region is primed for
STIM1 binding at 1:1 STIM1 to Orail stoichiometry(Stathopulos et al., 2013). In a second
more recent but yet unpublished structure, in which the pore also appears to be closed, the
TM4s are straight and the C terminal regions extend into the cytosol (Hou and Long, 2015).
The apparent closed state of the pore in this recent dOrai structure (Hou and Long, 2015)
may reflect a low open probability of an activated state.

The finding that SOAR mutants with deficient binding to and activation of resting Orail are
able to bind to and boost activation of partially activated Orail channels suggest that binding
of SOAR to resting or activated Orail channels involves different interaction interfaces. This
is further supported by our finding that the SOAR mutants that do not interact with full-
length Orail in the resting state do interact with isolated Orail C termini fragments.

Several lines of evidence from this work and from earlier studies support a model in which
Orail C termini undergo rearrangements during channel gating. By monitoring FRET
between Orail-CFP and Orail-YFP, Navarro-Borelly et al(Navarro-Borelly et al., 2008) had
shown that the Orail C termini undergo conformational changes during STIM1 binding and
channel activation. Our FRET analysis is consistent with that study and further shows that
the conformation of the channel C terminal region differs between the resting channel and
the channel when it is bound to SOAR. Notably, however, although both studies employed
Orail constructs tagged C terminally with fluorescent molecules, we observe an increase in
FRET while Navarro-Borelly et al (Navarro-Borelly et al., 2008) observed a decrease in
FRET following Orail interaction with STIM1. These differences may be explained by
differences in chromophore position between the fluorescent proteins employed in the
earlier study(Navarro-Borelly et al., 2008) and our SNAP-tag substrate dyes. The model is
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further supported by the finding that a mutation of proline P245 to leucine in the TM4 region
of Orail , which is predicted to straighten TM4 and hence contribute to disassociation of
adjacent C termini, modulates the configuration of the Orail C termini and drives the
channel into a partially activated state(Palty et al., 2015). We note that while both the Orail
P245L mutant and Orail that is activated by S1C have a higher FRET between C termini
compared than what is seen in the resting Orail channel, FRET efficiency is lower in Orail
P245L than in Orail that is activated by S1C. This difference could reflect two distinct
conformations, one corresponding to a partially active channel and the other to the
maximally active channel. Alternatively, it may arise if the P245L mutant infrequently
occupies an active conformation that is similar to the conformation stabilized when S1C
engages the channel.

Finally, we find that treatment with 2-APB, in the absence of STIML1, induces a
conformational change in the C terminal region of Orail and partially activates the channel.
However, although both the P245L mutation and treatment with 2-APB induce partial
activation, the FRET responses differ, indicating distinct channel conformations. We
currently do not know the structural basis for this difference. It may arise from the complex
effects of 2-APB, which include activation and block, or reflect the existence of more than
one partially open state. The small (~2.4%) difference in FRET between resting and 2-APB
treated channels suggests that the conformation stabilized by 2-APB reflects only a slight
change in the Orail C termini from the resting channel conformation. Hence, this
conformation may be similar to the one recently captured in an NMR structure ata 1:1
SOAR to Orail ratio in which the Orail C-termini retain an antiparallel configuration but do
not self-associate (Stathopulos et al., 2013). We and others (Navarro-Borelly et al., 2008)
failed to detect a transient FRET level associated with this transition state, possibly because
it is masked by the larger rearrangement and FRET change associated with full activation.
Indeed, binding of STIM1 to Orail and subsequent treatment with 2-ABP induce opposing
changes to Orail C termini FRET (Figure S6 and (Navarro-Borelly et al., 2008)). These 2-
APB dependent changes are correlated with an increase in STIM1-Orail FRET but they do
not induce an apparent change in the number of interacting molecules(Navarro-Borelly et
al., 2008), suggesting that 2-APB stabilizes a particular STIM1-Orail interaction state.
Lastly, additional support for multiple distinct open states of Orail comes from the finding
that the S1C R429C mutant does not bind to or affect channel activation of Orail-S channels
but binds to and contributes to activation of Orail P245L or following treatment of Orail
with 2-APB.

In summary, we propose a sequential-step model to describe how interaction of the Orail
channel with SOAR activates the channel. We suggest that the antiparallel configuration
formed by neighboring Orail C termini in the resting conformation of the channel (Hou et
al., 2012) establishes an initial binding site for the SOAR dimer. In the first step of
activation, a dimer of SOAR interacts with this dimer of Orail C-termini to yield the 1:1
stoichiometry state. We propose that this dimeric interaction leads to one or more partially
active transition states. One such state may have been captured in the NMR
structure(Stathopulos et al., 2013), in which the Orail C-termini break their interactions but
retain an antiparallel configuration. A subsequent state then proceeds to a conformation in
which the Orail TM4 segments straighten out, the C termini extend towards the cytosol and
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the pore opens a small fraction of the time. Consistent with this, a recent study by Prakriya
and colleagues (Tirado-Lee et al., 2015) found that cross-linking neighboring Orail C
termini impairs channel activation. Finally, we propose that the dissociated Orail C termini
of the partially active channel each present a new class of binding site with a distinct
interaction surface for SOAR that enables binding of each SOAR dimer per single Orail
subunit and yields the fully liganded 2:1 stoichiometry and maximal channel activation.

Experimental Procedures

Cell culture and transfection

HEK?293 cells were cultured in DMEM as previously described (Palty et al., 2012). Plasmid
transfection of cells was performed using Lipofectamine 2000 (Invitrogen) according to the
manufacturer protocol. For electrophysiological experiments, cells were plated onto 18 mm
cover glass coated with L-polylysine 6-8 hours after plasmid transfection and 12—15 hours
before the start time of experiments. For NFAT translocation, FRET and intracellular Ca2*
imaging experiments, cells were plated onto 18 mm cover glass coated with L-polylysine
and culture media was replaced to wash the transfection reagent away 6-8 hours after
plasmid transfection. To avoid constitutive Ca2* level elevation in cells expressing Orail-SS
or co-expressing Orail or Orail-S together with S1C, cells were cultured in high glucose,
Ca?* free DMEM supplemented with 50uM La3*.

Fluorescent Measurements of Intracellular Ca2* lons

On the day of the experiments, the cover glass was mounted on an imaging chamber and
washed with Ringer solution. In order to load cells with Flou-4, cells were incubated for 1
hour in Ringers solution containing 5uM of the Ca2* indicator and for additional 30 minutes
without the dye. Cytosolic Ca2* levels were recorded from flou-4 loaded cells, excited at
wavelengths of 488nm and emission collected from 493 to 524 nm. Images were acquired at
0.5 Hz. For all single cell imaging experiments, traces of individual or averaged responses,
recorded from 17 to 96 cells in each experiment, were plotted with KaleidaGraph. Individual
experiments were repeated twice and all data are shown as average + SEM.

Confocal microscopy

Mid-planes sections of transfected cells were captured using an LSM 780 confocal
microscope (Zeiss) controlled by Zen imaging software (Zeiss). EGFP or BG-Oregon Green
were excited at 488 nm and emission collected from 493 to 540 nm, and mCherry or BG-
TMR were excited at 561 nm and emission collected from 583 to 685 nm. The parameters
used for image acquisition were kept constant across individual sets of experiments and
analysis was restricted to cells with similar EGFP and mChery fluorescence to ensure
similar ratios of S1C/Orail expression. Line-scans of regions spanning the PM and cytosol
were analyzed from individual images using Image-J. As indicated in Supplemental Fig. 2,
the relative amount of S1C in plasma membrane and cytoplasmic regions was calculated by
dividing the mean intensities of EGFP in regions of interest drawn around the plasma
membrane by those around the cytosol. This ratio was used to compare the relative amount
of S1C that is bound to Orail channels on the plasma membrane.
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Electrophysiological recordings

Membrane currents were recorded under voltage-clamp conditions using the whole-cell
patch-clamp configuration on an Axopatch 200B amplifier (Axon Instruments). Patch
pipettes were fabricated from borosilicate glass capillaries (5-10 MQ). Signals were analog
filtered using a 2 kHz low-pass Bessel filter. Data acquisition and analysis were performed
using pPCLAMP 10 software (Axon Instruments). Voltage protocols consisted of a 100-ms
ramp from —100 to +100 mV delivered alone or subsequent to a 100-ms voltage step to
—-100mV every 1 or 4 seconds from a holding potential of 0 mV. Current densities were
calculated by normalizing currents measured at —90mV to cell capacitance. The internal
solution contained 150 mM Cs aspartate, 8 mM MgCI2, 10 mM HEPES (pH 7.2 with
CsOH). To chelate intracellular Ca2* either 8 MM BAPTA or 1.2mM EGTA was included in
the intracellular solution. External Ringer’s solution contained 145 mM NacCl, 2.8 mM KCl,
10 mM HEPES and 10 mM Glucose (pH 7.4 with NaOH) and either 10 mM CaCl or 10 mM
MgCI2 was added to the external solution for high-Ca2* or Ca2*-free solutions, respectively.
All data were leak-corrected using the current elicited in high Ca2* Ringer’s solution
supplemented with 10-100uM La3* or in Ca2* free Ringer’s solution as appropriate.

Statistical analysis

Statistical significance of differences between data groups was calculated using one-way
ANOVA with bonferroni correction (Kaleidagraph, Synergy Software) and unpaired two-
tailed Student's t test when comparing two dataset groups (Microsoft Excel 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SOAR mutants 4KA or F394H interact with Orail channels in a state dependent
manner
(A) Cartoon representation of Orail and S1C mutants used in this work. (B) Summary of

current densities recorded from cells co-expressing the indicated mCherry-S1C mutants
together with Orail-EGFP. (C) Summary of current densities recorded from cells co-
expressing the indicated mCherry-S1C construct together with Orail-S-EGFP. Note that
mutations are introduced to S1C domains but not to the S domain. (D—F) Western blot
analysis of cell lysate or immunoprecipitated material (IP) prepared from cells expressing
Orail-EGFP (D), Orail-S-EGFP (E) or the indicated Orail-SEGFP constructs (F) together
with the indicated FLAG-mCherry-S1C constructs. Agarose beads conjugated to anti-
mCherry nanododies were used to immunoprecipitate mCherry tagged proteins and
antibodies against Orail, FLAG and GFP were used for protein detection. Full blots of
images shown in (D-F) and statistical analysis of data shown in (B-C) are displayed in
Figure S1iii and in Figure S1ii, respectively.
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Figure 2. The CRAC channel modulator 2-APB facilitates interaction between mutant S1C and

Orail channels

(A-C) Representative fluorescent images of mCherry-Orail and the indicated EGFP-S1C
construct before and after application of 2-APB (50uM). Note that the cellular distribution of
EGFP-S1C mutants is changed following addition of 2-APB. (D) Averaged intracellular
Ca?* responses in cells expressing Orail alone (n=25) or together with the indicated S1C
construct (wt n=17, 4KA n=41, F394H n=96, R429C n=46) following addition of
Ca?* (2mM) and 2-APB (50pM) to the extracellular solution as marked by arrows.

Individual traces are shown in Figure S2.
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Figure 3. Orail P245L interacts with S1C mutants
(A) Western blot analysis of cell lysate or IP material prepared from cells expressing the

indicated EGFP-S1C constructs together with mCherry-Orail P245L. Agarose beads
conjugated to anti-GFP antibodies were used to immunoprecipitate EGFP tagged S1C
proteins and antibodies against FLAG and mCherry were used for protein detection. (B)
Time course of averaged currents (left) and typical plots of the current-voltage relationship
(right) of currents recorded from cells co-expressing mCherry-orail P245L alone or with
EGFP-S1C construct. Full blots of images shown in (A) and statistical analysis of data
shown in (B) are displayed in Figure S3
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Figure 4. The Orail N and C terminal regions are required for recruitment of mutant S1C to
Orail-S channels

(A-C, Right panels) Representative fluorescent images of the indicated EGFP-S1C (wt)
construct co-expressed with the indicated mCherry-Orail construct before and after
application of 2-APB (50uM). (D-G, Left panels) The averaged ratio of the EGFP-S1C
fluorescence harboring the indicated mutation ((D)- wt, (E)-4KA, (F)-F394H and (G)-
R429C) and co-expressed with the indicated Orail construct at the plasma membrane
normalized to that in the cytosol from multiple corresponding images (n=8-13 cells).
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Figure 5. Interaction of SOAR with the cytosolic facing domains of Orail
(A) Western blot analysis of cell lysate or immunoprecipitated material (IP) prepared from

cells expressing the indicated FLAG-mCherry-S1C constructs together with EGFP tagged
Orail C terminal fragment (residues 264-301). (B) Western blot analysis of cell lysate or IP
material prepared from cells expressing the indicated FLAG and mCherry tagged Orail N
terminal fragment (residues 66-91) together with the indicated EGFP-S1C constructs.
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Figure 6. Conformational dynamics of the cytosolic facing C termini of Orail
(A) Cartoon illustrations of Orail-SNAP construct and labeling with benzylguanine (BG)

derivatives. (B) Representative fluorescent images of cells expressing Orail-SNAP and
labeled with BG-Oregon-Green (OG) and BG-TMR. (C) Time course of donor (OG) and
acceptor (TMR) fluorescence intensity and their ratio in cells expressing Orail-SNAP and
co-labeled with BG-OG and BG-TMR following addition of 2-APB (50uM, grey
background) to the extracellular solution. Inset (Lower panel) shows the distribution of
FRET change (2-APB n=21 cells, DMSO n=10, p<0.0001), estimated by calculating the
difference in the acceptor/donor ration before and after addition of 2-APB or DMSO (as
indicated by AR). (D) Time course of averaged donor and acceptor ratios as in (C) in cells
expressing Orail-SNAP alone or together with STIM1 following addition of Thapsigargin
(Tg, 1uM) to the extracellular solution (Orail alone n=10, Orail + STIM1 n=8). (E)
Summary of FRET efficiency values measured in cells expressing Orail-SNAP P245L,
Orail-SNAP alone (control) or together with S1C, labeled with the SNAP dyes and
subjected to treatment with DMSO or 2-APB, as indicated. Individual measurements and
statistical analysis of data shown in (E) are displayed in Figure S6.
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