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Store-operated Orai1 channels are activated through a unique
inside-out mechanism involving binding of the endoplasmic re-
ticulum Ca2* sensor STIM1 to cytoplasmic sites on Orai1. Although
atomic-level details of Orai structure, including the pore and puta-
tive ligand binding domains, are resolved, how the gating signal is
communicated to the pore and opens the gate is unknown. To ad-
dress this issue, we used scanning mutagenesis to identify 15 resi-
dues in transmembrane domains (TMs) 1-4 whose perturbation
activates Orai1 channels independently of STIM1. Cysteine accessi-
bility analysis and molecular-dynamics simulations indicated that
constitutive activation of the most robust variant, H134S, arises
from a pore conformational change that opens a hydrophobic gate
to augment pore hydration, similar to gating evoked by STIM1.
Mutational analysis of this locus suggests that H134 acts as steric
brake to stabilize the closed state of the channel. In addition, atomic
packing analysis revealed distinct functional contacts between the
TM1 pore helix and the surrounding TM2/3 helices, including one set
mediated by a cluster of interdigitating hydrophobic residues and
another by alternative ridges of polar and hydrophobic residues.
Perturbing these contacts via mutagenesis destabilizes STIM1-
mediated Orai1 channel gating, indicating that these bridges be-
tween TM1 and the surrounding TM2/3 ring are critical for convey-
ing the gating signal to the pore. These findings help develop a
framework for understanding the global conformational changes
and allosteric interactions between topologically distinct domains
that are essential for activation of Orai1 channels.

CRAC channels | Orai1 | STIM1 | calcium | store-operated calcium entry

Ca2+ release-activated Ca>* (CRAC) channels mediate store-
operated Ca?" entry, an essential mechanism for Ca®* influx
in many cells that is triggered in response to depletion of en-
doplasmic reticulum (ER) Ca®* stores (1). Opening of CRAC
channels evokes local and global increases in intracellular Ca*,
which not only refills ER Ca®* stores but also drives numerous
effector functions such as gene expression, cell proliferation,
secretion of inflammatory mediators, and cell migration (1, 2).
The importance of CRAC channels for human health is high-
lighted by mutations in CRAC channel proteins that give rise to
severe immunodeficiency, autoimmunity, muscle weakness, skin
and tooth defects, and thrombocytopenia (3, 4).

Activation of CRAC channels by store depletion occurs through
a unique inside-out mechanism whose broad contours are now
well established. In the first step of the process, depletion of ER
Ca** stores mobilizes the ER Ca®* sensor STIMI into its active
state, which exposes a catalytic domain in its cytoplasmic region,
known as the CRAC activation domain (CAD) (5) or STIM1-
Orail activating region (SOAR) (6). STIMI1 then oligomerizes
and migrates from the bulk ER to the ER-plasma membrane
junctions (1). In the next step, the CAD/SOAR domain of
STIM1 directly binds to the CRAC channel pore subunit Orail,
setting into motion conformational changes in the Orail protein
that culminate in the opening of the channel gate. At the struc-
tural level, each Orail subunit of the hexameric CRAC channel
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contains four transmembrane helices (TMs) arranged in concen-
tric layers, with the centrally located TM1 helices lining the pore,
TM2 and TM3 in the next layer, and TM4 forming the most ex-
ternal, lipid-exposed segment (7). Recent studies indicated that
the channel gate is formed, at least in part, by the combination of
two hydrophobic pore residues, F99 and V102, which regulate the
closed—open transition (8-11). STIM1 binding is proposed to open
this gate by inducing a modest rotation of the pore helix to move
the bulky F99 side chains away from the pore axis to lower the
energy barrier for ion conduction (11).

A major unresolved question in this process is the molecular
mechanism by which the STIM1 gating signal is communicated to
the Orail pore. Although not considered in most early studies,
there is increasing evidence from genetic disease association studies
in human patients that the transmembrane domains of Orail may
be critically involved in this process. In particular, several reports
have described patients with tubular aggregate myopathy, throm-
bocytopenia, and congenital miosis caused by gain-of-function
(GOF) Orail mutations located within the TM domains (12-15).
In addition, recent structure—function analysis of several GOF
mutations including that of a putative “hinge” at the base of TM4
(16), a Pro residue in TM4 (17), and several residues cataloged in a
cancer genomics database (18), provide more direct support for
involvement of the non—pore-lining TMs in Orail gating. These
findings suggest that, as seen in many ligand-gated channels (19),
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local conformational changes at the agonist binding site (16, 20, 21)
are allosterically relayed to the distally located channel gate in the
pore (8, 11) through an unknown pathway.

The discovery of pathological human mutations, along with
the increasing evidence from the structure—function studies de-
scribed above, prompted us to examine the structural basis of
how the non—pore-lining TMs regulate channel activation. By
using scanning mutagenesis, state-dependent accessibility analy-
sis, molecular-dynamics (MD) simulations, and atomic packing
analysis, we generated a functional map of key interactions be-
tween the transmembrane domains of Orail that are critical for
conveying the gating signal to the CRAC channel pore.

Results

Scanning Mutagenesis of Orai1 TMs Reveals Numerous Constitutively
Active CRAC Channels. Several recent studies have described GOF
missense Orail mutations in TMs 2—4, with some linked to tu-
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bular aggregate myopathy with additional symptoms including
thrombocytopenia and miosis (12-15). The identification of
GOF mutations in the non—pore-lining segments suggests that
these domains of Orail may play a greater role in channel ac-
tivation than previously appreciated. To begin addressing this
question, we started our study with an unbiased mutagenesis
screen to identify residues in the TMs that could regulate
Orail channel activation. There are 130 transmembrane residues
in the human Orail sequence based on comparison with the
crystal structure of highly homologous Drosophila melanogaster
Orai (dOrai) protein [Protein Data Bank (PDB) ID code
4HKR)] (7), with three endogenous Cys residues (C126, C145,
C196) in TM2 and TM3. We sequentially mutated each of the
non-Cys Orail transmembrane residues to generate 127 DNA
constructs, each containing a single Cys mutation. These mutants
were transfected into HEK293 cells in the absence of STIM1 and
tested by whole-cell mode patch clamping. Cys substitutions were
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A cysteine screen of Orail TMs reveals several constitutively active mutants in all four TMs. (A) Current densities of Orai1 cysteine mutants in the absence

of STIM1. For comparison, the current densities of WT Orai1 without and with STIM1 are —0.2 + 0.01 pA/pF and —48 + 8 pA/pF, respectively. Constitutively active
mutants (defined as >2 pA/pF) are marked with filled yellow circles. Gray shaded areas on the labels indicate the boundaries of the membrane as represented in
the dOrai crystal structure (7). (Insets) Approximate positions of the mutations on a topology diagram of Orai1 (n = 4-16 cells; values are mean + SEM). (B) Top-
down view of the crystal structure of dOrai with one subunit outlined in an orange box. A top-down view and two side views of one dOrai subunit are also shown.
TMs 1-4 are colored in blue, red, purple, and teal, respectively, with the positions of constitutively open cysteine mutants represented as sticks. (Scale bars: 10 A.)
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used for this analysis because, as a moderately hydrophobic
residue, Cys is generally well tolerated in TMs (22). In addition,
this approach allowed us to take advantage of some previously
generated TM1 and TM3 Cys mutants (23) for this work.

To our surprise, this screen revealed numerous constitutively
active GOF mutations in Orail with varying levels of current
density and ion selectivity (Figs. 14 and 2 and SI Appendix, Table
S1). When mapped onto the crystal structure of dOrai (7) (Fig.
1B), the mutations showed broad distribution in the membrane-
spanning regions of all four TM domains, including four in the
TM4 segment that is farthest from the pore at a distance of 20—
25 A. Many GOF mutants exhibited current-voltage (I-V) re-
lationships and a positive reversal potential (V;e,) resembling
that of WT Orail channels activated by STIM1 (V;e, > 35 mV;
Fig. 2 and SI Appendix, Table S1). These included two loci that
have been linked to tubular aggregate myopathy with congenital
miosis—S97C on the non-pore-lining face of TM1 (13) and
P245C in TM4 (12)—as well as H134C in TM2, F187C in TM3,
and A235C in TM4 (Figs. 1 and 2 and SI Appendix, Table S1).
Others, such as W176C (24) and E190C on TM3, however,
displayed substantial outward currents at positive potentials (Fig.
2 D and E). The wide variation in current amplitude and ion
selectivity among the GOF mutants suggests that they stabilize
Orail in different open conformations.

Because Orail has three endogenous Cys residues at positions
126, 143, and 195, it is possible that some of the GOF phenotypes
arise from disulfide bond formation with the introduced Cys res-
idues. However, replacing the native cysteines with serines (i.e.,
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Cys3S construct) did not affect the GOF phenotypes of the tested
open mutants (S Appendix, Fig. S1), indicating that the consti-
tutive activity is not dependent on the endogenous cysteines.
Further, the open channel phenotype does not arise from en-
hanced binding to the endogenous pool of STIMI, as the in-
troduction of an additional L.273D mutation which abrogates
STIM1 binding (25) did not affect the constitutive activity of the
tested mutants (SI Appendix, Fig. S1). Finally, consistent with the
well-established requirement of STIM1 for Ca**-dependent fast
inactivation (CDI) in Orail (26-28), the constitutively open cys-
teine mutants did not exhibit CDI (SI Appendix, Fig. S1). Taken
together, these results indicate that the cysteine mutations de-
scribed here earlier activate Orail channels independently of
STIM1 binding, likely by disrupting endogenous interactions be-
tween amino acids that are involved in keeping the channel closed.

Interestingly, adding a K85E mutation, which has been shown to
be essential for Orail channel gating (29-31), or deleting the N
terminus of Orail (Orail A2-85), which harbors a putative CAD
binding site (5, 30, 32), eliminated the constitutive activity of the
GOF mutations (SI Appendix, Fig. S2). The loss of function (LOF)
of these mutants was not caused by defects in channel expression or
plasma membrane localization (SI Appendix, Fig. S2). These find-
ings are in line with recent studies that have also observed that
K85E and other N-terminal mutations abolish the constitutive
activity of some GOF Orail mutations (16, 33) and suggest that
the Orail N terminus, and specifically K85, are essential for
maintaining channel function independently of interactions
with STIML1.
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Fig. 2. Channel properties of Orai1 GOF cysteine mutants. (A—F) Constitutive activity of the indicated Orai1 variants. (Top) Traces show time course of current
in the absence of STIM1 following whole-cell break-in (t = 0). (Bottom) Graphs depict |-V relationships of the indicated mutants measured in 20 mM ex-

tracellular Ca®*

solution. (G-L) Store-operated activation of WT and mutant Orai1 channels in STIM1-coexpressing cells. In contrast to all other mutants,

H134C does not show additional current increase following whole-cell break-in. (Bottom) Graphs show I-V relationships of the different mutants. Note that
STIM1 coexpression shifts the reversal potential of the mutant channels in all cases (S/ Appendix, Table S1).

Yeung et al.

PNAS | vol. 115 | no.22 | E5195

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718373115/-/DCSupplemental

Differential Modulation of GOF Orai1 Cysteine Mutants by STIM1.
Although constitutively active in the absence of STIM1 coex-
pression, the majority of the open mutants described here earlier
displayed increases in current amplitude and became significantly
more Ca**-selective when overexpressed with STIM1 (Fig. 2 H-
L). As a consequence, the macroscopic mutant channel properties
in the presence of STIM1 including I-V relationship, reversal
potentials, and CDI were, in most cases, indistinguishable from
those of WT Orail channels activated by STIM1 (Fig. 2 and SI
Appendix, Table S1). For example, E190C, which was only mod-
erately Ca**-selective in the absence of STIM1 (Fig. 2E and SI
Appendix, Table S1), became significantly more Ca**-selective
when coexpressed with STIM1 (Fig. 2K and SI Appendix, Table
S1). Even W176C, which displayed an outwardly rectifying I-V
relationship at positive potentials similar to 2-APB—gated Orai3
currents (24, 34, 35) (Fig. 2D), showed a robust rightward shift in
Viev in the presence of STIMI1 (Fig. 2/). This modulation of ion
selectivity is consistent with previous findings indicating that STIM1
not only activates Orail channels, but also concomitantly boosts its
Ca?* selectivity in a dose-dependent manner (8). Overall, these
findings demonstrate that the constitutively open mutant channels
are not maximally active but instead adopt one or more open states
that can be further activated by STIMI.

Modulation of channel activity and Ca** selectivity by STIMI,
however, varied among the different mutants. Plots of the in-
crease in current, or V.., showed an inverse relationship with the
amount of constitutive activity (SI Appendix, Fig. S3), suggesting
that the efficacy of STIMI to further activate a mutant and en-
hance its Ca*" selectivity diminishes with increasing baseline
activity. Notably, these plots showed that H134C, which has the
largest constitutive current and a very positive V., exhibits the
smallest STIM1-mediated increases in current and Vi, (SI Ap-
pendix, Fig. S3). Based on these criteria, we conclude that among
all of the preactivated mutants identified from the cysteine

screen, H134C is the closest in its properties to physiological
STIM1-gated Orail channels.

H134 Regulates Orai1 Gating Through a Steric Mechanism. The ro-
bust GOF phenotype of H134C on TM2 (Fig. 34) prompted us
to further probe the mechanism by which this mutation induces
constitutive channel activation. To address this question, we mu-
tated H134 to all other amino acids and tested them in the
absence and presence of STIM1. This analysis revealed that sub-
stitutions of H134 to smaller, or moderately sized but flexible,
residues (S/A/C/T/V/Q/E/M) produced GOF channels that were
open without STIMI, whereas mutation to larger, more rigid
residues failed to evoke constitutive activity (Fig. 3B). A plot of
the current density vs. side-chain surface area revealed a trend
toward spontaneous channel activation with diminishing side-
chain size (Fig. 3B). By contrast, no obvious dependence of con-
stitutive channel activation with respect to hydrophobicity was
observed (Fig. 3D). A recent study has proposed that H134 forms
hydrogen bonds with two serine residues on the back of TM1
(893 and S97) to maintain the closed channel state and that dis-
rupting these hydrogen bonds evokes constitutive channel activity
(18). However, our data argue against this hypothesis because
H134S and HI134T channels, which have hydroxyl groups pre-
sumably available for hydrogen bonding, are robustly open with-
out STIM1 (Fig. 3 B and D and SI Appendix, Fig. S4).

When overexpressed with STIM1, the H134X channels exhibited
several different phenotypes. Like H134C, H134A/S/T channels
were also nearly maximally active at baseline, and did not display
increases in current over time following whole-cell break-in (S/
Appendix, Fig. S4 and Table S2). By contrast, H134V/E/M/Q
channels were only partlally active without STIM1 (Fig. 3 B and D)
and STIMI coexpression boosted current amplitude and Ca**
selectivity of these mutants (SI Appendix, Fig. S4 and Table S2).
H134N was the only mutant that was closed at rest and activated by
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Fig. 3. The constitutive activity of the H134X mutations depends on the size of the introduced amino acid. (A) Top-down and side views of H134 in the
context of a dOrai monomer. H134 is located on TM2, and its imidazole ring faces the non—pore-lining side of TM1. (B and C) Current densities of H134X
mutants without and with STIM1 coexpression plotted against side-chain surface area. Red and blue lines represent polynomial fits to the data (without and
with STIM1, respectively) to enable visualization of the overall trends. H134G and H134P were excluded from this analysis because of the propensity of glycine
and proline residues to break a-helical secondary structure (45). H134R Orai1 did not express to the membrane and is not included. The native His residue is
represented in teal. Orange points indicate mutants with nonselective currents (V,e, < 20 mV). (D and E) Current density of H134X mutants vs. the solvation
energies (in kilocalories per mole) of the substituted amino acid as a measure of its hydrophobicity. There is a strong inverse correlation between amino acid
size and current amplitude in the absence of STIM1, but no clear dependence on hydrophobicity (n = 5-12 cells; values are mean + SEM).
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STIM1 with kinetics indistinguishable from WT Orail (SI Appen-
dix, Fig. S4). Several mutants additionally displayed LOF pheno-
types with defects in STIMI-dependent gating. For example,
H134W and H134K channels showed very little current with
STIM1 (Fig. 3 C and E) despite seemingly normal membrane ex-
pression, suggesting that these bulky side chains essentially block
channel activation by STIMI. On the contrary, HI34L/A/F/Y
exhibited “reluctant” gating in the presence of STIM1, with small,
nonselective currents with reversal potentials of 814 mV com-
pared with 50-60 mV in WT channels (Fig. 3 C and E and S/
Appendix, Fig. S4 and Table S2).

These results indicate that the constitutive activation of H134X
channels arises from a reduction in the bulk of the native His at
this position. We hypothesize that a decrease in the side-chain
volume releases a “brake” at the TM1-TM2 domain interface,
enabling the channel to open (Discussion). Conversely, increasing
the volume of the side chain inhibits STIM1’s ability to gate the
channel. Although no straightforward dependence of current
density with respect to hydrophobicity of the introduced amino
acid at H134 was observed (Fig. 3D), nonpolar substitutions tended
to yield channels that were less selective for Ca®* when activated by
STIM1 in comparison with polar substitutions (Fig. 3£ and SI
Appendix, Table S2). This feature suggests that hydrophobicity at
the TM1 TM2 interface may play a role in orienting TM1 helices
into a Ca®*-selective pore, a possibility meriting further study.

The GOF H134S Orai1 Pore Configuration Mimics STIM1-Gated Channels.
Given that H134S strongly activates Orail, we used this mutant as
a tool to further dissect the mechanism of constitutive channel
activation. Previous studies have shown that the outer region of
the Orail pore harbors a hydrophobic gate that encompasses the
residues V102 and F99 (8, 10, 11). STIM1 activates the channel, at
least in part, by triggering rotation of the pore helix to displace
F99 away from the pore axis and lower the energy barrier for ion
conduction. One operational consequence of this displacement is
that the coordination of metal ions such as Cd** and Zn>* by a Cys
introduced at F99 (F99C) sharply declines upon STIM1 binding

(11). By contrast, G98, which is located on the opposite face of the
pore helix (Fig 4C), becomes accessible to pore- applied divalent
metal ions in the presence of STIMI, resulting in enhancement of
Cd** coordination by G98C and, consequently, channel blockade
(11). We hypothesized that, if the GOF mutations represent a
STIM1-like activated state of Orail with a rotated pore helix, there
should also be weak Cd** accessibility at F99 but strong blockade at
G98. By contrast, a “leaky” gate phenotype as in V102A or F99Y
Orail mutants resulting from destruction of the channel gate should
show strong coordination at F99, but not G98 (11). Consistent with
the former scenario, we observed very little Cd** block at F99 (19 +
4% blockade in FO9C/H134S) but strong blockade at G98 (80 + 4%
blockade in G98C/Hl34S) indicating that F99C is positioned away
from the pore axis in the H134S mutant (Fig. 4). This pattern of
Cd** blockade is akin to the pattern observed in V102A channels in
the presence of STIM1 (11), indicating that the orientation of
F99 and G98 is similar to that of STIM1-gated channels (Fig. 4C).

In a second test to examine whether the H134S channel con-
formation resembles that evoked by STIM1, we asked whether this
mutation increases the Ca”* selectivity of the poorly Ca**-selective,
constitutively conducting Orail variant V102C. We have prev10us1y
shown that gating evoked by STIM1 enhances the Ca* selectivity
of the V102C mutant channel (8). In a similar fashion, introducing
the H134S mutation boosted the Ca** select1v1ty of V102C Orail,
as evidenced by a significant rightward shift in the V., of V102C/
H134S channels (Fig. 4D). Taken together, these results indicate
that the H134S activating mutation assumes a pore configuration
close to that of STIM1-gated Orail channels.

Molecular Simulations Show That H134S Induces Rotation of TM1 and
Increased Pore Hydration. To understand how the H134S mutation
alters the energetics of channel activation, we performed MD
simulations using models constructed from the Drosophila Orai
structure (SI Appendix, Fig. S5 and Movies S1 and S2). We ex-
amined the degree of pore hydration and associated conforma-
tional fluctuations of WT, V174A, and H206S/C/Q/Y mutations
corresponding to human Orail V102A and H134S/C/Q/Y. As
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Fig. 4. Cd** accessibility studies suggest that the pore conformation of H134S Orai1 is similar to that of STIM1-gated channels. (A and B) Cd** (5 uM) strongly
blocks G98C, but not FI9C, residues in the H134S mutant. I-V relationships were measured at times indicated by the arrowheads. (C) Summary of Cd**
blockade at G98C or F99C in the H134S mutant (n = 4-6 cells; values are mean + SEM). For comparison, Cd** blockade at these positions is also illustrated in
the constitutively conducting V102A channels in the presence or absence of STIM1 (data from ref. 11). The pattern of blockade in the H134S mutant resembles
that seen in STIM1-bound V102A channels, suggesting similar pore conformations. A schematic illustrating the open and closed states of the Orai1 pore
showing rotation of the pore helix induced by STIM1 binding (adapted from ref. 46). (D) |-V relationships of the V102C mutant alone, or in the presence of
either STIM1 or an additional H134S mutation. The lower graph summarizes the V.., under these conditions. As seen with STIM1, H134S confers Ca* se-
lectivity to V102C channels. Arrowheads indicate reversal potentials (n = 6-9 cells; values are mean + SEM; *P < 0.05).
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previously observed (11), the pore helices of WT and V174A dOrai
displayed spontaneous counterclockwise rotations, with the angular
position of F171 shifted by 17 + 1° and 22 + 1°, respectively, relative
to the crystallographic dOrai structure (Fig. SE). This spontaneous
relaxation/rotation was strongly enhanced (P < 0.001) in the dOrai
H206S and H206C mutants, in which the average pore helix rota-
tions were 30 + 1° and 34 + 2°, respectively (Fig. 5 A and E and
Movies S1 and S2). Further, the extent of helix rotation in H206S/C
was accompanied by a striking increase in the number of water
molecules in the hydrophobic stretch of the pore (Fig. 5C). Notably,
enhanced hydration was observed over a significantly larger stretch
of the pore encompassing more of the hydrophobic zone (L167-
V174) than in the constitutively permeant V174A mutant.

To understand how these features compare with other mutants
with differing levels of channel activity, we also modeled the
H206Q (hOrail H134Q) mutant, which, as described earlier, yields
partially active channels in the absence of STIM1 (Fig. 3 and S/
Appendix, Fig. S4 and Table S2). In line with this intermediate level
of constitutive channel activity, MD simulations of H206Q showed
slightly increased pore helix rotation (29 + 1°) and pore hydration
(Fig. 5 C and E) compared with WT channels. By contrast, hOrail
H134Y is not constitutively open and exhibits impaired STIM1-
mediated gating with low Ca®* selectivity (ST Appendix, Fig. S4 and
Table S2). Consistent with this phenotype, MD simulations showed
a lower extent of pore helix rotation as well as pore hydration in
H206Y compared with WT (P < 0.001), with an average F171 Ca
rotation of only 11 + 1° and a modest decrease in pore hydration
compared with WT dOrai (Fig. 5 C and E). Thus, H206S/C and
H206Y elicit opposite effects on pore helix rotation and pore hy-
dration. The rotamer populations of F171 were comparable across
all variants, indicating that lateral displacement of F171 occurred
as a result of pore helix rotation rather than side-chain fluctuations.
Interestingly, the simulations also showed that the activated mu-

tants (H206S/C/Q and V174A) exhibit noticeable pore dilation
compared with WT channels as measured by HOLE (36) analysis,
especially in the hydrophobic stretch encompassing F99 (SI Ap-
pendix, Fig. S6). Moreover, pore dilation at F99 was reduced in the
LOF H206Y mutant, suggesting that the extent of dilation is cor-
related with the “openness” of the mutants (SI Appendix, Fig. S6).

Several interesting insights can be gleaned from this analysis.
First, the close correlation between the constitutive activity of the
variants as assessed by electrophysiology and pore hydration and
pore helix rotation (Fig. 5 C and E) indicates that the molecular
simulations are able to recapitulate some key aspects of the ex-
perimentally detectable structural changes induced by the muta-
tions. Second, the simulations reveal that changes in pore hydration
are limited nearly exclusively to the hydrophobic section encom-
passing V102 and F99, with little to no change seen in the rest of
the pore (Fig. 5C), reaffirming the importance of the hydrophobic
zone for Orail gating (8-11). The simulations also revealed hith-
erto unappreciated pore dilation in the hydrophobic stretch that is
well correlated with the degree of helix rotation and especially with
pore hydration (SI Appendix, Fig. S6). This observation raises the
possibility that, along with the experimentally detectable displace-
ment of the F99 residues, widening of the pore in the hydrophobic
zone may also contribute to lowering of the free energy barrier for
ion conduction. However, because current electrophysiological
methods do not have the resolution needed to resolve the small
changes in pore radius seen in the simulations, these predictions
await experimental validation with alternative approaches.

Atomic Packing and Hydrophobicity Analysis Reveals Distinct Functional
Contacts Between the TM1 and TM2/3 Helices. The results discussed
thus far imply that the non—pore-lining TMs play crucial roles
in Orail channel gating by STIM1. To understand the struc-
tural basis of how the individual TM amino acids mediate these

A |—WT —V174A —H206S —H206C —H206Q —H206Y|

B

P. (a.u)

Ji \AMUU\ /\\ M /\

(arb. units)

-30 -20 -10 O 10 20 30 40

Axial position (A)

30 60 90 80 120 60 0
Radial angle of F171 (°)

F171 y, angle (°)

Fig. 5. MD simulations demonstrate increased pore helix rotation and pore hydration in GOF mutations H206S/C. (A) Superposition of snapshots at t = 350 ns
from MD simulations of WT (gray) and H206S (red) as viewed from the top. (Bottom) Pairs of diagonal subunits viewed from the side. (B) Distributions of the
axial position of Ca atoms for all pore-lining residues. The residues corresponding to human Orai1 are shown in brown. Data in A-F were computed from
simulations of WT (black) and of V174A (green), H206C (orange), H206S (red), H206Q (aqua), and H206Y (navy) mutant channels. Average distribution of
water oxygen atoms (C) and Na* and Cl~ ions (D) along the pore axis. The water occupancies of V174A and H2065/C/Q mutants deviate from those of WT and
H206Y dOrai most significantly in the hydrophobic stretch of the pore. Bound CI~ and Na* counter ions are found in the basic region of the inner pore and
near E178 side chains, respectively. (E) Average distribution of the radial angle of residue 171 defined as the angle between the pore axis, the center of mass
of the two helical turns centered at residue 171, and the Ca atom of residue 171. The means of these distributions over all simulation repeats in degrees are
47 + 1° for WT, 53 + 1° for V174A, 61 + 1° for H206S, 65 + 2° for H206C, 59 + 1° for H206Q, and 42 + 1° for H206Y. The radial angle in the crystallographic
structure (31°) is shown as a black vertical bar for reference. (F) Average distribution of side-chain torsion y; of residue 171 in WT and V174A and H2065/C/Q/Y
mutants. The y; of residue 171 in the crystallographic structure (-88°) is shown as a black vertical bar for reference. The traces depict values + SEM.
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effects, we next mapped the packing densities of interhelical
surfaces by using a small-probe contact dots protocol (37, 38),
which provides a rapid and computationally facile means to
evaluate packing interactions on a residue-by-residue basis. We
complemented this analysis with maps of the hydrophobicity of
the residues at the TM1-TM2/3 interface to assess the contribu-
tion of hydrophobic interactions to this interface. As the enthalpic
contribution to the stabilization of packing interactions should
be proportional to the atomic surface areas in contact, residues
exhibiting extensive interactions likely contribute more to the
stability of an interface, and to the coupling between structural
elements, than residues with less interaction surface. As a conse-
quence, tightly packed regions in proteins are generally more rigid,
whereas loosely packed regions more readily undergo conforma-
tional change (37, 38).

Applying this analysis to the residues in direct contact with the
pore helix revealed several intriguing structural features. First,
the contact dots analysis of dOrai shows that the atomic pack-
ing density varies significantly across and within the TM1-TM4
bundle of helices (SI Appendix, Fig. S7). Interestingly, the TM2/
3 helix pair displays substantially more contacts and a more
uniform packing density across its interfaces than do TM1 or
TM4 (SI Appendix, Fig. S7). With both intra- and intersubunit
surfaces lined mostly by large hydrophobic residues, TMs 2 and
3 have the appearance of an interlocked ring situated between
TMs 1 and 4. Second, the analysis reveals a prominent cluster of
interdigitating hydrophobic residues lining the interface between
TM1 and the TM2/3 ring near the extracellular region that forms
a hydrophobic stack (Figs. 6 and 7). Third, moving toward the
cytoplasmic side, there are alternating ridges of hydrophobic and
polar residues on the back of TM1 that appear to interact with
complementary hydrophobic and polar stripes on the inner in-
terface of the TM2/3 ring (Figs. 6C and 8). Later, we address the
functional roles of these structural elements for relaying the
gating signal to the central pore.

A Cluster of TM3-TM1 Hydrophobic Contacts Is Critical for STIM1-
Mediated Orai1 Gating. The stack of interdigitating hydrophobic
residues on the extracellular region of the channel is the locus of
highest packing density at the TM1-TM2/3 ring interface (Fig. 6
A and B). This hydrophobic cluster is comprised of TM1 residues
L168, M173, M176, and V177 (hOrail L96, M101, M104, V105)
closely packed against the TM2/3 residues F195, F259, 1263,
and L1266 (hOrail F123, F187, V191, L194; Fig. 74). Intrigu-
ingly, this cluster of hydrophobic residues is located at the same
depth as the selectivity filter (E106) and the hydrophobic gate
(V102/F99), raising the tempting possibility that this structural
transition zone between the pore domain and the TM2/3 ring is
a natural site of communication for regulating pore opening and
ion selectivity.

We examined this possibility by substituting each of the resi-
dues of the hydrophobic cluster to Ala, a small, less hydropho-
bic amino acid that is not expected to destabilize the local
helical structure. Consistent with our prediction, the alanine
scan revealed that decreasing the number of contacts and the
hydrophobicity in this region resulted in channels that could no
longer be gated by STIM1 (Fig. 7 B and C). The L96A, M101A,
M104A, F187A, and L194A mutations all abrogated STIMI1-
mediated Orail activation (Fig. 7 B and C). The one exception
to this trend was V191A, which retained store-operated gating
(Fig. 7C), possibly reflecting the similar size and nonpolar nature
of Val and Ala residues, and potentially a lesser role for V191 in
the middle of the hydrophobic stack compared with its larger,
more hydrophobic Met and Leu neighbors (Fig. 74). However,
even at this position, a V191N substitution impaired STIM1
gating (Fig. 7C). The loss of functional activity of these mutants
is not a result of deficiencies in expression in the plasma mem-
brane or STIMI1 binding, as indicated by unaltered levels of
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Fig. 6. Atomic packing analysis and hydrophobicity mapping of dOrai re-
veals two distinct interfaces between the TM2/3 and TM1 segments. (A and
B) Top and side view space-filling representations of the interface between
TM1 and the TM 2/3 ring colored by the number of contacts per residue.
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“serine ridge” towards the cytosolic side are also labeled. (Scale bars: 10 A)

FRET between CFP-CAD and Orail-YFP and the recruitment
of CFP-CAD to the plasma membrane (Fig. 7 D and E). Taken
together, mutational analysis of the hydrophobic clamp indicates
that disrupting hydrophobic interactions between TM3 and
TM1 abolishes communication between the TM1 pore segment
with the other helices and the ability of STIM1 to open the pore.

The Disease Mutation S97C Activates Orai1 Through a Hydrophobic
Switching Mechanism. In striking contrast to the tight packing in
the hydrophobic cluster toward the extracellular region, the cy-
toplasmic region of the non-pore-facing TM1 surface exhibits
relatively low packing density with the TM2/3 ring (Fig. 64). This
is because the central residues at the interface arise from a ridge of
serine side chains S154, S161, S162, S165, and S169 (hOrail S82,
S89, S90, S93, S97) (7), which, in addition to being more loosely
packed than the hydrophobic clamp, are also polar (Fig. 6 4 and
(). A band of alternating hydrophobic and polar residues formed
by L96 and S97 features prominently in this zone (Fig. 6C). This
pattern of polar-hydrophobic regions on TM1 appear to pair with
complementary polar-hydrophobic stripes on the surface of the
TM2/3 ring (Fig. 6C), suggesting that mutations that increase the
hydrophobicity of the serine ridge may force an interaction with a
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Fig. 7. The TM3-TM1 hydrophobic cluster is essential for Orai1 gating by STI

WT L273D L96A M101A M104A F187A V191N L194N

IM1. (A) (Left) Side view of the hydrophobic contacts (gray spheres) between the

TM1 pore helices with the TM3 segment. The selectivity filter (E106, teal) and hydrophobic gate residues (V102, magenta; F99, yellow) are also shown. Four
TM1 helices and two TM3 helices are shown for simplicity. (Middle and Right) Top-down and side views of the six residues forming the hydrophobic stack. Amino
acids are labeled with dOrai numbering with hOrai1 numbering shown in parentheses. (B) Point mutations of the hydrophobic stack abrogate Orai1 activation by
STIM1. Representative traces of WT Orail and M101A, M104A, and F187A Orail mutants coexpressed with STIM1 following whole-cell break-in are shown.
(C) Current densities of the indicated Orai1 mutations in the TM3-TM1 hydrophobic cluster coexpressed with STIM1 (n = 4-6 cells; values are mean + SEM). With
the exception of V191A, these mutations abrogate Orail activation by STIM1. (D) Confocal images of WT, L273D, and F187A Orai1-YFP constructs coexpressed
with CFP-CAD showing normal CAD binding in the F187A mutant. (Scale bars: 5 pm.) (E) FRET between the indicated Orai1-YFP channels and CFP-CAD shows that
the LOF mutations in the hydrophobic stack do not impair Orai1-STIM1 binding (n = 53-88 cells for each mutant; values are mean + SEM).

hydrophobic region on TM2/3 ring instead of its usual polar in-
teraction partners. This possibility is intriguing because a re-
cent report has described a GOF human Orail mutation S97C
that causes a Stormorken-like syndrome with tubular aggregate
myopathy and congenital miosis (13). The molecular basis of
the GOF phenotype of this mutant is currently not understood,
but such a switching mechanism could potentially explain its
constitutive activity.

Consistent with this scenario, hydrophobic substitutions at
S97 including Cys, Val, Leu, Ile, and Met yielded Orail channels
that were partially open in the absence of STIM1 (Fig. 8B). By
contrast, mutation of S97 to similarly sized, polar residues such
as Asn, Gln, and Thr did not produce constitutively open
channels (Fig. 8D); they instead remained store-operated. In the
dOrai crystal structure, S97 is located on the non-pore-lining
face of TM1 surrounded by three hydrophobic TM2 residues
(L130, V131, L135) and the bulky, polar H134 (Fig. 84). Al-
though speculative, this structural feature raises the possibility
that nonpolar substitutions at S97 promote hydrophobic inter-
actions with residues V131 and L135 on the TM2/3 ring, thereby
moving this residue away from the polar H134 (Fig. 84). The net
effect is predicted to induce a slight counterclockwise rotation of
the TM1 helix, which should lower the free energy barrier at the
V102/F99 region in the pore to allow ion conduction.

Interestingly, with the exception of S97G/A/T mutants, which
exhibited WT store-operated behavior, introduction of hydropho-
bic or large amino acids at position 97 yielded nonselective cur-

E5200 | www.pnas.org/cgi/doi/10.1073/pnas.1718373115

rents when gated by STIM1 (Fig. 8 C and E and SI Appendix,
Fig. S8 and Table S3). We postulate that hydrophobic substitutions
disrupt the alternating polar/nonpolar interface with the TM2/3
ring, thereby creating a “sticky” hydrophobic patch that constrains
the motions of the TM1 segment and traps the channel in a non-
selective open state. Large amino acid substitutions (S97F/Y/W)
likely reduce the conformational flexibility of the TM1 segment
through steric effects (Fig. 8E), much like the LOF phenotypes of
bulky H134X mutants (Fig. 3C). Overall, these data suggest that
the small, polar nature of S97 as part of the serine ridge provides a
degree of conformational flexibility at the TM1-TM2/3 ring in-
terface that is essential for STIM1 gating and ion selectivity.

Discussion

Whereas previous studies have identified individual GOF and
LOF mutations within the Orail TMs (12-17), our study sys-
tematically examines the roles of all four TMs in gating. The
identification of GOF mutations encompassing all regions of
Orail strongly suggests a concerted, global gating mechanism
that involves the entire protein rather than a localized motion at
the N terminus and TM1, consistent with a gating signal being
transmitted through the lipid-spanning regions of the TMs. No-
tably, the large number of GOF mutations identified through the
cysteine screen implies that the energy barrier to Orail pore
opening is likely not large. We postulate that the constitutively
open cysteine mutations activate the channel by removing inter-TM
constraints that maintain the closed conformation. Because the
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area of the introduced amino acid without and with STIM1. Mutant channels with small substitutions retain store-operated, Ca?

*-selective WT behavior,

whereas nonpolar or large substitutions cause the channel to become nonselective or unable to be activated by STIM1 (n = 4-11 cells; values are mean + SEM).

mutants have varying degrees of current density and ion se-
lectivity and almost all can be further gated by STIM1, several
of the mutants likely represent trapped intermediate states along
the STIM1 gating pathway. These mutants could serve as a
critical resource for future drug-discovery studies intended for
manipulating the function of Orail channels and for X-ray crys-
tallography or cryo-EM studies aimed at elucidating the structure
of the open channel.

A noteworthy feature of the constitutively active mutants is that
their function is abrogated by mutations in the Orail N terminus
(K85E and A2-85) that are known to impair STIM1-mediated
gating (29, 39). Although residues 73-85 in this region of the N
terminus are also thought to directly bind STIM1 (5), this result
suggests that the loss of channel function in the Orail N-terminal
mutations may not be directly related to lack of STIM1 binding to
this site. This conclusion is consistent with other recent studies
that have examined the contribution of the membrane-proximal N
terminus for Orail gating (16, 31). We do not yet know how the
Orail N terminus contributes to channel function, but possible
explanations could include an interaction with another part of
Orail in the open state (40) or a role in ion permeation (41).

Our results also suggest a potential mechanism by which
H134 orchestrates Orail gating. The position and orientation of
histidine side chains are defined by two torsion angles, x; and ya.
However, at the 3.35-A resolution of the electron density map of
4HKR (7), the y, angle cannot be determined directly and must be
inferred from the availability of potential hydrogen bonding
partners and known rotameric positions available to histidine side
chains in a-helices (42, 43). For H206 (hOrail H134) in 4HKR,
the assigned y1, y» angles of —82°, —60° orient the ND1 nitrogen
toward the side-chain OH of S165 (hOrail S93; SI Appendix, Fig.
S9), raising the possibility that a hydrogen bond between these
residues plays a significant functional role (7, 18). However, a
different side-chain rotamer is also fully consistent with the crys-
tallographic electron density. This rotamer, which adopts yi, x»
angles of —82°, 80° (i.e., a ~140° rotation about the Cs-C, bond) is
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found to be selectively enriched in TMs (42) because it allows for
intrahelical hydrogen bonding between the NDI nitrogen of the
imidazole ring and the carbonyl oxygen of the i-4 residue pre-
ceding it in the a-helix (ST Appendix, Fig. S9). We can propose
then, with equal validity based on the crystallographic evidence,
that the potentially significant interaction of H206 (hOrail H134)
side chain is not with S165 of TM1 (hOrail S93), but instead with
the backbone carbonyl of L202 (hOrail L130). This intrahelical
interaction could stabilize the orientation of the histidine side
chain such that it functions as a steric “brake” at the nexus of the
interface between helices TM1, TM2, and TM3 that can be re-
leased through the substitution of the endogenous His with small
and flexible amino acids. Intriguingly, an asparagine substitution at
position 206 is isosteric for the four overlapping atoms with the
His, predicting that this side chain should also readily adopt a
rotameric position that allows formation of an intrahelical hy-
drogen bond of its ND2 nitrogen with the carbonyl oxygen of 1202
(43) (SI Appendix, Fig. S9). Indeed, the hOrail H134N sub-
stitution is the one mutant that behaves like WT Orail. Overall,
these results suggest that the loss of the privileged intrahelical
stabilization available for His and Asn side chains by small and
flexible substitutions destabilizes the interface to release the brake.
By contrast, larger substitutions at H134 would be expected to
hinder the flexibility between the TM1 and TM2 segments needed
for gating, leading to LOF phenotypes.

Based on our results, there are two possible ways in which
Orail can conduct ions in the absence of STIM1: (i) because of a
leaky gate caused by mutations of V102/F99 residues that com-
prise a hydrophobic channel gate (8, 10, 11) or (i) as a result of
activation gating that would involve displacement the F99 side
chains away from the pore axis (11). Albeit through different
mechanisms, both would be expected to diminish the free energy
barrier for water and ions, thereby permitting ion conduction. In
the Ca®*-selective H134S mutant channels where the hydro-
phobic gate itself is intact, our results indicate that this mutation
mimics the activated state of Orail by configuring the pore into a
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state analogous to STIM1-activated channels. We believe that a
similar mechanism involving activation of the hydrophobic
channel gate underlies the GOF phenotypes of S97C and P245L,
given the similarity of permeation properties of H134S with
these disease-linked mutations (12, 13). It is also notable that in
the MD simulations, the hydrophobic stretch is the only region
undergoing changes in hydration between closed vs. open
channel variants, reaffirming that this region is likely the primary
regulator of channel gating.

The non—pore-lining surface of TM1 contains two qualitatively
distinct functional interfaces identifiable on the basis of packing
density and hydrophobic or hydrophilic character. Towards the
extracellular side of the channel is a hydrophobic stack formed by
residues of TM1 and the TM2/3 ring. Positioned close to the
selectivity filter and the hydrophobic gate in the pore, this in-
terdigitating stack of hydrophobic residues is optimally located to
relay structural rearrangements from the TM2/3 ring to the
channel gate and the selectivity filter, a prediction borne out in the
STIM1-mediated gating defects seen in point mutations in this
stack. By contrast, the cytoplasmic side of the TM1 helix is lined by
a ridge of serine residues rendering this surface polar, flexible, and
loosely packed at the interface, suggesting that this segment is
allowed considerable conformational freedom in relation to the
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surrounding helical ring. Together, these characteristics optimize
the communication of the gating signal between the TM2/3 ring
and TM1 to drive STIM1-dependent pore opening and confer
high Ca** selectivity.

Methods

CRAC currents were recorded from recombinant Orail channels overex-
pressed in HEK293 cells in the presence or absence of STIM1. Methods for
whole-cell patch-clamp recordings of Orai1 currents and FRET measurements
for monitoring Orai1-CAD interactions were as previously described (11, 44).
MD simulations were carried out using the crystal structure of the dOrai
channel (PDB ID code 4HKR) as previously described (11). Atomic packing
analysis was performed by using PROBE (37, 38). A detailed description of
study methods is provided in the S/ Appendix.
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