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Research Article

State-dependent block of Orai3 TM1 and TM3 cysteine mutants:

Insights into 2-APB activation

Anna Amcheslavsky, Olga Safrina, and Michael D. Cahalan
Department of Physiology and Biophysics, University of California, Irvine, Irvine, CA 92697

After endoplasmic reticulum (ER) Ca® store depletion, Orai channels in the plasma membrane (PM) are ac-
tivated directly by ER-resident stromal interacting molecule (STIM) proteins to form the Ca®-selective Ca**
release-activated Ca®* (CRAC) channel. Of the three human Orai channel homologues, only Orai3 can be ac-
tivated by high concentrations (>50 pM) of 2-aminoethyl diphenylborinate (2-APB). 2-APB activation of Orai3
occurs without STIM1-Orai3 interaction or store depletion, and results in a cationic, nonselective current char-
acterized by biphasic inward and outward rectification. Here we use cysteine scanning mutagenesis, thiol-reactive
reagents, and patch-clamp analysis to define the residues that assist in formation of the 2-APB-activated Orai3
pore. Mutating transmembrane (TM) 1 residues Q83, V77, and L70 to cysteine results in potentiated block by
cadmium ions (Cd*). TM1 mutants E81C, G73A, G73C, and R66C form channels that are not sensitive to 2-APB
activation. We also find that Orai3 mutant V77C is sensitive to block by 2-aminoethyl methanethiosulfonate
(MTSEA), but not 2-(trimethylammonium)ethyl methanethiosulfonate (MTSET). Block induced by reaction
with MTSEA is state dependent, as it occurs only when Orai3-V77C channels are opened by either 2-APB or
by cotransfection with STIM1 and concurrent passive store depletion. We also analyzed TM3 residue E165.
Mutation E165A in Orai3 results in diminished 2-APB-activated currents. However, it has little effect on store-
operated current density. Furthermore, mutation E165C results in Cd**-induced block that is state dependent:
Cd* only blocks 2-APB-activated, not store-operated, mutant channels. Our data suggest that the dilated pore
of 2-APB-activated Orai3 is lined by TM1 residues, but also allows for TM3 E165 to approach the central axis of
the channel that forms the conducting pathway, or pore.

INTRODUCTION

Store-operated calcium entry (SOCE) is the process by
which calcium ions (Ca*") enter cells after ER Ca* store
depletion. SOCE increases cytosolic Ca** concentra-
tions, refills cellular Ca*" stores, and triggers signaling
cascades responsible for secretion, gene transcription,
alterations in motility, and cell proliferation (Putney,
1986; Bootman et al., 2001; Parekh and Putney, 2005;
Cahalan, 2009). A succession of RNAIi screens led to
the molecular identification of stromal interacting
molecule (STIM) and Orai, the two proteins that un-
derlie SOCE in multiple cell types (Liou et al., 2005;
Roos et al., 2005; Zhang et al., 2005; Feske et al., 2006;
Vig et al., 2006b). ER membrane-resident STIM pro-
teins sense Ca®" store depletion and translocate to corti-
cal ER-plasma membrane (PM) junctions, where they
physically interact with and activate the PM-bound Orai
pore-forming subunits (Liou et al., 2005; Zhang et al.,
2005; Prakriya et al., 2006; Vig et al., 2006b; Yeromin
et al., 2006; Cahalan, 2009; Soboloff et al., 2012). There
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are two mammalian homologues of STIM: STIMI1 and
STIM2; and three mammalian homologues of Orai:
Orail, Orai2, and Orai3. Together, STIMI and Orail
form the highly Ca**-selective Ca®* release-activated Ca*"
(CRAC) channel of T lymphocytes.

The molecular identification of Orail led to a plethora
of mutagenesis studies that identified key residues in
transmembrane (TM) 1 involved in conduction and gat-
ing of the CRAC channel. These residues are conserved
among human Orai homologues, and most are present
in Drosophila melanogaster Orai (dOrai) as well. The first
of these studies identified an Orail R91W mutation in
patients afflicted with severe combined immune defi-
ciency (SCID; Feske et al., 2006). The R91 residue is
localized toward the intracellular side of TM1; mutating
it to various bulky hydrophobic residues results in chan-
nel block, whereas mutating it to hydrophilic residues
maintains channel function (Derler et al., 2009; Zhang
etal., 2011). Therefore, R91 (R66 in Orai3 and K165 in
dOrai) has been implicated in channel gating. The glu-
tamate toward the extracellular side of TM1 (E106 in
Orail, E81 in Orai3, and E180 in dOrai) was identified
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as the channel’s selectivity filter (Prakriya et al., 2006;
Vig et al., 2006a; Yeromin et al., 2006). Two cysteine
scanning mutagenesis studies, one functional (McNally
et al., 2009) and one biochemical (Zhou et al., 2010)
in nature, concluded that residues lining an a-helical
Orail TM1 domain form the conduction pathway of
the channel. These residues included E106, V102, G98,
195, R91, and AS88. Later studies identified G98 as the
channel’s “gating hinge” (Zhang et al., 2011) and V102
as its hydrophobic gate (McNally et al., 2012). All of
these discoveries were then substantiated by the solved
dOrai crystal structure (Hou et al., 2012).

Orai3, like Orail, can be activated by store depletion
and STIM1 interaction (Lis et al., 2007). Due to its high
homology, the store-operated pore of Orai3 is thought
to be similar to the store-operated pore of Orail. Inter-
estingly, Orai3 can also be activated by 2-aminoethyl
diphenylborinate (2-APB), bypassing the need for store
depletion and STIMI interaction (DeHaven et al.,
2008; Peinelt et al., 2008; Zhang et al., 2008). In fact,
2-APB and STIMI antagonize each other as Orai3
channel activators; STIM1-bound Orai3 channels resist
2-APB activation, whereas 2-APB-activated channels
resist STIM1-induced channel opening (Yamashita et al.,
2011). Furthermore, 2-APB activates Orai3 by opening
and dilating the conducting pore (Schindl et al., 2008),
resulting in a nonselective, inwardly and outwardly rec-
tifying cationic current that biophysically differs from
the store-operated (STIMI-activated) Orai3 current.
Chimeras composed of both Orail and Orai3 sub-
domains have shown that the TM2-TM3 region of Orai3
is necessary for activation by 2-APB (Zhang et al., 2008).
Additionally, mutation G183A in TM3 of Orail results
in Orail channels that can also be activated by 2-APB;
and mutating the homologous G158 in TM3 of Orai3
to cysteine results in slowed kinetics of 2-APB activation
and washout due to disulfide bridge formation between
the introduced G158C and endogenous TM2 C101
(Amcheslavsky et al., 2013). Collectively, these data sug-
gest that 2-APB activates Orai3 by interacting within the
TM2-TM3 region proximal to the conserved glycine
present at the center of TM3 of Orai homologues. How-
ever, a complete understanding of the 2-APB-activated
Orai3 pore domain is lacking.

Here, we use targeted cysteine mutagenesis, thiol-
reactive reagents, and patch-clamp analysis to identify a
subset of residues that assist in formation of the 2-APB-
activated Orai3 pore. We focus on specific TM1 residues
that are known to line the pores of store-operated Orail
channels (McNally et al., 2009; Zhou et al., 2010). We
then examine TM3 E165, a conserved TM3 residue
that has been shown to affect Ca®* selectivity in STIM1-
operated Orail and 2-APB-activated Orai3 (Prakriya
et al., 2006; Schindl et al., 2008). We show that particular
TM1 and TM3 cysteine mutants exhibit state-depen-
dent block of current by CdCl; and/or 2-aminoethyl
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methanethiosulfonate (MTSEA) and discuss our results
in the context of the published dOrai crystal structure
(Hou et al., 2012).

MATERIALS AND METHODS

Please see Amcheslavsky et al. (2013) for detailed protocols. The
following are brief explanations.

Molecular biology

Human Myc-STIMI1 in vector pCl, as previously described by Roos
et al. (2005) and Lioudyno et al. (2008), was used in experiments
involving store-operated currents. An EGFP-Orai3-WT construct was
used both as a wild-type (WT) control and as a template for generat-
ing mutant Orai3 channel constructs. For simplicity, “EGFP” is omit-
ted from construct names throughout the text.

List of primers

E81C: forward, 5-CCATGGTGGCCATGGTGTGCGTGCAGCTG-
GAGAGTG-3'; reverse, 5'-CACTCTCCAGCTGCACGCACACCAT-
GGCCACCATGG-3'. Q83C: forward, 5'-GCCATGGTGGAGGT-
GTGCCTGGAGAGTGACCACG-3'; reverse, 5'-CGTGGTCACTC-
TCCAGGCACACCTCCACCATGGC-3'. V77C: forward, 5'-CTC-
GGGCTTCGCCATGTGTGCCATGGTGGAGGTG-3'; reverse,
5'-CACCTCCACCATGGCACACATGGCGAAGCCCGAG-3'. G73C:
forward, 5'-CTGCCTTGCTCTCGTGCTTCGCCATGGTG-3';
reverse, 5'-CACCATGGCGAAGCACGAGAGCAAGGCAG-3'. G73A:
forward, 5-GCCTTGCTCTCGGCCTTCGCCATGGTG-3'; reverse:
5"-CACCATGGCGAAGGCCGAGAGCAAGGC-3'. L70C: forward,
5"-CCGCACGTCTGCCTGTCTCTCGGGCTTCG-3'; reverse, 5'-CG-
AAGCCCGAGAGACAGGCAGACGTGCGG-3'. R66C: forward:
5-CTCAAAGCTTCCAGCTGCACGTCTGCCTTG-3'; reverse, 5'-CA-
AGGCAGACGTGCAGCTGGAAGCTTTGAG-3'. E165A: forward,
5'-CTTTCTCTTCCTTGCTGCAGTTGTCCTGGTTGG-3'; reverse,
5'-CCAACCAGGACAACTGCAGCAAGGAAGAGAAAG-3'. E165C:
forward: 5-CACCTTTCTCTTCCTTGCTTGCGTTGTCCTGGTT-
GGTTGG-3'; reverse: 5'-CCAACCAACCAGGACAACGCAAGCAAG-
GAAGAGAAAGGTG-3'. Sequencing: forward, 5'-CATGGTCCTG-
CTGGAGTTCGTG-3'; reverse, 5'-CCTCTACAAATGTGGTATGG-3'.

Cell culture

Human embryonic kidney (HEK) 293A cells (Invitrogen) were
incubated at 37°C, 5% CO,, and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Lonza) supplemented with 10%
fetal calf serum (Omega Scientific) and 2 mM 1-glutamine
(Sigma-Aldrich). For experiments, cells were plated onto 6-well
plate dishes and given 24-72 h to grow to ~95% confluency for
transfection in Lipofectamine 2000 (catalogue No. 11668-019;
Invitrogen), as advised by Invitrogen, with OPTI-MEM I (1x;
Gibco; Life Technologies). For experiments involving 2-APB-
activated currents, an Orai3 construct alone was transfected into
HEK cells. For experiments involving store-operated currents,
myc-STIM1 and an Orai3 construct of choice were both transfected
into HEK cells (transfection ratio of 2:1 of STIM1 to Orai3).

Electrophysiology

Transfected HEK 293A cells were chosen for whole-cell record-
ing by expression of EGFP, 48 h after transfection. Patch-clamp
experiments were performed at room temperature with standard
whole-cell recording. Patch pipettes had ~2 M() resistances. Only
cells with high input resistance (>1 G()) were recorded from. The
series resistance (2-7 M()) was compensated by 80%. Membrane
potentials were corrected for the liquid junction potential of
10 mV. Currents were recorded using an EPC-9 patch-clamp
amplifier (HEKA). Data were acquired by PULSE software (HEKA)
and were digitally filtered at 1 kHz for analysis and display. Our



protocol alternates voltage ramps lasting 220 ms from —120
to 100 mV and pulses of 220 ms to —120 mV every 2 s from a
holding potential of 0 mV. Time courses represent inward and
outward currents recorded at —120 and +100 mV, respectively.
Five currentvoltage (I-V) curves were averaged for display. In
experiments involving 2-APB-activated currents, current before
channel activation was used for leak subtraction. In experiments
involving store-operated currents, current during application
of 50 pM LaCls or 10 pM GdCl; was used for leak subtraction.
Unless otherwise stated, leak-subtracted I-V curves are displayed.
Data were analyzed and graphed in OriginPro 7.5. The following
equation was used to generate CdCl, dose-response curves repre-
sented in Figs. 1 and 5:

y=MIN +(MAX - MIN)xx" /(K" +x"),

where MIN and MAX are the minimum and maximum current
values, respectively, k is concentration at which 50% of current is
blocked, and = is the number of cooperative sites. Parameters
were not fixed during analysis. Curves of best fit were chosen
for representation.

All external solutions were pH adjusted to 7.4 by NaOH or
CsOH and have osmolality adjusted to 325 mosm/kg by sucrose.
2-APB, bis(2-mercaptoethylsulfone) (BMS), MTS reagents, CdCly,
LaCls, and/or GdCl; were added to Ringer’s solution as needed.
Compositions of external solutions are described in Table 1.

Final concentrations of various additives used throughout the
paper were as follows: 100 pM 2-APB, 5 mM BMS, 1 mM MTSEA,
1 mM 2-(trimethylammonium)ethyl methanethiosulfonate
(MTSET), 500 pM 2-(triethylammonium)ethyl methanethio-
sulfonate (MTSTEAE), varied CdCly, (as described in the main
text and figures), 50 pM LaCl;, and 10 pM GdCls. MTS reagents
were purchased from Toronto Research Chemicals (catalog
Nos. A609100, T795900, and T775800 for MTSEA, MTSET, and
MTSTEAE, respectively).

The internal solution for experiments involving 2-APB-—
activated currents consisted of (in mM): 144 CsAsp, 8 mag-
nesium gluconate, 2 CsCl, 15 HEPES, 12 Cs;EGTA, and 2.5
Ca(OH),, pH adjusted to 7.2 by CsOH, with a free [Ca*] of
50 nM (calculated by Maxchelator, available online) and osmolality
of 330 mosm/kg. The internal solution for experiments involv-
ing store-operated currents consisted of (in mM): 138 CsAsp, 8
Mg-gluconatey 2 CsCl, 15 HEPES, 10 Cs;BAPTA, pH adjusted to
7.2 by CsOH, and 20 pM inositol 1,4,5 trisphosphate (IPs; added
fresh on the day of the experiment from 10 mM stock; catalogue
No. 10008205; Cayman Chemical Company).

Online supplemental material

Fig. SI summarizes current densities of Orai3 TMI1 cysteine
mutants insensitive to 2-APB activation, compared with current
density of Orai3-WT channels. Fig. S2 summarizes MTS reagent
effects on 2-APB-activated Orai3-Q83C and Orai3-L70C mutant
channels. Fig. S3 shows that MTSEA and MTSET reagents do not
block 2-APB-activated Orai3-E165C channels. Online supplemen-
tal material is available at http://www.jgp.org/cgi/content/full/
jgp.201411171/DCI.

RESULTS

Select TM1 cysteine mutants are sensitive to CdCl; block
during 2-APB activation

To determine whether the TM1 residues known to line
the store-operated Orail pore are involved in the for-
mation of the 2-APB-activated Orai3 pore, we introduced
cysteine mutations into homologous positions—Q83,
E81, V77, G73, L70, and R66—of the Orai3 protein.
We then performed a series of experiments in which we
first activated these mutant Orai3 channels with 2-APB
and then attempted to block with varying concentra-
tions of CdCl,. We hypothesized that electrostatic inter-
actions between Cd*" and accessible sulfhydryl groups
of introduced cysteines within the Orai3 pore would
result in channel block. First, we compared CdCls sen-
sitivity in WT and mutant Orai3 channels and found
that Orai3-WT channels required higher concentrations
of CdCly to block 2-APB—-activated current (n = 10) than
do Orai3-Q83C (n = 4), Orai3-V77C (n = 6), and Orai3-
L70C (n = 4) mutant channels. Representative time
courses and corresponding I-V relationships taken from
CdCl; block experiments for Orai3-WT, Orai3-Q83C,
Orai3-V77C, and Orai3-L70C are shown in Fig. 1 (A-H).
CdCl, dose-response curves for both inward and outward
components of 2-APB-activated Orai3-WT, Orai3-Q83C,
Orai3-V77C, and Orai3-L70C current are represented
in Fig. 1 (I and J) and show current remaining upon
application of corresponding CdCl, concentration.
These dose-response curves show that mutations Q83C,

TABLE 1
Compositions of external solutions
Chemical 2 Ca (Ringer’s) 20 Ca 2 CaChol 20 CaChol NaDVF CsDVF
NaCl 151.5 120 - 160 -
GCsCl - - - - 160
KCl 4.5 - - - -
CaCl, 2 20 20 - -
Choline-Cl - - 120 - -
HEDTA - - - 2 2
HEPES 10 10 10 10 10
Glucose 10 10 10 10 10
Sucrose 11 26 31 1 11
pH adjusted to 7.2 by NaOH NaOH Choline-OH Choline-OH NaOH CsOH

Compositions of external solutions used during patch clamp experiments. Numbers represent concentrations (in mM). DVF, divalent free. —,

not applicable.

Amcheslavsky et al. 623
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Figure 1. Select TMI cysteine mutants are sensitive to CdCl, block

during 2-APB activation. (A, C, E, and G) Time courses for Orai3-
WT, Orai3-Q83C, Orai3-V77C, and Orai3-L70C, respectively (WT,
n=10; Q83C, n = 4; V77C, n = 6; L70C, n = 4), represented as
current amplitude (nA) versus time (s), activated by 100 pM 2-APB,
and blocked by indicated concentrations of CdCl,. Note that
[CdCly] used to block WT channels ranges from 5 pM to 3.125 mM,
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V77C, and L70C potentiate sensitivity to CdCly block.
Therefore, residues Q83, V77, and L70 are involved in
the formation of the 2-APB-activated Orai3 pore.
Mutant channels Orai3-E81C, Orai3-G73A, Orai3-
G73C, and Orai3-R66C failed to activate upon 2-APB
application during whole-cell experiments (2-APB-
activated current densities remained well below 3 pA/pF,
>100-fold less than that of WT current density). Treat-
ment with reducing reagent BMS during 2-APB activa-
tion of Orai3-G73C and Orai3-R66C mutant channels
did not increase current amplitude. This result, along
with nonfunctional G73A channels, suggests that mu-
tations G73C and R66C alter Orai3 sensitivity to 2-APB
activation or prevent the formation of a conducting
pore. The lack of response to 2-APB application is not
the result of block due to intersubunit disulfide bridge
formation, which might block the conducting 2-APB-
activated Orai3 pathway. These data are summarized
in Fig. S1 by bar graphs representing current density
carried by mutants compared with Orai3-WT channels.

State-dependent block of 2-APB-activated Orai3-V77C
mutant channels by MTSEA

MTS reagents are thiol-reactive probes that react
with accessible cysteine sulthydryl by covalent linkage. If
an MTS reagent covalently binds to a cysteine residue
within the conduction pathway, or pore, of an ion chan-
nel, channel conduction is blocked until the interaction
is reversed by use of a reducing reagent, such as BMS.
In our next set of experiments, we sought to test the
Cd*-sensitive TM1 cysteine mutants described in the
previous section of our results for block by positively
charged MTS reagents. We found that MTSEA (n = 3),
MTSET (n = 3), and MTSEAE (n = 3) only reversibly
blocked 2-APB-activated Orai3-WT channels (Fig. 2,
A and B; and Fig. S2, A and B). Therefore, the four
endogenous Orai3 cysteines, two in TM2 and two in the
TM3-TM4 loop, either did not react with applied MTS
reagents or did not react in such a way as to result in
irreversible channel block. Similarly, BMS application
results in partial inhibition of 2-APB-activated Orai3

whereas [CdCly] used to block mutant channels ranges from
only 5 to 625 pM. (B, D, F, and H) I-V relationships corresponding
to time points indicated by arrows in A, G, E, and G, respectively.
(I and J) Fraction of 2-APB-activated inward and outward cur-
rents, respectively, remaining upon applied concentration of
CdCl,. Calculated Ky values for CdCly block of inward currents
carried by WT, Q83C, V77C, and L70C are as follows: 734, 41.8,
1.22, and 156 pM, respectively. Calculated K, values for CdCl,
block of outward currents carried by WT, Q83C, V77C, and L70C
are as follows: 549, 64.3, 1.72, and 67.3 pM, respectively. Data
points were gathered from experiments represented in A-H, and
curves are sigmoidal fits of data points. Data points are repre-
sented as Ij¢q;/I;, where Ij¢q is current recorded after application
of CdCl, and I is current recorded before application of CdCls.
Error bars indicate SEM.
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Figure 2. State-dependent block of 2-APB—activated Orai3-V77C
mutant channels by MTS reagents. (A and B) Time courses for
control Orai3-WT (WT) currents. Channels were activated by
100 pM 2-APB; subsequent application of cationic MTS reagents
MTSEA (EA; n = 3) and MTSET (ET; n = 3) did not induce
irreversible block of current. BMS application reversibly inhibits
current. (C) Time course for Orai3-V77C (V77C; n=3) currents ac-
tivated by 100 pM 2-APB. Subsequent application of EA (n = 3),
but not ET (n = 3), results in an irreversible block of current.
Application of BMS reverses EA-induced block. (D) I-V relation-
ships corresponding to currents recorded at time points indi-
cated by the arrows in C. (E) Time course for Orai3-V77C (V77C)
activated by 100 pM 2-APB. EA was applied during Ringer perfu-
sion or during 2-APB activation. EA blocks only the open state
of Orai3-V77C channels. (F) I-V relationships corresponding to
currents recorded at time points indicated by the arrows in E.
(G) Bar graphs summarizing the percentage of current remain-
ing of both inward and outward components of 2-APB-activated
current carried by WT or V77C channels. The percentage of
current remaining upon application and washout of EA or ET,

current. 2-APB-activated Orai3-V77C channels, however,
behaved differently. Almost 80% of current through
Orai3-V77C was blocked by MTSEA (n = 3) and re-
mained blocked after washout. Current amplitudes
only returned to normal upon subsequent applica-
tion and washout of BMS. Additionally, the larger
MTSET did not block current through Orai3-V77C
(n = 3; Fig. 2, C and D). To test the state dependence
of the MTSEA block, we applied MTSEA to Orai3-V77C
channels during Ringer perfusion, as opposed to dur-
ing 2-APB activation, and found that it did not result in
channel block (Fig. 2, E and F). Thus, only the Orai3-
V77C open state pore is wide enough to allow MTSEA,
but not MTSET, to penetrate, to react covalently with
the introduced cysteine residue, and to block current.
These data are summarized as bar graphs in terms of
percentage of current remaining upon treatment with
an MTS reagent, with or without BMS, in Fig. 2 G. Our
data show that residue V77 is positioned within the
2-APB-activated Orai3 pore and that when mutated
to cysteine, its reaction with MTSEA forms a plug that
directly inhibits conduction. Finally, like Orai3-WT
channels, Orai3-Q83C and Orai3-L70C channels were
resistant to irreversible block by MTSEA, MTSET, or
MTSTEAE (Fig. S2).

Store-operated Orai3-V77C channels are sensitive

to block by MTSEA

In the next set of experiments, we sought to test whether
the more selective, store-operated Orai3 pore is physi-
cally narrower than the 2-APB-activated Orai3 pore
by using MTSEA as a probe. Store-operated Orai3-WT
channels exhibited only reversible block of current by
MTSEA; upon reagent washout, currents increased to
amplitudes recorded before MTSEA application (n = 3;
Fig. 3, A and B). Again, endogenous Orai3 cysteines did
not react with MTSEA or at least did not react in such
a way as to inhibit conduction. However, to our sur-
prise, store-operated Orai3-V77C current was blocked
by MTSEA and remained blocked upon washout of
the reagent (n = 8). Orai3-V77C current amplitudes
only returned to normal upon application of BMS
(Fig. 3, C and D). Overall, on average 55% of store-
operated current through Orai3-V77C channels was
blocked by application of MTSEA (Fig. 3 E). Although
MTSEA blocks a greater percentage of 2-APB-activated
Orai3 current (~80%), our data suggest that residue
V77 is directly involved in the formation of both the
2-APB-activated and the store-operated (STIMI-activated)

and subsequent application and washout of BMS, is represented.
A bar graph showing lack of V77C block by EA application dur-
ing Ringer’s perfusion is also represented. Data are normalized to
current amplitude before initial MTS reagent application. Error
bars indicate SEM.
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Orai3 pore. Perhaps the greater extent of block exhibited
during 2-APB activation, as opposed to STIM1-induced
activation, can be explained by the larger diameter of
the dilated 2-APB-activated Orai3 pore.

Orai3-E165A exhibits diminished 2-APB-activated,

but normal store-operated, current densities

In the next set of experiments, we sought to determine
the role of the Orai3 TM3 E165 residue in pore for-
mation. As discussed in the introduction, E165 and its
homologue E190 of Orail have been shown to effect
Ca* selectivity and 2-APB gating (Prakriya et al., 2006;
Vig et al., 2006a; Yamashita et al., 2007; Schindl et al.,
2008). Furthermore, it is well established that 2-APB
activates Orai3 channels by dilating the pore (Schindl
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Figure 3. Store-operated Orai3-V77C channels are sensitive to
block by MTSEA. (A) Time course for Orai3-WT cotransfected
with STIM1 (WT + STIM1; n = 3) and activated by passive store
depletion, represented as current amplitude (pA) versus time
(s). Both MTSEA (EA) and BMS reversibly block Orai3-WT store-
operated current. (B) I-V relationships corresponding to currents
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the percentage of current amplitude remaining after EA or BMS
treatment and washout. Data are normalized to current ampli-
tude before EA application. Error bars indicate SEM.
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etal., 2008). We hypothesized that pore dilation by 2-APB
might allow E165 to move toward the central axis, or
pore, of the channel and thereby interact with incom-
ing ions. Store-operated Orai3 channels are not di-
lated; therefore, we anticipated that E165 would play a
lesser role in the formation of the store-operated Orai3
pore, and would therefore not interact with incom-
ing ions during STIMI-induced activation of Orai3.
To test this hypothesis, we neutralized the residue and
assumed that removing the negative charge might di-
minish 2-APB-activated, but not store-operated, cur-
rent densities.

At first glance, 2-APB-activated Orai3-WT and Orai3-
E165A channels appear similar in terms of ion selec-
tivity; both conduct nonselective cationic currents that
have inwardly and outwardly rectifying I-V shapes. How-
ever, compared with 2-APB-activated Orai3>WT (n = 7),
expression of Orai3-E165A channels (n = 7) resulted
in increased Ca* selectivity and an ~20-fold decrease
in 2-APB-activated current density (Fig. 4, A-E). The
decrease in current density is reminiscent of mutation
E165Q), which also results in decreased 2-APB-activated
Orai3 currents (Schindl et al., 2008).

Store-operated Orai3-WT (n = 6) and Orai3-E165A
(n =b5) channels were similar in terms of current den-
sity (Fig. 4, F-]). Additionally, neither WT nor mutant
channels exhibited increased current amplitudes upon
solution exchange from 2 to 20 mM Ca** Ringer (Fig. 4,
F-I). Previous studies have illustrated that both endog-
enously expressed CRAC channel currents (Bootman
et al., 2001; Parekh and Putney, 2005) and heterolo-
gously expressed store-operated Orail and dOrai chan-
nel currents (Yeromin et al., 2004; Zhang et al., 2008)
double in amplitude upon external solution exchange
from 2 mM to 6-20 mM Ca*". Hence it is surprising that
a similar solution exchange protocol does not increase
store-operated Orai3 current amplitude. The result sug-
gests that store-operated Orai3 is not as Ca*" selective as
Orail or dOrai. Another aspect of the store-operated
Orai3-E165A current to be noted is the increased outward
component carried by cesium ions (Cs'; Fig. 4, H-]).
This property of the current was not a surprise, as mu-
tating the homologous residue E190 of Orail to gluta-
mine also imparts increased Cs" permeability (Prakriya
et al., 2006; Vig et al., 2006b).

In summary, mutation E165A drastically inhibits
2-APB-activated, but not store-operated, Orai3 current.
This result agrees with our earlier hypothesis: residue
E165, which is excluded from the store-operated Orai3
pore, can enter and assist in formation of the dilated
pore of the 2-APB-activated Orai3 channel.

Orai3-E165C is sensitive to block by CdCl, when channels
are activated by 2-APB

To further test whether residue E165 is involved in
formation of the 2-APB-activated Orai3 pore, or if it is
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permitted to move toward the central axis of the chan-
nel during 2-APB-induced dilation, where it could in-
teract with incoming ions, we sought to evaluate Cd**
block of Orai3-E165C. As shown by representative
I-V relationships in Fig. 5 (A and B), 2-APB-activated
Orai3-WT channels exhibited a fivefold decrease in
sensitivity to CdCl, block (n = 10) as compared with
store-operated Orai3-WT channels (n = 3). The dilated
2-APB-activated Orai3 channel pore requires greater
concentrations of CdCls to be blocked. CdCl, dose—
response curves for Orai3-WT channels, activated either
by 2-APB or store depletion, are represented in Fig. 5 C.
Interestingly, 2-APB-activated Orai3-E165C channels
are almost three times more sensitive to CdCly block
(n = 6; Fig. 5, D and F) than Orai3-WT channels,
which suggests that a weak interaction occurs between
the Cd* ions and the cysteine mutated into position
165, and that this interaction blocks the conduction
pathway of the 2-APB-activated Orai3 channel. Fur-
thermore, although the E165C mutation induces sen-
sitivity to GdCls block during 2-APB activation, it does
not increase sensitivity to CdCl, block when the mu-
tant channel is store-operated (n = 3; Fig. 5, E and F).
In fact, store-operated Orai3-E165C channels are ap-
proximately half as sensitive to CdCl, block as store-
operated Orai3-WT channels. CdCl, dose-response
curves for Orai3-E165C channels, activated either by
2-APB or store depletion, are represented in Fig. 5 F.
Our data show that mutation E165C results in increased

sensitivity to block by CdCl,, but only when Orai3 is
2-APB activated, not store operated. Based on the data
presented for both E165A and E165C mutants, we sug-
gest that as 2-APB dilates the Orai3 pore, position 165
becomes exposed to the formed conduction pathway
and thus plays a role in pore formation. However, if
the channel is store-operated, position 165 is excluded
from the conduction pathway, and therefore mutations
E165A and E165C have little effect on store-operated
Orai3 currents.

Finally, we tested Orai3-E165C for reactivity with
MTSEA and MTSET and found that the mutation did
not result in irreversible block upon treatment with
either MTS reagent (Fig. S3). Perhaps, similar to muta-
tion L70C, E165C induces sensitivity to CdCl, block but
is too deep into the pore or too hindered by surrounding
residues to interact with MTS reagents.

DISCUSSION

Previous functional studies have identified conserved
Orail TM1 residues that are necessary for channel se-
lectivity and gating. Several of the corresponding resi-
dues for Orai3 are represented in the homology model
(Fig. 6). On the extracellular side of TM1, the selectivity
filter residue necessary for Ca® selectivity was identified
as E106 in Orail (Prakriya et al., 2006; Vig et al., 2006a;
Yeromin et al., 2006) or E81 in Orai3 (Schindl et al.,
2008; Demuro et al., 2011). Atop TM1, V102 of Orail
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(V77 in Orai3) has been shown to function as a hydro- dOrai (Hou et al., 2012), showed that TMI1 residues from

phobic gate; mutation VI102C results in constitutively
active Orail channels (McNally etal., 2012). At the cen-
ter of TM1, G98 of Orail (G73 in Orai3) is required
for normal STIM-induced gating. A gating-hinge mech-
anism was proposed by Zhang et al. (2011). Near the
intracellular side of TM1, R91 in Orail (R66 in Orai3)
contributes to the formation of a narrow and highly
basic “gate” that generates an electrostatic barrier so
that Ca®* ions cannot pass (Feske et al., 2006; Derler
et al., 2009; Zhang et al., 2011). Hence, when R91 is
mutated to bulky hydrophobic residues, the channel is
blocked. Accordingly, cysteine scanning mutagenesis
studies performed on store-operated Orail (McNally
etal., 2009; Zhou et al., 2010) and the published crystal
structure of a homologous, hypothetically closed state,
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top to bottom are involved in pore formation.

Aside from TMI1, additional functional studies have
identified Orail and Orai3 TM3 residues that are neces-
sary for channel selectivity and gating. Toward the ex-
tracellular side of TM3, E190 of Orail or E165 of Orai3
(shown in the homology model; Fig. 6) also contribute
to Ca*" selectivity. Orail mutation E190Q or Orai3 mu-
tation E165Q) result in an altered I-V relationship char-
acteristic of increased Cs* permeability (Prakriya et al.,
2006; Vig et al., 2006a; Yamashita et al., 2007; Schindl
etal., 2008). At the center of TM3, G183 in Orail (G158 of
Orai3) is required for normal STIM-induced gating and
2-APB activation. Orail mutation G183A confers 2-APB
sensitivity (Srikanth et al., 2011), whereas Orai3 muta-
tion G158C results in slow kinetics of 2-APB activation



and washout due to disulfide bridge formation between
the introduced G158C and endogenous TM2 C101
(Amcheslavsky et al., 2013). However, the aforemen-
tioned cysteine scanning studies and the dOrai crystal
structure did not identify these TM3 residues as neces-
sary for Orai channel pore formation. In particular, no
hypotheses have been made or mechanisms discovered
for how the TM3 glutamate might affect Ca** selectivity.
Therefore, from a structural point of view, the functional
contributions of this conserved TM3 glutamate (E190 in
Orail, E165 in Orai3) were left unexplained. Further-
more, the 2-APB-activated Orai3 channel pore, dilated
and therefore nonselective, characterized by a biphasic
I-V shape with inward and outward rectification, has not
been examined. In this study, we have sought to further
the structural understanding of Orai channels by applying
targeted cysteine mutagenesis, thiol-reactive reagents,
and patch clamp analysis, to 2-APB-activated Orai3.
Our study probes the 2-APB-activated Orai3 channel
pore by cysteine mutagenesis at several sites in TM1 and at
E165 of TM3. We show that 2-APB-activated Orai3-WT
channels require greater concentrations of CdCl, to block
current than do store-operated Orai3 (Fig. 5) or Orail
channels (McNally et al., 2009). Furthermore, although
Orai8 mutants E81C, G73A, G73C, and R66C did not form

channels capable of conducting in response to 2-APB
stimulation (Fig. S1), Orai3 mutants Q83C, V77C, L70C,
E165A, and E165C provide insight into the structural
makeup of the 2-APB-activated Orai3 channel pore. To
illustrate this, we have transposed Orai3 residues 83,
V77, L70C, and E165, along with selectivity filter residue
E81 for reference, onto the dOrai crystal structure (Fig. 6).

Structural insights from Orai3 TM1 cysteine mutants:

Block by CdCl, and MTSEA

Of the four residues studied in detail, Q83 is the most
extracellular, positioned just above selectivity filter E81
(Fig. 6, A, B, and F). Orai3-Q83C channels are sensitive
to block by Cd** ions; however, current amplitudes rise
instantly upon washout of applied CdCl, (Fig. 1). Fur-
thermore, MTS reagents do not induce block of 2-APB—
activated current carried by Orai3-Q83C channels (Fig. S2,
C-H). We suggest that although position 83 lies above
the pore, it is not directly within the pore, and therefore
covalent interaction between Q83C and MTS reagents
would not result in drastic block of current. Instead,
a covalently linked MTS reagent would only create a
small steric hindrance to ions as they enter the conduc-
tion pathway of 2-APB-activated Orai3.

Figure 6. Structural insight into the Orai3 pore.

Extracellular Views:

o-subunits

B-subunits

Intracellular

Intracellular Views:

(A) Orai3 residues examined in this study (Q83,
green; V77, brown; L70, yellow; and E165, bur-
gundy), along with the E81 selectivity filter (red) for
reference, transposed onto the closed state dOrai
crystal structure. For visual clarity, only TM1 and
TM3 domains are shown and only four of the six
subunits in the crystal structure are represented.
a Subunits appear in blue and 8 subunits in turquoise.
Boundaries of the PM are represented as blue dot-
ted lines. (B-E) Images displaying extracellular
views of the entire crystallized dOrai channel. In
each image, only two Orai3 residues are transposed
onto the dOrai crystal structure: E81 and either
Q83, V77, L70, or E165. Note that only Q83 (B) and
E165 (E) are visible and that V77 (C) and L70 (D)
are deeper in the pore, more intracellular than E81.
Q83 does not directly align with the central axis of
the channel. E165 of TM3 is directly behind and in
between two TM1 domains. (F-I) Images displaying
intracellular views of the entire crystallized dOrai
channel. In each image, only two Orai3 residues are
transposed onto the dOrai crystal structure: E81 and
083, V77,170, or E165. Note that in this view of the
channel, Q83 is hidden behind E81 (F), V77 is very
closely positioned to and aligns well with E81 (G),
L70 is deeper in the pore (H), and E165 can be seen
behind and between TM1 domains (I). The dilated
open 2-APB-activated Orai3 channel allows cysteine
mutants Q83C, V77C, L70C, and E165C to interact
with incoming Cd?** ions. The interactions between
E165C and Cd?** ions only exists when the channel
is 2-APB activated, not store operated. Mutant V77C
also renders the open state of the channel sensitive

to block by MTSEA.
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We found that Orai3-V77C channels are highly sensi-
tive to block by Cd?* ions, more so than Q83C, L70C, or
E165C mutant channels (Figs. 1 and 5). Furthermore,
both 2-APB-activated and store-operated Orai3-V77C
channels are sensitive to block by MTSEA (Figs. 2 and 3),
and MTSEA-induced block is state-dependent, as
MTSEA fails to block Orai3-V77C before channel open-
ing (Fig. 2). The fact that MTSEA blocks 2-APB-acti-
vated Orai3 channels is consistent with dilation of the
2-APB-activated Orai3 channel pore, resulting in a non-
selective and wider open channel than store-operated
Orai channels. Furthermore, V77 is perfectly positioned
at the central axis of the channel, just underneath se-
lectivity filter E81 (Fig. 6, A, C, and G), and its reac-
tion with MTSEA would form a plug that could directly
inhibit conduction. However, MTSEA block of store-
operated Orai3-V77C came as a surprise, as MTS reagents
are unable to penetrate the narrow, Ca* selective, store-
operated Orail pore (McNally et al., 2009). The only
Orail cysteine mutant able to interact with MTSEA has
a dilated pore induced by secondary mutation to selec-
tivity filter E106 (Orail-E106D/G98C; McNally et al.,
2012). Because position V77 is more intracellular than
the selectivity filter E81, and yet Orai3-V77C channels
lacking the secondary homologous E81D mutation are
able to interact with MTSEA to induce irreversible,
state-dependent channel block, we suggest that store-
operated Orai3 channels do in fact have wider pores
than store-operated Orail channels. Finally, Orai3-V77C
channels and homologous Orail-V102C mutant channels
have been reported to conduct preactivated, nonselec-
tive currents (McNally et al., 2012). In our hands, Orai3-
V77C channels were not preactivated.

Position L70 in TM1 is even deeper in the pore than
V77 (Fig. 6, A, D, and H). Although Orai3-L70C mutant
channels are more sensitive to block by Cd** than are
Orai3-WT channels, they do not exhibit MTS reagent-
induced irreversible block of 2-APB-activated current
(Fig. S2,Tand J). Perhaps L70C is too deep into the pore
or is hindered by bulkier, more extracellular residues,
such as F74, to be reached by bulkier MTS reagents.

Our data show that the 2-APB-activated Orai3 pore is
lined by at least three TM1 residues: Q83, V77, and L70.
The remaining TMI cysteine mutants we tested, ES1C,
G73C, and R66C, lost sensitivity to activation by 2-APB.
Therefore, we cannot say with certainty whether these
residues are involved in the formation of the 2-APB-
activated Orai3 pore. However, because E81 forms the
selectivity filter, we conclude that Q83, E81, V77, and
L70 are all involved in the formation of the 2-APB—
activated pore.

Structural insights from state-dependent effects of Orai3
TM3 E165 mutants

The state-dependent effects of Orai3 TM3 mutations
illustrate how the 2-APB-activated pore might differ
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from the store-operated pore. The E165A mutation
diminishes 2-APB-activated Orai3 current densities;
however, it does not alter current density carried by
store-operated Orai3 channels (Fig. 4). Furthermore,
position 165 within the Orai3 channel, as predicted
by the dOrai crystal structure (Fig. 6, A, E, and I),
is located directly behind and in between two TMI
pore-forming helices. We hypothesized that during
2-APB-induced pore dilation, position 165 might move
toward the central axis of the channel, thus affecting
the channel’s permeation properties. Perhaps muta-
tion E165A inhibits proper formation of the dilated
2-APB-activated Orai3 pore. The store-operated pore,
known to exclude TM3 residues from the conduc-
tion pathway, would exclude E165 from the TMI-
comprised conduction pathway, and thus mutation
E165A would have little effect on store-operated pore
formation or current density. Consistent with this hy-
pothesis, mutation E165C increased Cs® permeability
through the store-operated Orai3 pore, but did not
increase sensitivity to CdCl, block. In fact, compared
with store-operated Orai3-WT channels, store-operated
Orai3-E165C channels were approximately two times
less sensitive to block by CdCl,. However, 2-APB-acti-
vated Orai3-E165C channels were almost three times
more sensitive to block by CdCl, than were 2-APB-ac-
tivated Orai3-WT channels (Fig. 5). Our data suggest
that E165C is able to penetrate the 2-APB-activated
Orai3 conduction pathway and thus is able to interact
with incoming Cd*' ions. Comparing state-dependent
effects of mutations E165A and E165C on 2-APB-
activated and store-operated Orai3 currents leads us
to conclude that position 165 within Orai3 moves toward
the central axis of the channel and therefore assists in
pore formation, but only when the channel is activated
and dilated by 2-APB.
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