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Orai3 TM3 point mutation G158C alters kinetics of 2-APB-induced
gating by disulfide bridge formation with TM2 C101
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After endoplasmic reticulum (ER) Ca* store depletion, Orai channels in the plasma membrane (PM) are activated
directly by ER-resident STIM proteins to form the Ca**-selective Ca** release-activated Ca** (CRAC) channel. How-
ever, in the absence of Ca®* store depletion and STIM interaction, the mammalian homologue Orai3 can be acti-
vated by 2-aminoethyl diphenylborinate (2-APB), resulting in a nonselective cation conductance characterized by
biphasic inward and outward rectification. Here, we use site-directed mutagenesis and patch-clamp analysis to bet-
ter understand the mechanism by which 2-APB activates Orai3. We find that point mutation of glycine 158 in the
third transmembrane (TM) segment to cysteine, but not alanine, slows the kinetics of 2-APB activation and pre-
vents complete channel closure upon 2-APB washout. The “slow” phenotype exhibited by Orai3 mutant G158C
reveals distinct open states, characterized by variable reversal potentials. The slow phenotype can be reversed by
application of the reducing reagent bis(2-mercaptoethylsulfone) (BMS), but in a state-dependent manner, only
during 2-APB activation. Moreover, the double mutant C101G/G158C, in which an endogenous TM2 cysteine is
changed to glycine, does not exhibit altered kinetics of 2-APB activation. We suggest that a disulfide bridge, formed
between the introduced cysteine at TM3 position 158 and the endogenous cysteine at TM2 position 101, hinders
transitions between Orai3 open and closed states. Our data provide functional confirmation of the proximity of
these two residues and suggest a location within the Orai3 protein that is sensitive to the actions of 2-APB.

INTRODUCTION

Store-operated calcium entry (SOCE) enables calcium
ions (Ca®™) to enter cells in response to depletion of
ER Ca* stores, raising cytosolic Ca*" levels, refilling Ca**
stores, and ultimately turning on signaling cascades re-
sponsible for secretion, gene transcription, alterations
in motility, and cell proliferation (Putney, 1986; Bootman
et al., 2001; Parekh and Putney, 2005; Cahalan, 2009).
A series of RNAI screens led to the molecular identifica-
tion of two key proteins, STIM and Orai, that underlie
SOCE in numerous cell types (Liou et al., 2005; Roos
et al., 2005; Zhang et al., 2005; Feske et al., 2006; Vig
etal., 2006a). There are two mammalian homologues
of STIM, STIM1 and STIMZ2, and three of Orai, Orail,
Orai2, and Orai3. Together, STIM1 and Orail form the
highly Ca**-selective Ca®* release—activated Ca** (CRAC)
channel of T lymphocytes. ER membrane-resident STIM
proteins are Ca®" sensors capable of detecting Ca*
store depletion (Liou et al., 2005; Zhang et al., 2005).
Plasma membrane (PM)-bound Orai proteins are the
pore-forming subunits of the CRAC channel (Prakriya
et al., 2006; Vig et al., 2006b; Yeromin et al., 2006).
Upon ER Ca* store depletion, STIM molecules translo-
cate to cortical ER-PM junctions, where they physically
interact with and activate Orai (Cahalan, 2009; Soboloff
etal., 2012).
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Apart from opening in response to ER Ca** store deple-
tion via STIM1 interaction, Orai3 can be activated in a
STIMI-independent manner by 2-aminoethyl diphenyl-
borinate (2-APB; Lis et al., 2007; DeHaven et al., 2008;
Peinelt et al., 2008; Zhang et al., 2008). 2-APB activates
Orai3 channels by opening and dilating the conducting
pore (Schindl et al., 2008), resulting in a nonselective,
inwardly and outwardly rectifying cationic current. By
using Orail and Orai3 chimeras, we have previously
shown that the TM2-TM3 region of Orai3 is necessary
for activation by 2-APB (Zhang et al., 2008). Further-
more, mutation G183A in TM3 of Orail results in Orail
channels that respond to 2-APB in a fashion similar to
Orai3 channels (Srikanth et al., 2011).

Here, we use cysteine and alanine substitution along
with electrophysiological techniques to probe the con-
served Orai3 glycine residue at the middle of TM3, G158,
to understand what part this structural “hinge” may play
in 2-APB activation. Our evidence points to close prox-
imity of particular residues in TM3 and TM2, as indi-
cated by functional effects of disulfide bond-reducing
reagent bis(2-mercaptoethylsulfone) (BMS). We propose
that TM3 position 158 mutated to a cysteine residue can
interact with the endogenous TM2 C101 to form a disul-
fide bridge that can only be reduced by BMS during
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2-APB activation. Moreover, this disulfide bridge hin-
ders 2-APB in its mechanism of activation, thereby alter-
ing the kinetics of 2-APB-induced channel activation and
deactivation. We discuss these results in the context of a
recently published crystal structure of Drosophila melano-
gaster Orai (Hou et al., 2012).

MATERIALS AND METHODS

Molecular biology

A previously described construct, EGFP-Orai3-WT (Demuro et al.,
2011), was used as both WT control and as the template for the
generation of mutant cDNA. In brief, a 5" EcoR1 digestion site
was added to the N-terminal cDNA sequence of the Orai3 gene
(omitting the first ATG codon), and a 3" BamHI digestion site was
added to the C-terminal cDNA sequence of the Orai3 gene (after
the STOP codon). This Orai3 gene was then subcloned by EcoR1-
BamH1 (New England Biolabs, Inc.) to pEGFP-C2 (Takara Bio
Inc.), resulting in the construct EGFP-Orai3-WT. We used the
QuikChange Lightning Site-Directed Mutagenesis kit (Agilent
Technologies) to generate Orai3 mutants. All PCR products were
subcloned to new pEGFP-C2 backbone after mutagenesis by
EcoR1-BamHI1. EGFP-Orai3-G158C and EGFP-Orai3-G158A were
made on template EGFP-Orai3-WT. All double mutants were made
on template EGFP-Orai3-G158C. Maxipreps of all constructs were
prepared with QIAfilter Plasmid Maxi kit (QIAGEN) and sequenced
by Eton Biosciences. All constructs used in this study are EGFP
tagged at the N terminus to facilitate visual identification of trans-
fected cells. For simplicity, “EGFP” is omitted from construct names
throughout the text.

Primers used are as follows: G158C forward, 5-CTTCTCCAC-
TGCCCTGTGCACCTTTCTCTTCC-3'; and reverse, 5'-GGAA-
GAGAAAGGTGCACAGGGCAGTGGAGAAG-3'; G158A forward,
5'-CTCCACTGCCCTGGCCACCTTTCTCTTCC-3"; and reverse,
5'-GGAAGAGAAAGGTGGCCAGGGCAGTGGAG-3'; C101G for-
ward, 5'-GCCTTCAGTGCCGGCACCACCGTGC-3'; and reverse,
5-GCACGGTGGTGCCGGCACTGAAGGC-3'; and sequencing
forward, 5'-CATGGTCCTGCTGGAGTTCGTG-3'; and reverse,
5'-CCTCTACAAATGTGGTATGG-3'.

Cell culture

Human embryonic kidney (HEK) 293A cells (Invitrogen) were
incubated at 37°C, 5% COs, and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Lonza) supplemented with 10%
fetal calf serum (Omega Scientific) and 2 mM L-glutamine (Sigma-
Aldrich). Cells were passed twice per week. With each passage,
cells were rinsed with 2 mM EDTA-PBS solution, trypsinized
(Sigma-Aldrich), diluted 1:10 in fresh DMEM, and then trans-
ferred to new sterile T75 Corning flasks. For experiments, cells
were plated onto 6-well plate dishes and given 24-72 h to grow to
~95% confluency for transfection by Lipofectamine 2000 (Invit-
rogen), as advised by Invitrogen, with 1x OPTI-MEM I (Gibco).

Electrophysiology
HEK 293A cells were lifted 24 h after transfection, plated onto cus-
tom chambers coated with 100 pg/ml of sterile poly-lysine (Sigma-
Aldrich), and kept at 37°C overnight. Cells were chosen for
whole-cell recording by expression of EGFP, 24 h after replating.
Pipettes were pulled, Sylgarded, and fire-polished to ~2 M€
resistance. Patch-clamp experiments were performed at room tem-
perature in standard whole-cell recording. Only cells with high
input resistance (>1 G(2) were selected for recording. The series
resistance (2-7 M{)) was compensated by 80%. Membrane poten-
tials were corrected for the liquid junction potential of 10 mV
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between the pipette and bath solution. Currents were recorded
using an EPG-9 patch-clamp amplifier (HEKA). Protocols were
generated and data acquired by PULSE (HEKA). Data were digi-
tally filtered at 1 kHz for analysis and display. Our general proto-
col alternated voltage ramps lasting 220 ms from —120 to 100 mV
and pulses of 220 ms to —120 mV every 2 s from a holding poten-
tial of 0 mV. Five I-V curves were averaged for display. Leak cur-
rents before channel activation were averaged (five sweeps) and
subtracted from subsequent current records. Unless otherwise
stated, leak-subtracted I-V curves are displayed. Whole-cell cur-
rent amplitudes were normalized to measured cell capacitance
values to obtain current densities (pA/pF). Data were analyzed
and graphed in OriginPro 7.5.

The external solution consisted of (mM) 151.5 NaCl, 4.5 KClI,
2 CaCly, 10 HEPES, and 10 glucose, pH adjusted to 7.4 by NaOH,
osmolality adjusted to 325 mOsm/kg by sucrose. This external
solution was used as a standard for all others. 2-APB was added
from 100-mM stock (2-APB powder [Sigma-Aldrich] dissolved
in DMSO). BMS (EMD Millipore) was freshly prepared the day
of the experiment, added to warmed external solution, and vor-
texed to assist in solubilization. The internal solution consisted
of (mM) 144 CsAsp, 8 Mg-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) and osmolality
of 330 mOsm/kg.

Online supplemental material

Fig. S1 shows partial, reversible, BMS-induced block of 2-APB-
activated current carried by Orai3-WT channels. Fig. S2 shows
that a higher concentration (1 mM) of 2-APB does not increase
the rate of 2-APB activation of Orai3-G158C; instead, 1 mM 2-APB
partially blocks currents carried by both Orai3-WT and Orai3-
G158C. Fig. S3 shows gradual leftward shift of I-V relationships
produced by 2-APB-activated Orai3-G158C channels; I-V relation-
ships were taken every 1 min after 2-APB application for 5 min.
Fig. S4 shows a bar graph summarizing total 2-APB-activated cur-
rent amplitudes of three Orai3 double mutants: Orai3-C101G/
G158C, Orai3-C101A/G158C, and Orai3-C101S/G158C. Online
supplemental material is available at http://www.jgp.org/cgi/
content/full/jgp.201311030/DC1.

RESULTS

Mutation G158C alters kinetics of 2-APB activation
and washout
Upon extracellular application of 100 pM 2-APB, cells
transfected with Orai3-WT exhibited inwardly and out-
wardly rectifying currents that activated rapidly and
exponentially until saturation (n = 4). Compared with
Orai3-WT channels, Orai3-G158C channels activated at
a much slower rate and did not saturate (n=4). In con-
trast, Orai3-G158A channels, with nonreactive alanine
residues as opposed to the cysteine residues of Orai3-
G158C that may form disulfide bridges, mimicked Orai3-
WT channels, activating rapidly and reaching saturation
(n=5). Data are summarized by the time courses in Fig. 1
(A and B). Overall, Orai3-G158C channels exhibited an
eightfold decrease in the initial rate of rise of 2-APB-
activated current (Fig. 1I).

I-V shapes produced by mutants Orai3-G158C (Fig. 1,
D and G) and Orai3-G158A (Fig. 1, E and H) were simi-
lar to those of Orai3-WT (Fig. 1, C and F) channels;
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both sets of mutant channels still carried a nonselective,
inwardly and outwardly rectifying current. However, as
aresult of the perturbed, slow response to 2-APB activa-
tion, current densities carried by Orai3-G158C chan-
nels were reduced and failed to saturate within 5 min.
5 min after addition of 2-APB, both Orai3-WT and Orai3-
G158A channels exhibited currents with amplitudes
approximately three times greater than those of Orai3-
G158C channels (Fig. 1]).

After 2-APB washout, Orai3-WT channels closed
within 2 min as current densities rapidly and exponen-
tially fell to zero (Fig. 1, B and F). However, Orai3-
G158C channels failed to close (deactivate) after 2-APB
washout, resulting in a residual current of 15.8 + 3.2%
and 6.4 + 1.0% of the maximal inward and outward cur-
rents, respectively, recorded during the preceding 2-APB
treatment (Fig. 1, B and G). Orai3-G158A channels re-
covered from 2-APB treatment with rates not significantly
different from Orai3-WT, and they closed completely
(Fig. 1, B and H). These data are summarized by bar
graphs in Fig. 1 K. Collectively, these results indicate
that the G158C mutation results in a slow 2-APB—gating

phenotype, and the G158A mutation indicates that this
is probably not solely caused by decreased conforma-
tional flexibility within TM3.

G158C suggests multiple open 2-APB-activated states

Because Orai3-G158C channels continued to conduct
upon 2-APB washout, we sought to understand how the
mutation might affect channel function during consecu-
tive applications and washouts of 2-APB (Fig. 2, A and B).
We applied 100 pM 2-APB during whole-cell recordings
for 2-min intervals, separated by 1-min-long washout peri-
ods, and found that with each reapplication of 2-APB,
current densities jumped to amplitudes similar to those
before 2-APB washout (Fig. 2 A). This result suggests that
after 2-APB washout, mutant channels remain in a state
that is easier to activate than the closed channel state. Fur-
thermore, current density remaining after 2-APB washout
increased in amplitude with each subsequent sequence
of 2-APB application/washout (Fig. 2 B). Perhaps most
interestingly, the reversal potentials of currents carried
during consecutive 2-APB applications gradually shifted
leftward (Fig. 2, A, C, and E). Moreover, after these 2-APB
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applications, the I-V relationships of residual currents ex-
hibited progressively decreasing reversal potentials (Fig. 2,
B, D, and F). This leftward shift of reversal potentials has
been observed previously for WT Orai3 channels (Schindl
etal., 2008). Here, we suggest that the G158C mutant is
trapped in several distinct open states during 2-APB treat-
ment, resulting in reversal potentials that range from 46.5
to 6.5 mV. We suggest that the mechanism by which 2-APB
activates Orai3 involves a series of conformational changes,
which result in several distinct open states, each charac-
terized by the extent of pore dilation and a correspond-
ingly decreased reversal potential.

State-dependent reversal of G158C “slow” phenotype

by BMS application during 2-APB activation

Because the G158C mutation, but not G158A, alters the
kinetics of 2-APB activation and washout, we sought to
understand whether the introduced cysteine forms a disul-
fide bridge with another cysteine in the vicinity. If that
were the case, then reducing the hypothesized disulfide
bridge would revert the slow G158C phenotype back to
WTHike kinetics. To test this hypothesis, we used the reduc-
ing reagent BMS before or during the slow activation of
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Figure 2. Slow G158C phenotype reveals distinct, 2-APB-induced,
open states, characterized by altered reversal potentials. (A and B)
Time course of Orai3-G158C (GC), activated by consecutive ap-
plications of 100 pM 2-APB for 2 min, interspersed by 1-min-long
durations of washout with Ringer solution, represented as mean
current density + SEM (pA/pF) versus time (s; n = 3). For clarity,
only minus SEM is shown. (C and D) IV relationships match time
points labeled in A and B, respectively. (E and F) Polynomial fits
of I-V relationships represented in C and D, respectively, show
gradual leftward shift of reversal potential.
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Orai3-G158C by 2-APB. For comparison, without BMS
treatment, 2-APB application caused a slow, linear rise in
inward and outward currents (Fig. 3, A and D; see also
Figs. 1 and 2). When BMS was added to standard exter-
nal solution and then removed before 2-APB application,
2-APB-activated currents were not greatly altered (Fig. 3,
B and E). In contrast, BMS treatment during 2-APB ap-
plication resulted in Orai3-G158C currents that rose rap-
idly and exponentially, similar to Orai3-WT. Furthermore,
the reversal potential quickly shifted leftward to ~2.5 mV
(Fig. 3, G, F, and G), thus mimicking the kinetics, rectifi-
cation, and shift in reversal potential of Orai3-WT chan-
nels without BMS treatment (as shown in Fig. 1 A, C,
and F; and Fig. 3 H). Control experiments on Orai3-WT
showed that the initial reduction in current during BMS
treatment is caused by reversible block unrelated to re-
duction of disulfide bonds (Fig. SI1). Fig. 3 I summarizes
the rates of rise of 2-APB-activated currents for both
inward and outward components of the current. We
conclude that reduction of a disulfide bridge formed
within the Orai3-G158C channel allows 2-APB to enter
and activate the channel with kinetics similar to that of
Orai3-WT channels. Moreover, because the rapid, expo-
nential rise of current and decrease in reversal potential
only occurs subsequent to BMS treatment during 2-APB
activation, we conclude that the action of BMS is state
dependent; only after 2-APB activation can BMS reduce
the disulfide bond.

Double mutant C101G/G158C abrogates the slow

G158C phenotype of 2-APB activation

We next sought to identify the location of the disulfide
bridge responsible for the slow phenotype of Orai3-
G158C. We reasoned that TM3 position 158 would be bur-
ied within the PM and thus would only be able to interact
with cysteines that are also positioned within the PM. Of
the four endogenous Orai3 cysteines, two are in the extra-
cellular TM3-TM4 loop and two are in TM2. Based on
sequence analysis, we hypothesized that C101 of TM2
might be in the vicinity of G158. If this were the case, then
C101 might be able to form a disulfide bridge with the
introduced cysteine of Orai3-G158C channels, and per-
haps in doing so create steric hindrance to 2-APB acti-
vation. To test our hypothesis, we generated the double
mutant Orai3-C101G/G158C and transfected it into HEK
293A cells. The double mutant behaved much like Orai3-
WT; current density rose rapidly, saturated in response to
2-APB application, and declined to zero immediately
after 2-APB washout (Fig. 4, A-D). This result is consistent
with disulfide bridge formation between TM2 and TM3,
which slows the rate of 2-APB channel activation.

Increased 2-APB concentration does not increase the rate
of 2-APB activation, instead results in partial block

We also tested whether the slow phenotype exhibited
by Orai3-G158C channels might be caused by an altered
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dose response of mutant Orai3 channels to 2-APB. To
test this, we applied varying concentrations of 2-APB
during whole-cell recording. Instead of more rapid acti-
vation and increased current density, the higher con-
centration (1 mM) of 2-APB inhibited further rise or
fractionally reduced current density for both Orai3-G158C
(Fig. S2, A and B) and Orai3-WT (Fig. S2, C and D).
Therefore, the slow activation of Orai3-G158C does not
result from a decreased sensitivity to 2-APB.

DISCUSSION

Sequence analysis of Orai channels revealed an inter-
nal homology between TM1 and TMS3, suggesting evo-
lution of the protein by gene duplication (Cai, 2007).
Both TM domains have glutamates toward the extra-
cellular side, glycines at their centers, and an arginine
on the intracellular side of TM1 or a tryptophan in
TM3. The importance of these TM1 and TM3 residues
for ion permeation and gating is reinforced by muta-
genesis studies. E106 in Orail, E81 in Orai3, and E180
in dOrai, each at the extracellular side of TM1, were
identified as residues that confer a high degree of Ca*
selectivity (Prakriya et al., 2006; Vig et al., 2006a; Yeromin
et al., 2006; Schindl et al., 2008; Demuro et al., 2011).
The TM3 glutamates (E190 in Orail and E165 in Orai3)
also contribute to Ca* selectivity (Prakriya et al., 2006;
Vig et al., 2006a; Yamashita et al., 2007; Schindl et al.,
2008). Glycine residues near the middle of TM1 (Zhang
etal., 2011) and TM3 (Srikanth et al., 2011) of Orail
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In this manuscript, we further probe the Orai3 TM3
central glycine, G158, to understand its role in 2-APB
activation. We show that Orai3-G158C channels, but not
Orai3-G158A channels, exhibit greatly reduced rates
of activation by 2-APB and continued persistent chan-
nel activity after 2-APB washout (Fig. 1). Because Orai3-
GI158A channels do not exhibit altered kinetics of activa-
tion, we conclude that mutation G158C does not simply
reduce the flexibility of TM3, which might result in this
slow phenotype. Moreover, consecutive rounds of 2-APB
application/washout reveal two interesting properties
of Orai3-G158C channels: (1) reapplication of 2-APB
after washout results in current amplitudes similar to
those exhibited before washout and (2) just as current
densities increase during 2-APB application, amplitudes
of residual current after 2-APB exposure progressively
increase. Furthermore, reversal potentials of currents
carried by Orai3-G158C channels gradually shift leftward,
signifying greater pore dilation (Fig. 2 and Fig. S3).
Based on these data, we propose that the G158C muta-
tion sterically hinders 2-APB from easily entering and
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Figure 4. Double mutant Orai3-C101G/G158C abrogates the
slow G158C phenotype. (A) Time course of Orai3-C101G/G158C
(CG/GQ), activated by 100 pM 2-APB (n = 3), represented as
mean current density + SEM (pA/pF) versus time (s). For clarity,
only minus SEM is shown. (B) I-V relationship corresponding
to labeled time point in A. (C) Bar graph summarizing rise of
inward and outward components of the 2-APB-activated current
density (pA/pF) over time (s; first 30 s after solution exchange)
for Orai3-WT (WT; n=4), Orai3-C101G/G158C (CG/GC; n=3),
and Orai3-G158C (GC; n = 4). Values for WT and GC are taken
from Fig. 1 I. (D) Bar graph summarizing percent current
density (pA/pF) remaining 40 s after 2-APB washout compared
with current density recorded before 2-APB washout for WT,
CG/GC, and GC. Values for WT and GC are taken from Fig. 1 K.
Error bars show SEM.
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exiting Orai3 channels, thus slowing rates of activation
and washout and trapping the channel in distinct open
states characterized by altered reversal potentials and
extents of pore dilation. The slow G158C phenotype
suggests a step-wise mechanism for 2-APB activation in
which 2-APB penetrates and activates Orai3 channels by
inducing conformational changes leading to distinct
intermediate open states, until a complete open state,
associated with current density saturation and barely
positive reversal potential, is reached.

This proposed mechanism of progressive conforma-
tional change by pore dilation and decrease in reversal
potential during 2-APB activation is similar to the graded
mechanism used by STIM molecules, which physically
attach to and activate Orai channels (Cahalan, 2009;
Soboloff et al., 2012). The physical interaction allows
STIM molecules to regulate the CRAC channel’s hall-
mark biophysical properties: Ca** selectivity (McNally
et al., 2012), CaQ*-dependent inactivation (Mullins et al.,
2009; Scrimgeour et al., 2009; Hoover and Lewis, 2011),
and current amplitude (Scrimgeour et al., 2009; Hoover
and Lewis, 2011). Once the optimal ratio of interacting
STIM1/Orail molecules is reached (2:1), Orail chan-
nels exhibit maximum Ca*-dependent inactivation and
current density. This concept of graded activation of
Orail by STIMI is further supported by a study that
used chimeric constructs composed of Orail subunits
in tandem with the activating, cytosolic regions of STIM1
(Li et al., 2011). The study concluded that current am-
plitude carried by Orail channels increases as more
STIM1 molecules bind and that maximum current am-
plitude is reached when two STIM1 molecules bind to
each Orail subunit. Although we do not measure the
stoichiometry of 2-APB molecules to Orai3-G158C mol-
ecules, we do see a trend of greater pore dilation char-
acterized by progressive decrease in reversal potential with
increased time of 2-APB treatment, a biophysical hall-
mark of 2-APB-activated Orai3 (Schindl et al., 2008). Fur-
thermore, 2-APB and STIMI1 antagonize each other as
modulators of Orai3 channels; STIM1-bound Orai3 chan-
nels resist 2-APB activation, whereas 2-APB-activated chan-
nels resist STIMI-induced channel opening (Yamashita
etal., 2011). We suggest that 2-APB and STIM1 use simi-
lar graded mechanisms of activation, both inducing a
series of conformational changes upon binding, lead-
ing to step-wise opening of the Orai channel. Once the
Orai3 channel’s conformation changes in response to
either 2-APB or STIMI1 binding, the channel can no
longer accommodate the binding of or interaction with
the other modulator. Perhaps as STIM1 binds, the site
of 2-APB interaction becomes physically unavailable,
and as 2-APB activates the nonselective pore, the sites of
STIMI interaction become physically unavailable.

In this study, we also find that the slow activation by
2-APB exhibited by Orai3-G158C channels can be re-
versed upon application of reducing reagent BMS, but
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in a state-dependent manner, only during channel acti-
vation by 2-APB (Fig. 3). This result and the WT behav-
ior of the double mutant Orai3-C101G/G158C (Fig. 4)
suggest that a cysteine residue at position 158 forms
a disulfide bridge with the endogenous C101 in TM2.
This disulfide bridge strains the channel or hinders
access and leads to slowed kinetics of 2-APB activation.
Furthermore, because the effects of BMS are state depen-
dent, we show that the disulfide bridge formed between
G158C and endogenous C101 can only be cleaved when
the channel is in its open state. Perhaps as 2-APB dilates
the pore, TM1 domains move away from one another,
allowing BMS to enter the pore and influence the chemi-
cal environment of the nearby TM2/TM3 ring that cor-
rals the TM1 pore—forming segments. We would like to
note that even after BMS treatment during 2-APB acti-
vation (Fig. 3 C), Orai3-G158C channels exhibited resid-
ual current upon 2-APB washout. We propose that this
might be caused by (a) incomplete BMS treatment, (b) ref-
ormation of disulfide bridges upon BMS washout, or
(c) reduced, free cysteines in TM3 of Orai3-G158C pre-
venting complete channel closure. Furthermore, whereas
Orai3-C101G/G158C channels exhibit kinetics similar
to WT channels, they do carry currents of lower ampli-
tude. We suggest that this is in part caused by overall
structural changes that might occur with increased num-
ber of mutations within the TM2/TM3 region, which is

Figure 5. Crystal structure of Drosophila Orai (dOrai) predicts
locations of Orai3 residues C101 and G158 and proposed intra-
subunit disulfide bond. (A and B) Extracellular (A) and side
(B; with four of six subunits removed for clarity) views of dOrai.
(Cand D) Zoomed-in images showing TM2 and TM3 of both sub-
unit types B and A, respectively. Subunit A is depicted as blue a
helices, subunit B as red a-helices, C198 (homologous to Orai3
C101) as yellow van der Waals spheres, and G255 (homologous
to Orai3 G158) as green van der Waals spheres. a carbons of resi-
dues C198 and G255 are within 10 A of each other.

necessary for Orai3 activation by 2-APB (Zhang et al.,
2008). Both double mutants Orai3-C101A/G158C and
Orai3-C101S/G158C do not activate upon 2-APB appli-
cation (Fig. S4), providing further evidence that the
2-APB-binding site is altered.

Finally, with our data and the crystal structure in mind,
we suggest that a set of intrasubunit disulfide bridges
form between an introduced cysteine at position 158
and the endogenous TM2 C101. The crystal structure
demonstrates that TM2 and TM3 domains of Orai sub-
units are in fact adjacent to each other (Fig. 5, A and B)
and that positions C198 and G255 (homologous to C101
and G158 of Orai3) are both pointed toward the center
within a single dOrai subunit (Fig. 5 B). The a carbons
of these two residues are within 10 A of one another
(Fig. 5, C and D). Perhaps this distance is decreased when
the channel is in motion in a physiological setting in real
time, or perhaps the G158C mutation itself results in
decreased proximity between positions 158 and 101. This
work offers the first structural link between the TM2
and TM3 domains of Orai channels, as revealed by site-
directed mutagenesis and patch-clamp analysis, and fur-
ther validates the crystal structure.
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