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S-acylation of Orai1 regulates store-operated Ca2+ entry
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ABSTRACT
Store-operated Ca2+ entry is a central component of intracellular Ca2+

signaling pathways. The Ca2+ release-activated channel (CRAC)
mediates store-operated Ca2+ entry in many different cell types. The
CRAC channel is composed of the plasmamembrane (PM)-localized
Orai1 channel and endoplasmic reticulum (ER)-localized STIM1Ca2+

sensor. Upon ER Ca2+ store depletion, Orai1 and STIM1 form
complexes at ER–PM junctions, leading to the formation of activated
CRAC channels. Although the importance of CRAC channels is well
described, the underlying mechanisms that regulate the recruitment
of Orai1 to ER–PM junctions are not fully understood. Here, we
describe the rapid and transient S-acylation of Orai1. Using
biochemical approaches, we show that Orai1 is rapidly S-acylated
at cysteine 143 upon ER Ca2+ store depletion. Importantly,
S-acylation of cysteine 143 is required for Orai1-mediated Ca2+

entry and recruitment to STIM1 puncta. We conclude that store
depletion-induced S-acylation of Orai1 is necessary for recruitment to
ER–PM junctions, subsequent binding to STIM1 and channel
activation.

KEY WORDS: Palmitoylation, S-acylation, Calcium, Ca2+ channel,
Orai1

INTRODUCTION
Orai1 and STIM1 form Ca2+ release-activated channels (CRAC),
which are required for store-operated Ca2+ entry (SOCE). Orai1, the
pore-forming subunit of the CRAC channel (Feske et al., 2006;
Prakriya et al., 2006; Yeromin et al., 2006), is a plasma membrane
(PM)-localized protein, while STIM1 is localized to the
endoplasmic reticulum (ER) membrane and has a Ca2+-sensing
EF hand within the ER lumen and a cytosolic domain that binds
Orai1 (Liou et al., 2005; Roos et al., 2005). At rest, STIM1 is in a
folded conformation as a dimer with Ca2+ bound to the EF hands.
Upon cellular stimulation, ER Ca2+ stores are depleted, leading to a
loss of STIM1 binding to Ca2+. Loss of Ca2+ binding to STIM1
leads to an extended conformation in the cytosolic domain that
allows it to bind to Orai1 at ER-PM junctions (Baba et al., 2006;Wu
et al., 2006). The binding of Orai1 to STIM1 activates the channel

causing temporally distinct Ca2+ elevations in the cytosol that
modulate downstream cellular signaling pathways such as cell
migration, proliferation, and apoptosis (Hogan and Rao, 2015;
Prakriya et al., 2006). The importance of Orai1–STIM1-mediated
SOCE has been well described (Feske, 2019); however, it is still not
fully understood what mechanisms regulate the recruitment of Orai1
to ER–PM junctions allowing for CRAC channel formation and
SOCE. Orai1 and STIM1 are critical regulators of T cell function,
and mutations in these proteins cause primary immunodeficiencies,
myopathy with tubular aggregates and Stormorken syndrome (Baba
and Kurosaki, 2009; Hogan and Rao, 2015). Thus, understanding
how CRAC channels are activated has high relevance to human
disease.

S-acylation is the reversible post-translational lipidation of a
cysteine residue and can regulate protein trafficking, function and
stability. Many transmembrane proteins are S-acylated, such as BK
channels (Tian et al., 2008), G protein-coupled receptors (Chini and
Parenti, 2009; Young and Albert, 2001), calnexin (Lynes et al., 2012)
and others (Wang et al., 2020). It has been suggested that at least 15%
of the human proteome may be S-acylated (Blanc et al., 2019).
Although this S-acylation was discovered over 30 years ago (Schmidt
and Schlesinger, 1979), it was not until recently that it has been
appreciated as a highly dynamic regulator of signaling pathways. This
discovery has been facilitated by the development of highly sensitive
and reliable methods for detecting S-acylation (Wan et al., 2007). Our
group and others have shown that dynamic acylation is a critical
regulator of T cell signaling and function (Akimzhanov and
Boehning, 2015; Fan et al., 2020; Hundt et al., 2006, 2009;
Ladygina et al., 2011; Paige et al., 1993; Tewari et al., 2020).

Here, we show that Orai1 is rapidly S-acylated on cysteine 143
after store depletion. Mutation of cysteine 143 to serine eliminated
S-acylation of Orai1, and led to severely reduced store-operated
Ca2+ entry. The C143S mutant could not be efficiently recruited to
STIM1 after store depletion, indicating that S-acylation of Orai1 is
necessary for recruitment to PM–ER subdomains and subsequent
activation of the channel.

RESULTS AND DISCUSSION
Orai1 is transiently S-acylated at cysteine 143
During a proteomic screen for S-acylated proteins, we found that
Orai1 is S-acylated in Jurkat T cells. Orai1 has three cysteine
residues, C126 within the second transmembrane domain, C143
within the cytosol in the TM2/TM3 loop and C195 in the third
transmembrane domain facing the extracellular space (Fig. 1A).
S-acylation only occurs on the cytosolic side of membranes, and
thus we hypothesized that C143 is the site of S-acylation. We used
acyl-biotin exchange (ABE) to determine whether recombinant
Orai1–YFP was S-acylated. As a positive control, we used the well-
established and stably S-acylated protein calnexin. As shown in
Fig. 1B, wild-type (WT) Orai1, but not the C143S mutant, was
acylated when expressed in HEK293T cells. Next, we used Jurkat
T cells to assess the effects of agonist-induced Ca2+ release on
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S-acylation of endogenous Orai1. Stimulation of the T cell receptor
(TCR) activates phospholipase C-γ1 (PLC-γ1), which then
produces the second messenger, inositol 1,4,5-trisphosphate (IP3),
leading to activation of the IP3 receptor and subsequent depletion of
ER stores (Baba and Kurosaki, 2009). We found that treatment of
the TCR with OKT3 (anti-CD3) antibody resulted in a significant,
∼4-fold, increase in Orai1 S-acylation (Fig. 1C,D). Similar to what
is seen with phosphorylation of PLC-γ1 (Fig. 1C, input), the
increase in Orai1 S-acylation was transient, peaking at 2 min and
returning to baseline levels after prolonged stimulation. These data
indicate that Orai1 is rapidly and transiently S-acylated at C143, and
this S-acylation is triggered by ER Ca2+ store depletion upon
engagement of the TCR.

Orai1 S-acylation is necessary for store-operated Ca2+ entry
To determine whether Orai1 S-acylation affects CRAC channel
function, we performed whole-cell voltage clamp recordings in cells

co-expressing WT STIM1–mRFP and either WT or C143S
Orai1–YFP. In Fig. 2A, representative traces of WT (red) and
C143S (blue) currents collected at −100 mV are shown. ER Ca2+

store depletion was initiated by inclusion of 50 µM IP3 in the patch
pipette. WT Orai1 activation developed with three phases:
activation (0–45 s), inactivation (50–100 s) and a plateau
(100–150 s). In contrast, C143S Orai1 channels displayed a
slowly developing low amplitude response to IP3. Representative
basal and peak current-voltage relationships are shown (Fig. 2B),
with labeling indicating the time point the I–V curve was collected
on the trace in Fig. 2A. The average peak current density of WT
Orai1 channels (−58.23 pA/pS) was significantly higher than that
for the C143S Orai1 channels (−8.80 pA/pS) (Fig. 2C).

We next characterized Orai1 function using Fura-2 Ca2+ imaging
in Orai triple-knockout (TKO; i.e. with a knockout of Orai1, Orai2
and Orai3) HEK293 cells (Yoast et al., 2020). The TKO cells were
co-transfected with STIM1–mRFP and either WT or C143S Orai1–

Fig. 1. Orai1 is transiently S-acylated at cysteine 143. (A) Schematic of the localization of the three Orai1 cysteine residues. (B) HEK293T cells were
transfected with WT or C143S Orai1–YFP, and ABE was performed. The absence of hydroxylamine (-HA) was used as a control for non-specific binding to the
resin. Calnexin is used as a positive control for S-acylation. Representative of n=3. (C) Jurkat cells were treated with αCD3 for 0, 2, 5 or 15 min, followed by
ABE. A representative western blot of four experiments is shown. Calnexin is used as a positive control for S-acylation. In this experiment, calnexin also
functions as a loading control for quantification of changes in Orai1 S-acylation because its levels do not change during cellular stimulation (Lynes, et al., 2012).
Representative input blots show levels of Orai1, pPLC-γ1 (proof of cellular stimulation), total PLC-γ1, and calnexin prior to ABE. (D) Quantification of fold change
in Orai1 S-acylation normalized to calnexin (n=4). Error bars indicate s.e.m. 0 vs 2 P=0.0245; 0 vs 5 P=0.0300; 0 vs 15 P=0.0272 (unpaired, two-tailed t-test).
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YFP channels. Store depletion was induced by the addition of
10 µM thapsigargin in Ca2+-free medium. Ca2+ entry through
recombinant Orai1 channels was initiated by the addition of 1 mM
Ca2+. Using this Ca2+ add-back experimental paradigm, there is no
Ca2+ entry in TKO cells unless recombinant Orai channels are
expressed (Yoast et al., 2020; Zhang et al., 2020). Cells expressing
WT Orai1 had robust Ca2+ entry after Ca2+ add-back (Fig. 2D). In
contrast, cells expressing C143S Orai1 had significantly reduced
Ca2+ entry (Fig. 2D,E). The time to peak for C143S channels was
also significantly shorter compared to that seen with WT Orai1,
consistent with decreased Ca2+ entry (Fig. 2F). In total, S-acylation
deficient C143S channels are not able to efficiently support store-
operated Ca2+ entry.

S-acylation of Orai1 is required for clustering and
recruitment to STIM1
S-acylation can function to sequester proteins in plasma membrane
subdomains (Lin, 2021). We hypothesized that the C143S mutation

may inhibit recruitment to PM–ER subdomains where Orai1 binds
to STIM1. We examined the plasma membrane distribution of WT
Orai1–YFP, C143S Orai1–YFP and STIM1-mRFP in Orai TKO
cells using total internal reflection fluorescence (TIRF) microscopy.
WT Orai1–YFP and the C143S–YFP mutant were both present in
the TIRF plane, indicating that expression and localization to the
plasma membrane was not compromised in the C143S mutant
channel (Fig. 3A). Cells were stimulated with 10 µM thapsigargin to
induce ER Ca2+ store depletion and subsequent clustering of Orai1
with STIM1. Thapsigargin treatment led to the rapid recruitment of
WT Orai1-YFP into puncta with STIM1, as expected (Fig. 3A;
Fig. S3). This was reduced in the C143S acylation-deficient mutant.
We calculated the Pearson correlation coefficient to quantify
colocalization between YFP-tagged Orai1 and mRFP-tagged
STIM1 proteins. Upon ER store depletion, there was rapid
colocalization of WT Orai1–YFP and STIM1–mRFP. In contrast,
the C143S Orai1–YFP mutant channel had deficient recruitment to
STIM1–mRFP in the TIRF plane (Fig. 3B). This was quantitatively

Fig. 2. Orai1 S-acylation is necessary for store-operated Ca2+ entry. Whole-cell recordings were performed on HEK293T cells co-expressing STIM1–mRFP
and either WT Orai1–YFP or C143S Orai1–YFP. (A) Representative traces of WT (red) and acylation-deficient mutant C143S (blue) Orai1 channel currents
(representative of 12 experiments for each condition) were collected at −100 mV immediately upon whole-cell configuration set up. 50 µM IP3 was included in
the pipettes to activate IP3 receptors to induce ER Ca2+ store depletion. (B) Representative current–voltage (I–V ) relationships (representative of 12 experiments
for each condition) of WT and C143S Orai1 channels. Labeling on the left corresponds to the time point that the I–V curve was collected on the trace in A. (C)
Quantification of average peak current density of WT and C143S Orai1–YFP channels (n=12 cells for each condition). Error bars indicate s.e.m. P<0.0001
(unpaired two-tailed t-test). (D) Fura-2 experiments were conducted on Orai TKO HEK293 cells expressing WT or C143S Orai1–YFP and WT STIM1–mRFP.
Cells were first imaged in Ca2+-free medium, then treated with 10 µM thapsigargin (TG) in the absence of Ca2+ to induce Ca2+ store depletion. Cells were then
treated with 10 µM TG in the presence of 1 mM Ca2+ to induce Ca2+ entry. Representative single cell traces are shown as representatives of three individual
experiments. There was no difference in basal Ca2+ or peak TG-induced Ca2+ release from the pooled data. (E) Quantification of peak Ca2+ entry of WT and
C143S Orai1–YFP channels. (F) Quantification of the time to peak Ca2+ entry of WT and C143S Orai1-YFP channels. In E and F, each data point represents a
single cell, and the data is pooled from three experiments. Error bars indicate s.d. P-values were calculated with an unpaired two-tailed t-test.
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reflected in the significantly lower peak colocalization of the
C143S mutant with STIM1 (Fig. 3C). We also performed a
co-immunoprecipitation assay with WT and C143S Orai1–YFP
overexpressed in HEK293T cells. The transfected cells were
stimulated with 10 µM thapsigargin for 0 or 5 min, and
immunoprecipitated using a STIM1 antibody (Fig. S2). Although
we observed an upward trend in WT Orai1–YFP binding to STIM1
after thapsigargin treatment that was not seen in C143S Orai1–YFP,
there were no significant changes between groups. This is likely due
to the formation of self-activating Orai1–STIM1 complexes
observed in cells overexpressing Orai1 protein (Dynes et al.,
2016; Li et al., 2011). Owing to these limitations, we conclude that
the co-immunoprecipitation assay is unsuitable for assessment of
Orai1–STIM1 interaction when overexpressed. Overall, our TIRF
data strongly suggest that the lack of Orai1 S-acylation results in
significantly less colocalization with STIM1 at ER–PM junctions
after store depletion.

Orai1 S-acylation is required for the recruitment of active
Ca2+ channels to puncta
Using Orai1 fused to the Ca2+ indicator protein GCaMP6f, it is
possible to specifically measure the activity of Orai1 individual
channels or clusters of channels (Fig. 4A; Dong et al., 2017). We
hypothesized that this protein could be used to simultaneously
evaluate the combined effects of the C143S mutant on activity and
assembly with STIM1. Orai1–GCaMP6f is only fluorescent when
the Orai1 channel is open, and thus there is little fluorescence under
resting conditions (Fig. 4A; Fig. S4). Addition of thapsigargin

in Ca2+ free solution marginally increased the fluorescence of
Orai1–GCaMP6f, consistent with the specificity of this fusion
protein in measuring Ca2+ exiting the cytosolic pore of the channel
(Fig. 4B). Ca2+ add-back to induce Ca2+ entry resulted in a large
increase in Orai1-GCaMP6f fluorescent puncta, indicating both
increased activity and clustering of channels (Fig. 4A–C). The
C143S mutant had reduced fluorescence when compared to the WT
channel upon Ca2+ add-back, consistent with reduced activity. The
total number of Orai1–GCaMP6f particles appearing after Ca2+

add-back is representative of the number of active channels being
recruited to puncta, where STIM1 is also localized. We found a
significantly reduced number of active C143S puncta after Ca2+

add-back, indicative of defective recruitment to STIM1 (Fig. 4D).
The few C143S mutant channels that are active suggests that a small
pool of C143S channels bound to STIM1 in a store depletion-
independent manner or are stochastically localized with puncta
during add-back. We conclude that Orai1 C143S mutant channels
are capable of gating; however, they have dysregulated recruitment
to STIM1 after store depletion resulting in the activation of fewer
channels.

Here, we have shown that store depletion-induced S-acylation
of Orai1 at cysteine 143 (C143) is required for recruitment to
STIM1 and subsequent store-operated Ca2+ entry. Using the ABE
assay, we find that a significant fraction of endogenous Orai1 is
rapidly and transiently S-acylated at C143 in response to TCR
stimulation, indicating that reversible S-acylation of Orai1 can serve
as a signal transduction mechanism mediating T cell immune
responses.

Fig. 3. S-acylation of Orai1 is required for clustering and recruitment to STIM1. (A) Representative TIRF images from six individual experiments of Orai
TKO HEK293 cells expressing WT (top) or C143S (bottom) Orai1–YFP (green) and STIM1–mRFP (red). Thapsigargin (TG) was added at 60 s.
Representative experiments can be viewed in Movies 1 and 2. The images in A are 68×75 µM for WT and 46×35 µM for C143S. (B) Quantification of WT and
C143S Orai1–YFP colocalization with STIM1–mRFP using Pearson’s correlation coefficient over time. Traces represent averages pooled from at least three
separate experiments. The data was normalized at time zero. (C) Peak normalized colocalization quantification of WT and C143S Orai1–YFP with WT
STIM1–mRFP. Each data point represents a single cell, and the data is pooled from three experiments. Error bars indicate s.d. P-values were calculated with
an unpaired two-tailed t-test.
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Cysteine residues are the target of several post-translational
modifications. In Orai1, the only previously known modification of
cysteine residues was oxidation. Several reports have systematically
analyzed the oxidation state of the three cysteine residues in Orai1
(Alansary et al., 2015; Bogeski et al., 2010). These studies have
shown that cysteine 195 is the redox sensor, and cysteine 143 is not
subject to this modification (Alansary et al., 2015; Bogeski et al.,
2010). We conclude that changes in Orai1 function in the C143S
mutant are most likely due to the lack of S-acylation (as shown in
Fig. 1B) and not other modifications. We also found that this
mutation does not affect protein expression or trafficking to the
plasma membrane, and thus our observed effects on function are not
due to low protein expression, protein degradation or intracellular
retention (Figs 1B, 3A, 4A; Fig. S1). Instead, our data suggest the
effects of the C143Smutant are due to a lack of lateral recruitment to
STIM1. Our data can be explained by a model where the initial Ca2+

release from the ER stores, triggered by antigenic stimulation,
activates a protein acyltransferase which then rapidly S-acylates
Orai1. Orai1 then translocates to the specialized membrane
microdomains where it can interact with STIM1. We have shown
that the protein acyltransferase DHHC21 mediates TCR and Fas
signaling in T cells (Akimzhanov and Boehning, 2015; Fan et al.,
2020), and is activated by Ca2+-calmodulin to dynamically
S-acylate TCR components in vitro and in vivo (Shayahati et al.,
2021). Thus, DHHC21 is an obvious target in future studies
examining the enzymatic mechanisms by which Orai1 is S-acylated
in T cells.
How Orai1 and STIM1 are recruited to PM–ER contact sites is

still incompletely understood. Several models have been suggested
for the recruitment of Orai1 to these junctions, of which the
diffusion-trap model is the most predominant (Hogan et al., 2010;
Wu et al., 2014). In this model, Orai1 diffusing in the plasma
membrane becomes trapped at PM–ER junctions through
interaction with STIM1. It is known that store depletion greatly
reduces the lateral mobility of both Orai1 and STIM1, and this is
associated with stable yet transient interactions at PM–ER junctions
(Katz et al., 2019; Luik et al., 2006; Qin et al., 2020). Our data
suggest there may be an additional mechanism to facilitate
sequestration of Orai1 in membrane subdomains – S-acylation
and translocation to lipid rafts, which would facilitate both
oligomerization and association with STIM1. This would be
particularly relevant for the function of Orai1 in T cell signaling,
as the immunological synapse is known to concentrate S-acylated

signaling proteins to modulate downstream responses such as NFAT
activation and IL-2 production (Ladygina et al., 2011). As such,
our findings may provide insight into defects on Orai1 function in
T cells in human primary immunodeficiencies and reveal new
targets for therapeutic intervention.

MATERIALS AND METHODS
Cells, antibodies and constructs
The HEK293T cell line was obtained from American Type Culture
Collection and maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1% L-glutamine and 1%
penicillin-streptomycin. Orai triple knockout (TKO) HEK293T cells (Yoast
et al., 2020) were a kind gift of Dr Mohamed Trebak (Penn State University
Medical Center, Hershey, PA, USA) and maintained in the same medium.
Cells were passed every 3 days until passage 30. The cells were plated on
either polystyrene tissue culture dishes (Corning) or on poly-L-lysine
(Sigma-Aldrich, P-8920) coated glass coverslips. Cells were transfected
with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions with 0.75 µg Orai1 plasmid and/or 2.25 µg STIM1 plasmid per
35 mm well. All cells were maintained at 37°C and 5% CO2. Imaging was
carried out 18 h after transfection. The following antibodies were purchased
from Cell Signaling Technology: STIM1 (#4916S), calnexin (#2679), Lck
(#2787), GFP (#2955), PLC-γ1 (#2822), pPLC-γ1 (#2821), and anti-rabbit
IgG, HRP-linked secondary antibody (#7074S). Anti-human CD3 antibody
was purchased from eBioscience, #14-0037-82. The Orai1 antibody was
produced by Alomone Labs, #ACC-062. Orai1-YFP was a gift from Anjana
Rao (Addgene plasmid #19756). Orai1-C143S-YFP and Orai1-C143S-
GCaMP6f were built using a q5 mutagenesis kit (NEB) and the primers
5′-CATGATCAGCACCTCCATCCTGCCCAAC-3′ and 5′-GTTGGG-
CAGGATGGATGGAGGTGCTGATCATG-3′. Orai1-GCaMP6f was
Addgene #73564 (deposited by Michael Cahalan). STIM1–mRFP
was a gift from David Holowka and Barbara Baird (Cornell
University, Ithaca, NY, USA).

Acyl biotin exchange assay
Protein S-acylation was determined by performing a acyl biotin exchange
(ABE), as previously described in Roth et al. (2006) and modified from
Tewari et al. (2020). Prior to cell lysis for ABE, HEK293T cells were
stimulated with 10 µM thapsigargin for 0, 2, 5 or 15 min; 107 Jurkat cells
were stimulated with 10 µg/ml anti-CD3 (OKT3) antibody for 0, 2, 5 or
15 min. Cells were lysed in 1% dodecyl β-D-maltoside in phosphate-
buffered saline, supplemented with Complete Protease Inhibitor Cocktail
(Roche), acyl protein thioesterases inhibitor ML211, and the serine protease
inhibitor PMSF (10 mM). The lysate was then cleared by centrifugation
(20,000 g for 30 min at 4°C), protein concentration was determined using
Bio-Rad Protein Assay Dye Reagent Concentrate, according to the

Fig. 4. Orai1 S-acylation is required for the recruitment of active Ca2+ channels to puncta. (A) Representative TIRF images from eight individual
experiments of WT (top) or C143S (bottom) Orai1-GCaMP6f (green) and WT STIM1-mRFP (red) expressed in Orai TKO HEK293 cells. Thapsigargin (TG,
10 µM) was added at 60 s. Representative experiments can be viewed in Movies 3 and 4. The images in A are 40×28 µM for WT and 50×40 µM for C143S.
(B) Averaged GCaMP6f fluorescence of WT and C143S Orai1–GCaMP6f channels over time during a Ca2+ add-back experiment pooled from at least three
separate experiments. (C) Quantification of peak Ca2+ entry from traces shown in B. Each data point represents a single cell, and the data is pooled from at
least three experiments. (D) Quantification of the number of Orai1–GCaMP6f puncta which appear after Ca2+ add-back. Each data point represents a single
cell, and the data is pooled from three experiments. Error bars indicate s.d. P-values were calculated with an unpaired two-tailed t-test.
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manufacturer’s directions, and 500 μg of protein was used. Input was
retained to confirm stimulation. The lysate was subjected to chloroform-
methanol (CM) precipitation, then was incubated in 0.2% S-methyl
methanethiosulfonate (MMTS) for 15 min at 42°C. MMTS was removed
by three rounds of CM precipitation, and the protein pellets were dissolved
in 2SB buffer (2% SDS, 5 mM EDTA and 100 mM HEPES, pH 7.2).
Approximately 1:10 of each samplewas retained for input control. To cleave
thioester bonds and capture free thiol groups, freshly prepared, neutral
hydroxylamine (400 mM, pH 7.2) and HPDP–biotin (0.4 mM) were added
to the experimental samples. Negative control samples were treated with
2 M neutral sodium chloride instead of hydroxylamine. Samples were
incubated while rotating at room temperature for 1.5 h, followed by two CM
precipitations to remove excess biotin. Samples were then incubated with
streptavidin agarose beads in conjugation buffer (5 mM EDTA, 100 mM
HEPES, 0.2% TX-100, 0.1% SDS, pH 7.2) at room temperature overnight.
The beads were then washed and collected, and protein was eluted by
incubation in SDS sample buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 10%
glycerol, 5% β-mercaptoethanol and 0.01% Bromophenol Blue)
supplemented with 5 mM DTT for 15 min at 80°C. Eluted proteins were
then analyzed by western blotting.

Western blotting
Eluted proteins were resolved by SDS-PAGE and transferred to
nitrocellulose membrane. After transfer, membranes were blocked with
5% bovine serum albumin in 0.1% Tween-20 in TBS buffer (TBS-T) at
room temperature for 1 h. Membranes were then incubated with primary
antibodies (1:1000 for all primary antibodies, except Orai1, which was
1:500) overnight at 4°C, followed by three washes with TBS-T. Membranes
were then incubated with secondary HRP-conjugated antibodies (1:5000)
for 1 h at room temperature, followed by three washes in TBS-T. Bio-Rad
Clarity Western ECL (#1705061) was used to develop membranes and they
were imaged on the LI-COR Odyssey Scanner (LI-COR Biosciences;
Lincoln, NE). Brightness and contrast were adjusted in the linear range
using the Image Studio software (LI-COR).

Cell surface biotinylation
Cell surface biotinylation was performed as described previously (El Ayadi
et al., 2012). HEK293 Orai TKO cells were plated on 10 cm plates and
transfected with WT Orai1–YFP plus WT STIM1–mRFP, or Orai1–YFP
C143S plus WT STIM1–mRFP plasmids using Lipofectamine 3000
according to manufacturer’s protocol. Next day, the media was removed
and the cells were washed two times with sterile ice-cold PBS. Cell
impermeant Biotin (Sulfo-NHS-SS-Biotin; Pierce) was dissolved in ice-
cold PBS with MgCl2 and CaCl2 to prepare labeling solution at a final
concentration of 1 mM. 6 ml of this solution was added to each plate and
was incubated at 4°C for 3 h for cell surface proteins to be biotinylated. After
3 h, the labeling solution was removed and the cells were incubated in
quenching buffer (PBS, 10 mM Tris, 100 mM glycine) for 10 min at 4°C.
Cells were then lysed using 250 µl lysis buffer containing protease
inhibitors. Whole-cell lysates were obtained by centrifuging these
samples at 10,000 g for 20 min at 4°C. 1000 µg of protein (∼2 mg/ml in
lysis buffer) was added to a 25 µl bed-volume of Neutravidin agarose resin
(Pierce). The resin was incubated overnight at 4°C with rotation. Next day,
the resin was washed 10 times with wash buffer (PBS plus protease
inhibitors) and biotinylated samples were eluted using 25 µl 2× SDS sample
buffer. The samples were analyzed using SDS-PAGE and western blotting
as described above.

Electrophysiology
HEK293T cells were seeded in 35-mm culture dishes and co-transfected
with STIM1–mRFP and Orai1–YFP or C143S-Orai1–YFP when cell
density reached 60–70% confluence using the polyethylenimine (PEI)
method as previously described (Feng et al., 2014). At 6-8 h after the
transfection, cells were reseeded on glass coverslips placed in 35-mm dishes
and then used for recording within 24 h. Whole-cell voltage clamp
recordings were conducted with an EPC-10 amplifier (HEKA) controlled
by Patchmaster software (HEKA). Recording pipettes were pulled from
standard wall borosilicate tubing with filament (Sutter Instrument) and fire

polished. The pipette and bath solutions followed the previous description
(Bogeski et al., 2010) and contained (in mM): pipette solution, 120 cesium
glutamate, 20 cesium· BAPTA [1,2-bis(2-aminophenoxy)ethane- N,N,N′,
N′-tetraacetic acid], 3 MgCl2, 0.05 potassium inositol 1,4,5-trisphosphate
(IP3), and 10 HEPES (pH 7.2 adjusted with CsOH); bath solution, 120
NaCl, 10 CaCl2, 2 MgCl2, 10 tetraethylammonium chloride (TEA-HCl), 10
glucose, and 10 HEPES (pH 7.2 adjusted with NaOH). Pipette resistance
was 5–8 MΩ when filled with the pipette solution and placed in the bath.
Cells with membrane resistance of 3–5 GΩ were made into whole-cell by
applying negative pressure and those with >1 GΩ resistance were used for
further analysis. All voltages were corrected for a liquid junction potential of
−10 mV. Whole-cell currents were elicited by repeated 100-ms voltage
ramps from −100 to +100 mV at a sampling rate of 1 Hz. The holding
potential was kept at 0 mV and the sampling frequency was 10 kHz filtered
at 1 kHz. Inward currents at−100 mVwere calculated for current density by
dividing cell capacitance and plotted against time.

Ca2+ imaging
Ca2+ imaging on HEK293 cells was done as described previously
(Akimzhanov et al., 2010; Garcia et al., 2017). Briefly, 2 days before
Ca2+ imaging, 300,000 cells were seeded onto glass coverslips. After 24 h,
the cells were co-transfected with Orai1–YFP or C143S-Orai1–YFP and
STIM1–mRFP plasmids. Before loading with Fura-2AM (Invitrogen), the
coverslips were rinsed twice with imaging solution (1% BSA, 107 mM
NaCl, 20 mMHEPES, 2.5 mMMgCl2, 7.5 mMKCl, 11.5 mM glucose and
1 mM CaCl2). The cells were incubated with 5 µM Fura-2AM in imaging
solution for 30 min. After 30 min, the cells were incubated in imaging
solution without Fura-2 for an additional 10–30 min. Coverslips were
mounted onto a Nikon Eclipse Ti2 microscope. Images were captured with
an ORCA-Fusion CMOS digital camera. Time-lapse images were obtained
using a 40× oil immersion objective every 2 s for 16 min with alternative
excitation at 340 and 380 nm. The first minute of the recording was used as
baseline. After 1 min, the imaging solution was replaced with Ca2+-free
imaging solution with 10 µM thapsigargin. After 7 min, the same solution
with 1 mM Ca2+ was added. The ratio of Fura-2 absorbance at 340 nm to
380 nm was used to quantify cytosolic Ca2+. Some cells were unresponsive
to thapsigargin-induced ER Ca2+ release. These cells were excluded from
analysis to remove cells with already depleted Ca2+ stores. The cells that
showed thapsigargin-induced Ca2+ release were evaluated for Orai1-
mediated Ca2+ entry after Ca2+ add-back. Peak entry was calculated by
subtracting the maximum ratio of absorbance at 340 nm to that at 380 nm
(340/380 ratio) from the 340/380 ratio taken immediately prior to Ca2+ add
back. Time to peak entry was calculated by quantifying the time it took to
reach the peak 340/380 ratio. An unpaired, two-tailed t-test was used to
calculate the significance in peak entry and time to peak between the WT
and C143S Orai1 channels. Orai TKO HEK293 cells which were not
expressing recombinant Orai1 did not respond to Ca2+ add back.

Total internal reflection fluorescence imaging
HEK293 Orai TKO cells were seeded on poly-L-lysine-coated coverslips 2
days before imaging. After 24 h, the cells were co-transfected with
Orai1–YFP and STIM1–mRFP plasmids as described above. The TIRF
imaging was performed on a Nikon Eclipse Ti microscope with a TIRF
illumination system and a Nikon 60× TIRF objective. Cells were excited
with 488 nm and 561 nm lasers. A Photometrics Prime 95B camera was
used for image acquisition. Images were acquired every 10 s for 16 min. The
first minute of the recording was used as a baseline. Thapsigargin (10 µM)
was added in Ca2+-free imaging solution after 1 min to deplete ER Ca2+

stores.
In experiments evaluating Orai1-GCaMP6f activity, HEK293 Orai TKO

cells on glass coverslips were transfected using Lipofectamine 3000
following the manufacturer’s protocol. The following day the cells were
used for TIRF imaging. Store depletion was induced by 10 µM thapsigargin
in Ca2+-free medium. After 7 min the same solution with 1 mM Ca2+ was
added to induce Ca2+ entry through Orai1 channels. We found that cells
expressing high levels of Orai1 and STIM1 had significant clustering and
colocalization under resting conditions, therefore these cells were excluded
from further analysis. The fluorescence from the GCaMP6f channel was
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used to quantify Ca2+ levels. Regions of interest (ROIs) were drawn around
each cell to calculate relative fluorescent units (RFUs) at a given point of
recording. For calculating the peak Ca2+ entry, the maximum fluorescence
value (Cmax) was subtracted from the fluorescence value before Ca2+

addition (Co) and was normalized by dividing with the fluorescence just
before Ca2+ addition (Co) (Cmax-Co/Co). An unpaired two-tailed t-test was
used to calculate the significance between the peak Ca2+ entry between WT
and C143S cells.

Colocalization between the Orai1 and STIM1 fluorophores was
accomplished using the Pearson correlation coefficient analysis in the
Nikon NIS-Elements software. ROIs were drawn on single cells and the
correlation was calculated in the time-lapse series. From the obtained Pearson
correlation values, we normalized correlation for the time series by dividing
the nth time point (Rn) by the correlation value for that frame by the first time
point (Ro). The normalized correlation values for each time point were then
averaged and plotted against time to obtain the colocalization curve. Peak
Pearson correlation was then calculated by subtracting the maximum
normalized correlation (Rmax) after adding thapsigargin from correlation
immediately before thapsigargin addition (Ro) and dividing it with Ro.

For Orai1–GCaMP6f particle number analyses, we utilized the ‘Spot
Detection’ tool in the Binary Image Analysis section of NIS Elements
software. We chose the first image captured and 550 s into recording, which
is the time point of maximum Ca2+ entry in our protocol. The difference
between the number of puncta at time zero and 550 s was plotted to
determine the change in puncta corresponding to the number of active
Orai1–GCaMP6f channels. All image processing and measurements were
performed using Nikon NIS-Elements AR software 5.21.02. Additional
calculations were performed in Microsoft Excel, and graphs and statistical
analysis were accomplished using GraphPad Prism 9 and the ‘ggpubr’
package in RStudio.

Confocal imaging
Confocal images of HEK293T cells expressing WT or C143S Orai1–YFP
were taken on a Nikon Ti2 spinning disk confocal microscope with a Plan
Apo λ 60× oil objective and a Photometrics Prime 95B sCMOS camera. The
numerical aperture was 1.4, and the exposure time was 600 ms.

Co-immunoprecipitation
HEK293T cells expressing either WT or C143S Orai1–YFP were treated
with 10 µM thapsigargin for 0 or 5 min, followed by lysis as described
above. Protein concentration was determined using Bio-Rad Protein Assay
Dye Reagent Concentrate, according to the manufacturer’s directions. 50 μg
of protein was used for each sample. The lysates were then incubated with
1 μg of STIM1 antibody while rotating at 4°C overnight. Protein A beads
were then added, and the samples rotated at 4°C for 3 h. The beads were then
washed with lysis buffer three times, then the protein was eluted using the
elution buffer described above. Samples were then subjected to western blot
analysis.
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Figure S1: WT and C143S Orai1-YFP Expression. A) Cell surface 
biotinylation of wild-type and C143S mutant Orai1. “Non-plasma 
membrane” was not bound to streptavidin beads. “Plasma membrane” 
was eluted from the streptavidin beads. See methods for details. B) 
Confocal images of WT and C143S Orai1-YFP expressing HEK293T 
cells. Images were taken under identical conditions.  
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Figure S2: Co-immunoprecipitation of Orai1-YFP and STIM1. A) Representative western blot 
of HEK293T cells expressing either WT or C143S Orai1-YFP after co-immunoprecipitation using 
STIM1 antibody. Cells were treated with 10 µM thapsigargin (TG) for 0 or 5 minutes, followed by 
lysis, co-immunoprecipitation, and Western blot analysis. The GFP antibody cross-reacts with the 
YFP conjugated to Orai1. Input levels of Orai1-YFP and endogenous STIM1 are shown, along 
with Calnexin as a loading control. B) Quantification of (A), with co-immunoprecipitated Orai1-
YFP normalized to co-immunoprecipitated STIM1. A two-tailed t-test showed no significant 
changes in Orai1/STIM1 binding after TG treatment in either WT or C143S Orai1-YFP., WT (0) vs. 
WT (5) p=0.4398; C143S (0) vs. C143S (5) p=0.9970. N=3. 
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Figure S3. Individual channels from Figure 3. Shown are the individual Orai1-YFP, C143S-
Orai1-YFP, and STIM1-mRFP channels obtained by TIRF microscopy as presented in Figure 3. 
Time (in seconds) is shown to the left of the panels. Thapsigargin (10 µM) was added at 60 
seconds. A 10µm scale bar is shown. 
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Figure S4. Individual channels from Figure 4. Shown are the individual Orai1- 
GCaMP6f, C143S-Orai1-GCaMP6f, and STIM1-mRFP channels obtained by TIRF  
microscopy as presented in Figure 3. Time (in seconds) is shown to the left of the  
panels. Thapsigargin (10 µM) was added at 60 seconds. A 10µm scale bar is shown. 
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Movie 1. Movie of wild-type Orai1-YFP and STIM1-mRFP expressed in Orai1 triple 
knockout HEK293 cells acquired by TIRF microscopy (related to Fig. 3A). TIRF images 
were acquired every 10 seconds for 16 minutes. The time frame of the movie is accelerated 
10-fold.

Movie 2. Movie of C143S mutant Orai1-YFP and STIM1-mRFP expressed in 
Orai1 triple knockout HEK293 cells acquired by TIRF microscopy (related to 
Fig. 3A).  TIRF images were acquired every 10 seconds for 16 minutes. The time 
frame of the movie is accelerated 10-fold.
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Movie 3. Movie of wild-type Orai1-GCaMP6s and STIM1-mRFP expressed in Orai1 
triple knockout HEK293 cells acquired by TIRF microscopy (related to Fig. 4A). 
TIRF images were acquired every 10 seconds for 16 minutes. The time frame of the 
movie is accelerated 10-fold. The fluorescence of Orai1-GCaMP6s is calcium sensitive.

Movie 4. Movie of C143S mutant Orai1-GCaMP6s and STIM1-mRFP expressed in Orai1 
triple knockout HEK293 cells acquired by TIRF microscopy (related to Fig. 4A).  TIRF 
images were acquired every 10 seconds for 16 minutes. The time frame of the movie is 
accelerated 10-fold. The fluorescence of Orai1-GCaMP6s is calcium sensitive.
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