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Abstract
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STIM1 (stromal interaction molecule 1) and Orai proteins are the essential components of Ca2+
release–activated Ca2+ (CRAC) channels. We focused on the role of cholesterol in the regulation
of STIM1-mediated Orai1 currents. Chemically induced cholesterol depletion enhanced storeoperated Ca2+ entry (SOCE) and Orai1 currents. Furthermore, cholesterol depletion in mucosaltype mast cells augmented endogenous CRAC currents, which were associated with increased
degranulation, a process that requires calcium influx. Single point mutations in the Orai1 amino
terminus that would be expected to abolish cholesterol binding enhanced SOCE to a similar extent
as did cholesterol depletion. The increase in Orai1 activity in cell expressing these cholesterolbinding–deficient mutants occurred without affecting the amount in the plasma membrane or the
coupling of STIM1 to Orai1. We detected cholesterol binding to an Orai1 amino-terminal
fragment in vitro and to full-length Orai1 in cells. Thus, our data showed that Orai1 senses the
amount of cholesterol in the plasma membrane and that the interaction of Orai1 with cholesterol
inhibits its activity, thereby limiting SOCE.

Introduction
Precise control of Ca2+ homeostasis and signaling is indispensible for various cellular
processes (1). Store-operated calcium channels (SOCs) represent the main Ca2+ entry
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pathway into the cell, among which the Ca2+ release–activated Ca2+ (CRAC) channel is best
characterized (2, 3). The molecular key components of the CRAC channel are the
endoplasmic reticulum (ER)–located Ca2+-sensing stromal interaction molecule 1 (STIM1)
(4, 5) and the pore-forming subunit of the CRAC channel, termed Orai1 (6–8). Upon
depletion of ER Ca2+, STIM1 multimerizes and redistributes into discrete puncta at plasma
membrane–ER junctions (9, 10). Subsequently, it couples to and stimulates Orai1, initiating
CRAC currents (11). There are three Orai homologs, termed Orai1 to Orai3 (7), which all
contain four transmembrane (TM) segments and cytosolic N and C termini and form
tetrameric or hexameric Orai subunit assemblies, which are Ca2+-selective plasma
membrane channels (12, 13). STIM1 couples to the Orai1 C terminus (11, 14), and coupling
and gating involve the extended TM Orai1 N-terminal (ETON) region in the Orai1 N
terminus, which forms a helical extension of TM1 into the cytosol (13, 15). The latter
STIM1-Orai1 interaction, which involves hydrophobic as well as positively charged
residues, occurs with a weak affinity in the micromolar range (15). Moreover, two porelining positively charged residues in the ETON region and Arg91 contribute to the Orai1 gate
by electrostatic stabilization and by forming a barrier to the pore in the closed Orai1
conformation (16). Point mutation of Arg91 to a hydrophobic tryptophan results in complete
loss of function, which is responsible for a form of severe combined immunodeficiency
syndrome (6, 17), and which occurs because of an increased hydrophobicity at the N
terminus/TM interface (18). Although STIM1 and Orai are sufficient to fully reconstitute
CRAC currents, other various proteins have already been suggested to regulate STIM1 and
Orai function (19–23). Not only proteins but also lipids such as phosphatidylinositol 4,5bisphosphate can regulate SOC entry (24–26).
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Here, we reported on a regulatory role of cholesterol in store-operated Orai1 currents.
Cholesterol depletion led to an increase in Orai1-mediated currents in human embryonic
kidney (HEK) cells and in endogenous CRAC currents in mast cells. In support of these
findings, we detected cholesterol association with Orai1, and point mutations within Orai1
that impaired cholesterol association enhanced currents in a similar manner to cholesterol
depletion. Hence, we propose that cholesterol modulates CRAC channel function.

Results
Cholesterol-depleting agents increase STIM1-mediated Orai1 currents
To characterize the modulatory impact of cholesterol on Orai1 function, we used cholesterol
oxidase and filipin to deplete and segregate cholesterol. Cholesterol oxidase is an enzyme
that induces chemical derivatization of plasma membrane cholesterol to cholestenone (27),
and filipin binds to cholesterol, generating filipin-cholesterol complexes, which disrupt the
integrity of sterol-containing membranes (28). After pretreatment with cholesterol oxidase,
fluorescent Ca2+ imaging revealed significantly enhanced thapsigargin (TG)–induced Ca2+
entry in STIM1- and Orai1-containing HEK293 cells (Fig. 1A). Correspondingly, we
recorded an about twofold increase in CRAC currents, evoked upon passive store depletion
in the whole-cell patch-clamp configuration (Fig. 1B). Inactivation and reactivation
characteristics of STIM1-mediated Orai1 currents during a voltage step to −90 mV remained
unaffected upon incubation with cholesterol oxidase (Fig. 1C). Similar to cholesterol
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oxidase treatment, preincubation with filipin resulted in enhanced STIM1-Orai1–mediated
Ca2+ entry (Fig. 1D) and increased Ca2+ currents (Fig. 1E). The augmented Ca2+ influx did
not arise from increased Orai1 abundance in the plasma membrane, as determined from
fluorescence intensities (Fig. 1F) and cell surface biotinylation assays (Fig. 1G), or enhanced
STIM1-Orai1 overall interaction, as revealed by coimmunoprecipitation (Fig. 1H), in the
presence or absence of cholesterol oxidase. Thus, these results obtained with STIM1- and
Orai1-expressing HEK cells pointed to a modulatory role of cholesterol in Orai1 channel
function.
Cholesterol depletion enhances endogenous CRAC currents and mast cell degranulation
in RBL cells
To recapitulate the cholesterol effect with endogenous CRAC currents of mast cells, we
investigated the functional role of cholesterol in mucosal-type rat basophilic leukemia (RBL)
2H3 cells through responses to chemically induced cholesterol depletion. Ca2+ imaging
revealed that pretreatment with cholesterol oxidase significantly enhanced TG-induced Ca2+
entry of RBL cells (Fig. 1I). Analogously, we recorded a significant increase in storeoperated Ca2+ currents upon passive store depletion using the patch-clamp technique (Fig.
1J). Furthermore, hexosaminidase release, a marker of degranulation (29), was enhanced in
cholesterol-depleted cells compared to control RBL cells (Fig. 1K). This effect might be of
pathophysiological relevance because increased degranulation is a feature of mast cells from
patients with Smith-Lemli-Opitz syndrome (SLOS), a type of hypocholesterolemia (30).
Together, these results suggested that cholesterol depletion induced increased Ca2+ entry
through endogenous Orai1 channels, thus leading to increased degranulation in RBL mast
cells.
Mutations in the Orai1 ETON region enhance Ca2+ entry and Ca2+ currents
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On the basis of the similar effects of cholesterol depletion on reconstituted and endogenous
CRAC currents, we sought to identify a putative cholesterol binding site in the primary
sequence of Orai1. Indeed, we identified the so-called cholesterol recognition/interaction
amino acid consensus motif [cholesterol-binding (CB) motif] (31) in the ETON region,
which interacts with STIM1 (14, 32), CaM (33, 34), and CRACR2A (35). Within this ETON
region, a segment encompassing residues 74 to 83 (LSWRKLYLSR) matches the cholesterol
binding consensus motif-[L/V]-(X)1–5-Y-(X)1–5-[K/R]- (fig. S1) (31). To test whether this
region was required for the effect of cholesterol on Orai1, we introduced single point
mutations within the potential CB motif similar to those that successfully reduce the
sequestration of cholesterol with other proteins (31, 36). Substitutions of L → I and Y → S
(31, 36) have emerged as most effective in disrupting the function of the CB motif. Thus, we
initially substituted Ile for Leu74 (Orai1 L74I) or Ser for Tyr80 (Orai1 Y80S). We separately
analyzed these Orai1 mutants cotransfected with STIM1 in HEK293 cells by Ca2+ imaging
and patch clamping. After application of TG, the Orai1 L74I or Orai1 Y80S mutant
exhibited significantly enhanced Ca2+ entry (Fig. 2, A and B), when compared to the wildtype form. Consistently, electrophysiological recordings yielded nearly doubled storeoperated currents with Orai1 L74I or Orai1 Y80S in comparison to wild-type Orai1 (Fig. 2,
C and D). Analogously, when stimulated by the Orai-activating small fragment (OASF;
STIM1 amino acids 233 to 474) (37), these Orai1 mutants exhibited about a twofold
Sci Signal. Author manuscript; available in PMC 2017 March 30.
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increase in currents compared to wild-type Orai1 (Fig. 2E). Because of unknown reasons,
the increased Ca2+ entry and the currents consistently observed with the Orai1 Y80S mutant
are at variance with the report of Mullins et al. (34) who found current densities similar to
wild-type Orai1. Nonetheless, increased currents did not arise from enhanced plasma
membrane targeting, as evidenced by comparable plasma membrane fluorescence intensities
for the Orai1 L74I or Y80S mutants and wild-type Orai1 (Fig. 2F). Moreover, cell surface
biotinylation experiments revealed a comparable amount of protein in the plasma membrane
for both the mutants and wild-type Orai1 (Fig. 2G).
Further, we used confocal Förster resonance energy transfer (FRET) microscopy to
investigate the interaction of OASF (amino acids 233 to 474) with the Orai1 mutants and the
wild-type form. FRET between OASF and the Orai1 L74I or Y80S mutant was similar to
wild-type Orai1 (Fig. 2H). Normalized intensity profiles of OASF from cells containing
either wild-type Orai1 or the Orai1 L74I mutant in the plasma membrane were comparable
and did not show an altered association (fig. S2A). TG induced similar increases in FRET
with similar maximum values between STIM1 and Orai1 L74I or wild-type Orai1 (fig.
S2B), suggesting that increased currents did not arise from faster or enhanced overall
STIM1-Orai1 coupling. Because STIM1 binding occurs mainly at the Orai1 C terminus and
only to a weaker extent at the Orai1 N terminus (14, 15), an altered interaction of STIM1
with the Orai1 N terminus cannot be excluded, but probably cannot be detected by FRET.
Thus, L74I or Y80S mutation within the putative CB motif in Orai1 resulted in strongly
increased Ca2+ entry and currents (Fig. 2, A to D), without significantly affecting the
amount of Orai1 protein in the plasma membrane and overall coupling to STIM1.
The Orai1 L74I and Y80S mutants are insensitive to cholesterol depletion
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If L74I and Y80S mutations interfere with the ability of Orai1 to respond to cholesterol, the
cholesterol depletion agents should have no further effect on Ca2+ entry or CRAC currents.
Indeed, Ca2+-imaging measurements revealed no further increase in Ca2+ entry upon
pretreatment with cholesterol oxidase or filipin from cells cotransfected with STIM1 and
either the L74I or Y80S mutant (Fig. 3, A and B, and fig. S3), in contrast to the stimulated
Ca2+ entry of the wild-type proteins. Concordantly, electrophysiological recordings of
HEK293 cells cotransfected with STIM1 and the Orai1 L74I or Orai1 Y80S mutant before
and after pretreatment with cholesterol oxidase demonstrated no significant difference in
store-operated currents activated upon passive store depletion (Fig. 3, C and D).
Furthermore, the amount of Orai1 L74I and Orai1 Y80S mutants in the plasma membrane
remained comparable without and with cholesterol oxidase treatment (only shown for Orai1
L74I) as evaluated by cell surface biotinylation experiments (Fig. 3E) and plasma membrane
fluorescence intensities (Fig. 3F). Together, these experiments further support the concept
that cholesterol reduces Orai1 channel activity by a mechanism that is disrupted with the
L74I or Y80S mutation in the ETON region.
Reloading of plasma membrane cholesterol reverses the effect of cholesterol oxidase
To further support the cholesterol effect on Orai1 channels, we performed experiments on
the reversal of the cholesterol oxidase effect by reloading the cell with cholesterol using the
methyl-β-cyclodextrin (MβCD)–cholesterol complex (38). We would like to note that
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MβCD-cholesterol treatment of cells to replenish cholesterol was better tolerated than
MβCD treatment for cholesterol depletion, which, in our hands, led to increased cell
deterioration. We found that cholesterol replenishment reduced the current density produced
by cells pretreated with cholesterol oxidase (Fig. 3G). In contrast, the increased currents
from Orai1 L74I and Y80S mutants remained unaffected by additional cholesterol loading
(Fig. 3, H and I), compatible with impaired cholesterol binding to these mutants. The
reversal of the cholesterol oxidase–induced increase in Orai1 currents upon cell
replenishment with cholesterol supports the concept of a reversible response of Orai1
channel function to cholesterol.
An Orai1 N-terminal peptide displays in vitro binding of cholesterol
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We performed intrinsic fluorescence–binding studies to assess whether cholesterol bound to
the ETON region–containing N terminus. For these in vitro experiments, we used a synthetic
peptide including the amino acids 72 to 90 of the Orai1 N terminus, which encompasses the
whole ETON region, and monitored the change of the intrinsic Trp76 fluorescence in the
presence and absence of cholesterol. The free Orai1 N terminus exhibited an emission
maximum at ~350 nm using an excitation wavelength of 280 nm. The presence of
cholesterol resulted in an increase in the tryptophan fluorescence at 350 nm (Fig. 4A),
suggesting in vitro cholesterol binding to the Orai1 N-terminal peptide (39). Titration of the
peptide with increasing concentrations of cholesterol yielded a saturable concentrationdependent increase in fluorescence. The increase in fluorescence intensity was fitted to an
equation for a single binding site with an apparent equilibrium dissociation constant (Kd) of
1.2 μM (Fig. 4B). Next, we tested the ability of L74I or Y80S mutant peptides to bind
cholesterol. Both mutations weakened the affinity for cholesterol as evidenced by about an
order of magnitude increase in apparent Kd values (L74I: >14 μM and Y80S: >23 μM) (Fig.
4B). Overall, these binding data suggested that the in vitro mutant peptide–cholesterol
interactions were more than 11- to 18-fold weaker compared to wild type.
Additionally, we evaluated the far-ultraviolet circular dichroism (CD) spectrum of the Orai1
N-terminal peptide to experimentally assess the secondary structure of this region in
solution. The CD spectrum of our peptide showed a minimum at ~222 nm, consistent with
the formation of α-helix; however, the more intense minimum at ~203 nm suggested the
presence of a large fraction of random coil (fig. S4). Hence, the peptide in solution did not
adapt the strong α-helicity of this N-terminal portion in full-length Orai1 as found in the
crystal structure of the assumedly closed Drosophila Orai (dOrai) channel (13).
In summary, our data revealed in vitro cholesterol binding to the Orai1 N-terminal peptide
with an impairment of the cholesterol binding by single point mutations in the N terminus.
However, because of the substantially reduced α-helicity of the Orai1 N-terminal peptide as
observed by CD spectra, it remains unclear whether cholesterol binding occurs analogously
in the full-length Orai1 channel. Hence, we next examined the binding of cholesterol to fulllength Orai1 using FRET measurements in HEK293 cells.
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Association of cholesterol with the full-length Orai1 channel is reduced by the L74I or
Y80S mutation
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To investigate a potential association of cholesterol to full-length Orai1 in cells, we used
FRET–total internal reflection fluorescence (FRET-TIRF) microscopy. For these in vivo
experiments, we used TopFluor Cholesterol (40) and HEK293 cells containing CherrySTIM1 and cyan fluorescent protein (CFP)–Orai1. Before and after store depletion by TG,
TIRF imaging revealed substantial FRET between CFP-Orai1 and TopFluor Cholesterol
(Fig. 4, C to E). In contrast, FRET-TIRF from HEK cells containing the L74I or Y80S
mutant was markedly reduced, both before and after store depletion (Fig. 4, C to E). Thus,
these results suggested the close proximity of full-length Orai1 to cholesterol independently
of store depletion, and reduced coupling of the L74I and Y80S mutants to cholesterol.

Discussion
The present study uncovered a regulatory role of cholesterol in CRAC channel function. The
reduction in the amount of cholesterol by various means resulted in an increase in Ca2+ entry
and currents from HEK cells expressing Orai1 channels. Endogenous CRAC currents of
RBL mast cells were similarly increased upon cholesterol depletion, leading to enhanced
mast cell degranulation. Cholesterol association with the full-length Orai1 channel complex
was reduced by L74I and Y80S mutations in the Orai1 N terminus.
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Cholesterol is mainly enriched in lipid raft domains, which are detergent-resistant plasma
membrane microdomains (41). Orai1, STIM1, and TRP (transient receptor potential)
members such as TRPC1 (TRP channel 1), TRPC4, and TRPC5 have been reported to
localize to lipid rafts. Loss of cholesterol alters their localization or association (42–44) in
line with the potential impact of lipid raft domains and cholesterol on STIM1 and Orai
signaling. Moreover, Orai1 has been found in lipid rafts in close proximity to potassium
channels in breast and prostate cancer cells (45).
Our FRET measurements of full-length Orai1 suggested that cholesterol was associated with
the Orai1 channel complex, the interaction of which was affected by mutations within the
ETON region. These mutations (L74I or Y80S), which were designed to target a potential
CB motif in the ETON region in accordance with other studies (31), increased Orai1 channel
activity to a similar value as induced by cholesterol depletion. Cholesterol bound to an Nterminal Orai1 peptide including the ETON region in vitro. In vitro CD spectra showed that
the N-terminal peptide contained a mixture of α-helix and random coil in solution, contrary
to what is seen in the dOrai crystal structure. These data imply that α-helicity may not be
obligatory for cholesterol binding to the Orai1 N terminus, as has been suggested for other
peptide or protein segments (31, 46–48). The dOrai crystal structure, which is presumed to
be of the closed channel, shows the Leu74 and Tyr80 residues localized on opposite sides of a
fully a-helical ETON region. Thus, an unstructuring of the ETON helix would be required
for both Leu74 and Tyr80 to simultaneously contribute to cholesterol binding. Along the
same lines, the elongated TM1 segments, which are physically distant from the membrane,
are surrounded by a large body of other, adjacent TM helices in the dOrai crystal structure,
rendering an interaction between the putative CB motif in the N-terminal extension of TM1
and cholesterol difficult without any conformational reorientation. Nevertheless, FRET
Sci Signal. Author manuscript; available in PMC 2017 March 30.
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measurements suggested diminished coupling of cholesterol to the L74I and Y80S mutants
compared to wild-type Orai1 in live cells, which is compatible both with a direct effect of
the L74I and Y80S mutations on cholesterol association in the full-length Orai1 channel
complex and with the possibility that other potential cholesterol binding sites within Orai1
are negatively affected in an allosteric manner upon these N-terminal mutations.
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Cholesterol has been reported to regulate the ion channel function of TRPV1 and Kir2 (49,
50). In both channels, cholesterol has been suggested to affect the open conformations.
Because the basic region of the TM1 helix has been suggested to have some gating function
(13, 15), it is tempting to speculate that cholesterol might reduce flexibility at the ETON
region, thereby attenuating Ca2+ entry. The positioning of the Orai1 helices for both the
closed- and open-channel conformations in a genuine membrane environment is currently
unknown. The varying of membrane thickness in the presence and absence of cholesterol
(about 2 to 3 Å) can regulate protein function (51, 52) because of the adaption of TM helices
to membrane thickness (53, 54). Hence, we cannot rule out that the cholesterol content in the
plasma membrane might have an additional, indirect regulatory impact on the maximal
activation of Orai1 channels because of the modulation of membrane thickness.
The cholesterol effect on Orai1 channel function was reversible upon cholesterol reloading
of cells previously treated with cholesterol-depleting agents. Although cholesterol depletion
by MßCD has been previously shown to reduce, rather than increase, CRAC entry (42, 55),
MßCD removes cholesterol from the membrane (42), whereas cholesterol oxidase
transforms cholesterol to cholestenone, and it is unknown whether cholestenone stays in the
membrane (27). Further, we and others (27, 56) observed increased cell deterioration after
incubation with MßCD, which was why we preferred the less harsh treatment of cells with
cholesterol oxidase and filipin.
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Cholesterol has also been reported to play a role in the immune system. Individuals with
SLOS, a type of hypocholesterolemia, cannot produce cholesterol, accumulate 7dehydrocholesterol in lipid rafts, and suffer from immune system defects such as allergies
(30). Further, degranulation of mast cells that cannot take up cholesterol is significantly
increased compared to wild-type cells (30). We observed in this study a similar phenomenon
for cholesterol-depleted RBL mast cells, which showed an increase in both CRAC currents
and degranulation. Here, our data additionally suggest a mechanistic link between
cholesterol depletion and Orai1 function.
In summary, we have demonstrated that Orai1 channels are regulated by cholesterol, which
suppresses CRAC channels. Mutations in the putative CB motif in the Orai1 N terminus
antagonized the cholesterol effect, suggesting that this region plays a role in channel
regulation, in either a direct or allosteric manner. A high-resolution structure of an Orai1cholesterol complex is needed to understand the precise structural determinants of the
interaction and the effect on the gating.
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Materials and Methods
Molecular cloning and mutagenesis
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Human Orai1 (Orai1; accession no. NM_032790) was provided by A. Rao’s Laboratory,
Harvard Medical School. N-terminally tagged Orai1 constructs were cloned with Sal I and
Sma I restriction sites of pECFP-C1 and pEYFP-C1 expression vectors (Clontech). pEYFPOrai1 served as template for the generation of pEYFP–Orai1 L74I and pEYFP–Orai1 Y80S.
All mutants were constructed with the QuikChange Site-Directed Mutagenesis Kit
(Stratagene). The integrity of all resulting clones was confirmed by sequence analysis.
Human STIM1 (STIM1; accession no. NM_003156) N-terminally tagged with enhanced
CFP (ECFP) and enhanced yellow fluorescent protein (EYFP) was provided by T. Meyer’s
Laboratory, Stanford University.
Cholesterol depletion and replenishment
Depletion of cellular cholesterol was induced by application of either cholesterol oxidase
(Sigma-Aldrich Handels GmbH, product no. C8649) or filipin (Sigma-Aldrich Handels
GmbH, product no. F9765). For preparing the stock solution, filipin was initially
reconstituted in anhydrous dimethyl sulfoxide (C2H6OS, Merck Chemicals International,
product no. 1029311000) at 1 µg/ml and was then diluted in buffer without Ca2+ to yield an
end concentration of 1 µg/ml, which was incubated for 60 min at 37°C. Cholesterol oxidase
was solubilized in H2O to obtain a stock solution of 20 U/ml and was further diluted in
Ca2+-free buffer to receive an end concentration of 2 U/ml, which was incubated for 20 min
at 37°C.
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For replenishment of cellular cholesterol, complexes of cholesterol and MβCD (SigmaAldrich) were prepared by a modification of a previously described protocol (38). Briefly, 10
ml of an aqueous solution of MβCD (45 mM) and 300 µl of isopropyl alcohol containing
0.018 g of cholesterol were heated to 80°C. Afterward, the cholesterol solution was added
dropwise with stirring into the MβCD solution. After dispersal of cholesterol, the solution
was allowed to cool at room temperature. Aliquots (5 ml) of the solution were placed in 50ml centrifuge tubes, frozen with liquid nitrogen, and lyophilized. The lyophilized MβCDcholesterol complexes were stored at −20°C. Each aliquot was dissolved in 22.5 ml of buffer
to obtain a final concentration of 10 mM before experiments.
Cell culture and transfection
Transient transfection of HEK293 cells was performed using either the TransFectin Lipid
Reagent (Bio-Rad) or the TransPass Transfection Reagent (New England BioLabs).
Ca2+ imaging using the fluorescent dye fura-2 AM
HEK293 cells were transfected (TransFectin, Bio-Rad) with 0.7 μg of mCherry-STIM1 and
0.7 μg of DNA of YFP-Orai1 constructs and mutants. RBL cells were not transfected.
Twenty- to 24-hour transfected HEK293 or nontransfected RBL cells were loaded with 2
µM fura-2 AM (acetoxymethyl ester) (Sigma-Aldrich, production no. F0888) for 20 min at
37°C in a standard Ca2+-free extracellular solution (140 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 10 mM Hepes, and 10 mM glucose). The cells were then washed three times, and
Sci Signal. Author manuscript; available in PMC 2017 March 30.
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dyes were allowed to deesterify for 15 min at 20°C. Coverslips were mounted on an inverted
Axiovert 135 TV microscope, and fluorescence was recorded from individual cells, with
excitation wavelengths of 340 and 380 nm and emission at 505 nm. Changes in intracellular
Ca2+ concentrations were monitored using the fura-2 AM 340/380 fluorescence ratio and
calibrated according to a previously established method (57). The standard extracellular
solutions consisted of 145 mM NaCl, 5 mM CsCl, 1 mM MgCl2, 10 mM Hepes, 10 mM
glucose, and 0 or 2 mM CaCl2 (pH 7.4). Regarding controls to cholesterol oxidase and
filipin treatments, control cells were also preincubated at 37°C for 20 min in the
extracellular Ca2+-free solution. Experiments of control cells compared to treated or
transfected cells were carried out in paired comparison on the same day, with a daily
comparison performed for either set of experiments: STIM1 + Orai1 or Orai1 L74I or Orai1
Y80S ± cholesterol oxidase or STIM1 + Orai1 or Orai1 L74I or Orai1 Y80S ± filipin.
Control experiments were also performed without and with heat-inactivated cholesterol
oxidase, leading to equivalent results.
Electrophysiology
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Electrophysiological experiments were performed at 21° to 25°C, using the patch-clamp
technique in whole-cell recording configurations. An Ag/AgCl electrode was used as a
reference electrode. For STIM1- and Orai1-mediated currents, voltage ramps were applied
every 5 s from a holding potential of 0 mV, covering a range of −90 to 90 mV for 1 s. Upon
maximum activation, voltage steps of −90, −70, −50, and −30 mV for 2 s were applied every
5 s from a holding potential of 0 mV. The internal pipette solution designed for passive store
depletion of Orai-derived currents contained 145 mM cesium methanesulfonate, 8 mM
NaCl, 3.5 mM MgCl2, 10 mM Hepes, and 20 mM EGTA pH 7.2). The standard extracellular
solution consisted of 145 mM NaCl, 5 mM CsCl, 1 mM MgCl2, 10 mM Hepes, 10 mM
glucose, and 10 mM CaCl2 (pH 7.4). All currents were leak-corrected by subtracting either
the initial voltage ramps obtained shortly after break-in with no visible current activation or
the remaining currents after 10 μM La3+ application at the end of the experiment, with both
yielding identical results. Experiments of control cells compared to treated or transfected
cells were carried out in paired comparison on the same day.
Cholesterol binding by intrinsic Orai1 fluorescence
Intrinsic Tyr or Trp fluorescence measurements were made on a Shimadzu RF-5301PC
fluorometer (Shimadzu Corp.) using an excitation wavelength of 280 nm. Samples contained
2.5 µM peptide and increasing concentrations of cholesterol [(3β)-cholest-5-en-3-ol; 0.5 to
50 μM]. Synthesized Orai1 N-terminal peptides (QALSWRKLYLSRAKLKASS) were
ordered from GenScript and solubilized in a buffer containing 20 mM tris, 150 mM NaCl, 2
mM dithiothreitol, and 2% (v/v) ethanol (EtOH) (pH 8.5). Samples contained a final
concentration of 2% (v/v) EtOH for cholesterol solubility. The fluorometer was temperatureequilibrated at 20°C, and data were collected in 1-ml (l = 1 cm) quartz cuvettes with the
excitation and emission slit widths adjusted such that fluorescence was within the linear
response range for the instrument. All measurements were corrected for cholesterol and
buffer contributions using control samples in the absence of peptide. Measurements were
carried out three times for each peptide.
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CD spectrometry
Data were acquired in 1-nm increments on a Jasco J-815 CD spectrometer using a quartz
cuvette of 0.1-cm path length at 4°C. The wavelength scan rate was 20 nm/min with a
response time of 8 s and the bandwidth set at 1 nm. Experiments were acquired using protein
samples at 0.275 mg/ml.
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Confocal FRET fluorescence microscopy
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Confocal FRET microscopy was performed as in (58). In brief, a QLC100 Real-Time
Confocal System (VisiTech Int.) was used for recording fluorescence images connected to
two Photometrics CoolSNAP HQ monochrome cameras (Roper Scientific) and a dual-port
adapter (dichroic, 505LP; cyan emission filter, 485/30; yellow emission filter, 535/50;
Chroma Technology Corp.). This system was attached to an Axiovert 200M microscope
(Zeiss) in conjunction with an argon-ion multiwavelength (457, 488, and 514 nm) laser
(Spectra-Physics). The wavelengths were selected by an Acousto-Optical Tunable Filter
(VisiTech Int.). MetaMorph 5.0 software (Universal Imaging Corp.) was used to acquire
images and to control the confocal system. Illumination times of about 900 to1500 ms were
typically used for CFP, FRET, and YFP images that were consecutively recorded with a
minimized delay. Before the calculation, the images had to be corrected because of crosstalk
and cross-excitation, and the appropriate crosstalk calibration factors were determined for
each of the constructs on the day the FRET experiments were performed. The corrected
FRET image (NFRET) was calculated on a pixel to pixel basis after background subtraction
and threshold determination using a custom-made software (59) integrated in MATLAB
7.0.4 according to the method published in (60). The analysis was limited to pixels with a
CFP/YFP molar ratio between 1:10 and 10:1 to yield reliable results (61). Plasma membrane
fluorescence intensities were obtained from an area of about 2-µm length across the plasma
membrane of the respective cells and calculated as the mean fluorescence intensity of all
pixels (62).
FRET for TopFluor Cholesterol–CFP-Orai protein
HEK293 cells transfected with CFP-Orai1 (or mutants Orai1 L74I or Orai1 Y80S) and
mCherry-STIM1 were grown in 30-mm glass bottom dishes for 2 days. Transfected cells
were loaded with 2.5 µM TopFluor Cholesterol (Avanti Polar Lipids; excitation/emission,
495/507 nm] for 2 hours in culture medium. Before the experiment, the loading medium was
replaced by nominally Ca2+-free buffer. After 5 min in Ca2+-free buffer, stores were
depleted by the addition of 2 μM TG (Sigma-Aldrich), and images were recorded after a
further 5 min.
An Orca-D2 (Hamamatsu Photonics) split-view camera was used for separating FRET
images and was attached to an Observer D1 microscope (Zeiss) in conjunction with a
455/488/561-nm Laser System (Visitron Systems GmbH). VisiVIEW imaging software
(Visitron Systems) was used to record images. Images were analyzed using ImageJ (W. S.
Rasband, U.S. National Institutes of Health, 1997 to 2014, http://imagej.nih.gov/ij/).
For correction of the FRET channel image bleedthrough, the corrected FRET image
(nFRET) was calculated after background subtraction using the sensitized emission
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correction method: nFRET = rawFRET − corrD * Idonator − corrA * Iacceptor. The calibration
parameters were obtained from experiments using HEK cells containing only Orai1-CFP or
nontransfected HEK cells loaded with TopFluor Cholesterol (corrD = 0.83, corrA = 0.14).
FRET pixel intensities were then corrected for colocalization with the ImageJ FRET
analyzer plugin and expressed in relation to donor and acceptor intensities (nFRET). To
obtain comparable values between cells, a cell nFRET was calculated by normalizing mean
nFRET to the percentage of nFRET-positive pixels in the basolateral surface area of each
cell.
Degranulation of mucosal-type mast cells
RBL 2H3 cells were grown in 24-well plates overnight in a 37°C incubator. Upon removal
of the medium and washing, the cells were incubated in 2 mM Ca2+ solution containing
bovine serum albumin for 5 min. Store depletion was induced by 200 nM TG, and 100-μl
aliquots were taken at 10, 15, 20, and 30 min. Control aliquots were also taken from cells in
the resting state and from cells displaying full degranulation upon incubation in a 2% (v/v)
Triton X-100 solution. Then, 200 µl of a solution containing 1.3 mg of p-nitrophenyl-Nacetyl-β-D-glucosamine in 1 ml of 0.1 M sodium citrate solution (pH 4.5) was added and
incubated for 1 hour. The reaction was stopped with 600 μl of 0.2 M glycine solution. The
extent of degranulation was assessed by the absorbance of the samples at 405 nm. The
percentage degranulation was calculated by subtracting the basal degranulation from that
obtained after store depletion and then normalized to the maximal degranulation.
Biotinylation of cell surface membrane proteins
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EZ-Link Sulfo-NHS-LC-biotin and High Capacity Streptavidin Agarose Resin were
purchased from Pierce; anti-Orai1 and anti–β-actin antibodies were from Sigma-Aldrich;
peroxidase-linked anti-rabbit IgG (immunoglobulin G) was from Amersham. Cell
biotinylation was performed as described previously (63). Briefly, HEK293 cells were
transfected with wild-type YFP-Orai1 or different YFP-Orai1 mutants. After 24 to 72 hours,
cell surface proteins were incubated for 1 hour at 4°C using EZ-Link Sulfo-NHS-LC-biotin
(0.5 mg/ml; Pierce). After incubation, 100 mM tris was added to stop the reaction. Cells
were washed twice with phosphate-buffered saline (PBS) to remove excess biotinylation
agent and then lysed with lysis buffer (pH 8.0) containing 100 mM NaCl, 20 mM tris, 2 mM
EDTA, 10% glycerol, and 0.5% NP-40 and supplemented with Protease Inhibitor Cocktail
(20 μl/ml; Roche Applied Science). Lysed samples were centrifuged at 14,000g for 15 min.
Finally, biotinylated proteins in the supernatant were precipitated using High Capacity
Streptavidin Agarose Resin (Pierce) overnight at 4°C on a rocking platform. The samples
were resolved by 12% SDS–polyacrylamide gel electrophoresis, and protein detection was
done using the antibody against Orai1 diluted 1:2000 in PBS– Tween 20 (PBST). The
primary antibody was removed, and blots were washed six times for 5 min each with PBST.
To detect the primary antibody, blots were incubated for 1 hour with horseradish
peroxidase–conjugated rabbit anti-mouse IgG antibody diluted 1:5000 in PBST and then
exposed to enhanced chemiluminescence reagents for 2 min. Blots were then exposed to
photographic films. The density of bands on the film was measured using scanning
densitometry. The amount of Orai1 in the whole protein input was used to normalize the
amount of protein.
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Immunoprecipitation and immunoblotting
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Immunoprecipitation and Western blotting were performed as described previously (63). In
brief, 500-μl aliquots of HEK293 suspension (2 × 105 cells/ml) were lysed with an equal
volume of lysis buffer (pH 8.0) containing 200 mM NaCl, 40 mM tris, 4 mM EDTA, 20%
glycerol, and 1% NP-40 and supplemented with Protease Inhibitor Cocktail (20 μl/ml;
Roche Applied Science). Aliquots of HEK293 lysates (1 ml) were immuno-precipitated by
incubation with 1 μg of either an STIM1-recognizing antibody (BD Biosciences) or an
Orai1-recognizing antibody (Sigma-Aldrich) (64) and 25 μl of protein A–agarose overnight
at 4°C on a rocking platform. The immunoprecipitates were resolved as described above.
Data were normalized to the amount of protein recovered by the antibody used for the
immunoprecipitation (65).

Supplementary Materials
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cholesterol depletion in STIM1- and Orai1-containing HEK293 cells and in RBL mast
cells increases Ca2+ entry and endogenous CRAC currents, respectively, as well as mast cell
degranulation in RBL cells.

(A) Changes in intracellular Ca2+ concentrations [Ca2+]i in cholesterol oxidase (chol ox.)–
treated HEK293 cells expressing STIM1 and Orai1 compared to untreated cells [wild type
(WT)] expressing Orai1 and STIM1 (t = 400 s; P < 0.05, Student’s t test). (B) Respective
time courses for (A) whole-cell inward currents upon passive store depletion by EGTA at
−74 mV of cholesterol oxidase–treated HEK293 cells expressing STIM1 and Orai1
compared to untreated cells expressing Orai1 and STIM1 (t= 150 s; P< 0.05, Student's t
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test). (C) Mean inactivation profile at −90 mV of normalized current traces of HEK293 cells
expressing STIM1 and Orai1 with and without incubation with cholesterol oxidase. Ctrl,
control. (D) Changes in intracellular Ca2+ concentrations in filipin-treated HEK293 cells
expressing STIM1 and Orai1 compared to untreated cells expressing Orai1 and STIM1 (t =
400 s; P < 0.05, Student's t test). (E) Time course of whole-cell inward currents upon passive
store depletion by EGTA at −74 mV of filipin-treated HEK293 cells expressing STIM1 and
Orai1 compared to untreated cells expressing Orai1 and STIM1 (t = 150 s; P < 0.05,
Student’s t test). For (A) to (E), n represents the number of tested cells. (F) Western blot and
bar graph showing the amount of Orai1 with or without cholesterol oxidase. (G)
Coimmunoprecipitation of STIM1 and Orai1 before and after cholesterol oxidase
incubation. PM, plasma membrane. For (F) and (G), n represents the number of experiments.
(H) Bar graph comparing the plasma membrane intensities of control and cholesterol
oxidase–treated cells. n represents the number of tested cells taken from three to five
transfections. (I) Changes in intracellular Ca2+ concentrations upon application of TG and
ensuing perfusion with a Ca2+-containing solution in RBL cells upon incubation with
cholesterol oxidase (t = 480 s; P < 0.05, Student’s t test). (J) Time course of whole-cell
currents upon passive store depletion with EGTA at −74 mV of RBL cells upon incubation
with cholesterol oxidase compared to control cells (t = 300 s; P < 0.05, Student’s t test). For
(A) and (B), n represents the number of tested cells. (K) Hexosaminidase release (hex.
release) of RBL cells without and with incubation with cholesterol oxidase (P < 0.05). n
represents the number of independent experiments.
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Fig. 2. Mutations within the CB motif in Orai1 lead to significantly enhanced Ca2+ entry and
current density.

(A and C) Changes in intracellular Ca2+ concentrations upon TG application and perfusion
with a Ca2+-containing solution in HEK293 cells expressing STIM1 with (A) Orai1 L74I or
(C) Orai1 Y80S, compared to WT Orai1–expressing cells (t = 400 s; P < 0.05, Student’s t
test). (B and D) Time course of whole-cell currents upon passive store depletion by EGTA at
−74 mV of HEK293 cells expressing STIM1 and (B) Orai1 L74I or (D) Orai1 Y80S,
compared to cells expressing WT Orai1 (t = 150 s; P < 0.05, Student’s t test). (E) Time
course of whole-cell currents of cells expressing STIM1 C-terminal fragment encompassing
amino acids 233–474 (C-term 233–474) with CB motif Orai1 mutants or WT Orai1. For (A)
to (E), n represents the number of cells. (F) Western blot and bar graph showing the amounts
of Orai1, Orai1 L74I, and Orai1 Y80S in the plasma membrane. n represents the number of
experiments. (G) Bar graph comparing the plasma membrane intensities of control and CB
motif mutant–containing cells. n represents the number of test cells from three to five
transfections. (H) Bar graph depicting the FRET intensities of STIM1 C-term 233–474 with
Orai1, Orai1 L74I, and Orai1 Y80S. n represents the number of cells.
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Fig. 3. Orai1 CB motif mutants are not affected by cholesterol depletion or replenishment, and
reloading of cholesterol reverses the effect of cholesterol oxidase on WT Orai1.

(A and B) Changes in intracellular Ca2+ concentrations in HEK293 cells expressing STIM1
with (A) Orai1 L74I or (B) Orai1 Y80S compared to WT Orai1. Both WT and CB motif
mutants were analyzed in untreated and/or cholesterol oxidase–treated cells. (C and D) Time
course of whole-cell currents upon passive store depletion by EGTA at −74 mV of HEK293
cells expressing STIM1 and (C) Orai1 L74I or (D) Orai1 Y80S, compared to untreated,
treated, or cholesterol-preincubated cells expressing WT Orai1 and or the single point
mutants. For (A) to (D), n represents the number of tested cells. (E) Western blot and bar
graph comparing the amount of Orai1 L74I in the plasma membrane before and after
incubation with cholesterol oxidase. n represents the number of experiments. (F) Bar graph
comparing the plasma membrane intensities of control and CB motif mutant expressing cells
in the absence and presence of cholesterol oxidase. n represents the number of tested cells,
which have been taken from three to five transfections. (G) Time course of whole-cell
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currents upon passive store depletion by EGTA at −74 mV of HEK293 cells expressing
STIM1 and Orai1 that were incubated with cholesterol oxidase compared to those
preincubated with MβCD-cholesterol before cholesterol oxidase treatment (t = 150 s; P <
0.001, Student's t test). (H and I) Time course of whole-cell currents upon passive store
depletion by EGTA at −74 mV of HEK293 cells expressing STIM1 and Orai1 L74I (H) or
Orai1 Y80S (I) without and with incubation with MβCD-cholesterol. For (G) to (I), n
represents the number of tested cells.
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Fig. 4. Mutant Orai1 N-terminal peptides and full-length Orai1 mutant channels display reduced
association with cholesterol compared to WT peptides and Orai1.

(A) Intensity profile of Orai1 (72–90) N-terminal peptide in the absence and presence of
cholesterol. The figure is representative of three independent experiments. (B) Binding
curves displaying changes in the intrinsic fluorescence of Orai1 (72–90), Orai1 (72–90)
L74I, and Orai1 (72–90) Y80S with increasing cholesterol concentrations. Inset shows the
apparent Kd of the WT peptide compared to the mutants. Each binding curve for the WT and
mutant peptides is derived from the average of n = 3 independent experiments. Error bars are
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SDs. Excitation wavelength was 280 nm in (A) and (B). (C) FRET-TIRF microscopy of
HEK293 cells before and after store depletion. Cells were transfected with the indicated
Orai construct and mCherry-STIM1 (STIM1) and loaded with TopFluor Cholesterol
(Cholesterol). Images on the right (nFRET) show FRET-positive pixels after correction for
bleedthrough and non-colocalization. (D and E) Average nFRET of cells expressing the
indicated Orai construct before and after (E) store depletion. Statistical analysis was
performed with t test (control: CFP-Orai1, **P < 0.05 and ***P < 0.005). n represents the
number of tested cells, which have been taken from three to five transfections. Scale bars, 10
µm.
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