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and activates ORAI1 CRAC channels
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Abstract

Store-operated Ca2* entry (SOCE) is a universal mechanism to increase intracellular Ca2*
concentrations in non-excitable cells. It is initiated by the depletion of ER Ca?* stores, activation of
stromal interaction molecule (STIM) 1 and gating of the Ca2* release activated Ca2* (CRAC) channel
ORAI1 in the plasma membrane. We identified a minimal activation domain in the cytoplasmic
region of STIM1 (CCb9) which activated Ca2* influx and CRAC currents (Icrac) in the absence of
store depletion similar to but more potently than the entire C-terminus of STIM1. A STIM1 fragment
(CChb7) that is longer by 31 amino acids than CCh9 at its C-terminal end showed reduced ability to
constitutively activate Icrac consistent with our observation that CCh9 but not CCb7 efficiently
colocalized with and bound to ORAIL. Intracellular application of a 31 amino acid peptide contained
in CCb7 but not CCh9 inhibited constitutive and store-dependent CRAC channel activation. In
summary, these findings suggest that CCbh9 represents a minimal ORAI1 activation domain within
STIM1 that is masked by an adjacent 31 amino acid peptide preventing efficient CRAC channel
activation in cells with replete Ca2* stores.
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Introduction

Ca?* functions as an important second messenger in many cell types including those of the
immune system [1]. Many cells use store-operated Ca2* (SOC) channels, best characterized
as Ca?* release activated Ca2* (CRAC) channels in lymphocytes and mast cells, to regulate
Ca?* influx [2]. ORAI1 (or CRACMZ1) was identified as the pore forming subunit of the CRAC
channel and mutations in ORAIL in human patients abolish CRAC channel function [3;4;5;6;
7,8]. STIML1 is a single pass membrane protein located in the ER which serves as a sensor of
ER Ca2* concentrations and essential activator of CRAC channels [9;10]. A reduction in the
ER Ca2* concentration (i.e. store depletion) results in dissociation of Ca2* from the N-terminal
EF hand Ca2*-binding domains of STIM1, unfolding of the EF-sterile alpha motif (SAM)
domain and multimerization of STIM1 ultimately leading to the assembly of STIM1 in large
clusters (or puncta) in the ER membrane [11;12]. Multimerization of STIM1 in the ER is
sufficient to activate SOC/CRAC channels [13]. Nonetheless, expression of the soluble
cytoplasmic C terminus of STIM1 (STIM1-CT) was also shown to be able to activate CRAC
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channels in the absence of store depletion [14;15]. Three studies recently described regions
within STIM1-CT sufficient for multimerization of STIM1 and CRAC channel activation
[16;17;18]. We here report the independent identification of a minimal activation domain in
the C terminus of STIM1 (CCh9, for coiled-coil domain containing region b9) which is
sufficient for binding to and activation of ORAI1 CRAC channels independent of store
depletion. In addition, we identified a 31 aa peptide located C terminally of CCh9 that interferes
with ORAI1 binding and CRAC channel activation by STIM1.

Materials and Methods

Cell culture

HEK?293 cells were cultured in DMEM (Mediatech, Manassas, VA) at 37°C, 10% CO,; Jurkat
T cells (clone E6-1, ATCC, Manassas, VA) were grown in RPMI 1640 medium (Mediatech)
at 37°C, 5% COs».

Plasmids and transfections

The following N-terminally Cherry-tagged STIM1 fragments were amplified by PCR and
cloned into pFLAG-CMV10 (Sigma Aldrich, St.Louis, MO), numbers indicate amino acid
residues of human STIM1: CT (C terminus) 251-685, ERM 251-535, S/P-K 536-685, CCa
251-422,CCh1339-535, CCh2 351-535, CCh5 339-495, CCh7 339-475, CCbh8 339-460, CCh9
339-444, CCb10 339-436). For purification of GST-tagged STIM1 fragments, CCb7, CCb9
and CCb10 were cloned into pGEX6P-2 (GE Healthcare, Piscataway, NJ). GFP-myc-ORAI1
was a gift of Dr. R.S. Lewis; ORAI1 IRES-GFP plasmid was described previously [3]. For
measurements of intracellular [Ca%*] and Icrac, HEK293 cells were transfected with STIM1
and ORAI1 in DMEM containing 1 mM EGTA to reduce extracellular [Ca2*] and cytotoxicity
due to constitutive CaZ* influx.

Purification and pulldown of GST tagged proteins

For expression of GST-tagged STIM1 fragments, BL21pLys cells were transfected with
STIM1 fragments cloned into pGEX6p-2. Protein expression was induced by 0.1 mM IPTG
at 18 °C overnight and cells were lysed in buffer containing 20 mM Tris/HCI, 1 mM EDTA,
1 mMDTT and 250 mM sucrose. GST-tagged proteins were purified on glutathione Sepharose
4B resin (GE Healthcare). FLAG-tagged ORAI1 proteins were expressed in HEK293 cells,
membrane proteins solubilized by sonication and cell debris was eliminated by centrifugation
at 18,000 g for 25 min. ORAI1-containing lysates were incubated with GST-tagged proteins
plus GST beads, and bound proteins were detected by immunaoblotting using anti-FLAG (M2)
antibody (Sigma-Aldrich).

Confocal microscopy

Confocal images of GFP-ORAI1 and Cherry-STIM1 fragments expressed in HEK293 cells
were taken using an inverted Zeiss LSM510 laser scanning confocal microscope (63 Plan-
Neofluar). For quantifications shown in Fig. 4B, >200 cells were scored visually for
cytoplasmic or membrane localization of STIM1 fragments.

Single-cell calcium imaging

Measurements of intracellular Ca?* concentrations were done as described [19]. Briefly
HEK?293 cells were grown on UV-sterilized coverslips, loaded with 1 uM fura-2/AM and
analyzed by time-lapse videoimaging on an 1X81 epifluorescence microscope (Olympus). For
single cell analysis, 340/380 nm Fura-2 emission ratios of > 20 Cherry+ cells per experiment
were analyzed.
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Patch-clamp measurements of CRAC channel currents

Patch-clamp experiments were performed as described [8]. Briefly, CRAC currents in HEK293
and Jurkat cells were measured in whole-cell configuration at 21-25 °C. Voltage ramps from
—130 to +100 mV were delivered at a rate of 0.5 Hz from a holding potential of +30 mV. For
active store depletion in cells expressing wild-type ORAIL and STIM1, 20 uM IP3 was added
to the pipette solution; for experiments with cells expressing ORAIL and STIM1 fragments 4
mM CaCl, was added to the pipette solution to clamp free [Ca%*]; to ~ 150 nM. Where
indicated, STIM1445.475 peptide (445-475: PGIHSLVAALNIDPSWMGSTRPNPAHFIMTD,
Genscript, Piscataway, NJ) or myelin oligodendrocyte glycoprotein (MOG) control peptide
(35-55: MEVGWYRSPFSRVVHLYRNGK, Anaspec, San Jose, CA) were added to the
internal pipette solution at 20 uM. Purity of both peptides was >95%.

A more detailed description of the experimental procedures is available online in
Supplementary Materials.

Results and Discussion

Screening for a SOC/CRAC channel-activating region in the C terminus of STIM1

ORAI1 CRAC channels have been shown to be constitutively activated in the absence of store
depletion by expression of the soluble STIM1 C-terminus but the levels of [Ca%*]; and
Icrac were lower than those observed after store depletion [14;17]. To screen for protein
domainsthat are can mediate CRAC channel activation, we generated Cherry-tagged fragments
of the STIM1 C terminus (Fig. 1A). Truncation of STIM1 did not interfere with protein
expression as all STIM1 fragments were detectable at the expected sizes by SDS-PAGE and
immunoblotting (Fig. 1B).

The effects of STIM1 fragments on store-independent (i.e. constitutive) and store-dependent
Ca2* influx were evaluated by single cell Ca2* imaging before and after addition of thapsigargin
(TG), respectively, an inhibitor of the sarcoplasmic/endoplasmic reticulum ATPase (SERCA).
Focusing on Ca?* levels before store depletion, we observed constitutive CaZ* influx in cells
expressing the entire STIM1 C-terminus (CT) and the ERM domain fragment, whereas the S/
P-K region or the coiled-coil domain alone (CCa) had no effect (Fig. 1C,D). Strong constitutive
Ca?" influx was detectable in cells expressing STIM1 fragments encompassing amino acids
(aa) 339-460 (CCh8) and aa 339-444 (CCh9) which contain the second coiled-coil domain and
part of the predicted ERM domain of STIML1. Expression of longer fragments CCb1, CCb2,
CChb5 and CCb7 did not result in constitutive Ca?* entry. Further truncation of CCb9 by 8
amino acids at its C terminus yielding fragment CCbh10 abolished the ability of CCbh9 to induce
store-independent Ca2* influx (Fig. 1C,D). While STIM1 fragments had variable effects on
SOCE, itis of note that expression of CCh7 consistently resulted in a robust inhibition of SOCE
(Fig. 1C,D). Taken together, these data suggest that the 106 aa CCh9 fragment within STIM1
represents a minimal CRAC channel activating region that promotes store-independent Ca2*
influx. It is flanked at its C-terminal end by a putative inhibitory region (aa 445-475) which is
part of the 137 aa CCh7 fragment.

Constitutive CRAC channel activation by STIM1 domains CCbh9 and CCh7

Ectopic expression of ORAIL and STIM1 together dramatically amplifies CRAC channel
currents (Icrac) and robustly increases Ca2* entry [4:20]. We used this system to study the
effects of the STIM1 fragments on store-independent Ca2* influx and CRAC channel
activation. First, we measured [Ca2*];in HEK293 cells transfected with ORAI1 and the Cherry-
tagged STIM1 fragments CCh7, CCb9 or CCb10. Combined expression of ORAI1 with CCb7
or CCh9 resulted in constitutive, store-independent Ca2* influx whereas expression of CCb10
did not (Fig. 2A,B). In addition, CCb7 and CCh9 were as efficient as full-length STIM1 to
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induce SOCE whereas CCb10 failed to enhance SOCE significantly above levels seen with
the Cherry control alone (Fig. 2B). CCb7 and CCh9 enhance SOCE although they do not
possess an EF hand domain and are not located in the ER, most likely because they bind to
endogenous full-length STIM1 and enhance its function.

To confirm that constitutive Ca2* influx mediated by CCh7 and CCb9 is due to CRAC channel
activation, we directly measured CRAC channel currents in whole-cell patch clamp recordings.
To prevent Icrac activation by passive store depletion, [Ca2*]; was clamped to ~ 150 nM free
[CaZ*]; [4]. We observed constitutive CRAC channel currents immediately after break-in in
the absence of store depletion in cells expressing CCb7 and CCb9 but not CCb10 consistent
with measurements of [Ca2*]; (Fig. 2C). The currents observed in the presence of CCb7 and
CCh9 showed key characteristics of Icrac, Namely a strong inwardly rectifying current-
voltage relationship, a positive reversal potential (Fig. 2E) and inhibition by La3* (Suppl. Fig.
2). While CCh9, CCb7 and the C terminus of STIM1 were all able to induce store-independent
Icrac (Fig. 2E), STIM1-CT did so much less efficiently than CCh9 or CCh7 consistent with
a moderate constitutive increase in [Ca2*]; in cells expressing STIM1-CT (Fig. 1C,D) and the
inability of STIM-1 CT to activate Icrac reported by others [17].

CCh7, like CCh9, was able to induce store-independent Ca2* influx (Fig. 2 A,B) and CRAC
channel activation (Fig. 2C-E) when co-expressed with ORAIL, although Icgrac activation was
less robust in cells expressing ORAIL and CCh7 (average current density 14.5 + 1.9 pA/pF)
compared to cells expressing ORAIL and CCh9 (average current density 30.2 + 3.8 pA/pF)
(Fig. 2E). By contrast, ectopic CCh7 expression by itself without ORAIL failed to induce
constitutive Ca2* influx (Fig. 1C,D). We speculate that CCb7 has a lower binding affinity for
ORAI1 than CCh9 and that CCbh7-mediated constitutive activation of Icrac is only observed
when ORAI1 is ectopically expressed at high concentrations.

STIM1445.475 peptide interferes with CRAC channel activation

CCh7 and CCh9 only differ by 31 amino acid residues (445-475) at the C terminal end of CCh?7.
To investigate whether this peptide is responsible for the attenuated CRAC channel activation
of CCh7 compared to CCh9 and may have an inhibitory effect on STIM1-mediated CRAC
channel activation, we measured Icrac in cells expressing ORAIL and CCb9 followed by
intracellular perfusion with synthetic STIM1445.475 peptide. Constitutive CRAC channel
activation was observed upon break-in under these conditions, but current amplitudes were
markedly reduced in the presence of STIM1445.475 peptide (~ 13.5 £ 2.4 pA/pF) compared to
control peptide (~ 23.9 £ 4.5 pA/pF) (Fig 3A-C). A similar inhibitory effect on native CRAC
currents was observed in untransfected Jurkat T cells in which calcium stores had been
passively depleted in the presence of synthetic STIM1445.475 (~ 0.28 £ 0.06 pA/pF) or control
peptide (~ 0.76 £ 0.14 pA/pF) (Fig 3D-F). Taken together, these data show that while both
CCb7 and CCh9 are able to activate Icrac, CCh7 contains an inhibitory region (445-475) that
curtails full CRAC channel activation by the CCb9 domain in STIM1.

CCb9 colocalizes with and binds to ORAI1 more efficiently than CCb7

To understand the mechanism of CRAC channel activation by CCbh7 and CCbh9 and the distinct
efficiencies of these fragments, we investigated their colocalization with and binding to ORAI1
proteins. Cherry-tagged STIM1 fragments were expressed in HEK293 cells either alone or
together with GFP-ORAI1 and their localization was observed by confocal microscopy. In the
absence of ORAIL, all STIM1 fragments — CCbh7, CCbh9 and CCb10 — were distributed
throughout the cytoplasm (Fig. 4A, left panels). Co-expression of ORAI1 resulted in robust
colocalization of CCh9 with ORAI1 at the plasma membrane; no such colocalization with
ORAI1 was detectable for either CCb7 or CCb10 (Fig. 4A, right panels; Fig. 4B). These
findings suggest that CCh9 can bind to ORAIL with higher affinity than CCb7 and CCb10. To
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test this hypothesis, we conducted pull-down experiments in which purified GST-tagged CCb?7,
CCh9 and CCb10 fragments were incubated with lysates of cells expressing FLAG-tagged
wild-type ORAIL or FLAG-tagged ORAI1-L273S mutant. Substitution of L273 with serine in
the putative coiled-coil domain in the C terminus of ORAI1 was shown to abolish FRET
between STIM1 and ORAI1 as well as CRAC channel activation [15]. Consistent with the
colocalization of CCh9 with ORAIL (Fig. 4A) wild-type ORAI1, but not mutant ORAI1-L273S
strongly interacted with CCh9 suggesting that CCb9 binds to the C terminus of ORAI1 with
high affinity (Fig. 4C). By contrast, we failed to detect binding of CCbh7 and CCb10 to ORAI1
(Fig. 4C), although weak binding was observed for CCb7 when ORAI1 pulldowns were
conducted using an increased amount of GST-tagged CCh7 and immunoblots were exposed
for a prolonged period of time (Suppl. Fig. 3). Weak binding of CCb7 to ORAI1 is consistent
with its reduced ability to activate Icrac When coexpressed with ORAIL (Fig. 2C-E) and its
failure to promote store-independent Ca2* influx when expressed by itself (Fig. 1C,D). The
weak interaction of CCh7 with ORAIL compared to CCh9 indicates that the 31 aa
STIM1y45.475 peptide in CCh7 may serve as an inhibitory region by masking the interaction
of the activating CCb9 domain with ORAIL (Fig. 4D).

We here describe the identification of the 106 amino acid CCh9 domain (aa 339-444) in the C
terminus of STIM1 which binds to the C terminus of ORAI1 and is sufficient for CRAC channel
activation in the absence of store depletion. This minimal activation domain is almost identical
to STIM1 regions described very recently and alternatively termed SOAR (STIM1 ORAI1
activation region, aa 344-442)[16], CAD (CRAC activation domain, aa 342-446)[17] or OASF
(ORAI1 activating small fragment, aa 233-450/474)[18]. Truncation of the CCh9 domain by
8amino acids at its C terminus completely abolished the ability of the resulting CCb10 fragment
(aa 339-436) to activate CRAC channels and to bind to ORAIL. A STIM1 fragment that is 31
aa longer than CCh9 called CCh7 (aa 339-475) lacked the ability to activate store-independent
Ca?* influx when expressed in the absence of ORAI1 but induced constitutive CaZ* influx and
Icrac When co-expressed with ORALIL, albeit less efficiently than CCh9. Because CCh7 bound
only weakly to ORAIL in pull-down assays and showed no detectable colocalization with
ORAI1 at the plasma membrane we hypothesize that the ORAI1-binding affinity of CCh7 is
lower than that of CCh9. This would explain why store-independent activation of CRAC
channels is observed only at high ORAI1 plasma membrane concentrations following ectopic
expression of ORAIL but not in cells with native ORAIL expression.

Direct intracellular perfusion of cells with a synthetic STIM1445.475 peptide encompassing the
31 amino acid residues at the C terminus of CCb7 which distinguish CCb7 from CCh9 impaired
CRAC channel activation (Fig. 3). We speculate that the STIM1445.475 peptide interferes with
the interaction of STIM1 and ORAI1 by masking the high affinity ORAI1 binding site in CCh9
(Fig. 4D). Under physiological conditions in non-transfected cells, inhibition of the CCh9
domain by the STIM1445.475 peptide may be released and the CCb9 domain exposed when
Ca?* stores are depleted and STIM1 undergoes a conformational change and multimerization.
Inhibition mediated by the STIM1445.475 peptide may also explain why expression of the entire
C terminus of STIM1 results in significantly weaker CRAC channel activation than expression
of CCh9 or similar minimal activation domains in other studies. Identification and targeting
of activating and inhibitory domains in STIM1 could be the basis for specific modulation of
SOCE, for instance in the context of inflammatory or autoimmune diseases, in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of CRAC channel activating regions in STIM1

(A) Schematic representation of STIM1 protein domains and C-terminal fragments generated
in this study. CC, coiled-coil; CT, STIM1 C-terminus; EF, EF hand; ERM, ezrin/radixin/
moesin; SAM, sterile alpha motif; TM, transmembrane; S/P, serine-proline; K, lysine. (B)
Western blot of STIM1 C-terminal fragments. HEK293 cells were transfected with FLAG-
Cherry-tagged STIM1 fragments, cell lysates separated by SDS-PAGE and STIM1 fragments
detected with anti-FLAG antibody. (C) Store-independent and store-dependent Ca2* influx in
cells expressing STIM1 fragments. HEK293 cells were transfected with Cherry-tagged STIM1
fragments and [Ca2*]; was measured by single cell time-lapse imaging in 2 mM Ca?*, before
and after addition of 1 uM thapsigargin (TG). Traces represent mean 340/380 Fura-2 emission
ratios from one representative experiment; error bars represent s.e.m. (D) Summary of
experiments similar to those shown in (C). Bar graphs represent average peak [Ca2*]; in 2 mM
Ca?*, before (dark gray) and after thapsigargin (light gray) addition from 3-6 independent
experiments; error bars represent standard deviation.
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Figure 2. Constitutive Ca2* influx and CRAC channel activation by STIM1 fragments CCb7 and
CCh9

(A) CCb7 and CCh9 fragments induce store-independent, constitutive Ca2* influx when co-
expressed with ORAIL. HEK293 cells were transfected with ORAIL-IRES-GFP and Cherry-
tagged STIM1 fragments and [Ca2*]; was measured as described in Fig 1. Traces are
representative of > 3 similar experiments; error bars represent s.e.m. (B) Summary of
experiments similar to those shown in (A). Bar graphs represent peak [Ca2*]; before (dark gray)
and after (light gray) addition of thapsigargin (TG) in the presence of 2 mM Ca2*,,. (C)
Constitutive CRAC channel activation by CCh7 and CCh9. HEK293 cells were transfected as
described above. Shown are the time courses of currents obtained after establishing whole-cell
configuration. To prevent passive store depletion during Icgrac recordings, [Ca%*], was
clamped to ~ 150 nM by addition of 10 mM BAPTA and 4 mM Ca2"* to the internal pipette
solution. (D) Representative current-voltage relationships (I-V) extracted from currents shown
in (C). (E) Averages of current amplitudes at -80 mV obtained in the first 100 seconds after
break-in from experiments shown in (C,D). STIM1-CT (n=10), CCh7 (n=21), CCh9 (n=21),
CCb10 (n=6), full-length STIM1 + IP3 (n=8); error bars represent s.e.m.
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Figure 3. STIM1y445.475 peptide interferes with store-dependent and independent CRAC channel
activation

(A-C) Synthetic STIM1445.475 peptide inhibits constitutive Icrac HEK293 cells were
transfected with ORAI1 and CCb9 and Icrac Was recorded in the presence of 20 pM
STIM1445.475 peptide or control myelin oligodendrocyte glycoprotein (MOG) peptide in the
internal pipette solution. (A) Averages of time-dependent current development
(STIM1445.475,n=17; MOG, n=18). (B) Representative I-Vs from the same experiments shown
in A extracted at 200 sec. (C) Averages of current values recorded during the time indicated
by the black bar in (A). Error bars represent s.e.m. (D-F) Store-dependent activation of native
CRAC channel currents in T cells is inhibited by STIM1445.475 peptide. Endogenous Icrac
was activated in Jurkat T cells by passive store depletion with 10 mM BAPTA in the pipette
solution in the presence of 20 uM STIM1445.475 or MOG control peptide. (D) Averages of
time-dependent current development extracted at -80 mV. (E) Representative I-Vs from the
same experiments shown in (D) at 275 sec. (F) Averages of Icrac values recorded from
280-300 sec (black bar) in experiments shown in (D). STIM1445.475, N=13; MOG, n=13. Error
bars represent s.e.m.
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Figure 4. STIM1 fragment CCh9 but not CCh?7 efficiently colocalizes with and binds to ORAI1
(A) CCb9 colocalizes with ORAI1 at the plasma membrane. HEK293 cells were transfected
with Cherry-STIM1 fragments CCb7, CCb9 and CCb10 alone or together with GFP-ORAI1.
The subcellular distribution of CCb fragments was analyzed by confocal microscopy.
Representative cells from 2 independent experiments are shown. (B) Quantification of
subcellular distribution of CCb fragments from the experiment shown in (A). > 200 cells per
condition were analyzed as described in Materials and Methods. (C) STIM1 fragment CCh9
bindsto ORAI1. For pulldown experiments, HEK293 cells were transfected with FLAG-tagged
wild-type ORAIL or mutant ORAI1-L273S. Cell lysates were incubated with purified GST-
tagged STIM1 fragments or GST alone followed by pull-down of protein complexes with
glutathione sepharose resin. Proteins were detected by SDS-PAGE, immunoblotting with anti-
FLAG antibody (top) and Poinceau Red staining (bottom). (D) Model of ORAI1 activation by
STIML. In the resting state with replete Ca2* stores, the CCb9 ORAI1-binding domain in
STIM1 is masked by the STIM1445.475 peptide. Upon store depletion, the CCb9 domain is
released, binds to and activates the ORAI1 CRAC channel. For abbreviations see Fig. 1.
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