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Abstract

Background/Aims: Store-operated Ca?* entry (SOCE) through plasma membrane Ca?* channel
Orail is essential for many cellular processes. SOCE, activated by ER Ca?* store-depletion,
relies on the gating function of STIM1 Orai1-activating region SOAR of the ER-anchored Ca?*-
sensing protein STIM1. Electrophysiologically, SOCE is characterized as Ca?* release-activated
Ca** current (l.,)- A major regulatory mechanism that prevents deleterious Ca** overload is
the slow Ca**-dependent inactivation (SCDI) of |_,,.. Several studies have suggested a role of
Ca?*/calmodulin (Ca?*/CaM) in triggering SCDI. However, a direct contribution of STIM1 in
regulating Ca®*/CaM-mediated SCDI of | ., - is as yet unclear. Methods: The Ca®*/CaM binding
to STIM1 was tested by pulling down recombinant GFP-tagged human STIM1 C-terminal
fragments on CaM sepharose beads. STIM1 was knocked out by CRISPR/Cas9 technique in
HEK293 cells stably overexpressing human Orai1. Store-operated Ca?* influx was measured
using Fluorometric Imaging Plate Reader and whole-cell patch clamp in cells transfected
with STIM1 CaM binding mutants. The involvement of Ca2*/CaM in SCDI was investigated
by including recombinant human CaM in patch pipette in electrophysiology. Results: Here
we identified residues Leu3#/Val*”®> (H1) and Leu®°/Phe**' (H2) within SOAR that serve as
hydrophobic anchor sites for Ca2*/CaM binding. The bifunctional H2 site is critical for both
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Orai1 activation and Ca?*/CaM binding. Single residue mutations of Phe*' to less hydrophobic
residues significantly diminished SOCE and | ,,, independent of Ca?*/CaM. Hence, the role of
H2 residues in Ca2*/CaM-mediated SCDI cannot be precisely evaluated. In contrast, the H1 site
controls exclusively Ca?*/CaM binding and subsequently SCDI, but not Orai1 activation. V375A
but not V375W substitution eliminated SCDI of | . caused by Ca**/CaM, proving a direct role
of STIM1 in coordinating SCDI. Conclusion: Taken together, we propose a mechanistic model,
wherein binding of Ca?*/CaM to STIM1 hydrophobic anchor residues, H1 and H2, triggers
SCDI by disrupting the functional interaction between STIM1 and Orai1. Our findings reveal

how STIM1, Orai1, and Ca**/CaM are functionally coordinated to control | ., .

© 2020 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Calcium (Ca*) regulates a wide array of physiological functions in eukaryotic cells. The
endoplasmic reticulum (ER) is the major intracellular Ca* store and, upon its depletion,
e.g. through activation of IP, receptors, a refilling process known as store-operated calcium
entry (SOCE) is initiated [1]. SOCE relies on ER-anchored luminal Ca?*-sensing STIM proteins
(STIM1 and STIM2), and Orai Ca?* channels (Orail, Orai2 and Orai3) in the plasma membrane
(PM), with STIM1 and Orail playing a predominant role in most cell types [1-5]. Following ER
Ca? store depletion, STIM1 proteins undergo conformational changes and oligomerization,
leading to exposure of different STIM1 domains [6-14]. STIM1 proteins are targeted to PI(4,
5)P, anchored in the inner leaflet of the PM via their C-terminal lysine (K)-rich domain,
resulting in a physical coupling of ER and PM [13, 15, 16]. The STIM1 Orail-activating region
SOAR activates Ca?*-selective Orail channels in the PM [17], leading to influx of Ca?* that
is electrophysiologically characterized as Ca*" release-activated Ca** current (I_,.) [18].
CRAC channel-mediated Ca?* influx is essential for the acute refilling of ER Ca?* stores [19],
as well as for the activation of multiple Ca**-dependent downstream effectors such as NFAT
[1, 20-22]. STIM1-mediated Orail activation mechanisms have been widely studied in the
past decade [23, 24]. STIM2 has a similar function in gating Orail but responds to smaller
decreases in ER Ca?* concentrations [25, 26].

Following CRAC channel activation, regulation of I ., . is critically important to maintain
Ca** homeostasis and to prevent deleterious intracellular Ca* overload. CRAC channel
inactivation is known to be triggered by the elevation of cytosolic Ca** [27, 28]. Two
spatiotemporally distinct Ca**-dependent inactivation (CDI) mechanisms, namely slow Ca?*-
dependent inactivation (SCDI) and fast Ca?*-dependent inactivation (FCDI), jointly control
Ca* entry through CRAC channels [29, 30]. Both SCDI and FCDI regulate the activation
of Ca?** dependent transcription factors [31, 32]. FCDI develops over milliseconds and is
reduced upon whole cell dialysis with high concentrations of the rapid Ca?* buffer BAPTA
but is unaffected by the slower Ca?* buffer EGTA which has at least 100 times lower Ca?*
on- and off-rates [33, 34]. SCDI, on the other hand, develops over tens of seconds and
requires a global rise in cytosolic Ca?*. SCDI is suppressed upon whole cell dialysis with high
concentrations of either BAPTA or EGTA [27, 28]. In various cell types, the rate and extent
of SCDI is modulated by mitochondrial Ca?* buffering [35-39]. In addition, STIM1-associated
ER membrane protein (SARAF) has been reported to facilitate both SCDI and FCDI of CRAC
channels [40-43]. Inresting cells, the C-terminal inhibitory domain (CTID) of STIM1 (residues
448-530) implicated in both SCDI [40] and FCDI [44-46], facilitates the interaction of SARAF
with SOAR and prevents the spontaneous activation of STIM1. Store depletion causes an
initial dissociation of SARAF from SOAR to allow CRAC channel activation. Subsequently,
CTID-assisted reassociation of SARAF with SOAR has been proposed as a mechanism for
SARAF-mediated SCDI of CRAC channels [40].

It is well-known that the ubiquitous Ca?* sensor calmodulin (CaM) upon binding of
cytosolic Ca?* (Ca?*/CaM) undergoes a conformational change and exposes hydrophobic
protein binding regions. Ca*/CaM binds to numerous proteins and modulates various
functions [47, 48]. Ca**/CaM plays fundamentally important regulatory roles in numerous
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ion channels including triggering of CDI [49]. Dysfunctions in Ca?*/CaM based regulatory
mechanisms are linked to several human diseases [49-52]. The key components of the CRAC
machinery, STIM and Orai channel proteins have been shown to interact with Ca?*/CaM
[16, 46, 53-60]. However, Ca?*/CaM, STIM1 and Orail interaction sites and the underlying
regulatory mechanism of SCDI still remain unclear. Initially, it was suggested that binding
of Ca?*/CaM to the N-terminus of Orail (residues Y80 and W76) regulates the FCDI of CRAC
channels [46]. Yet, it was shown that these Orail residues enable conformational changes
within the pore, leading to CRAC channel inactivation without the requirement of Ca?*/CaM
[59]. STIM1 K-rich domain binds Ca?*/CaM and is required for the STIM1-SARAF interaction
as well as for SARAF-mediated SCDI of I ., . [43] [16, 54]. Deletion of the K-rich domain of
STIM1 led to only a small decrease in Ca?*/CaM binding, suggesting that there are likely
additional Ca?*/CaM binding motifs in STIM1 [16]. Recently, it was shown that Leu®®°/
Phe*! residues in SOAR interact with Ca?*/CaM [61]. Substituting Leu®*°/Phe3*! with serines
diminished binding of Ca**/CaM to STIM1 but also Orail activation independent of Ca?*/CaM
[61].

Our previous in silico analysis of STIM1 amino acid sequence on CaM-target database
server suggested the presence of a CaM binding domain within SOAR (CaMBD,, ., residues
372-394). We showed that within the CaMBD,,, both H1 (Leu®*/Val*”®) and H2 (Leu®/
Phe?*") hydrophobic residue sites are crucial for binding of Ca**/CaM to STIM1. Based on
these findings, we hypothesized that STIM1 H1/H2 site(s) play a role in Ca?*/CaM-mediated
SCDI of CRAC channels. Mutation of H2 residues or only Phe®** directly interfered with Orail
activation independently of Ca?*/CaM, preventing precise SCDI analysis. In contrast, H1 is
dispensable for Orail activation but critical for Ca?*/CaM binding. Substitution of Val3’® in H1
to alanine eliminates Ca?'/CaM-mediated SCDI of I, whereas substitution to tryptophan
retains Ca?*/CaM-mediated SCDI. Our findings therefore provide a direct functional link
between association of Ca?*/CaM to STIM1 and SCDI of CRAC channels, and segregate the
roles of H1 and H2 residues of STIM1 in Orail activation and slow Ca%*-dependent Ca?*/CaM-
mediated inactivation.

Materials and Methods

Plasmids

Bacterial expression and purification constructs: The bacterial expression and purification pET15b
construct carrying the N-terminally 6X-His-GFP tagged cytosolic part of human STIM1 [15] was modified
by site-directed mutagenesis (SDM) to generate a construct encoding for protein lacking the C-terminal K
(lysine)-rich domain [16]. A stop codon (TAG) was introduced after residue position 670 of STIM1 by SDM
using 5’-GAC TCC AGC CCA GGC TAG CGG AAG AAG TTT CCT-3’ forward and 5’-AGG AAA CTT CTT CCG CTA
GCC TGG GCT GGA GTC-3’ reverse primers. Thus, obtained N-terminally 6X-His-GFP tagged cytosolic part
of hSTIM1 lacking the K-rich domain (STIM1CT-AK) construct was further modified by SDM to mutagenize
the H1 and H2 hydrophobic positions in hSTIM1 putative Ca?*/CaM binding domain. The Leu3*° and Phe3"
residues were both mutated to alanine (H2AA) in the STIM1CT-AK pET15b construct by SDM using 5’-AAG
AAG AGA AAC ACA GCC GCT GGC ACC TTC CAC GTG-3’ forward and 5’-CAC GTG GAA GGT GCC AGC GGC
TGT GTT TCT CTT CTT-3’ reverse primers. Leu?’* and Val?’®* were both mutated to alanine (H1AA) in the
STIM1CT-AK pET15b construct by SDM using 5’-GCT GAG AAG CAG CTG GCG GCG GCC AAG GAG GGG GCT-
3’ forward and 5’-AGC CCC CTC CTT GGC CGC CGC CAG CTG CTT CTC AGC-3’ reverse primers. Similarly, the
H1AA substitutions were also performed in the STIM1CT-AK H2AA construct in order to combine the H1AA
and H2AA mutationsin the STIM1CT-AK pET15b construct.

In order to remove the Ca?*/CaM binding domain completely from the STIM1CT-AK pET15b construct,
first, an additional Pmll restriction site was engineered by SDM after K371 residue of STIM1 using 5’-CAA
AAT GCT GAG AAG CAC GTG CTG GTG GCC AAG GAG-3’ forward and 5’-CTC CTT GGC CAC CAG CAC GTG CTT
CTC AGC ATT TTG-3’ reverse primers. Another Pmll restriction site was already present in the construct
after F394 residue of STIM1. The Pmll digested construct, after removal of the 69 bp fragment, was
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extracted by gel purification and ligated using T4 DNA ligase (NEB). This resulted into a 7.719 kB STIM1CT-
AK ACaMBD,,, pET15b construct where STIM1 residues 372-394 were removed.

Mammalian expression constructs: The HA-hSTIM1 peGFP-N1 construct [62] was modified by
inserting mCherry after the HA-tag to create the HA-mCherry-hSTIM1 construct (STIM1). mCherry was
amplified from the pmCherry-N1 construct kindly provided by Dr. Holger Lorenz (University of Heidelberg,
Germany) using the 5’-ATA TAA GCT TGC ACC GGT CGC CAC CAT GGT GAG CAA GGG C-3’ forward and 5’-
ATA TAA GCT TGG AGC CTG CGT ACA AAC TTG TTG ATC CGG ACT TGT ACA GCT CGT CCA TGC CGC CGG-3’
reverse primers. The obtained PCR product with 5’ and 3’ HindlII restriction site overhangs was digested
with HindIIl enzyme and ligated into the HindlIII digested HA-hSTIM1 peGFP-N1 vector. In the same manner,
the HA-hSTIM2 peGFP-N1 construct [62] was modified by inserting mCherry after the HA-tag to create the
HA-mCherry-hSTIM2 construct (STIM2). Both HA-mCherry-hSTIM1 and HA-mCherry-hSTIM2 constructs
contained the signal sequence of hSTIM1 just upstream of the HA-tag.

The HA-mCherry (control) plasmid was constructed by introducing a stop codon after mCherry in the
HA-mCherry-hSTIM1 peGFP-N1 construct by SDM using 5’-GCA TGG ACG AGC TGT ACA AGT AGG GAT CAA
CAA GTT TGT ACG CAG-3’ forward and 5’-CTG CGT ACA AAC TTG TTG ATC CCT ACT TGT ACA GCT CGT CCA
TGC-3’ reverse primers. The control plasmid also contained the signal sequence of hSTIM1 just upstream
of the HA-tag.

The Leu®*® and Phe®! residues were both mutated to alanine in HA-mCherry-hSTIM1 peGFP-N1
construct by SDM using 5’-GAT AAA AAA GAA GAG AAA CAC AGC CGC TGG CAC CTT CCA CGT GGC CCA C-3’
forward and 5’-GTG GGC CAC GTG GAA GGT GCC AGC GGC TGT GTT TCT CTT CTT TTT TAT C-3’ reverse
primers to generate HA-mCherry-hSTIM1-H2AA peGFP-N1 construct (STIM1 H2AA). The V394 and F395
residues were both mutated to alanine in HA-mCherry-hSTIM2 peGFP-N1 construct by SDM using 5’-TTA
AAA AGA AGA GAA GCA CAG CCG CTG GGA CTC TGC ACG TTG CAC A-3’ forward and 5’-TGT GCA ACG TGC
AGA GTC CCA GCG GCT GTG CTT CTC TTC TTT TTA A-3’ reverse primers to generate HA-mCherry-hSTIM2-
H2AA peGFP-N1 construct (STIM2 H2AA).

The C-terminal K-rich domain deletion mutant of HA-mCherry-hSTIM1 in peGFP-N1 was constructed
by inserting a stop codon before the last 15 residues of hSTIM1 in the construct by SDM using 5’-GAC TCC
AGC CCA GGC TAG CGG AAG AAG TTT CC-3’ forward and 5’-GGA AAC TTC TTC CGC TAG CCT GGG CTG GAG
TC-3’ reverse primers (STIM1-AK). F391W substitution in the STIM1-AK construct was made by SDM using
5’-GAA GAG AAA CAC ACT CTG GGG CAC CTT CCA CGT GGC-3’ forward and 5’-GCC ACG TGG AAG GTG CCC
CAG AGT GTG TTT CTC TTC-3’ reverse primers. F391L substitution in the STIM1-AK construct was made
by SDM using 5’-GAA GAG AAA CAC ACT CCT GGG CAC CTT CCA CGT G-3’ forward and 5’-CAC GTG GAA GGT
GCC CAG GAG TGT GTT TCT CTT C-3’ reverse primers. F391V substitution in the STIM1-AK construct was
made by SDM using 5’-GAA GAG AAA CAC ACT CGT TGG CAC CTT CCA CGT G-3’ forward and 5’-CAC GTG GAA
GGT GCC AAC GAG TGT GTT TCT CTT C-3’ reverse primers. F391A substitution in the STIM1-AK construct
was made by SDM using 5’-GAA GAG AAA CAC ACT CGC TGG CAC CTT CCA CGT G-3’ forward and 5’-CAC GTG
GAA GGT GCC AGC GAG TGT GTT TCT CTT C-3’ reverse primers. The H2AA (L374A-V375A) substitutions
in STIM1 as well as STIM1-AK constructs were performed by SDM using the same primer pair mentioned
above in the bacterial expression and purification constructs. In STIM1-AK construct, Val?’® of STIM1 was
mutagenized to tryptophan by SDM using 5’-GCT GAG AAG CAG CTG CTG TGG GCC AAG GAG GGG GCT GAG-
3’ forward and 5’-CTC AGC CCC CTC CTT GGC CCA CAG CAG CTG CTT CTC AGC-3’ reverse primers. Val®’>
substitution to alanine in STIM1-AK construct was performed by SDM using 5’-GCT GAG AAG CAG CTG CTG
GCG GCC AAG GAG GGG GCT GAG-3’ forward and 5’-CTC AGC CCC CTC CTT GGC CGC CAG CAG CTG CTT CTC
AGC-3’ reverse primers.

All of the oligonucleotides were synthesized by Microsynth AG (Balgach). The SDM reactions were
performed using Pfu Turbo DNA polymerase (Agilent Technologies). The correct clones were verified by
Sanger sequencing (Microsynth AG).

Protein purification

The 6X-His-GFP tagged bacterial expression constructs were transformed into E. coli BL21 (DE3)
Codon Plus strain. For pre-culture, a single colony was inoculated in 50 ml of LB containing 100 pg/ml
ampicillin and cultured at 37°C for 6-8 h. The culture was then diluted to 0.1 0D, , in 500 ml LB containing
100 pg/ml ampicillin and grown for another 1-1.5 h at 37°C until the 0D reached 0.4-0.6. The culture was
cooled down to room temperature by incubating for 30 min. IPTG (Applichem) was added to the culture to
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a final concentration of 0.25 mM to induce protein expression and the culture was grown overnight at 25°C.
Next day, the culture was centrifuged at 4000 rpm for 10 min and the pellet was resuspended in 30 ml of
ice-cold lysis buffer containing 50 mM Tris-HCI (pH 7.5), 250 mM NaCl, 20 mM imidazole and 0.5 mM EDTA
with freshly added 1 mM PMSE, 10 mM B-mercaptoethanol and 1X Complete™ protease inhibitor cocktail
(Roche). The resuspended bacteria were lysed using a microfluidizer (EmulsiFlex C5, Avestin) at a pressure
of 15,000-20,000 psi. The lysate was then subjected to ultracentrifugation using a pre-cooled 45 Ti rotor
at 120000 g for 45 min at 4°C. The supernatant was applied to 2 ml Ni-NTA agarose resin (Qiagen) pre-
equilibrated with lysis buffer and incubated on a rotor for 1 h at 4°C. 3-5 washes with 25 ml lysis buffer were
performed to eliminate non-specific binding of other proteins. Thereafter, the beads were incubated on the
rotor with 2 ml elution buffer containing 50 mM Tris-HCl (pH 7.5), 250 mM NaCl and 300 mM imidazole
for 1 h at 4°C. The supernatant from the beads was then loaded into dialysis membrane (Spectrum) with a
molecular weight cut-off of 12-14 kDa. A step-wise dialysis was performed at 4°C for the first hour in 500
ml of 50 mM Tris-HCl (pH 7.5), 250 mM NaCl and 150 mM imidazole and for the second hour in 500 ml of
50 mM Tris-HCl (pH 7.5), 250 mM NaCl and 75 mM imidazole. Finally, overnight dialysis was performed in
1 liter of 50 mM Tris-HCl (pH 7.5) buffer containing 250 mM NacCl and no imidazole. Next day, the dialyzed
proteins were collected into 1.5 ml Eppendorf tubes and stored at -20°C.

Ca?*/calmodulin binding assay

30 pl of the CaM affinity resin (Agilent Technologies) was washed with CaM binding buffer (25 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM CacCl,). The 6X-His-GFP recombinant proteins (1 uM) were
incubated with CaM affinity resin in 600 pl of CaM binding buffer for 1 h at 4°C, rotating. The resin was then
washed four times with the CaM binding buffer for elimination of any nonspecifically bound proteins. After
removal of the unbound supernatant, 2X Laemmli sample buffer was added to the resin and boiled at 95°C
for 5 min. Samples from the input, unbound and eluted fractions (bound) were analyzed on a 10% SDS-PAGE
followed by Western blotting with a GFP antibody (SantaCruz).

CRISPR/Cas9

The Benchling CRISPR webtool (https://benchling.com/crispr) was used to design two different guide
RNA pairs within exon 1 of human STIM1 gene. STIM1 gRNA1 (for: 5’-CAC CGT TCT GTG CCC GCG GAG
ACT C-3’ and rev: 5’-AAA CGA GTC TCC GCG GGC ACA GAA C-3") and gRNA2 (for: 5’-CAC CGT ATG CGT CCG
TCT TGC CCT G-3’ and rev: 5’-AAA CCA GGG CAA GAC GGA CGC ATA C-3") were synthesized by Microsynth
AG (Balgach). These complementary gRNA oligo pairs with Bbsl compatible overhangs were annealed by
incubating for 5 min at 95°C in a thermocycler and then ramping down to 25°C at 5°C/min. The resulting
double stranded DNA guide inserts were cloned into BbsI-digested px330.pgkpuro CRISPR/Cas9 vector [63]
using T4 DNA ligase (NEB).

HEK293 cells stably overexpressing Orail (HEKO1) seeded in a T25 flask upon reaching 70-80%
confluence, were co-transfected with 2 pg of each CRISPR construct (gRNA1 and gRNA2) along with 1 pg
of pmCherry-N1 using Lipofectamine® 2000 (11668019, Thermo Fisher Scientific). The mCherry-positive
transfectants were sorted as single cells in a 96-well plate by FACS on BD FACSAria™ III sorter. Ten single-
cell derived HEKO1 cell clones were analyzed for STIM1 knock-out using a 96-well plate SOCE functional
assay on Fluorometric Imaging Plate Reader (FLIPR Tetra®, Molecular Devices). A single-cell derived clone
C8 was functionally confirmed to have undergone knockout of STIM1. The knock-out of STIM1 was further
confirmed by Western blotting.

SOCE assay on FLIPR

HEKO1 as well as HEKO1 STIM17 cell cultures were maintained at 37°C and 5% CO, in MEM (31095-
029, Thermo Fisher Scientific) supplemented with 10% FBS (10270106, Fisher Scientific), 1% Pen/Strep
(P4333, Sigma-Aldrich) and 1 pg/ml puromycin. HEKO1 and HEKO1 STIM1- cells were seeded at a density
of 50,000 cells/well on Corning® 96-well black polystyrene clear bottom microplates (CLS3603, Sigma-
Aldrich) in 100 pl phenol red free MEM (51200-046, Thermo Fisher Scientific) supplemented with 2 mM
L-Glutamine (G7513, Sigma-Aldrich). The cells were allowed to grow at 37°C and 5% CO, until 90-100%
confluent (16-20 h).
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Calcium 5 dye stock solution was prepared by dissolving a vial from Calcium 5 assay bulk kit (R8186,
Molecular Devices) in 10 ml sterile-filtered nominal Ca*-free (NCF), modified Krebs buffer containing 117
mM NaCl, 4.8 mM KCl, 1 mM MgCl,, 5 mM D-glucose, 10 mM HEPES (pH 7.4) and 500 pl aliquots were stored
at-20°C. The dye stock was diluted 1:20 in NCF Krebs buffer and after removing the medium of the cells, 50
ul of the diluted dye was applied per well. The cells were incubated at 37°C for 1 h in dark. The fluorescence
Ca?* measurements were carried out using FLIPR Tetra® where cells were excited using a 470-495 nm LED
module, and the emitted fluorescence signal was filtered with a 515-575 nm emission filter (manufacturer’s
guidelines). Stable baselines were established for 50 sec before 50 pl of 2 pM (2X) thapsigargin (T9033,
Sigma-Aldrich) freshly prepared in NCF Krebs buffer was robotically administered to the cells to deplete
the Ca?* stores. Cells were incubated and fluorescence was monitored in the presence of thapsigargin for a
total of 10-15 min. Finally, 50 ul of 3X CaCl, (6 mM) prepared in NCF Krebs buffer was administered per well
leading to a final 2 mM CaCl, concentration. The SOCE signal was recorded for another 5 min.

For transfection HEKO1 STIM1 cells were seeded at a density of 26,000 cells/well. Next day, at around
80% confluence, the cells were transfected with 100 ng/well of desired STIM or control plasmid DNA using
Lipofectamine® 2000 (Thermo Fisher Scientific). 16-20 h post transfection, the cells were subjected to SOCE
assay on FLIPR as described above.

Electrophysiology

Whole-cell patch-clamp experiments were performed as described previously [64]. Briefly, HEKO1
STIM17- cells were trypsinized and seeded into the 6-well plate. Next, when the cells reached confluence of
approx. 80%, they were transiently transfected with plasmids encoding selected STIM1 mutants. Briefly, 5
ul Lipofectamine® 2000 (Thermo Fisher Scientific) and 2 pg STIM1 plasmid DNA were mixed in Opti-MEM™
(11058021, Thermo Fisher Scientific) and applied onto the cells in a single well. After 6 h of incubation
with the Lipofectamine DNA complexes, cells were trypsinized and reseeded sparsely into the 35 x 10 mm
(diameter x height) cell culture petri dishes.

CRAC currents were measured after 18 h of further incubation at 37 °C in humidified 5% CO,
atmosphere. Only cells showing comparable (modest) fluorescence levels of mCherry-STIM1 were selected
for recordings. The experiments were performed at room temperature, in whole-cell configuration.
Pipettes were pulled from 1.5 mm thin-wall borosilicate glass capillaries with filament (BF150-86-7.5,
Sutter Instruments) using a horizontal P-1000 puller (Sutter Instruments) to obtain a serial resistance of
around 2.5 MQ. Currents were recorded with PatchMaster software (HEKA Elektronik), using an EPC-10
USB amplifier (HEKA Elektronik). Upon establishment of giga seal and successful break-in into the single,
mCherry fluorescent cell, 50-ms voltage ramps spanning =150 to +150 mV were delivered from a holding
potential of 0 mV every 2 seconds. Currents were filtered at 2.9 kHz and digitized. Liquid junction potential
was 10 mV and currents were determined and corrected before each voltage ramp. Leak currents were
corrected by subtracting the initial ramp currents from all subsequent currents using FitMaster software
(HEKA Elektronik). Currents were extracted at -80 and +80 mV and normalized to cell capacity (size).

Bath solution contained 120 mM NaCl, 10 mM tetraethylammonium chloride (TEA-Cl), 2 mM
MgCl,, 10 mM CaCl,, 10 mM HEPES, and 32 mM glucose (pH 7.2 with NaOH, 300 mOsmol). Calcium-free
internal solution contained 120 mM Cs-glutamate, 3 mM MgCl,, 10 mM HEPES, 0.05 mM D-myo-inositol 1,
4,5-trisphosphate, trisodium salt (IP,) (407137, Calbiochem), 20 mM EGTA (pH 7.2 with CsOH, 310 mOsmol
with glucose). Where applicable, in order to clamp the concentration of free calcium ions at 25 nM, 2.39
mM of CaCl, was added to the internal solution (mentioned above) at room temperature, as calculated with
the WEBMAXC standard tool available at University of California Davis Medical Center (https://somapp.
ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm). When indicated, 50 pM
CaM (BML-SE325-0001, Enzo Life Sciences) was added to the internal solution.

Western blotting

After running the input, unbound and eluted (bound) fractions from the CaM binding experiments on
10% SDS-PAGE, proteins were transferred onto Whatman® Protran® nitrocellulose membranes (0.45 pm
pore size) by semi-dry blotting. The membranes were blocked in 5 % dry skimmed milk dissolved in 1X PBS
containing 0.05 % (w/v) Tween (PBS-T) for 30 minutes at room temperature. The blots were incubated at
4 °C overnight with the rabbit polyclonal GFP antibody (sc-8334, Santa Cruz) in 1:5,000 dilution prepared
in 5% milk in PBS-T. Next day the blots were washed for 20 min thrice with 1X PBS-T and incubated for 1 h
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at room temperature with the anti-rabbit secondary antibody coupled to horseradish peroxidase (HRP)
prepared in 5% skimmed milk in PBS-T. The blots were washed three times (20 min each) with PBS-T and
finally with PBS. After incubation with the chemiluminescence blotting substrate (Roche), light emission
was acquired using LAS-4000 image analyzer (Fujifilm) and ImageQuant LAS 4000 (GE Healthcare).

HEKO1 and HEKO1 STIM1- cells after washing with PBS were lysed using ice-cold RIPA buffer (150
mM NaCl, 50 mM Tris-HCl pH 7.4, 5 mM EDTA, 1% Triton-X-100, 0.5% Deoxycholate, 0.1% SDS) with freshly
added 1X protease inhibitor cocktail (Roche). Total cell lysates were spun down at 15,000 g for 10 min at
4°C. The supernatants were collected, and protein estimation was performed using DC™ protein assay (Bio-
Rad). 20 pl cell lysate for each sample containing 20 pg total protein and 1X Laemmli buffer was separated
on 10% SDS-PAGE. Similar procedure as described above was followed for Western blotting. Mouse
monoclonal hOrail antibody (SAB4200273, Sigma-Aldrich) was used in a 1:200 dilution. Mouse monoclonal
Tubulin antibody (T9028, Sigma-Aldrich) was used in a 1:2,000 dilution. Guinea pig polyclonal hSTIM1
antibody [62] raised against the N-terminus of hSTIM1 (residues 23-213) was used in a 1:1,000 dilution.
HRP conjugated goat anti-mouse secondary antibody was used in a 1:3,000 dilution (172-1011, Bio-Rad).
Peroxidase-conjugated affinipure goat anti-guinea pig secondary antibody was used in a 1:10,000 dilution
(106-035-003, Jackson Immuno Research). The antibodies were prepared as above. After incubation of the
membranes with the Western blotting substrate (RPN2106, GE Healthcare), the chemiluminescence was
detected on an Amersham™ Hyperfilm™ MP (GE Healthcare).

Analysis software and statistics

Image] was used to quantify the density of the bands from the Western blots of the CaM binding
experiments. Fluorescence signals from FLIPR Tetra® were analyzed using the ScreenWorks 3.1.1.8 software
(Molecular Devices). The SOCE activity was measured by quantifying the area under the curve (AUC) and
slope of the curve of the fluorescence intensity trace(s), following administration of the final 2 mM CaCl,.
The data are plotted as mean + S.D. Igor Pro 6.3.7.2 (WaveMetrics) was used for I ;. data analysis and the
data are plotted as mean * S.E.M. The statistical evaluation was carried out using both Student’s t- and Mann
Whitney U non-parametric tests using Microsoft® Excel and IBM® SPSS® v20.

Results

Critical residues for calmodulin binding within the SOAR domain

Ca?"/CaM is known to bind targets with two hydrophobic anchor residues spaced eight,
twelve or fourteen residues apart from each other [65-68]. Our in silico analysis of the STIM1
sequence on the CaM-target database server [69] revealed a putative CaM binding site within
the evolutionary conserved SOAR domain of STIM1. We identified two hydrophobic sites (H1
and H2) that may serve as anchors for Ca?*/CaM binding (Fig. 1A).

To investigate the role of hydrophobic interactions in STIM1-Ca?/CaM complex
formation exclusive of the Ca?*/CaM binding K-rich domain, we used recombinant protein
constructs encoding N-terminally hexa-histidine and GFP-tagged STIM1 cytosolic terminus
lacking the K-rich domain (STIM1CT-AK). We mutated the following residues from H1 or H2
to alanines: Leu®’* and Val®*”® from H1 (H1AA) and Leu®*® and Phe®*! from H2 (H2AA), or both
in combination (H1AA-H2AA) and assessed protein binding to Ca?*/CaM-sepharose beads
(Fig. 1B and C). The H2AA mutation led to approximately a 75% decrease in protein binding
to Ca?*/CaM confirming previous findings of Li et al. with respect to the involvement of these
residues of STIM1 in Ca?*/CaM binding (Fig. 1B). The mutation of our newly identified H1
site (H1AA) led to a 66% decrease in protein binding to Ca?*/CaM. These findings uncover
that residues from both sites, H1 and H2, serve as hydrophobic anchors for Ca?*/CaM binding
(Fig. 1B). The combined mutation of these hydrophobic residues at sites H1 and H2 (H1AA-
H2AA) did not result in any further decrease in protein binding (Fig. 1C). Deletion of the
entire CaMBD, , domain from STIM1CT-AK led to a 90% drop in Ca**/CaM binding (Fig. 1C).
Overall, these findings highlight the significance of the hydrophobic residues at H1 and H2
sites in CaMBD__, . for the formation of a STIM1-Ca?/CaM complex.

SOAR
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Fig. 1. Hydrophobic residues crucial for binding of Ca?*/Calmodulin to STIM1-Orail activating region.
(A), Domain architecture of human STIM1 with sequence alignment of predicted CaM-binding domains
(CaMBDs) of human STIM1 and STIM2 and STIM1 of different vertebrates and drosophila are shown.
Conserved hydrophobic residues (H1 and H2) in STIM1-Orail activating region (SOAR) are indicated
in bold green within CaMBD,, (residues 372-394) and are marked with asterisks. (B), Binding of GFP-
tagged STIM1 C-terminus lacking the K-rich domain (STIM1CT-AK) and STIM1CT-AK with mutations of
hydrophobic residues (L390A-F391A = H2AA and L374A-V375A = H1AA) in CaMBD,,, to CaM beads. C,
Binding of STIM1CT-AK with combined H2AA and H1AA mutations and of STIM1CT-AK with deletion of
CaMBD_, . to CaM beads. The bound fraction of STIM1CT-AK was set to 100 in all three experiments and the

SOAR
mean * S.E.M. for the bound (eluted) fractions of all mutants is indicated.

The H2 site of STIM1 CaMBD,,  is critical for Orail activation

For further investigations, we generated a STIM1 deficient HEK293 cell line to eliminate
endogenous STIM1 background expression. We knocked out STIM1 (STIM1+/) in HEK293
cells stably overexpressing human wild type Orail (HEKO1) [70] using the CRISPR/Cas9
technique. Orail and STIM1 protein levels in HEKO1 cells and HEKO1 STIM1- cells are shown
by Western blot analysis (Fig. 2A and B). Knockout of STIM1 in HEKO1 cells nearly abolished
SOCE (Fig. 2C). Conversely, overexpression of human wildtype STIM1 in HEKO1 STIM1+
cells rescued SOCE compared to control transfected cells (Fig. 2D). A thorough analysis of
SOCE (area under the curve and rate of Ca?* entry) is shown (Fig. 2E and F). Only a minor but
significant rescuing effect was observed in cells expressing STIM1 H2AA (Fig. 2D, E and F).
Next, I ;.. was evoked with 20 mM EGTA and 50 uM IP, in the patch pipette. Consistent with
the SOCE findings, expression of STIM1 H2AA in HEKO1 STIM 1~ cells resulted in significantly
smaller I, . compared to STIM1 WT (Fig. 2G, H and I). The substitution of both H2 residues

CRAC
by serine (H2SS) completely failed to rescue SOCE and I, . (Supplementary Fig. S1 - for all

CRAC
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(CD) of the I . recordings (STIM1, n = 9; STIM1 H2AA, n = 6; mean - SEM) from HEKO1 STIM1+" cells. (H),
average current-voltage (I-V) curves of the I, recordings at t = 2 min (STIM1, n = 9; STIM1 H2AA, n = 6).
(1), quantified average CD values at t = 2 min (STIM1, n = 9; STIM1 H2AA, n = 6; mean * SEM) from HEKO1
STIM17- cells transiently overexpressing STIM1 (black) or STIM1 H2AA (blue). (J), Representative FLIPR
traces of SOCE in HEKO1 STIM1+- cells transiently transfected with mCherry (Control, red), mCherry-STIM2
(STIM2, black) or mCherry-STIM2-V394A-F395A (STIM2 H2AA, blue). (K), Quantified AUC and (L), slope
of the SOCE traces after extracellular Ca?* application in HEKO1 STIM1"- cells transiently overexpressing
control (red), STIM2 (black) or STIM2 H2AA (blue). The data was normalized by setting the AUC and slope
of the Ca?* entry traces to 100 (n = 15; mean * standard deviation). p value (p) of the WT or mutant STIM
compared to the mcherry control group is indicated above the respective bar as non-significant (n.s.) for
p > 0.05 or as “***” for p <= 0.001.

260



Cellular Physiology Cell Physiol Biochem 2020;54:252-270

DOI: 10.33594/000000218 © 2020 The Author(s). Published by

and BiOChemiStry Published online: 17 March 2020 Cell Physiol Biochem Press GmbH&Co. KG

Bhardwaj et al.: Slow Inactivation of Orai1 by Ca?*/Calmodulin

supplemental material see www.cellphysiolbiochem.com) consistent with earlier findings
[61]. In addition, we tested whether corresponding H2 residues in STIM2 are involved in
Orail activation. Given the alignment of STIM1 and STIM2 (Fig. 1A), residues Leu?**° and
Phe** in STIM1 correspond to residues Val*** and Phe**® in STIM2. Overexpression of human
wildtype STIM2 in HEKO1 STIM1- cells resulted in an increase of SOCE compared to control
transfected cells (Fig. 2], Kand L). Expression of STIM2 V394A-F395A (STIM2 H2AA) did not
increase SOCE above control levels (Fig. 2], Kand L). Taken together, our results indicate that
either, or both hydrophobic residues in STIM1 and STIM2 CaMBD__, . H2 site are important
for activation of SOCE.

SOAR

Phe*" within H2 of the STIM1 CaMBD.,, . is linked to Orail activation

Several residues within, or close to the STIM1 H1 and HZ sites of the CaMBD, . (Phe®4,
Leu®?, 11e3®, Ala®’® and Leu®”®) are crucial for Orail coupling and activation [71-74]. In
addition, several basic residues spanning CaMBD,, . (Lys**, Lys®** and Lys*¢) are required for
Orail activation [75-77]. Thus, it is difficult to evaluate whether contributions of individual
residues of the H2 site of STIM1 are related to Ca*/CaM-mediated SCDI, as the observed
effects may simply be a result of altered Orail activation. Recently, the L390A substitution
in STIM1 was shown to significantly impair Orail activation, abolishing I ., . [74]. Therefore,
we focused on substitutions of F391 in STIM1-AK. We mutagenized F391 to amino acids with
less hydrophobic side chains (valine or alanine) or to amino acids characterized by side chain
hydrophobicity in the same range as phenylalanine (i.e. tryptophan or leucine) [78]. When
compared to STIM1-AK in HEKO1 STIM1+- cells, expression of STIM1-AK F391A or STIM1-
AK F391V resulted in reduced SOCE (Fig. 3A, B and C). Upon expression of STIM1-AK F391L,
SOCE remained unchanged and upon expression of STIM1-AK F391W, a slight increase in
SOCE was observed, compared to STIM1-AK (Fig. 3A, B and C). When analyzing the effects of
the F391 mutants on I, , only the substitution of STIM1-AK F391W preserved similar [, ,
compared to STIM1-AK (Fig. 3D, E and F). Substitutions of F391 with either valine or leucine
resulted in a ~2-fold lower current density compared to STIM1-AK (Fig. 3D, E and F). When
STIM1-AK F391A was expressed, I, was reduced by ~85% (Fig. 3D, E and F). Strikingly,
less hydrophobic substitutions of STIM1 F391 that are expected to mediate weaker Ca**/
CaM binding resulted in reduced SOCE instead of an increase in SOCE, under conditions that
favor SCDI (Fig. 3A, B and C). In patch clamp experiments designed to prevent SCDI, several
mutants of F391 resulted in reduced I ,,. per se (Fig. 3D, E and F). As shown before in Fig.
2, these results indicate that mutations in the H2 site of STIM1 directly alter Orail activity,
independently of Ca?*/CaM-mediated SCDI. For this reason, STIM1 H2 mutants were not
further analyzed in context of STIM1-dependent, Ca**/CaM-mediated SCDI of I , .

Contrary to H2, the H1 residues of CaMBD,,, . are not linked to Orail activation

We next assessed the effect of alanine substitutions at the H1 site of CaMBD_, . on SOCE

and I, (see Fig. 1A). The H1AA mutant of STIM1 did not show any deficit in rescuing SOCE
in HEKO1 STIM17" cells (Fig. 4A, B and C). STIM1-AK H1AA also mediated a comparable I, .
response with similar I-V characteristics as STIM1-AK (Fig. 4D, E and F).

To further pin down the role of H1 residues in SOCE regulation, we substituted the
residue Val®*”® to the more hydrophobic tryptophan residue (STIM1-AK V375W) or the less
hydrophobic alanine residue (STIM1-AK V375A) [78]. None of the mutations changed SOCE
(Fig. 4G,Hand I) or I ,, , when compared to STIM1-AK (Fig. 4], K and L). In conclusion, our
findings demonstrate that the STIM1 Val?’> hydrophobic residue at the H1 site is not critical
for Orail activation. Hence, we further investigated Val*’® in STIM1-dependent, Ca?*/CaM-
mediated SCDI of [ ., .
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Fig. 3. Phe*! is a critical residue for the Orail activation function of STIM1. (A), Representative FLIPR
traces of SOCE in HEKO1 STIM1/ cells transiently transfected with mCherry (Control, red), mCherry-
STIM1-AK (STIM1-AK, black), mCherry-STIM1-AK F391W (STIM1-AK F391W, blue), mCherry-STIM1-AK
F391L (STIM1-AK F391L, green), mCherry-STIM1-AK F391V (STIM1-AK F391V, purple) or mCherry-STIM1-
AK F391A (STIM1- AK F391A, aqua). 1 uM thapsigargin (Tg) and 2 mM CaCl, (Ca®*) administrations are
indicated. (B), Quantified area under the curve (AUC) and (C), slope of the SOCE traces after extracellular
Ca?* application in HEKO1 STIM17 cells transiently transfected with control (red), STIM1-AK (black),
STIM1-AK F391W (blue), STIM1-AK F391L (green), STIM1-AK F391V (purple) or STIM1-AK F391A (aqua).
The data was normalized by setting the AUC and slope of the Ca?" entry traces to 100 (n = 18; mean *
standard deviation). (D), average current density (CD) of the I ,,. recordings (STIM1-AK, n = 14; STIM1-AK
F391W, n = 8; STIM1-AK F391L, n = 5; STIM1-AK F391V, n = 6; STIM1-AK F391A, n = 4; mean - SEM) from
HEKO1 STIM1/ cells. (E), average current-voltage (I-V) curves of the I, recordings at t = 2 min from the
traces shown in D. (F), quantified average CD values at t = 2 min (STIM1-AK, n = 14; STIM1-AK F391W, n
= 8; STIM1-AK F391L, n = 5; STIM1-AK F391V, n = 6; STIM1-AK F391A, n = 4; mean + SEM) from HEKO1
STIM17/- cells transiently overexpressing STIM1-AK (black), STIM1-AK F391W (blue), STIM1-AK F391L
(green), STIM1-AK F391V (purple) or STIM1-AK F391A (aqua). p value (p) of each of the STIM1-AK Phe3
mutant compared to the STIM1-AK group is indicated above the respective bar as non-significant (n.s.) for
p > 0.05, “*” for p < 0.05, “**” for p < 0.01 or “***” for p < 0.001.
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Fig. 4. The H1 site residues of
STIM1 CaM-binding domain are
dispensable for Orail-activating
function of STIM1. (A),
Representative FLIPR traces
of SOCE in HEKO1 STIM1/
cells transiently transfected
with mCherry (Control, red),
mCherry-STIM1 (STIM1, black)
or mCherry-STIM1-L374A-
V375A (STIM1 H1AA, blue).
1 pMthapsigargin (Tg)and 2mM
CaCl, (Ca**) administrations are
indicated. (B), Quantified area
under the curve (AUC) and (C),
slope of the SOCE traces after
extracellular Ca?* application
in HEKO1 STIM17/ cells
transiently transfected with
control (red), STIM1 (black) or
STIM1 H1AA (blue). The data
was normalized by setting the
AUC and slope of the Ca?* entry
traces to 100 (n = 15; mean
+ standard deviation). (D),
average current density (CD)
of the I, recordings (STIM1-
AK, n = 15; STIM1-AK H1AA, n
= 7; mean - SEM) from HEKO1
STIM17/- cells. (E), average
current-voltage (I-V) curves of
the I, recordings at t = 2 min
from the traces shown in D. (F),
quantified average CD values
att =2 min (STIM1-AK, n = 15;
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H1AA (blue). p value (p) of the STIM1- or STIM1-AK H1AA mutant compared to the STIM1 or STIM1-AK
group, respectively is indicated above the respective bar as non-significant (n.s.) for p > 0.05 or “***” for
p < 0.001. (G), Representative FLIPR traces of SOCE in HEKO1 STIM1/- cells transiently transfected with
control (red), STIM1-AK (black), STIM1-AK V375W (green) or STIM1-AK V375A (purple). (H), Quantified
area under the curve (AUC) and (I), slope of the SOCE traces after extracellular Ca?* application shown in
G. The data was normalized by setting the AUC and slope of the Ca?* entry traces to 100 (n = 18; mean *

standard deviation). (J), average current density (CD) of the I

CRAC

recordings (STIM1-AK, n = 15; STIM1-AK

V375W, n = 6; STIM1-AK V375A, n = 10; mean - SEM) from HEKO1 STIM1+- cells. (K), average I-V curves of

the |

CRAC

recordings at t = 2 min from the traces shown in J. (L), quantified average CD values at t = 2 min

(STIM1-AK, n = 15; STIM1-AK V375W, n = 6; STIM1-AK V375A, n = 10; mean + SEM) from HEKO1 STIM1-
cells transiently overexpressing STIM1-AK (black), STIM1-AK V375W (green) or STIM1-AK V375A (purple).
p value (p) of each of the STIM1-AK Val®’> mutant compared to the STIM1-AK group is indicated above the
respective bar as non-significant (n.s.) for p > 0.05 or “**” for p < 0.01.
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STIM1 VaP” is critical for Ca*’/CaM-mediated SCDI of I .,

To examine Ca?*/CaM-mediated SCDI, we first investigated whether CaM alone in
absence of intracellular calcium ([Ca*]) affects SCDI of STIM1/Orail-mediated I, . Fig.
5A illustrates the whole-cell patch-clamp procedure designed and implemented to address
this question. When [Ca*]. was clamped to near zero with 20 mM EGTA, we observed no
effect of 50 uM CaM on SCDI of I, . (Fig. 5B). In the presence of 25 nM [Ca*]. and 50 pM
CaM, STIM1-AK/Orail-mediated I ,,. decayed by ~75% in 2 min after break in, but only
decayed by ~25% when only 25 nM [Ca®*], was present (Fig. 5C and F). This suggests a role
for cytosolic Ca®**/CaM in SCDI of [, .

We observed that STIM1-AKV375W/Orail-mediated I ., .had preserved SCDI compared
to STIM1-AK and underwent ~60% decay in the presence of both 25 nM [Ca*], and 50 uM
CaM, compared to only ~10% decay in the presence of 25 nM [Ca**], alone (Fig. 5D and F).

Fig. 5. Val*”> of STIM1
is a critical for Ca*/
CaM-mediated SCDI patch-clamp whole-cell configuration

A B
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of I, (A), Cartoon o 200 -1pA
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clamp electrophysiology LR 100 -507 50
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(B), average normalized 2- -400
current density (CD) 0 20 40 60 80100
of the I,. recordings | C D Time (seconds)
(STIM1 0 [Ca*], n = | —sTIM1-aK0Ca™ —— STIM1-AK V375W 0 Ca’"
10; STIM1 0 [Caz+]_ +50 ——STIM1-AK + 25 nM Ca° STIM1-AK V375W + 25 nM Ca”
uM CaM, n = 5; ‘mean ——STIM1-AK + 25 nM Ca®* + 50 uM CaM ——STIM1-AK V375W + 25 nM Ca”" + 50 uM CaM
- SEM) from HEKO1 | 302 £-
STIM1/- cells and 3 B
o - N
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(I-V) curves of the I, 2- 2
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. 120
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(STIM1-AK + 0 [Ca?], n | ——STIM1-aKV375A+25 M Ca”" & 100
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’ a z
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(D), average normalized

current density (CD) of the I . recordings (STIM1-AK V375W + 0 [Ca*'], n = 6; STIM1-AK V375W + 25 nM
[Ca*], n = 6; STIM1-AK V375W + 25 nM [Ca*'], + 50 uM CaM, n = 8; mean - SEM) from HEKO1 STIM1" cells
and average I-V curves of the [ ., . recordings at t = 2 min. (E), average normalized current density (CD) of the
I pac TECOTdings (STIM1-AKV375A + 0 [Ca*], n = 8; STIM1-AKV375A + 25 nM [Ca*],n = 9; STIM1-AKV375A
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recordings at t = 2 min. (F), average of the remaining CD at t = 2 min from individual traces shown in C, D and
E (mean + SEM). The average of the remaining CD at t = 2 min of STIM1-AK with 0 [Ca®*], was set to 100 for
normalization. Addition of either 25 nM [Ca?'] alone or together with 50 uM CaM is indicated below the bar
graphs. p value (p) of each of the CaM added condition compared to its respective without CaM condition is
indicated as non-significant (n.s.) for p > 0.05 or “**” for p < 0.01 or “***” for p < 0.001.
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In contrast, addition of CaM together with 25 nM [Ca*'], did not show any enhancement in
SCDI of STIM1-AK V375A/Orail-mediated I ;,. compared to the current in presence of only
25 nM [Ca*], (Fig. 5E and F).

Mutations in H1 do not alter activation of Orail. Hydrophobic residue valine or
tryptophan at 375 residue position in H1 is essential for Ca?*/CaM-mediated SCDI, as less
hydrophobic amino acid alanine prevents SCDI. STIM1 Val*”® in the H1 site controls Ca*/
CaM-mediated SCDI of I ,, .. In summary, our findings provide direct evidence that binding of
Ca%*/CaM to STIM1 at the CaMBD__, . triggers SCDL.

SOAR

Discussion

For many years, activation of store-operated CRAC channels has been subject to
intensive investigations. One regulatory mechanism, that prevents Ca** overload upon I, .
activation is SCDI. In our study, we examined STIM1-dependent, Ca?*/CaM-mediated SCDI.
We identified two hydrophobic anchor sites for Ca?*/CaM in STIM1, H1 and H2. The latter has
been described earlier in the context of Ca**/CaM mediated SCDI [61]. However, the study
was limited by the usage of a non-functional STIM1 H2SS construct, that does not allow for
the analysis of I . SCDI. Consistently, in our hands, STIM1 H2SS failed to elicit SOCE or I, .
probably as STIM1 H2SS did not oligomerize, form ER-PM contact sites in response to store
depletion and did not interact with Orail [61].

In our study, we used a well-defined HEK293 expression system, lacking endogenous
STIM1, and stably overexpressing Orail, wherein we overexpressed K-rich domain deficient
STIM1 constructs. The deletion of K-rich domain of STIM1 excludes recruitment of Ca**/CaM
to this domain, and prevents participation of SARAF in SCDI [43].

CaM binding assays, Ca** imaging and patch clamp experiments with STIM1 H2AA
demonstrate that Leu?*°/Phe3*! (H2) residues are required for both Orail activation and Ca?*/
CaM binding. Single residue mutations of Phe*** resulted in altered Orail activation. Hence,
analysis of structure-function relationship between H2 and Ca?*/CaM-dependent SCDI cannot
be precisely evaluated. In contrast, H1 binds Ca?*/CaM and mutations did not alter Orail
activation. Mutations of both Leu®”* and Val®”> or Val®”*, did not change Orail activation but
were critical for Ca?*/CaM-mediated SCDI of I ., . Notably, mutation of hydrophobic Val*’> to
hydrophobic tryptophan did not alter Ca?*/CaM-mediated SCDI, probably since replacement
by another hydrophobic residue does not change Ca?*/CaM binding properties. In contrast,
a change to the less hydrophobic alanine completely abolished Ca?*/CaM-mediated SCDI.

The STIM2 SOAR domain residues 372-395 (corresponding to STIM1 368-391 residues)
and the K-rich domain of STIM2 have both been shown to bind Ca%*/CaM [16, 55]. The
Val?”® residue position in STIM1 that we found to be critical for Ca?/CaM-assisted SCDI
corresponds to 1379 in STIMZ2. Isoleucine is even more hydrophobic and bulkier than valine
[78], indicating a role for 1379 in STIM2 dependent Ca?*/CaM-mediated SCDI. In our hands,
STIM2 H2AA did not activate Orail, further highlighting a role of these residues in Orail
activation by both STIM isoforms. Future studies will be required to show if 1379 and/or the
K-rich domain of STIM2 are required for Ca?*/CaM-mediated inactivation of STIM2/Orail-
elicited [ ., . and/or constitutive currents [79].

Conclusion

We here propose a mechanistic model, wherein binding of Ca?*/CaM to STIM1
hydrophobic sites H1 and H2 within CaMBD_, . triggers SCDI of I ., . We show that H1 is not
critical for Orail activation but for Ca?*/CaM binding. We demonstrate that the H1 residue
Val?”® is dispensable for CRAC channel activation but crucial for Ca?/CaM-mediated SCDI
of I ;.. Also, H2 hydrophobic site is bifunctional: It is linked to both Orail activation and

Ca%*/CaM-binding, with a likely role in mediating SCDI that cannot be segregated. Taken
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together, we demonstrate that CaMBD,,, directly coordinates Ca**/CaM-mediated SCDI of
CRAC channels and we dissected the roles of CaMBD_,. residues in Orail activation and
Ca®*/CaM-mediated SCDI. We therefore reveal a fundamental role for STIM1 in coordinating

Ca%*/CaM dependent SCDI of CRAC channels.
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