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STIM1 and Orail have been reported to interact upon store
depletion culminating in Ca>* release-activated Ca®>" current
activation. Recently, the essential region has been identified
within the STIM1 C terminus that includes the second coiled-
coil domain C-terminally extended by ~50 amino acids and
exhibits a strong binding to the Orail C terminus. Based on
the homology within the Orai family, an analogous scenario
might be assumed for Orai2 as well as Orai3 channels as both
are activated in a similar STIM1-dependent manner. A com-
bined approach of electrophysiology and Foerster resonance
energy transfer microscopy uncovered a general mechanism
in the communication of STIM1 with Orai proteins that
involved the conserved putative coiled-coil domains in the
respective Orai C terminus and the second coiled-coil motif
in the STIM1 C terminus. A coiled-coil single mutation in the
Orail C terminus abrogated communication with the STIM1
C terminus, whereas an analogous mutation in Orai2 and
Orai3 still allowed for their moderate activation. However,
increasing coiled-coil probability by a gain of function dele-
tion in Orail or by generating an Orail-Orai3 chimera con-
taining the Orai3 C terminus recovered stimulation to a sim-
ilar extent as with Orai2/3. At the level of STIM1, decreasing
probability of the second coiled-coil domain by a single muta-
tion within the STIM1 C terminus abolished activation of
Orail but still enabled partial stimulation of Orai2/3 chan-
nels. A double mutation within the second coiled-coil motif
of the STIM1 C terminus fully disrupted communication with
all three Orai channels. In aggregate, the impairment in the
overall communication between STIM1 and Orai channels
upon decreasing probabilities of either one of the putative
coiled-coil domains in the C termini might be compatible
with the concept of their functional, heteromeric interaction.
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Store-operated Ca®" entry is a key to cellular regulation of
short term responses such as contraction and secretion as well
as long term processes like proliferation and cell growth (1).
The prototypic and best characterized store-operated channel
is the Ca®* release-activated Ca®>" (CRAC)® channel (2-6).
However, its molecular components have remained elusive
until 4 years ago; the STIM1 (stromal interacting molecule 1) (7,
8) and later on Orail (9-11) have been identified as the two
limiting components for CRAC activation. STIM1 is an ER-
located Ca>* sensor, and store depletion triggers its aggrega-
tion into punctae close to the plasma membrane, resulting in
stimulation of CRAC currents (12, 13). Its N terminus is located
in the ER lumen and contains an EF-hand Ca”—binding motif,
which senses the ER Ca®* level, and a sterile a-motif, which is
suggested to mediate homomeric STIM1 aggregation (14 -16).
In the cytosolic STIM1 C terminus, two coiled-coil regions
overlapping with the ezrin-radixin-moesin-like domain and a
lysine-rich region are essential for CRAC activation (14, 17, 18).
Three recent studies have independently identified the ezrin-
radixin-moesin domain as the essential Orai activating domain,
named SOAR (STIM1 Orai-activating region) (20) which rep-
resents so far the shortest active fragment, OASF (Orai-activat-
ing small fragment) (21) or CAD (CRAC-activating domain)
(22), which includes the second, more C terminally located
coiled-coil domain and the following ~55 amino acids. The
latter amino acids are suggested to contain an additional cyto-
solic homomerization domain indispensable for OASF
homomerization and Orai activation (21).

The Orai family includes three highly Ca>"-selective ion
channels (Orail-3) that locate to the plasma membrane, and
each protein contains four predicted transmembrane segments
with cytosolic N and C termini (10). All three Orai proteins
possess a conserved putative coiled-coil domain in the C termi-
nus (23, 24), whereas only the N terminus of Orail consists of a
proline/arginine-rich region (25). Orail has been assumed to
act in concert with STIM1 (10, 27)-activating inward Ca>* cur-
rents after store depletion. The two other members of the Orai
family, Orai2 and Orai3, display similar but smaller store-oper-
ated inward Ca>" currents when co-expressed with STIM1

> The abbreviations used are: CRAC, Ca?™ release-activated Ca®*; FRET, For-
ster resonance energy transfer; YFP, yellow fluorescent protein; CFP, cyan
fluorescent protein; aa, amino acid; ER, endoplasmic reticulum; CAD,
CRAC-activating domain; OASF, Orai-activating small fragment; HEK,
human embryonic kidney.
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FIGURE 1. STIM1 C terminus constitutively couples to and activates all three Orai1/2/3 channels. g, time
course of whole-cell inward currents at —74 mV activated by passive store depletion (10 mm EGTA pipette
solution) of HEK293 cells expressing STIM1 with Orai1, Orai2, or Orai3. b, time course of constitutive whole-cell
inward currents at —74 mV of HEK293 cells expressing STIM1 C terminus with Orai1, Orai2, or Orai3 in compar-
ison with the STIM C terminus (C-term) alone (p > 0.05). ¢, average FRET of STIM1 C terminus with Orail was
significantly (p < 0.01) different from that with Orai2 and Orai3. d, current-voltage relationships corresponding
to b. e, localization, overlay, and calculated FRET of CFP-Orail (upper panel), CFP-Orai2 (middle panel), and
CFP-Orai3 (bottom panel) co-expressed with STIM1 C terminus YFP. Scale bars correspond to 5 um.

with distinct inactivation profiles, permeability properties, and
2-aminoethoxydiphenyl borate sensitivity (28-32). Recently,
we have provided evidence for a store depletion-induced,
dynamic coupling of STIM1 to Orail that involves the putative
coiled-coil domain in the C terminus of Orail (33). Further-
more, the C terminus of STIM], in particular the essential cyto-
solic region 344 — 442 as narrowed down by SOAR, OASF, and
CAD (20-22), has been established as the key fragment for
CRAC as well as Orail activation, because its expression alone,
without the necessity to deplete ER store, is sufficient for con-
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Vv [?nV] 50 proteins in their coupling. Coiled-

coils generally function as protein-
protein interaction sites with the
ability of dynamic protein assembly
and disassembly (35-37). We sug-
gest the C-terminal, putative coiled-
coil domains in all three Orai pro-
teins and the second coiled-coil
motif of STIM1 as essential for
STIM1/Orai communication. More-
over, the single point coiled-coil
STIM1 L373S mutant allowed for
differential activation of Orai chan-
nels partially stimulating Orai2 as

well as Orai3 but not Orail.

MATERIALS AND METHODS

Molecular Cloning and Mutagen-
esis—Human Orail (Orail; accession
number NM_032790) was kindly
provided by the A. Rao laboratory
(Harvard Medical School). Human
Orai2 (Orai2; accession number
NM_032831.1) and Orai3 (Orai3;
accession number NM_152288.1)
were courtesy of the Lutz Birnbaumer
laboratory (NIEHS, National Insti-
tutes of Health, Research Triangle
Park, NC). N-terminally tagged Orail constructs were cloned
via Sall and Smal restriction sites of pECFP-C1 and pEYFP-C1
expression vectors (Clontech). For N-terminally tagged Orai2
constructs, the restriction sites Kpnl and Xbal and for Orai3
BamHI and Xbal were used. pECFP/pEYFP-C1/Orail served as
a template for the generation of the coiled-coil mutant L273S
and the Orail A277-279 construct. Suitable primers
exchanged the corresponding codon from GAG to TCG
(L273S) or deleted the three-amino acid sequence AEF (Orail
A277-279) using the QuikChange XL site-directed mutagene-
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sis kit (Stratagene). Orail-Orai3 C-terminal chimera was
cloned via overlap extension PCR into pcDNA3.1V5 His TOPO
and subcloned into pECFP/pEYFP-C1 via internal BamHI and
Xbal restriction sites. For Orai2 coiled-coil mutants L.237S and
L.244S, the corresponding codon was changed from CTC to
GCC (L237S) and from CTG to TCG (L244S) using the
QuikChange XL site-directed mutagenesis kit (Stratagene).
Similarly, pEYFP/pECFP-C1 constructs served as templates for
Orai3 coiled-coil mutants L285S and L285S/L292S by exchang-
ing the codon from CTG to TCG (L285S + L292S).

Human STIM1 (STIMI; accession number NM_003156)
N-terminally enhanced CFP-tagged and enhanced YFP-tagged
were kindly provided by the T. Meyer laboratory, Stanford Uni-
versity. C-terminally EYFP-tagged STIM1 was purchased from
GeneCopoeia™ (catalogue number EX-S0521-M02). STIM1
C terminus (aa 233-685) was cloned into the T/A site of
pcDNA3.1V5 His TOPO by PCR and subcloned into
pECFP-N1 and pEYFP-N1 via their internal restriction sites
HindIII and SaclIl. pECFP-C1 and pEYFP-C1 STIM1 C termi-
nus were used as templates for the generation of the STIM1-
OASF fragment by introducing a stop codon at position 475 (aa
233-474) using the QuikChangeXL site-directed mutagenesis
kit (Stratagene).

The second putative coiled-coil region of STIM1 was
mutated by changing the codon for leucine (CTG) into a serine
(TCQG) (L373S) or the codon for alanine (GCC) into serine
(TCC) (A376S). The integrity of all resulting clones was con-
firmed by sequence analysis.

Electrophysiology—Electrophysiological recordings compar-
ing characteristics of 2—3 constructs were carried out by paired
comparison on the same day. Expression pattern and levels of
the various constructs were carefully monitored by confocal
fluorescence microscopy and were not significantly changed by
the introduced mutations. Experiments were performed at
20-24 °C, using the patch clamp technique in the whole-cell
recording configuration. For STIM1/Orai as well as C-terminal
STIM1/Orai current measurements, voltage ramps were usu-
ally applied every 5 s from a holding potential of 0 mV, covering
arange of —90 to 90 mV over 1 s. The internal pipette solution
contained (in mm) 3.5 MgCl,, 145 cesium methane sulfonate, 8
NaCl, 10 HEPES, 10 EGTA, pH 7.2. Extracellular solution con-
sisted of (in mm) 145 NaCl, 5 CsCl, 1 MgCl,, 10 HEPES, 10
glucose, 10 CaCl,, pH 7.4. Currents were leak-corrected by sub-
tracting the leak current obtained in the presence of 10 um
LaCl,.

Confocal Forster Resonance Energy Transfer (FRET) Fluores-
cence Microscopy—Confocal FRET microscopy was performed
similarly as in Ref. 38. In brief, a QLC100 real time confocal
system (VisiTech International Ltd., UK) was used for record-
ing fluorescence images connected to two Photometrics Cool-
SNAPHQ monochrome cameras (Roper Scientific) and a dual
port adapter (dichroic, 505lp; cyan emission filter, 485/30; yel-
low emission filter, 535/50; Chroma Technology Corp.). This
system was attached to an Axiovert 200 M microscope (Zeiss,
Germany) in conjunction with an argon ion multiple wave-
length (457, 488, and 514 nm) laser (Spectra Physics). The
wavelengths were selected by an Acousto Optical Tunable Fil-
ter (VisiTech International Ltd., UK). MetaMorph 5.0 software
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TABLE 1

Predicted probabilities of putative coiled-coil domains within
C termini of Orai1/2/3 and STIM1 as calculated by webmarcoil
software (45)

Protein

Amino acid stretch  Coiled-coil probability

%

Orail 265-287 4.2
Orail L273S 273-287 2.5
Orail A277-279 273-289 14.6
Orai2 215-255 67.1
Orai2 1L.237S 216-255 19.0
Orai2 L237S/L.244S 222-253 4.2
Orai3 263-295 74.6
Orai3 L285S 263-295 25.1
Orai3 L285S5/1L.292S 267-294 8.9
STIM1, 1st coiled-coil 233-340 100
STIM1, 2nd coiled-coil 352-394 62.4
STIM1 L373S 233-340 100

351-391 19.4
STIM1 L373S/A376S 233-340 100

352-390 7.3

(Universal Imaging Corp.) was used to acquire images and to
control the confocal system. Illumination times of about 900 —
1500 ms were typically used for CFP, FRET, and YFP images
that were consecutively recorded with minimum delay. Prior to
the calculation the images had to be corrected due to cross-talk
as well as cross-excitation. For this, the appropriate cross-talk
calibration factors were determined for each of the constructs
on the day the FRET experiments were performed. The cor-
rected FRET image (Nprpr) Was calculated on a pixel to pixel
basis after background subtraction and threshold determina-
tion using custom-made software (39) integrated in MatLab
7.0.4 according to the method published by (40). The local ratio
between CFP and YFP might vary because of different localiza-
tions of diverse protein constructs, which could lead to the cal-
culation of false FRET values (41). Accordingly, the analysis was
limited to pixels with a CFP:YFP molar ratio between 1:10 and
10:1 to yield reliable results (41).

Statistics—Mean = S.E. values are shown throughout. Signif-
icance analysis was performed with the two-tailed Mann-Whit-
ney test.

RESULTS

STIM1 C Terminus Constitutively Activates All Three Orai
Proteins—The cytosolic STIM1 C terminus (aa 233—685) as
well as shorter cytosolic fragments alone have been proven suf-
ficient to constitutively activate inwardly rectifying Orail Ca>"
as well as CRAC currents independent of store depletion (18,
20-22, 32, 33, 42). Moreover, STIM1 C terminus as well as
CAD interacts directly with the C terminus of Orail in pull-
down experiments (22, 33). Thus the STIM1 C terminus, in the
absence of ER depletion-induced processes (33), is considered
as a functional surrogate for full-length STIM1 to study key
characteristics of the STIM1/Orai coupling (42, 43). To extend
such experiments onto Orai2 as well as Orai3 channels, we ini-
tially demonstrated activation of whole-cell currents from all
three Orai proteins each co-expressed in human embryonic
kidney (HEK) 293 cells with full-length STIM1. Passive store
depletion by 10 mm EGTA in the pipette induced Ca>" inward
currents in a 10 mm Ca®>*-containing bath solution from
HEK293 cells co-expressing STIM1 with Orail, -2, and -3 pro-
teins. Current densities of Orai2 and Orai3 channels reached
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FIGURE 2. Single point coiled-coil mutants of Orai2 and Orai3 contrary to Orai1 still allow for moderate coupling to as well as activation by STIM1 C
terminus. Time course of constitutive whole-cell inward currents at —74 mV of HEK293 cells expressing STIM1 C terminus with the following: Orai1 L273S in
comparison with Orai1 (a) and with Orai2 L2375 (c), and Orai2 L237S/L244S in comparison with Orai2 (d) and with Orai3 L285S (e), and Orai3 L2855/L292S in
comparison with Orai3 (f). b, average values of STIM1 C-terminally activated, constitutive current densities at t = 0 s from a and c-f. Results within each Orai
subgroup were significantly different with p < 0.01 except p < 0.05 for Orai3 and Orai3 L285S. g, localization, overlay, and calculated FRET of STIM C terminus
YFP co-expressed with the following: 7st panel, CFP-Orai1 L273S; 2nd panel, CFP-Orai2 L237S; 3rd panel, CFP-Orai2 L237S/L244S; 4th panel, CFP-Orai3 L285S; and
5th panel, CFP-Orai3 L2855/L292S. h, average FRET of STIM1 C terminus with Orai coiled-coil mutants. Results within each Orai subgroup were significantly

different with p < 0.01. Scale bar corresponds to 5 um.

~3-and ~2-fold lower levels than that of Orail (Fig. 1a), in line
with previous reports (28, 29, 44). To evaluate if the STIM1 C
terminus is able to constitutively couple to and activate Orai2
and Orai3 in a similar manner as with Orail, we utilized a com-
bined approach of electrophysiology and confocal FRET
microscopy employing N-terminally CFP-labeled Orai proteins
and C-terminally YFP-labeled STIM1 co-expressed in HEK293
cells. The STIM1 C terminus alone turned out as sufficient
in constitutively stimulating Orai2 as well as Orai3 Ca** cur-
rents comparable with Orail (Fig. 1, b and d). Confocal FRET
microscopy revealed clear co-localization of the STIM1 C ter-
minus and all respective Orai proteins (Fig. le) in the plasma
membrane region correlating with a robust FRET (Fig. 1¢c). The
significantly smaller FRET between the STIM1 C terminus and
Orail compared with Orai2/3 might in part account for the
reduced stimulatory efficiency of the STIM1 C terminus on
Orail activity compared with that of the full-length form. Nev-
ertheless, OASF (aa 233—450) lacking the last 235 aa of the
STIM1 C terminus efficiently stimulates Orail-3 current den-
sities to comparable ratios as those obtained with full-length
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STIM1 (21) suggesting that clustering of full-length STIM1
induced by store depletion might compensate in an avidity-
based mechanism for a possibly lower affinity of the STIM1 C
terminus to Orail than to Orai2/3. In conclusion, the STIM1 C
terminus is principally sufficient to couple to and activate all
three Orai proteins setting the basis to further characterize
molecular determinants of the communication between Orai
and the STIM1 C terminus. In the beginning we focused at the
Orai C termini containing a putative coiled-coil domain as a key
site that interacts with the STIM1 C terminus (20 -22).

A Single Point Mutation in the C Terminus of Orai Proteins
Abrogates Orail, yet Allows for Moderate Activation of Orai2 as
Well as Orai3 Channels—All three Orai proteins contain in
their C termini a conserved, putative coiled-coil domain, a
common motif involved in homomeric as well as heteromeric
protein-protein interactions (36). Based on bioinformatic pre-
diction methods (45), the probability of a putative coiled-coil in
the C terminus of Orai2 (aa 222-254; 67.1%) and Orai3 (aa
266 —295; 74.6%) is apparently ~15-fold higher compared with
Orail (aa 263-285; 4.2%). Orai2 as well as Orai3 proteins dis-

JOURNAL OF BIOLOGICAL CHEMISTRY 21699



Molecular Determinants of STIM1/Orai Coupling

CFP-

STIM Cterm

a 0 b -6 9 2 g ORAI1  1373s-ypp C'STI3Y  FRET
N N~ '
STIM1 C-term L373S + ORAI1 n =15 ) 2 1
iy 44 & 838 83 0:
L 21 _ ° N N KN
> L 9 99 99 .
& 2 g g E g g g =1 g CFP- STIM Cterm overlay FRET
— 4 & _2_ 9 ‘9 ‘9 Q ..“..) o ‘9 ORAI2 L373S-YFP '
] STIM1 C-term + ORAI1 = NC EHE° BEE°
n=16 sz |25z (58] /B
= = E 2
i 136 560 o lpllal . Glislm  5li5!m
. ORAI1 ORAI2 ORAI3 premvm—
time [s] ORAI2 L373sA376s-ypp OVerlay  FRET
¢, d [STIMCterm L373S A376S + ORAI2
e TN O S e S S
STIM1CtermL373S + ORAI2
_ n==6
n=12
E 5. Lﬂﬂﬂhmﬂnﬂﬂﬂlﬂlmﬂluuﬂﬂmm Ty STIMCterm + ORAI2 I
< STIM1Cterm + ORAI2 < n=8 1373s-yrp  OVeTlay  FRET
= | oo™ =
= = 4
-4
CFP- STIM Cterm Overlay FRET
T T T T T . ORAI3 L373SA376S-YFP
0 100 200 0 100 200
time [s] time [s]
0
[ f
STIM1Cterm L373S A376S + ORAI3 S ey S
n==6 AN < < < & <
STIM1CtermL373S+ORAI3 n=9 0,16 i B N
T 2| pyeeetypmm ™ 5 2 = 5 [
2]
> 3 STIM1Cterm+ORAI3 n=6 012{ o e € gl
Q. Q >
= = i 2 AN Ok
“ 41 L0085 BI85 |§)8 5
STIM1Cterm+ORAI3 n =6 £| € el E| € Ell €| E
0 100 200 0 100 200 == |22z [=2]2=
time e} time 5] 0,00 '5@ olole, |16 "?@
CFP-ORAI1 CFP-ORAI2 CFP-ORAI3

FIGURE 3.STIM1 C terminus L373S differentiates between Orai1 and Orai2/3 channels. Time course of constitutive whole-cell inward currents at —74 mV
of HEK293 cells expressing STIM1 C terminus L373S with the following: g, Orai1; ¢, Orai2; e, Orai3 and STIM1 C terminus L373S/A376S with d, Orai2; f, Orai3 in
comparison with STIM1. b, average values summarizing constitutive current densities at t = 0 s from a and c-f. Results within each Orai subgroup were
significantly different with p < 0.01 except p < 0.05 for STIM1/Orai3 and STIM1 L373S/Orai3. g, localization, overlay, and calculated FRET of STIM1 C terminus
L373S-YFP as follows: 1st panel, CFP-Orai1; 2nd panel, CFP-Orai2; 4th panel, CFP-Orai3 and STIM1 C terminus L373S/A376S-YFP with 3rd panel, CFP-Orai2; 5th
panel, CFP-Orai3. h, average FRET of Orai1-3 with STIM1 C terminus coiled-coil mutants. Results within each Orai subgroup were significantly different with p <
0.01 except for comparison of STIM1 C terminus YFP/CFP-Orai3 with STIM1 C terminus L373S-YFP/CFP-Orai3 (p > 0.05). Scale bars correspond to 5 um.

play 5 heptad repeats in contrast to Orail that only possesses
2-3 repeats. Two contiguous heptad repeats have been defined
as the minimum number required for stable coiled-coil folding
where particularly lipophilic interactions (e.g. via leucines) play
a dominant role (36). We have previously demonstrated (33)
that a single Leu to Ser mutation in the putative coiled-coil
domain of Orail L273S reducing coiled-coil probability to 2.5%
is sufficient to fully disrupt its communication with STIMI.
Hence, in an analogous approach, we generated single Leu
mutations within the respective coiled-coil domains in Orai2
and Orai3 to evaluate their impact on STIM1 C-terminally
mediated current activation. Mutation of a hydrophobic Leu at
position “a” or “d” of the central coiled-coil heptad (aa 237 in
Orai2 and aa 285 in Orai3) to a hydrophilic Ser was expected to
impair hydrophobic interactions (36) as the calculated coiled-
coil probability was ~3-fold reduced (Orai2 L237S, 19%; Orai3
L2858, 25.1%; see also Table 1). Although the STIM1 C termi-
nus failed to generate constitutively activated Ca®>" currents
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when co-expressed with the single point mutant Orail L273S
(Fig. 2,aand b), it retained some although clearly reduced activ-
ity to induce constitutive currents of the single point Orai2
L237S and Orai3 L285S mutants (Fig. 2, b, ¢, and e). Hence,
reducing putative coiled-coil probability in Orai2 as well as
Orai3 C terminus by this single Leu to Ser mutation was appar-
ently not sufficient to fully inhibit coupling with and activation
by the STIM1 C terminus. Introduction of a second Leu to Ser
substitution in Orai2/Orai3 double mutants (Orai2 L237S/
L2442S, 4.2%; Orai3 L285S/L292S, 8.9%) further reduced
coiled-coil probability (Table 1), thereby abolishing the ability
of the STIM1 C terminus to constitutively activate respective
Ca®" currents (Fig. 2, b, d, and f). These electrophysiological
data are in good correlation with confocal FRET microscopy
measurements that failed to detect a clear co-localization of the
STIM1 C terminus and Orai2 as well as Orai3 double coiled-
coil mutants in the plasma membrane region together with
almost abolished FRET values compared with those from wild-
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FIGURE 4. OASF L373S mutant exhibits disrupted coupling to as well as activation of Orai1, whereas its
homomerization is preserved similar to wild-type OASF (aa 233-474). g, time course of constitutive
whole-cell inward currents at —74 mV of HEK293 cells expressing Orail together with the OASF-L373S in
comparison with currents mediated by OASF. Values at t = 0 s were significantly different within each STIM1 C
terminus subgroup with p < 0.01. b, localization, overlay, and calculated FRET of CFP-Orai1 together with
YFP-STIM1-(233-474) (upper panel) and YFP-STIM1-(233-474) L373S (lower panel); ¢, corresponding average
FRET values (p < 0.01). d, localization, overlay, and calculated FRET of CFP-/YFP-STIM1-(233-474) (upper panel)
in comparison with CFP-/YFP-STIM1-(233-474) L373S (lower panel); e, corresponding average FRET values (p >

0.05). Scale bars correspond to 5 um.

type Orai proteins (Fig. 2, ¢ and /). Consistent results were
obtained with full-length STIM1 that following store depletion
exhibited reduced ability to activate Ca®>* currents of Orai2 and
Orai3 single coiled-coil mutants, but remained essentially inef-
fective when co-expressed with the double coiled-coil Orai2/3
mutants (supplemental Fig. 1). Thus, the observed decrease of
the calculated probabilities from the Orai C-terminal putative
coiled-coil domain with the reduction of Orai channel currents
as well as interaction with the STIM1 C terminus led us to
hypothesize a communication pathway with a corresponding
coiled-coil domain within the STIM1 C terminus.

A Single Point Mutation within the Second Coiled-coil
Domain of STIM1 C Terminus Allows for Differential Activa-
tion of Orai Channels—To evaluate if the two coiled-coil
domains in the STIM1 C terminus are essential for the activa-
tion of Orai proteins, we similarly examined by bioinformatic
analysis whether single point mutations of Leu at respective a
and d positions might reduce coiled-coil probability in an
attempt to interfere with hydrophobic interactions. Although
single point mutations in the first coiled-coil domain (aa 233—
340), which is predicted with 100% probability, emerged as less
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effective, the second coiled-coil
domain (aa 352-394) appeared
more susceptive in that the single
point mutation L373S (predicted a
position) resulted in a pronounced
reduction of its probability from
62.4 to 19.4%. Moreover, this sec-
ond coiled-coil domain is present
within the essential key fragment
CAD or SOAR that interacts with
the Orail C terminus (20, 22).
Indeed, the STIM1 C terminus
L373S mutant failed to activate con-
stitutive Orail currents (Fig. 3, a
and b), yet still allowed for partial
stimulation of constitutive Orai2 as
well as Orai3 currents (Fig. 3, b, ¢,
and e). These functional electro-
physiological data were nicely cor-
related with a substantial co-local-
ization of STIM1 C terminus L373S
with Orai2 and Orai3 together with
a clear FRET that was slightly
reduced compared with wild-type
STIM1 C terminus (Fig. 3, g 2nd
and 4th panels, and k). Further-
more, with the lack of co-localiza-
tion a very low FRET was obtained
for Orail and the STIM1 C termi-
nus L373S mutant (Fig. 3, g Ist
panel, and h). Consistently, intro-
duction of this L373S mutation in
full-length STIM1 abrogated store-
dependent activation of and
co-clustering with Orail (supple-
mental Fig. 2, a and c), whereas
Orai2 (data not shown) and Orai3
channels still exhibited partial stimulation as well as co-cluster-
ing (supplemental Fig. 2, d and f). Thus, the second coiled-coil
domain in STIM1 and particularly Leu at position 373 repre-
sents a molecular determinant for the coupling to and activa-
tion of Orai channels. Moreover, it is tempting to speculate that
the higher probability of coiled-coil domains in both Orai2 and
Orai3 compared with Orail compensates for the decrease in
the second coiled-coil domain of the STIM1 L373S mutant
thereby still allowing for their partial coupling and activation.
In an attempt to test our hypothesis of a correlation between
second coiled-coil domain probability and efficiency of STIM1
C terminus to activate the Orai channels, we introduced an
additional mutation A376S (predicted d position) that resulted
in a further decrease of the probability down to 7.3%. This
STIM1 C terminus L373S/A376S double mutant completely
failed to activate Ca®" currents when co-expressed with either
of these Orai proteins (Fig. 3, b, d, and f). Consistently, neither
Orail, Orai2, nor Orai3 displayed co-localization with this
STIM1 C terminus coiled-coil double mutant nor yielded a sub-
stantial FRET (Fig. 3, g 3rd and 5th panels, and ). Hence, fur-
ther disruption of the second coiled-coil domain by a double
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FIGURE 5. Orai1 A277-279 deletion mutant exhibits increased coiled-coil probability and recovered activation by STIM1 C terminus L373S. g, com-
parison of corresponding portions of the C-terminally located coiled-coil domains from Orai1-3. b, time course of constitutive whole-cell inward currents at
—74 mV of HEK293 cells expressing Orai1 A277-279 deletion mutant together with STIM1 C terminus, STIM1 C terminus L373S, and STIM1 C terminus
L373S/A376S. Values at t = 0 s were significantly different within each STIM1 C-terminal subgroup with p < 0.01. ¢, localization, overlay, and calculated FRET
of CFP-Orail A277-279 deletion mutant together with STIM1 C terminus YFP, STIM1 C terminus L373S-YFP, and STIM1 C terminus L373S/A376S-YFP; d, cor-

responding average FRET values (p < 0.01). Scale bars correspond to 5 wm.

Leu/Ala mutation completely abrogates STIM1 C terminus
coupling to and activation of all three Orai channels.

Because STIM1 C terminus L373S was still able to partially
activate wild-type Orai2 as well as Orai3 channels, we evaluated
whether single point mutations in their respective putative
coiled-coil domain further affected activability. Indeed, the
STIM1 C terminus L373S failed to activate any of the Orai sin-
gle point coiled-coil mutants (supplemental Fig. 2) suggesting
that a combination of single point coiled-coil mutants of both
STIM1 and Orai2/Orai3 apparently generated a synergistic
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effect in that communication between these proteins was
disrupted.

Leu-373 in the Second Coiled-coil Domain of OASF Repre-
sents a Molecular Determinant for Activation of Orail
Channels—Recently it has been demonstrated that CAD,
OASF, or SOAR, including the second coiled-coil domain, and
55 additional amino acids are key STIM1 fragments sufficient
for Orail activation (20-22). In an attempt to strengthen our
conclusion on L373S within the STIM1 C terminus as an essen-
tial molecular determinant, we investigated whether OASF (aa
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VOLUME 284 +NUMBER 32+AUGUST 7, 2009


http://www.jbc.org/cgi/content/full/M109.018408/DC1

Molecular Determinants of STIM1/Orai Coupling

a STIM1 C-term. L373S A376S + b
0 ORAI1-ORAI3-C-term. n=6 CFP-ORAI1  STIM Cterm .. .. SRET
[P R — ORAI3-Cterm -YFP Y SR
— .2/ STIM1 C-term. L373S + ORAI1- =
's |ORAI3-C-term. n=6
< 02
2 -4
64 TIM1 C-term.
+ ORAI1-ORAI3-C-term. n=8 CFP-ORAI1 STIM Cterm n .
; ; ; ; ; . ORAT3-Cterm L3738-YFp  OVeriay FRET
0 50 100 150 200 250
time [s]
C 0.164
.
0.124| , - -
5 £ o E 8 CFP-QRAI1 STIM Cterm
5] @ 5 ~ - )
= 0.08J o o Li o g ORAT3-CtermL373S A376S-YFp COVeridy Fiut
2 3 = £ | = g
z g & 188 E§
= £ = E - €
0.04{| £ 5 m :
s 0|88 & S
A o = \
0.0046_© S & |16 &

FIGURE 6. Orai1-Orai3 C terminus chimera recovers activation by STIM1 C terminus L373S. g, time course of constitutive whole-cellinward currents at —74
mV of HEK293 cells expressing Orai1-Orai3 C terminus chimera together with STIM1 C terminus, STIM1 C terminus L373S, and STIM1 C terminus L373S/A376S.
Values at t = 0 s were significantly different within each STIM1 C terminus subgroup with p < 0.01. b, localization, overlay, and calculated FRET of CFP-Orai1-
Orai3 Cterminus chimera together with STIM1 Cterminus YFP, STIM1 Cterminus L373S-YFP, and STIM1 C terminus L373S/A376S-YFP; ¢, corresponding average

FRET values (p < 0.01). Scale bars correspond to 5 um.

233—474) containing the L373S mutation mimics the behavior
of complete STIM1 C terminus. Co-expression of STIMI1-
OASF L373S with Orail failed to induce constitutive current in
contrast to the strong activation observed in the presence of
wild-type OASF (Fig. 4a). Accordingly, STIM1-OASF L373S
lacked co-localization and FRET with Orail (Fig. 4, b and c).

This disrupted coupling to Orail might as well occur by an
impairment of OASF homomerization as we have recently
shown (21). However, STIM1-OASF L373S homomerization as
judged by FRET was preserved to a comparable extent as with
wild-type OASF (Fig. 4, d and e). It is noteworthy that clustering
of the full-length STIM1 L373S mutant, which lacks coupling to
Orail upon store depletion, occurred less efficiently in compar-
ison with its co-expression with Orai3 where coupling was sig-
nificantly preserved (supplemental Fig. 3, ¢ and f). Hence, Leu-
373 in the second coiled-coil domain of STIM1 represents a key
determinant for coupling to Orail channels.

Increasing Coiled-coil Probability within the C Terminus of
Orail Correlated with an Increase in Activation by STIMI
L373S—Comparison of the amino acid sequences of the puta-
tive coiled-coil domains of Orail-3 (Fig. 5a) revealed an insert
of three amino acids (277-279; AEF) in Orail that might be
responsible for its strongly reduced coiled-coil probability by
causing a shift in heptad repeats. Thus, deletion of amino acids
277-279 might therefore increase Orail coiled-coil probability
as estimated to 14.6% (Table 1). This Orail A277-279 deletion
mutant was constitutively activated by the STIM1 C terminus

S

AUGUST 7, 2009+ VOLUME 284+-NUMBER 32

to a similar extent as wild-type Orail. However, co-expression
of the STIM1 C terminus L373S with this Orail deletion
mutant (Fig. 5b) was now able to partially recover constitutive
Ca®* currents in contrast to our previous results on wild-type
Orail (compare with Fig. 3a). Consistently, the STIM1 C ter-
minus L373S/A376S mutant failed to activate currents from
this Orail A277-279 deletion mutant. These functional elec-
trophysiological data are in perfect correlation with the sub-
stantial co-localization of the STIM1 C terminus L373S with
Orail A277-279 mutant along with a recovered FRET that was
only slightly reduced as compared with wild-type STIM1 C ter-
minus (Fig. 5, ¢ and d). The STIM1 C terminus L373S/A376S
correspondingly failed to co-localize with this deletion Orail
mutant lacking a significant FRET.

In a further approach to support the relation of the Orai
C-terminal coiled-coil domain probability and Orai channel
activation, we constructed an Orail chimera containing the
Orai3 C terminus (Orail-Orai3 C terminus) thereby enhancing
coiled-coil probability to that of wild-type Orai3. The Orail-
Orai3 C terminus was constitutively stimulated by the STIM1 C
terminus to a comparable extent as observed with wild-type
Orail (Fig. 6a). Co-expression of this Orail-Orai3 chimera
with the STIM1 C terminus L373S resulted in nearly fully
recovered constitutive Ca®>" currents, although STIM1 C ter-
minus L373S/A376S failed to substantially activate the Orail-
Orai3 C terminus (Fig. 6a). Electrophysiological results were
again perfectly in line with co-localization of the STIM1 C ter-
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that functional coupling of the
STIM1 C terminus with Orai pro-
teins generally decreased the more
the coiled-coil domain probabilities
declined (Fig. 7c). Thus probability
of coiled-coil domain in the Orai C
terminus somehow determined
communication with STIMI. A cer-
tain limitation in this hypothesis is
that Orail with a coiled-coil proba-
bility of about 4% was already suffi-

FIGURE 7. Overview depicting normalized current densities and corresponding FRET values of the vari-
ous Orai and STIM1 C terminus constructs. Respective values were normalized to those obtained with the
wild-type forms. Normalized current densities of STIM1 C terminus + Orai coiled-coil mutants (a) and STIM1
C-terminal coiled-coil mutants + Orai proteins (b) with corresponding normalized FRET values of STIM1 C
terminus + Orai coiled-coil mutants (c) and STIM1 C terminus coiled-coil mutants + Orai proteins (d). e, model

of Orai-STIM1 coiled-coil mediated coupling.

minus L373S and Orail-Orai3 C terminus chimera and their
robust FRET that was only marginally reduced compared with
the wild-type STIM1 C terminus (Fig. 6, b and c). As expected,
STIM1 C terminus L373S/A376S failed to co-localize and lacked
robust FRET with the Orail chimera (Fig. 6, b and ¢). In aggregate,
increasing coiled-coil probability in the Orail C terminus by delet-
ing amino acids 277-279 or substituting the whole C terminus by
that of Orai3 restored both coupling to as well as activation of
Orail by the STIM1 C terminus L373S mutant.

DISCUSSION

This study identifies molecular determinants within the sec-
ond coiled-coil domain in STIM1 and the C-terminally located
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cient to interact with the STIM1 C
terminus, although Orai2 and Orai3
double mutants with predicted
coiled-coil probabilities of 4 and 8%,
respectively, already lacked cou-
pling to STIM1. It could be, how-
ever, that coiled-coil probability in the Orail C terminus was
underestimated, as common bioinformatics software only rec-
ognized heptad repeats and would not take into account “stut-
ters” or “stammers” representing breaks in the periodicity of
heptad repeats (35). Another explanation might be that STIM1-
Orail coupling is supported by an additional interaction site
within Orail that is missing in Orai2 or Orai3 proteins. Consis-
tently, besides its strong interaction with the Orail C terminus,
CAD hasbeen reported (22) to also exhibit weaker binding to its
N terminus. Hence, additional regions besides coiled-coil
domains may contribute, and/or a third component somewhat
stabilizing the STIM1-Orail coupling complex might be
involved (46, 47).
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The coiled-coil domains in the STIM1 C terminus have been
suggested as important domains affecting Orail activation (14,
33, 43, 48) and are included within the recently identified key
fragments CAD or SOAR. Coiled-coil deletion mutants of
STIM1 display pronounced tubular vesicular shape arrange-
ment in comparison with wild-type STIM1, do not form puncta
following store depletion, and fail to activate Orail-derived
Ca**-influx (14). Our present study revealed that a single Leu
to Ser mutation decreasing the probability of the second
coiled-coil domain within STIM1 was sufficient for the abro-
gation of STIM1-Orail coupling. The higher probability of
the coiled-coil domain in Orai2/3 C terminus apparently
allowed for partial stimulation by this single point coiled-coil
STIM1 mutant that was already ineffective for Orail.
Accordingly, increasing coiled-coil probability in the Orail
A277-279 deletion mutant and Orail-Orai3 C terminus chi-
mera recovered its activability by this single coiled-coil
STIMI1 mutant to a similar extent as with Orai2/3. The dou-
ble point coiled-coil mutant of STIM1 C terminus was
unable to activate any Orai protein (Fig. 7, b and d).

As the single point mutant STIM1 C terminus L373S allowed
for differential activation of Orai2 as well as Orai3 but not
Orail, it might represent a novel tool to specifically address
these channels in native cells. However, because of the fact that
Orai proteins are able to form homomeric as well as hetero-
meric assemblies, it still has to be investigated to what extent
the specific action of the STIM1 C terminus L373S is conserved
among potential heteromeric Orai channels.

As the communication between the STIM1 C terminus and
Orai was increasingly impeded, the more respective coiled-coil
domain probabilities either in the Orai proteins or in STIM1
were destabilized, it is tempting to speculate that a heteromeric
coiled-coil interaction might be involved in this process.
Although we cannot exclude that our single or double muta-
tions within coiled-coil domains affect additional interactions
within the Orai-STIM1 complexes that might hinder their cou-
pling, a coiled-coil interaction would represent the simplest
model for STIM1-Orai activation coupling. This is also com-
patible with a recent report (22) demonstrating direct and
strong binding of CAD to the Orail C terminus. Indeed, the
ability of a small STIM1 C-terminal fragment (OASF) to con-
stitutively activate and couple Orail was disrupted by the single
point mutation L373S. As recently reported, electrostatic inter-
actions (49) based on three glutamates (aa 272, 275, and 278)
and three aspartates (aa 284, 287, and 291) in the Orail C ter-
minus might additionally play a role in the coupling to STIM1 C
terminus. It is known that electrostatic effects can mediate oli-
gomerization states and can also define heterospecificity of
coiled-coiled interactions (36, 50). An interaction of these neg-
ative amino acids in Orail with the polybasic cluster at the very
end of STIM1, as also suggested in Ref. 49, appears, however,
less likely, as its presence is required to gate TRPC1 but not
Orail channels (22, 51). An involvement of heteromeric coiled-
coil interactions has been reported for the vesicle fusion proc-
ess, where coiled-coil domains of SNARE proteins in the vesicle
and the target membrane entwine to draw the two membranes
together (19). Homomeric as well as heteromeric coiled-coil
interactions have also been presented for various other ion
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channels (26, 34) mediating channel formation. Further studies
are needed to investigate the function of the first coiled-coil
domain in STIM1 that cannot be easily disrupted by point
mutations and because of the fact that its deletion in the STIM1
C terminus substantially alters its cellular distribution (data not
shown).

In conclusion, we report on molecular determinants within
putative coiled-coil domains that mediate STIM1-Orai cou-
pling via their C termini. The single STIM1 C terminus L373S
mutant with a partially decreased probability of its second
coiled-coil domain provides a novel tool (Fig. 7e) that is able to
distinguish between Orail and Orai2/3 probably based on their
distinct predicted coiled-coil probabilities. The observed
impairment in overall communication between STIM1 and
Orai channels upon destabilization of either one of the putative
coiled-coil interaction domains in the C termini of these pro-
teins is compatible with their functional, heteromeric interac-
tion as a pivotal element of the STIM/Orai coupling process
providing the flexibility of a dynamic assembly and disassembly
upon store depletion. Future crystallographic studies are cer-
tainly required to demonstrate coiled-coil mediated STIM1-
Orai interaction.
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