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Store-operated Ca>" entry (SOCE) represents a ubiquitous
Ca®* influx pathway activated by the filling state of intracellular
Ca>* stores. SOCE is mediated by coupling of STIM1, the endo-
plasmic reticulum Ca®* sensor, to the Orail channel. SOCE
inactivates during meiosis, partly because of the inability of
STIM1 to cluster in response to store depletion. STIM1 has sev-
eral functional domains, including the Orail interaction
domain (STIM1 Orai Activating Region (SOAR) or CRAC Acti-
vation Domain (CAD)) and STIM1 homomerization domain.
When Ca®" stores are full, these domains are inactive to prevent
constitutive Ca®>* entry. Here we show, using the Xenopus
oocyte as an expression system, that the C-terminal 200 residues
of STIM1 are important to maintain STIM1 in an inactive state
when Ca®* stores are full, through predicted intramolecular
shielding of the active STIM1 domains (SOAR/CAD and STIM1
homomerization domain). Interestingly, our data argue that the
C-terminal 200 residues accomplish this through a steric hin-
drance mechanism because they can be substituted by GFP or
mCherry while maintaining all aspects of STIM1 function. We
further show that STIM1 clustering inhibition during meiosis is
independent of the C-terminal 200 residues.

Store-operated Ca®>" entry (SOCE)® is an integral Ca®"
influx pathway in non-excitable cells, activated by depletion of
intracellular Ca>* stores downstream of phospholipase C-cou-
pled agonists (1). SOCE mediates a slow sustained entry of
extracellular Ca®" that is important for various homeostatic
and signaling functions, including store refilling, T-cell activa-
tion, modulation of Ca*>" signal dynamics, and apoptosis (2).
Mechanistically, SOCE activates through physical coupling
between the endoplasmic reticulum (ER) Ca®* sensor STIM1
and the SOCE channel Orail (3). STIM1 is a single-pass integral
membrane protein that is enriched in the ER membrane and
has luminal EF-hands, allowing it to monitor ER Ca®™ levels (4,
5). Current evidence argues that at low luminal Ca%", STIM1
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loses its bound Ca®", producing a conformational change that
leads to STIM1 clustering into large puncta. These puncta are
stabilized in the cortical ER in very close proximity of the cell
membrane (10 -20 nm), allowing STIM1 to directly bind to and
gate Orail (6-12).

STIM1 has a modular construction with a luminal EF-hand
and a sterile a-motif (13). The cytosolic domain contains two
predicted coiled-coil domains followed by a Ser/Pro-rich
region and Lys-rich region at the end of the molecule (14).
Structure-function studies have identified multiple functional
domains within the STIM1 cytoplasmic domain. A minimal
domain referred to as SOAR/CAD or CCb9 between residues
339 and 448 has been identified as necessary and sufficient for
coupling to and activation of Orail (15-17). A larger domain,
OASF, exhibits similar functionalities to the SOAR/CAD
domain (18). Interestingly, fragments that contain the SOAR/
CAD domain and extend farther C-terminally tend to decrease
its activity, arguing that regions C-terminal to the SOAR/CAD
domain (residues 445—485) inhibit its interaction with Orail
(16 —18). However, this modulation depends on the length of
the soluble fragment used, arguing for differential folding and
exposure of the SOAR/CAD domain. Two additional impor-
tant domains include the STIM1 homomerization domain
(SHD; residues 400 —474), which is required for STIM1 oligo-
merization (18), and a short sequence C-terminal to the SHD
that mediates the Ca®>*-dependent inactivation of the STIM1-
Orail channel complex through Ca*>* binding to a cluster of
acidic amino acids (19 -21). The C-terminal end of STIM1 con-
tains a polybasic domain that has been implicated in stabiliza-
tion of STIM1 puncta in the cortical ER in the absence of Orail
(6, 15, 22). In contrast, no clear function has been assigned to
the Ser/Pro-rich region in the STIM1 C terminus.

Interestingly, STIM1 loses its ability to cluster in response to
store depletion during cell division (23, 24), resulting in SOCE
inhibition (25-27). The mechanisms controlling this clustering
inhibition are unclear and may differ between mitosis and mei-
osis. Smyth et al. (23) have argued that STIM1 clustering inhi-
bition in mitosis is due to phosphorylation, whereas Yu et al.
(24) have shown that phosphorylation of residues in the C-ter-
minal end of STIM1 during meiosis does not affect STIM1 clus-
tering. To better define the role of this C-terminal STIM1
domain in STIM1 clustering inhibition during meiosis, we gen-
erated a STIM1 deletion downstream of residue 485. Surpris-
ingly, when expressed in Xenopus oocytes, STIM1-485 consti-
tutively interacts with Orail and traps it intracellularly, hence
inhibiting SOCE. STIM1-485 also disrupts the structure of the
endoplasmic reticulum (ER). Replacing the C-terminal domain
of STIM1(486-669) with nonspecific sequences of similar
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length (GFP or mCherry) produces a chimeric protein that
replicates wild-type STIM1 function in terms of its ability to
form puncta, translocate to the cortical ER, and bind to and
gate Orail. These results are consistent with a model in
which the C-terminal end of STIMI sterically shields the
SOAR/CAD domain from constitutively interacting with
Orail when Ca®" stores are full. Furthermore, the STIM1-
485-mCherry chimera is unable to form clusters in response
to Ca®" store depletion during meiosis, showing that inhibi-
tion of STIM1 clustering does not involve the C-terminal
200 residues of STIM1.

EXPERIMENTAL PROCEDURES

Molecular Biology—The pSGEM-mCherry-STIM1, pSGEM-
mCherry-STIM1-D76A, and pSGEM-GFP-Orail plasmids were
described previously (24). pSp64s-GFP-KDEL was a generous
gift from Mark Terasaki (28). The human STIM1-YFP plasmid
was obtained from Addgene (10). To construct pSGEM-
mCherry-STIM1-485, an mCherry-STIM1-485 fragment was
amplified by PCR using the following primers: 5'-CAATTGG-
CGGCCGCATGGATGTATGCGTCCGTCTTG-3" (forward)
and 5'-GAGAAGCTTCTCGAGCTACACAATCTCCTCATC-
CATGTCATC-3' (reverse). The resulting PCR fragment was
inserted into Notl/Xhol of pPSGEM. To make pSGEM-STIM1-
485-mCherry or pPSGEM-STIM1-485-GFP, a STIM1-485 frag-
ment was amplified using the following primers: 5'-CTCG-
AGCTCAAGCTTATGGATGTATGCGTCCGTCTTG-3' (for-
ward) and 5'-GAGCTCGAGAATTCGCACAATCTCCTCAT-
CCATGTCATC-3' (reverse). The resulting PCR fragment was
inserted into Xbal/EcoRV of pSGEM in-frame with mCherry
or GFP. pSGEM-STIM1-485-mCherry-polyK (amino acids
670 - 685 of STIM1) was generated by two mutagenesis steps
with the QuikChange mutagenesis kit (Stratagene) using the
following primer pairs: pair 1, 5'-ATGGACGAGCTGTACAA-
GGGCCGGAAGAAGTTTCCTCTCAAATAAAGCGGCCGC-
GACTCT-3' (forward) and 5'-AGAGTCGCGGCCGCTTTAT-
TTGAGAGGAAACTTCTTCCGGCCCTTGTACAGCTCGT-
CCAT-3' (reverse); and pair 2, 5'-AAGAAGTTTCCTCTCAA-
AATCTTTAAGAAGCCTCTTAAGAAGTAAAGCGGCCGC-
GACTCT-3' (forward) and 5'-AGAGTCGCGGCCGCTTTAC-
TTCTTAAGAGGCTTCTTAAAGATTTTGAGAGGAAACT-
TCTT-3" (reverse). To construct pSGEM-mCherry-KDEL,
mCherry-KDEL was amplified with primers 5'-ACGCGGCC-
GCATGGTGAGCAAGGGCGA-3' (forward) and 5'-GCT-
AGATCTTTAAAGTTCATCCTTTTTGTATAGTTCATCCA-
TGC-3" (reverse) and subcloned into Notl/BamHI of
pSGEM. All constructs were verified by DNA sequencing or
by analytical endonuclease restriction enzyme digestion. To
construct pSGEM-STIM1(486 —685), the STIM1(486 —685)
fragment was amplified using pPSGEM-mCherry-STIM1 as a
template and the following primers: 5'-CTCGAGAGATCT-
ATGTCTCCCTTGTCCATGCAGTC-3' (forward) and 5'-
GAGCTCGAGAATTCGACTACTTCTTAAGAGGCTTCTT-
AAAG-3' (reverse). The resulting PCR fragment was inserted
into BamHI/Xhol of pSGEM.

For in vitro transcription, after linearization with Nhel,
capped cRNAs were transcribed using the T7 mMESSAGE
mMACHINE kit (Ambion). Xenopus laevis oocytes were pre-
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pared and handled as described previously (25). Typically, for
electrophysiological recording, oocytes were injected with 2 ng
of RNA from GFP-Orail and 5 ng of RNA from Ch-STIM1
or the different mutants (STIM1-485, STIM1-485-Ch, and
STIM1-485-Ch-K). For confocal imaging, cells were injected
with 5 ng of GFP-KDEL RNA, 2 ng of GFP-Orail RNA, and/or
10 ng of STIM1 or the different mutants.

Electrophysiology—Ca>" -activated Cl~ currents were used
to monitor intracellular calcium elevation as described previ-
ously (25, 29, 30). Briefly, I, ; (activated by intracellular cal-
cium release) is measured during a first voltage step from —30
to +40 mV. Next, a hyperpolarizing pulse to —140 mV
increases the driving force for extracellular calcium entry. The
third voltage step to +40 mV consequently allows the measure
of the development of I, 1 that depends only on extracellular
calcium influx. The value for /| 1 was corrected for the remain-
ing I, current (end of the first pulse). To measure the SOCE
current ([oc) independently of the chloride currents, cells
were injected with BAPTA (1,2-Bis(2-aminophenoxy)ethane-
N,N,N',N’-tetraacetic acid) (~7 mm), and Iy was measured
in a solution containing 5 mm Ca>". Current-voltage relation-
ships were obtained using voltage ramps lasting 1.5 s from
—120 to +40 mV applied every 10s. [onomycin (10 um) was
perfused for 20 s to deplete Ca®" stores. The amplitude of Ig
was corrected from the leak measured after inhibiting the cur-
rent with 100 um La®>*. Current amplitudes are expressed as
means * S.E. Significance was tested using one-way analysis of
variance, followed by Tukey’s post hoc test.

Solutions—Cells were impaled with sharp microelectrodes
(1-5 megohms) filled with 3 m KCI. Standard extracellular
Ringer’s solution contained 96 mm NaCl, 2.5 mm KCl, 1.8 mm
CaCl,, 2 mm MgCl,, and 10 mm HEPES (pH 7.4). The 5 mm
Ca®?" Ringer’s solution to measure Igo- contained 91.2
mwm NaCl, 2.5 mm KCl, 5 mm CaCl,, 2 mm MgCl,, and 10 mm
HEPES (pH 7.4).

Imaging—Live cell imaging was performed on a Zeiss LSM
710 confocal using a Plan Apo 63X/1.4 oil DIC II objective.
Cells were scanned in OR2 solution (82.5 mm NaCl, 2.5 mm KCl,
1 mm CaCl,, 1 mm Na,HPO,, and 5 mm HEPES (pH 7.5)) except
for experiments on Ca>" store depletion with 5 mm TPEN
(Sigma) or 10 um ionomycin (Invitrogen) in Ca®*-free OR2
solution for 5-30 min at room temperature. Images were ana-
lyzed using ZEN 2008 software (Zeiss), and figures were com-
piled using Adobe Photoshop.

For the time course of STIM1 punctum formation, imaging
was performed on the LSM 710 confocal microscope using an
EC Plan Neofluar 40X/1.30 oil DIC M27 objective with the
pinhole fully open. A 744 X 744-pixel image was taken every 3 s
from oocytes expressing GFP-Orail with STIM1-485-Ch or
Ch-STIM1 or from oocytes expressing GFP-KDEL with
STIM1-485-Ch-K or Ch-STIM1. Oocytes were scanned in
Ca®>"-free OR2 solution and store-depleted with 10 um iono-
mycin. The data were collected and analyzed using ZEN2008
software. A region of interest of 300 X 300 pixels was chosen,
and mCherry intensity was analyzed over time as an indicator of
punctum formation.
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A Oocyte B Egg
Ch-STIM1 Merge Ch-STIM1 Merge
C Oocyte D Egg

Ch-STIM1-485

FIGURE 1.STIM1-485 disrupts ER structure. A, oocytes were injected with STIM1 (10 ng) and GFP-KDEL (5 ng) RNAs and allowed to express for 2 days. Confocal
images taken deep into the cytosol show clear co-localization between the ER marker (GFP-KDEL) and STIM1. Note the reticular appearance of the ER in oocytes.
B, cells were injected as described for A and then treated with progesterone to induce oocyte maturation. Eggs arrested at metaphase Il of meiosis were imaged
and exhibit remodeling of the ER into large patches as observed by the concurrent STIM1 and GFP-KDEL distribution. A schematic representation of the
mCherry-tagged wild-type STIM1 is shown, with the SOAR/CAD domain in green, the SHD in blue, and mCherry in red. C and D, oocytes were injected with
Ch-STIM1-485 (10 ng) and GFP-KDEL (5 ng) and imaged as oocytes (C) or after maturation as eggs (D). A schematic representation of Ch-STIM1-485 is also
shown. Orthogonal sections (Ortho) through the z-stack of images are shown in addition to images from different focal planes, as indicated by the matching
color-coded tabs to the left of the orthogonal sections. Areas of the ER that are enriched with STIM1-485 (irregular white shape, for example) show disruption
of the typical reticular structure (GFP-KDEL panels), whereas areas of the ER with little STIM1-485 accumulation exhibit the normal reticular structure (white

boxes). This is true in both oocytes (C) and eggs (D). Scale bars = 2 um.

RESULTS AND DISCUSSION

STIM1-485 Disrupts ER Structure and Interacts Constitu-
tively with Orail—Xenopus oocytes are arrested at the G,-M
transition of the cell cycle (referred to as oocytes) and progress
to metaphase of meiosis II during maturation (referred to as
eggs). This maturation period is essential for the egg to activate
at fertilization. During meiosis, the ER restructures into large
patches that are enriched in STIM1 (24, 28). This is illustrated
in Fig. 1, A (oocyte) and B (egg), in cells that coexpress the ER
marker GFP-KDEL and STIM1 tagged with mCherry at its N
terminus (see schematic in Fig. 1, A and B). Compare the retic-
ular ER structure observed in oocytes (Fig. 1A) with that after
oocyte maturation in eggs (B), where large ER patches were
formed in addition to the oocyte-like reticular ER distribution.
In both oocytes and eggs, STIM1 co-localized with GFP-KDEL
(Fig. 1, A and B).

We have shown previously that activation of Cdkl during
meiosis is necessary and sufficient to down-regulate SOCE (30).
Because consensus Cdkl phosphorylation sites cluster in the
C-terminal 200 residues of STIM1 and because STIM1 is
hyperphosphorylated during meiosis (24), we were interested
in testing the role of the C-terminal 200 residues of STIM1 in its
clustering inhibition during meiosis. Alanine substitution and
phosphomimetic mutations in various combinations in the Ser/
Pro-rich region of STIM1 had no effect on modulating its clus-
tering behavior during meiosis (24). Therefore, to test the role
of the C-terminal 200 residues in STIM1 clustering, we gener-
ated a STIM1 deletion mutant that encompasses residues
1-485 with an mCherry tag at the luminal N terminus:
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Ch-STIM1-485 (see schematic in Fig. 1, Cand D). Expression of
STIM1-485 in oocytes resulted in disruption of ER structure
(Fig. 1C), producing large amorphous structures only in areas
enriched with STIM1-485. Compare the irregular white out-
lined shape in Fig. 1C, where STIM1-485 is enriched and ER
structure is disrupted, with the white box with little STIM1-485
expression and normal ER distribution. Fig. 1C also shows an
orthogonal section across the stack of z-section confocal
images, with the planes displayed in the upper panel, indicated
by the blue and red tabs, respectively. As illustrated in the
deeper focal plane, ER regions with no significant accumulation
of STIM1-485 maintain their normal structure (Fig. 1C). In eggs
expressing STIM1-485, a similar disruption of ER structure was
observed, with amorphous ER in areas enriched in STIM1-485
(Fig. 1D, irregular white outline) compared with areas with low
STIM1-485 (white box). In addition, no ER patches were
observed in areas enriched in STIM1-485 compared with the
rest of the ER (Fig. 1D). As in the oocyte, deep confocal sections
exhibited little STIM1-485 and normal ER structure (Fig. 1D).
We interpret these data in the context of functional domains
within STIM1, particularly the SHD, which has been postulated
to be responsible for STIM1-STIM1 interaction following store
depletion (18). STIM1-485 may have the SHD exposed, poten-
tially leading to self-association of STIM1 molecules in ¢trans on
opposite membranes of the ER, resulting in a disrupted ER
structure.

Expressing STIM1 with Orail shows Orail localization to
the cell membrane (Fig. 24, orthogonal section (Ortho)) and in
recycling endosomes as illustrated in the xy focal plane view.
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FIGURE 2. STIM1-485 constitutively associates with Orai1. A,images from oocytes expressing GFP-Orai1 and Ch-STIM1 before (upper panels) and after (lower
panels) depletion with TPEN. In addition to the orthogonal sections (Ortho), focal plane images as indicated by the bar to the left of the orthogonal sections are
shown. The orthogonal view of the oocyte with Ca?* stores full (upper panels) shows Orai1 localization at cell membrane microvilli (green) and STIM1 in the ER
(red). The deep focal section shows Orai1 within recycling endosomes. Depletion of Ca?" stores with TPEN (5 mm) resulted in co-clustering of STIM1 and Orail
in the same focal plane at the plasma membrane, as shown in the merged image and orthogonal view (lower panels). B, fully mature eggs injected and imaged
as described for A. In this case, Orail was removed from the cell membrane and enriched in an endosomal compartment, whereas STIM1 localized to the ER,
which formed patches (upper panels). Upon Ca®" store depletion, the subcellular localization of STIM1 and Orai1 did not change, and there was no detectable
interaction between STIM1 and Orai1l (lower panels). C and D, oocytes and eggs were injected with STIM1-485 and Orai1 RNAs and imaged as described for A.
Confocal images and orthogonal views show that GFP-Orai1 co-localized with STIM1-485 to disrupted ER structures enriched with STIM1-485 in both oocytes
and eggs. The distribution of GFP-Orai1 and Ch-STIM1-485 remained unchanged upon Ca®* store depletion with TPEN. Schematic structures of the different
constructs used are also shown. Scale bars = 2 um.

e

TPEN Depleted

Orail is removed from the cell membrane into an endosomal  ously in significant detail (24, 31). Depletion of Ca®>* stores with
compartment in the egg (Fig. 2B). The recycling of Orail and its TPEN resulted in coincident STIM1-Orail puncta in oocytes
internalization during meiosis have been characterized previ- (Fig. 2A4) but not in eggs (Fig. 2B). Hence, store depletion in
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Ch-STIM1-485

FIGURE 3. Orai1 localizes to the cell mnembrane when expressed prior to STIM1-485. A, overexpression of the fragment from STIM1 encompassing residues
485-685 does not rescue the ER disruption phenotype produced by STIM1-485. Oocytes were left untreated (control (Con)) or injected with RNA encoding
residues 486 - 685 of STIM1 (20 ng) and allowed 24 h to express. Both batches were then injected with GFP-Orai1 (2 ng) and Ch-STIM1-485 (10 ng) and allowed
an additional 48 h to express. Scale bar = 5 um. B, oocytes were injected with GFP-Orai1 (2 ng) and allowed 24 h to express before injecting Ch-STIM1-485 (10
ng) and incubated for an additional 48 h. The orthogonal section and two different focal planes as indicated by the bars on the left of the orthogonal section
are shown. Under those conditions, although some Orail was retained intracellularly, it was enriched at the cell membrane.

oocytes leads to STIM1 clustering into large puncta, whereas in
eggs, STIM1 does not alter its subcellular distribution following
store depletion (24).

When Orail was coexpressed with STIM1-485, a dramati-
cally different picture emerged. Orail co-localized with
STIM1-485, leading to trapping of Orail intracellularly and
preventing its enrichment at the cell membrane (Fig. 2C). This
was also true in eggs (Fig. 2D). As is the case with cells express-
ing STIM1-485 alone, store depletion did not significantly alter
STIM1-485 distribution or Orail distribution (Fig. 2, Cand D).
The fact that STIM1-485 is capable of trapping Orail intracel-
lularly shows that this mutant interacts with Orail in a consti-
tutive fashion independently of store depletion, arguing that
the SOAR/CAD domain is exposed and can interact constitu-
tively with Orail. This observation is consistent with the
STIM1-485 self-association model, as it would prevent STIM1-
485 from relocalizing to puncta following store depletion.

These results suggest that in the absence of the C-terminal
200 residues, STIM1-485 in oocytes can self-associate and
interact with Orail in a constitutive fashion. To test whether
the C-terminal 200 residues of STIM1 can rescue this pheno-
type, we overexpressed a peptide encompassing this domain of
STIM1 as a separate peptide with STIM1-485 (Fig. 3A). This
did not rescue the ER disruption phenotype or the constitutive
interaction between STIM1-485 and Orail (Fig. 3A). This sug-
gests that a soluble STIM1(486 — 685) fragment cannot associ-
ate with STIM1-485 to rescue its constitutive association with
itself and Orail.

Our data so far argue that STIM1-485 constitutively interacts
with Orail and traps it intracellularly. If this interpretation is
correct, then expression of Orail before STIM1-485 should
allow it to reach the cell membrane. This is indeed the case, as
shown in Fig. 3B, where Orail expressed 1 day before STIM1-
485 was enriched at the cell membrane (Fig. 3B). A proportion
of the total cellular Orail in this case was trapped intracellularly
and co-localized with STIM1-485 (Fig. 3B). This is likely due to
Orail going through the biogenesis pathway and Orail recy-
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cling between the cell membrane and endosomal compart-
ments (24, 31).

We then tested the distribution and effect on ER structure of
ashorter C-terminal deletion, STIM1-535. The structure of the
ERin oocytes expressing STIM1-535 was similar to that in con-
trol oocytes injected with wild-type STIM1 (supplemental Fig.
1). Furthermore, STIM1-535 responded normally to store
depletion by co-clustering with Orail at the cell membrane
focal plane. These results show that a C-terminal domain of
STIM1 extending to residue 535 contains the necessary struc-
tural features necessary to maintain STIM1 in an inactive state
when Ca>" stores are full.

STIM1-485 Expression Results in an Undersized I3,—Given
the subcellular localization of STIM1-485 in oocytes, it was
important to characterize the effect on /g.. Coexpression of
Orail with STIM1-485 produced a significantly smaller I,
than when Orail was expressed with full-length STIM1 (Fig.
4A). However, the STIM1-485-mediated current maintained
the SOCE signature inward rectification and sensitivity to La®>*
(Fig. 4A), arguing that STIM1-485 is functional but not effec-
tive. The smaller /g5 is supported by the disrupted ER
phenotype following STIM1-485 expression, the ineffective
formation of puncta in response to store depletion in STIM1-
485-expressing cells, and the intracellular trapping of Orail
when coexpressed with STIM1-485 (Figs. 1 and 2).

In addition, the constitutive association of STIM1-485 with
Orail argues that with sufficient Orail at the cell membrane,
STIM1-485 should function as a constitutively active mutant to
some extent. To further explore this possibility, we used the
endogenous Ca”> " -activated Cl~ current (I 1). I, faithfully
reproduces the dynamics and amplitude of I, in oocytes (29).
As observed with g, STIM1-485 expression produced a
smaller I, + when coexpressed with Orail or when Orail was
expressed 1 day earlier (Fig. 4B, left panel). However, in a small
number of cells, a large constitutive Ca*>* influx was observed
(Fig. 4B, middle panel). In addition, long-term recordings fol-
lowing store depletion show an increased percentage of
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FIGURE 4. STIM1-485 is ineffective in supporting SOCE. A, /s from oocytes expressing mCherry-tagged wild-type STIM1 (Ch-WT) or Ch-STIM1-485 (Ch-485).
Isoc development over time, current-voltage relationships, and current amplitude (means = S.E.) are shown (n = 5-6). B, the I,.; was used as a readout for
SOCE. See “Experimental Procedures” for additional details on I,1. Ic.+ was measured from uninjected oocytes (Naive), oocytes injected with Orail plus
Ch-STIM1 (WT), oocytes injected with Orai1 plus STIM1-485 (1-485 Co-inj), and oocytes that were allowed to express Orai1 for 1 day before STIM1-485 injection
(1-485 A1Day). Shown are the currents at 5 min after store depletion with ionomycin, the constitutive /.y before store depletion, and 30 min after store
depletion as indicated at the top of each panel. Data are presented as a scatter plot with means = S.E. (n = 12-40). C-E, confocal images and matching current
traces (E) from two representative oocytes with a small (C) or large (D) I, 1. I+ Was calculated as the peak transient current at the second +40-mV pulse minus

the current value at the end of the first +40-mV pulse as described previously (29). Scale bar, 2 pum.

STIM1-485 cells producing Ca>" influx (Fig. 4B, right panel).
Examples of the subcellular distribution of Orail and STIM1-
485 from cells producing small (Fig. 4C) and large (Fig. 4D) I,
with the corresponding current traces (Fig. 4E) are shown. The
cell with a small SOCE exhibited few STIM1-Orail puncta,
consistent with the low current amplitude (Fig. 4C). This argues
that prolonged store depletion allows a fraction of STIM1-485
to escape from the disrupted ER structures at low efficiency and
form puncta to recruit Orail and activate I;,c. In contrast, the
cell with a large /-, exhibited striking invaginations at the cell
membrane that brought Orail into physical proximity to
STIM1-485 in the ER, resulting in SOCE (Fig. 4, D and E). This
is an interesting phenotype, which argues that, in some rare
instances, invaginations of the cell membrane may be stabilized
through interactions between Orail and STIM1-485. Together,
these results suggest that STIM1-485 is still capable of sensing
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Ca®" store depletion but cannot easily translocate to the corti-
cal ER, as it appears to be trapped in amorphous ER structures
(Figs. 1 and 2).

To test whether STIM1-485 interferes with full-length
STIM1 function, we coexpressed both proteins in addition to
Orail and measured I, 1 as a readout of functionality. Coex-
pression of full-length STIM1 with STIM1-485 did not signifi-
cantly affect the levels of Ca®>" influx, with expression of full-
length STIM1 alone producing an I, r of 5.73 £ 0.8 nA and
full-length STIM1 + STIM1-485 producing a current of 4.1 *
0.9 nA (n = 5). This argues that STIM1-485 does not interfere
significantly with full-length STIM1 function.

Several groups have expressed in mammalian cells STIM1
deletions similar to STIM1-485 that are anchored in the ER
membrane but have not reported any defects in I levels or
the subcellular distribution of these mutants (19, 21, 23). In
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FIGURE 5.STIM1-485-Ch coexpressed with Orai1 behaves like wild-type STIM1. A, STIM1-485-Ch was constructed by adding mCherry at the C-terminal end
of STIM1-485. Coexpression of STIM1-485-Ch and Orai1 showed normal subcellular distribution of both proteins. Store depletion with TPEN led to co-clustering
of STIM1-485-Ch and Orai1 in the focal plane of the cell membrane. Orthogonal sections are shown, with the focal plane of the images on the left indicated by
the blue bar. Scale bar = 2 um. B, time course of STIM1-485-Ch punctum formation as described under “Experimental Procedures” when coexpressed with Orai1
(mean = SE. n = 8). C, amplitude of /.1 following the expression of full-length STIM1 (WT) or STIM1-485-Ch (485-Ch) with Orail. D, Isoc mediated by
coexpression of full-length STIM1 (Ch-WT) or STIM1-485-Ch (485-Ch) with Orail. The SOCE development time course, current-voltage relationship, and

amplitude are shown (n = 5-6).

contrast, expression of STIM1-485 in Xenopus oocytes results
in a small current and disrupted ER structure. One possibility
for the disparate behavior of STIM1-485 in these expression
systems is the potential absence in Xenopus oocytes of acces-
sory proteins that would interact with STIM1 deletions in
mammalian cells, allowing it to function somewhat normally.
This would not be unusual, as there are several precedents
showing that the behavior of proteins is very much dependent
on the cellular context. This is well recognized for G-protein-
coupled receptors, where the same receptor links to different
signaling modules depending on the cell type and expression of
specific downstream interacting proteins (32). For example,
expression of the pore-forming subunit of voltage-gated potas-
sium channels in different mammalian cells leads to distinct
voltage dependence and activation and inactivation kinetics
because of association with an endogenous [B-subunit ex-
pressed in a cell type-specific fashion (33, 34). Therefore, pro-
tein function can be modulated in a cell type-specific fashion
based on the endogenous complement of interacting proteins.
It is therefore not surprising that STIM1 deletions behave dif-
ferently in the Xenopus oocyte versus mammalian expression
systems. Nonetheless, the phenotype of STIM1-485 in Xenopus
oocytes offers an opportunity to better understand STIM1
dynamics and intramolecular interactions.
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Nonspecific Sequences Functionally Substitute for the STIM1
C-terminal 200 Residues—The fact that expression of the
STIM1(486 —685) domain does not rescue STIM1-485 sug-
gests that this domain needs to be physically attached to the
STIM1 molecule to perform its function. This raises the
interesting question of whether this domain acts by physi-
cally shielding the SOAR/CAD domain and SHD and
whether this effect is sequence-specific. To test this idea, we
replaced this region of STIM1 with nonspecific sequences,
GFP or mCherry, as both have a similar length to the STIM1
C-terminal 200 residues. Strikingly, STIM1-485-Ch with a
C-terminal mCherry tag after residue 485 rescued the
defects observed in the STIM1-485 deletion mutant (Fig. 5).
STIM1-485-Ch did not disrupt ER structure, did not consti-
tutively interact with Orail, formed puncta in response to
store depletion when expressed with Orail, and was able to
recruit Orail in a similar fashion to wild-type STIM1 (Fig.
5A). The time course of punctum formation is similar when
Orail was expressed with either STIM1 or STIM1-485-Ch
(Fig. 5B). STIM1-485-Ch produced normal SOCE when
tested using either I . (Fig. 5C) or I (Fig. 5D) in terms of
current development time course, amplitude, and current-
voltage relationship. These data suggest that the C-terminal
end of STIM1 maintains the SOAR/CAD domain and SHD
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FIGURE 6. STIM1-485-Ch punctum formation and behavior during meiosis. A-D, oocytes (Ooc) and eggs expressing GFP-KDEL, full-length STIM1 (Ch-
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through a z-stack of images are shown in addition to images from different focal planes, as indicated by the matching tabs at the left edge of the orthogonal
sections. Schematic structures of the different constructs are also shown. Scale bars = 2 um.

inactive in a sequence-nonspecific fashion through a steric
hindrance mechanism.

Interestingly, however, when STIM1-485-Ch was expressed
without Orail, it was not able to form stable puncta efficiently
as compared with the full-length protein (Fig. 6, A and B). Fol-
lowing store depletion, the number of STIM1 puncta in cells
expressing STIM1-485-Ch was significantly decreased (Fig. 6B)
compared with cells expressing full-length STIM1 (Fig. 6A).
Furthermore, a significant percentage of the STIM1-485-Ch
protein remained in the deep ER and did not translocate to the
cortical region (Fig. 6B). In contrast, full-length STIM1 was no
longer detectable in the deep ER after store depletion (Fig. 6A).
In addition, in the absence of Orail expression, maximal devel-
opment of STIM1-485-Ch cortical puncta required ~30 min of
TPEN treatment, compared with ~5 min when full-length
STIM1 was expressed. Interestingly, however, coexpression of
STIM1-485-Ch with Orail rescued this delay, leading to rapid
punctum formation after store depletion with TPEN in ~5 min.
Similar results were observed following store depletion with
ionomycin (data not shown). This phenotype is reminiscent of
a STIM1 mutant missing the polybasic domain at the end of the
molecule, which has been implicated in stabilizing STIM1
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interactions with the cell membrane (6, 15, 35). This would
argue that the delay and inefficiency in punctum formation
observed with the STIM1-485-Ch mutant are due to the lack of
the polybasic domain. This is indeed the case because addition
of a polybasic domain at the end of STIM1-485-Ch rescued this
phenotype (see below and Fig. 7).

Substituting the STIM1 C-terminal domain (positions 486 —
685) with GFP also rescued the STIM1-485 defects and exhib-
ited slow punctum formation upon expression with KDEL (Fig.
6C). Importantly, however, during meiosis, STIM1-485-GFP
did not form puncta in response to store depletion (Fig. 6C,
Egg+TPEN). Therefore, even in the absence of the last 200 res-
idues of STIM1, clustering of STIM1 in response to store
depletion remains inhibited, showing that clustering inhibition
during meiosis is not dependent on this domain. This demon-
strates that STIM1 clustering inhibition during meiosis is inde-
pendent of phosphorylation within the C-terminal 200 residues
of STIM1.

Interestingly, coexpression of Orail with STIM1-485-Ch in
the egg showed trapping of Orail intracellularly in a manner
reminiscent of that observed when STIM1-485 was expressed
with Orail (Fig. 6D). In contrast, in the oocyte, STIM1-485-Ch
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behaved like full-length STIM1 (Fig. 5A4). This suggests that
during meiosis (egg), STIM1-485-Ch assumes a different con-
formation than in interphase (oocyte), leading to exposure of
the SOAR/CAD domain and allowing interactions with Orail.
Consistent with these results, we have previously shown that
STIM1-Orail interaction remains functional during meiosis
(24).

To test whether the delay in punctum formation for the
STIM1-485-Ch construct in the absence of Orail is due to the
absence of the polybasic domain, we added the polylysine
domain to the end of STIM1-485-Ch, thus generating a con-
struct with residues 486 — 669 of STIM1 replaced with mCherry
(STIM1-485-Ch-K). STIM1-485-Ch-K localized to the ER in
oocytes and formed puncta with a similar time course to full-
length STIM1 in the absence of Orail coexpression (Fig. 7, A
and C). When expressed with Orail, STIM1-485-Ch-K was
able to recruit Orail into coincident puncta (Fig. 7B) and pro-
duced an /5 with a similar development time course and cur-
rent-voltage relationship to full-length STIM1 (Fig. 7D). Dur-
ing meiosis, STIM1-485-Ch-K localized to the ER and did not
constitutively interact with Orail, which was internalized and
localized to endosomes (Fig. 7E) (24, 31). Therefore, addition of
the polybasic domain at the end of STIM1-485-Ch is sufficient
to stabilize the conformation of this construct during meiosis.

Interestingly, when Ca®" stores were depleted in the egg,
STIM1-485-Ch-K efficiently translocated to the subcell mem-
brane focal plane (Fig. 7F). This argues that in the egg, STIM1-
485-Ch-K is able to sense Ca®* store depletion, resulting in a
conformational change in the protein that exposes the polyly-
sine domain, allowing it to interact with cell membrane lipids.
However, under these conditions, STIM1-485-Ch-K did not
form puncta, and a small percentage of the protein interacted
with Orail in the endosomal compartment (Fig. 7F). This is
consistent with the idea that the SOAR/CAD domain becomes
available for interaction with Orail. The lack of punctum for-
mation demonstrates that STIM1 clustering inhibition is due to
modifications outside domain 486 — 669, again supporting the
conclusion that phosphorylation within this domain does not
contribute to STIM1 clustering inhibition during meiosis.

In summary, our data support a model in which STIM1 is
maintained in an inactive state in interphase with full Ca®"
stores through intramolecular shielding of the active domains
(SOAR/CAD and SHD) by the C-terminal end of the molecule
(positions 486 —669). Surprisingly, replacing these residues
(positions 486 — 669) with GFP or mCherry does not affect the
function of STIMI, including its ability to sense Ca®>" store
depletion, form puncta, translocate to the cortical ER, and bind
to and gate Orail. This would be consistent with a steric hin-
drance model. We have further shown that STIM1 clustering
inhibition during meiosis does not require the C-terminal 200
residues of STIM1 and as such cannot be dependent on any
modifications within this domain.
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