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Calcium (Ca®") influx through the plasma membrane store-
operated Ca>* channel ORAI1 is controlled by Ca** sensors
of the stromal interaction molecule (STIM) family. STIM1
responds to endoplasmic reticalum (ER) Ca®* store depletion
by redistributing and activating ORAI1 from regions of the ER
juxtaposed to the plasma membrane. Unlike STIM1, STIM2 can
regulate ORAI1 in a store-dependent and store-independent
manner, but the mechanism by which this is achieved is
unknown. Here we find that STIM2 is translated from a highly
conserved methionine residue and is directed to the ER by an
incredibly long 101-amino acid signal peptide. We find that
although the majority of the total STIM2 population resides on
the ER membrane, a second population escapes ER targeting to
accumulate as a full-length preprotein in the cytosol, signal pep-
tide intact. Unlike STIM2, preSTIM2 localizes to the inner leaf-
let of the plasma membrane where it interacts with ORAI1 to
regulate basal Ca®>* concentration and Ca>*-dependent gene
transcription in a store-independent manner. Furthermore, a
third protein comprising a fragment of the STIM2 signal pep-
tide is released from the ER membrane into the cytosol where it
regulates gene transcription in a Ca®>*-independent manner.
This study establishes a new model for STIM2-mediated regu-
lation of ORAIL in which two distinct proteins, STIM2 and
preSTIM2, control store-dependent and store-independent
modes of ORAII activation.

Calcium (Ca>™) entry through store-operated Ca>* channels
(SOCs)? is essential for gene transcription-induced regulation
of cell differentiation and function (1). Stromal interaction mol-
ecule 1 (STIM1) plays a critical role in activating the plasma
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membrane (PM)-localized SOCs of the ORAI family (2—4).
Localized predominantly on the endoplasmic reticulum (ER),
STIM1 spans the membrane with the N terminus confined to
the ER lumen and the longer C terminus facing the cytosol (5).
Control over STIMI activation is mediated by ER Ca®" store
depletion; dissociation of Ca®>" from the N-terminal EF hand
Ca®" binding domain induces oligomerization, which drives
STIM1 to precise locations on the ER juxtaposed to the PM (6).
From there the cytosolic C terminus recruits ORAI1 by uncov-
ering an integral activation domain (CRAC activation domain
(CAD), also known as SOAR or OASF), which is also essential
for channel gating (7—10). Ca®" influx is terminated by store
refilling, which returns STIM1 to its resting conformation (11).
The essential involvement of STIM1 in regulating the activity of
SOCs has been demonstrated by experimental manipulation of
STIM1 levels; depletion of STIM1 abrogates store-operated
Ca®" entry (SOCe), overexpression increases SOCe (1, 12), and
co-overexpression of STIM1 and ORAII results in massive
Ca®" influx that is almost entirely controlled by ER store deple-
tion (4).

In contrast to STIM1, the function of its closely related hom-
olog, STIM2 (13), is enigmatic. Despite almost complete struc-
tural conservation between STIM homologs, STIM2 depletion
has little effect on SOCe (2, 14), and overexpression has more
frequently been demonstrated to inhibit endogenous SOCe
rather than to activate it (15-17). Co-overexpression of STIM2
and ORAI1 results in modest SOCe characterized by delayed
kinetics and much reduced efficiency compared with STIM1,
indicating that the ability of STIM2 to activate ORAIL in a
store-operated manner appears limited (16-19). STIM2 also
activates ORAII in a store-independent manner, an interaction
critical for maintaining basal intracellular Ca** homeostasis
(17, 20). How STIM2 can simultaneously operate in a store-de-
pendent and store-independent manner is not resolved, and no
clear model has yet been presented to explain the functional
differences between STIM1 and STIM2.

A recent study indicated that the ability of STIM2 to inhibit
endogenous SOCe and delay the kinetics of ORAI1 activation
could be transferred to STIM1 by chimeric exchange of a short
N-terminal region (16). This region contains a 55— 60-amino
acid (aa) portion of the luminal domain and also the cleavable
signal peptide responsible for ER targeting (13, 16). We hypoth-
esized that differences in the size or structure of the STIM1 and
STIM2 signal peptides could be responsible for the functional
differences in these two proteins. Here we reveal that the
STIM2 signal peptide is directly responsible for the production
of three distinct STIM2-derived proteins. Each of these pro-

VOLUME 286+NUMBER 18-MAY 6, 2011


http://www.jbc.org/cgi/content/full/M110.206946/DC1

teins regulates ORAII activation in a distinct manner, leading
to combinatorial activation of gene transcription.

EXPERIMENTAL PROCEDURES

Reagents—Fura-2AM and Lipofectamine 2000 were from
Invitrogen; DAPI, probenecid, carbachol, ionomycin, and
phorbol 12-myristate 13-acetate (PMA) were from Sigma;
thapsigargin was from EMD Bioscience and (Z-LL), ketone was
from Merck. Recombinant Peptide N-glycosidase F was a kind
gift from Shaun Lott (University of Auckland, New Zealand).

Plasmids and Cells—Construction of all plasmids used in this
study are described in supplemental Fig. S5. pNFAT-SEAP and
pNE-kB-SEAP were from Clontech, pGL3 Luc+ Control was
from Promega, and ORAI1-HA was a kind gift from Jonathan
Soboloff, Temple University School of Medicine. HEK293T
cells (ATCC) were maintained in DMEM with 10% heat-inac-
tivated FBS, 100 units/ml penicillin G, 100 ug/ml streptomycin,
and 2 mM L-glutamine (all from Invitrogen).

Molecular Biology—Standard molecular biology techniques
were used for subcloning, high fidelity PCR, plasmid prepara-
tions, and DNA sequencing. Oligonucleotides were from Invit-
rogen. Site-directed mutagenesis was performed using the
QuikChange Lightning Site-directed Mutagenesis kit (Strat-
agene). 5'-Rapid amplification of cDNA ends was performed
with a SMART RACE kit (Clontech) using total RNA extracted
from Damnio rerio fins and the primers 5'-TGCCGAA-
GCGCCTCTAAACTGAAGC, 5'-TTGGTCTGGTGCTGC-
TTCATGTCCTC, and 5'-TGTGCTGGTCCTCTCGGT-
GGAGATT.

Transfections, Subfractionation, and Immunoblotting—
HEK293T cells were transfected at 60—90% confluence with
purified plasmid DNA (400 ng/24 well and 200 ng/96 well)
complexed with Lipofectamine 2000 for 6 h. Cells were har-
vested 24— 48 h post-transfection as described (13) or fraction-
ated using a Subcellular Protein Fractionation kit (Pierce).
Supernatants were collected from transfected cells 24 h after
the addition of fresh media containing 0.1% FBS. For immuno-
precipitation of endogenous STIM?2 proteins, lysates from sub-
confluent HEK293T cells (3 X 10%) harvested as above were
immunoprecipitated with 50 pg of anti-STIM2-CT overnight
at 4 °C. Immunoblotting and detection were performed essen-
tially as described previously (12) using 4-12% NuPAGE Bis-
Tris gels and a dry blotting system (Invitrogen). HRP activity
was detected with ECL Plus™ (Amersham Biosciences). Anti-
STIM1-CT, anti-STIM1-NT, anti-STIM2-CT, and anti-PAN
STIM were used as described previously (13, 21). Anti-
STIM2-IN (AnaSpec) was used at 1:500, anti-human IgG-HRP
(Jackson Immunochemicals) was used at 1:40,000, and anti-
FLAG (Sigma) and anti-HA (Berkeley Antibody Co., Inc.) were
used at 1:1000. For detection of endogenous STIM2, secondary
(anti-sheep IgG-Biotin; 1:2000) and tertiary (extrAvidin-AP;
1:300,000) antibodies were employed.

Deglycosylation—After immunoprecipitation, proteins were
eluted from beads at 70 °C in 20 mm sodium phosphate buffer,
pH 7.5, containing 0.1% SDS, 50 mMm -mercaptoethanol, and
1% Triton X-100 and deglycosylated with 50 wg/ml peptide
N-glycosidase F or vehicle at 37 °C for 24 h.
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Mass Spectrometry—Relevant bands were excised from Coo-
massie-stained gels, digested with trypsin, and interrogated by
QSTAR XL Hybrid LS/MS/MS (Applied Biosystems). Peptides
were identified using Mascot (Matrix Science) against an in-
house data base.

Confocal Microscopy—Transfected cells were seeded onto
poly-D-lysine-coated glass chamber slides (Nunc) at 6 h post-
transfection. After 24—48 h, cells were fixed and immuno-
stained with the indicated antibodies at 1:500 (anti-FLAQG),
1:200 (anti-HA), and 1:100 (anti-Calnexin; Santa Cruz). Cells
were imaged using an Olympus FV1000 confocal microscope
equipped with FluoView 2.0b software.

Ca®" Imaging—HEK293T cells in 96-well poly-p-lysine-
coated, black-walled plates were transfected at 60 —70% conflu-
ence as described above. 24 h after transfection cells were
washed once in a HEPES-buffered salt solution (HBSS: 107 mm
NaCl, 7.2 mm KCl, 1.2 mm MgCl,, 11.5 mM glucose, 2 mm
CaCl,, and 10 mm HEPES with pH adjusted to 7.4 with NaOH)
and loaded in HBSS containing 2 um Fura-2 AM, 2.5 mMm pro-
benecid, and 1% BSA at room temperature (22 °C) in the dark
for 30 min. Before [Ca®"], were made, cells were washed thor-
oughly and incubated at room temperature for 20 min in the
dark. Calcium measurements were performed on an EnVision
multilabel plate reader (PerkinElmer Life Sciences) equipped
with a high energy flash lamp and photomultiplier tube. The
dye was alternately excited at 340 and 380 nwm, and the emission
wavelength was collected at 510 num every 0.5 s. Agonists (car-
bachol, 100 um; thapsigargin, 2 um) were dispensed in a 20-ul
volume at 100 ul/s into wells containing 100 ul of HBSS. Some
assays required a brief (<5 min) incubation in nominally Ca**-
free solution (HBSS with no added Ca>*) before agonist dis-
pense. Changes in intracellular calcium are represented as the
ratio of Fura-2 fluorescence excited at 340 nm to that at 380 nm
(F340/F350)- In all cases, ratio values have been corrected for
contributions by autofluorescence, which were measured in
each well after treating cells with 10 um ionomycin and 20 mm
MnCl,. Data were manipulated in Excel, and statistical analysis
was performed using one-way analysis of variance followed by
Tukey’s test, with p > 0.05 considered nonsignificant.

Reporter Gene Assays—HEK283T cells in 96-well poly-p-ly-
sine-coated plates were transfected at 60% confluence as
described above, except media contained 1% FBS. Plasmid
DNA (200 ng/well) consisted of pGL3 Luc+ control, pSEAP
reporter, and test plasmid at a 1:2:7 ratio. After 6 h, complexes
were replaced with DMEM containing 0.1% FBS and 2 mm
L-glutamine. 24 h after transfection, media were replaced with
10 ng/ml PMA or equivalent dilutions of DMSO in DMEM
containing 0.1% FBS and 2 mMm L-glutamine. After 10 h, secreted
alkaline phosphatase (SEAP) activity in supernatants was mea-
sured by the Great EscAPe SEAP Chemiluminescence kit 2.0
(Clontech), and firefly luciferase was measured in cells by
Bright-Glo Luciferase assay system (Promega). Chemilumines-
cence was detected on an EnVision Multilabel Plate Reader
(PerkinElmer Life Sciences). Statistical analysis was performed
using one-way analysis of variance followed by Tukey’s test,
with p > 0.05 considered nonsignificant.

Calmodulin (CaM) Binding Assay—Lysates from transfected
HEK293T cells were prepared as above, except that EGTA and
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EDTA were omitted from the lysis buffer. CaM-agarose beads
(Sigma) were pre-equilibrated in lysis buffer containing either 2
mMm EDTA or 2 mm CaCl,. Equal quantities of lysate (to which
either EGTA or CaCl, was added to a final concentration of 2
mM) were incubated with pre-equilibrated CaM-agarose for 2 h
at 4 °C. After washing in appropriate lysis buffer, proteins were
eluted from the beads in SDS-PAGE sample buffer (Invitrogen)
at 70 °C before immunoblotting analysis.

RESULTS

Met'-Gly'®" Are Required for ER Targeting and Secretion of
STIM2-Fc—STIM1 is translocated across the ER membrane by
a cleavable signal peptide at Met'-Ser®* (20, 21). The STIM2
signal peptide is less well defined; although the open reading
frame extends 101 aa upstream of the endogenous signal pep-
tidase cleavage site (Gly*®'-Cys'“ Fig. 14), our previous study
suggested that translation likely started at a non-AUG codon
around Leu®®, implicating Leu®*~Gly'°" as the signal peptide
sequence (13). To measure signal peptide functionality, we ini-
tially fused the STIM1 and STIM2 luminal domains with their
cognate cleavable N-terminal region to the constant (Fc) region
of human IgG (Fig. 1A4), a strategy that, in mouse Stim1, results
in glycosylation and secretion of the Fc fusion protein (22). Both
STIM1-Fc and STIM2-Fc were glycosylated and secreted from
HEK293T cells, indicating the presence of a functional signal
peptide (Fig. 1, Band C). We consistently detected a small frac-
tion of STIM2-Fc in lysates that was not glycosylated (Fig. 1C,
arrow) and that was never detected in STIM1-Fc transfectants.
To resolve the exact location of the STIM2 signal peptide, we
removed Met'-Leu®” (STIM2-Fc*"°®”; Fig. 1A). STIM2-Fc
secretion (Fig. 1D) and glycosylation (Fig. 1E, left panel) were
abolished, indicating that Leu®®*-Gly'®" alone was unable to
function as a signal peptide. Several studies have utilized the
STIML1 signal peptide to drive STIM2 expression in vitro (19,
20). Chimeric exchange of STIM2 residues Leu®®*-Cys'®* with
the STIM1 signal peptide (STIM2-Fc**5*) rescued STIM2-Fc
glycosylation and secretion (Fig. 1, D and E), confirming that
STIM2-Fc could be targeted to the ER by a short signal peptide.
However, the STIM1 signal peptide could not rescue expres-
sion of the unglycosylated fraction seen in STIM2-Fc transfec-
tants (Fig. 1E, right panel), suggesting that the STIM1 signal
peptide differed in functionality to that of STIM2. Altogether,
these results indicate that Leu®®-Gly'® is not a bona fide signal
peptide sequence and that sequences upstream of Leu®® are
required for correct translation, ER targeting, and processing of
STIM2-Fc.

Met'-Gly'® is highly conserved in STIM2 orthologs from
placental mammals but not in lower vertebrates (supplemental
Fig. S1A), suggesting it may have functional significance. To
examine whether Met' was the STIM2 translation start site,
a FLAG tag was inserted after Pro” in STIM2-Fc, creating
STIM2-Fc™ "G, STIM2-Fc secretion was not hampered by the
tag, which had clearly been removed before secretion (Fig. 1F,
first and second panels). STIM2-Fc production in lysates was
also identical in cells derived from tagged and untagged con-
structs (Fig. 1F, third panel), except that the unglycosylated
fraction identified in Fig. 1C appeared slightly larger, at 70 kDa,
in STIM2-Fc""€ transfectants and was specifically detected by
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anti-FLAG antibodies (Fig. 1F, fourth panel). Furthermore, the
anti-FLAG antibody also detected a doublet at 15 kDa in
STIM2-Fc"™S-transfected cells (Fig. 1F, fourth panel). An
identical 15-kDa doublet was produced from a construct com-
prising Met'-Trp**', or indeed only Met'-Gly'*" (Fig. 1G),
indicating that the doublet was a cleavage fragment derived
from the N terminus. Both the FLAG-reactive 70-kDa band and
the 15-kDa doublet were unglycosylated (Fig. 1H), indicating
neither accessed the ER lumen. To identify the proteins, we
analyzed 60- and 70-kDa STIM2-Fc proteins and the 15-kDa
doublet by mass spectrometry (supplemental Fig. S1, B-D).
Peptides recovered from secreted 60-kDa STIM2-Fc were
derived exclusively from residues C-terminal to the signal pep-
tidase cleavage site (supplemental Fig. S1B) unlike those recov-
ered from 70-kDa FLAG-reactive STIM2-Fc, which addition-
ally spanned Met'-Gly'°* (supplemental Fig. S1C). From the
15-kDa doublet, a single peptide was recovered comprising
Gly**~Arg®” (supplemental Fig. S1D). Altogether, the above
data indicate that STIM2 is translated from Met' and that
Met'-Gly'®! is cleaved before secretion of mature STIM2-Fc.

Met'-Gly'®" Is the STIM?2 Signal Peptide, and a Fragment Is
Cleaved and Released to the Cytosol—The above data suggested
that Met'~Gly'®" represented an extraordinarily long signal
peptide. This hypothesis was confirmed by the introduction of
mutations around the signal peptidase cleavage site (Arg™/
Gly'®") that inhibited signal peptide cleavage, abolishing
STIM2-Fc secretion and production of the 15 kDa doublet
(supplemental Fig. S24). We next considered whether further
cleavage of the signal peptide resulted in its appearance as a
doublet, as some signal peptides are sequentially processed first
by signal peptidase then by signal peptide peptidases, resulting
in release of signal peptide fragments into the cytosol (23). The
signal peptide peptidase inhibitor (Z-LL), ketone (24) specifi-
cally inhibited production of the lower band of the 15-kDa
doublet (supplemental Fig. S2B), and subfractionation of
STIM2-Fc"“*C-transfected cells confirmed that the lower
band was released into the cytosol (supplemental Fig. S2C).
Finally, we created a series of signal peptide fragments (SPFs)
that implicated residues between Leu®® and Leu’' as the
likely signal peptide peptidase cleavage site (supplemental
Fig. S2, D and E).

Altogether, the data show that residues Met'—Gly'°" repre-
sent the STIM2 signal peptide, which is cleaved by signal pep-
tidase after productive ER translocation of STIM2-Fc. Further
processing by signal peptide peptidases results in release of an
88-91-aa SPF into the cytosol. Moreover, the STIM2 signal
peptide is unable to translocate all STIM2-Fc precursors to the
ER with 100% efficiency, as a stable proportion of STIM2-Fc
preproteins remain in the cytosol, signal peptide intact and
unglycosylated. We have named this cytosolic population
preSTIM2-Fc.

STIM?2 Biosynthesis Is Identical to That of STIM2-Fc—It was
important to confirm that STIM2 biosynthesis mirrored that of
STIM2-Fc. We placed a FLAG tag within wild type STIM2 in
an identical position to that of STIM2-Fc™*S (Fig. 2). Like
STIM2-Fc, expression of 100-kDa STIM2 was unaffected by
the FLAG tag (Fig. 24, lower panel). Anti-FLAG antibodies
detected a 110-kDa STIM2 preprotein (preSTIM2) and a
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FIGURE 1. Met'-Gly'°" are required for ER targeting and secretion of STIM2-Fc. A, shown are the domain structure of wild type STIM1 and STIM2 proteins
(5) and constructs used. SP, signal peptide; EF, EF hand domain; SAM, sterile & motif; TM, transmembrane domain; CC7 and CC2, coiled-coil 1 and 2; gray shading
surrounding CC2, CAD (7); K, lysine-rich polybasic domain; filled circles, glycosylation site. B-H, HEK293T cells were transfected with the indicated constructs, and
lysates (L) or supernatants (S) were analyzed by immunoblotting (/B) with the indicated antibodies (Ab). B, STIM1-Fc (S7-Fc) and STIM2-Fc (S2-Fc) are secreted.
C, STIM1-Fc and STIM2-Fc are glycosylated, and a peptide N-glycosidase F (PNGase F)-resistant fraction (arrow) is present in STIM2-Fc, but not STIM1-Fc, lysates.
D, STIM2 residues Leu®®-Gly'®' do not mediate secretion of STIM2-Fc, unlike the STIM1 signal peptide. E, proteins produced by STIM2-Fc*"RT are not
glycosylated (left panel). The STIM1 signal peptide rescues glycosylation, but not the production of the peptide N-glycosidase F-resistant fraction (right panel).
F, production of FLAG-tagged proteins in STIM2-Fc"™A< lysates but not in supernatants is shown. G, the 15-kDa doublet is derived from the N terminus.

H, FLAG-tagged proteins are not glycosylated.

15-kDa doublet comprising the STIM?2 signal peptide and the
SPF (Fig. 24, top panel and supplemental Fig. S3, A and B). The
abundance of the signal peptide and SPF was consistently lower
when derived from the STIM2*S construct. An additional
doublet at 17 kDa, also derived from the signal peptide, was
variably produced in STIM2F“*S-transfected cells (Fig. 24,
inset and supplemental Fig. S3C); this appeared dependent on
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the presence of the STIM2 C terminus (supplemental Fig. S3, D
and E) but was not investigated further. Signal peptide and SPF
cleavage proceeded in a sequential manner, identical to that
determined for STIM2-Fc (Fig. 2B and supplemental Fig. S3F).
Cell fractionation confirmed the predominantly cytosolic local-
ization of preSTIM2 (Fig. 2C, upper panel), unlike STIM2,
which resided principally in ER membrane-associated fractions
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FIGURE 2. STIM2 biosynthesis is identical to STIM2-Fc and is modified by mutations in the signal peptide. A-£, HEK293T cells were transfected with the
indicated constructs, and samples were analyzed by immunoblotting (/B) with the indicated antibodies (Ab). A, STIM27A% is processed in an identical manner
to that of STIM2-Fc™4. Inset, shown is enhancement of the boxed area. B, the SPF (lower band) is produced by cleavage of the signal peptide (SP; upper band).
The asterisk (*) indicates an additional 17-kDa band. C, preSTIM2 is enriched in the cytosolic fraction, whereas STIM2 is predominantly ER membrane-
associated. C, cytosol; M, membrane; N, soluble nuclear; Ch, chromatin; Ck, cytoskeletal. D, production of endogenous preSTIM2 in HEK293T cells (left panel) is
identical to that from STIM2F-A%-expressing cells (right panel). E, the L89H mutation enhances preSTIM2 expression (top panel) and abolishes signal peptide (SP),
SPF (top panel), and STIM2 expression (bottom panel). F, shown are the constructs used in Fig. 2.

(Fig. 2C, lower panel). To determine whether endogenous
STIM2 was processed in the same manner as exogenously
expressed STIM2"*S, we immunoprecipitated endogenous
STIM2 from HEK293T cells. Deglycosylation revealed the
presence of an endogenous preSTIM?2 population (Fig. 2D, left
panel) similar to that observed upon expression of STIM2F-44
(Fig. 2D, right panel). Together, these data confirm that endog-
enous STIM2 is translated and processed in an identical man-
ner to that of STIM2-Fc and exists concomitantly in three dis-
tinct forms: ER resident STIM2, cytosolic preSTIM2, and a
cytosolic SPF.

Signal Peptide Targeting Efficiency Is Modified by Substitu-
tion of Residues within Its Membrane Spanning Domain—In a
previous study, we found that Leu®® mutations abrogate STIM2
expression (13). Leu® is located within the membrane-span-
ning domain of the STIM2 signal peptide, and we hypothesized
that the mutation, rather than inhibiting translation, may actu-
ally affect signal peptide function. We recreated the L89H
mutation in STIM2F4€ to create STIM2M8H (Fig. 2, E and F).
Little or no STIM2 was produced from STIM2"**" (Fig. 2F,
lower panel) consistent with our previous study. Signal peptide
and SPF production were also abolished by the L89H mutation,
whereas preSTIM2 expression was enhanced (Fig. 2E, top
panel). Like preSTIM2 derived from STIM2F“AS, preSTIM2
derived from STIM2"“**" was not glycosylated (supplemental
Fig. S3F) and localized predominantly to the cytosolic fraction
(supplemental Fig. S3G). Together, these data show that the
L89H mutation reduces signal peptide ER targeting efficiency,
resulting in enhanced cytosolic accumulation of preSTIM2
while abrogating ER-localized STIM2 expression.
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preSTIM2 Accumulates at the Plasma Membrane—We
used immunolocalization to confirm the cellular location of
preSTIM2 and the SPF (Fig. 3). In STIM2"4Stransfected cells,
where anti-FLAG antibodies simultaneously detected preS-
TIM2, the signal peptide, and the SPF, cells exhibited a punc-
tate cytosolic staining pattern and clear perimembrane associ-
ation that was distinct from the ER marker calnexin. Membrane
association was not observed in STIM2-Fc™*S-transfected
cells, which was predominantly localized within the ER and
the cytosol. In STIM2"¥"_transfected cells, where preSTIM2
expression could be analyzed in isolation, striking plasma
membrane localization was observed. In contrast, the SPF gath-
ered in punctate structures both on the ER and within the cyto-
sol. Altogether, we concluded that preSTIM2 displays impres-
sive targeting to the inner leaflet of the plasma membrane,
dependent on the C terminus, whereas the SPF is distributed in
the cytosol.

preSTIM?2 Increases Basal Cytosolic Ca®" Levels and Reduces
SOCe—The identification of cytosolic preSTIM2 and SPF pop-
ulations suggested that these proteins might regulate Ca>"
influx independent of ER Ca*>" store depletion. In store-replete
cells briefly incubated in nominally Ca®"-free conditions, re-
addition of Ca*>* results in Ca®" influx, indicative of the basal
activity of SOCs (16). STIM2 and preSTIM2 both increased
basal Ca®" influx to the same extent, the level of which was
significantly higher than that of vector-transfected cells, and
was dependent on [Ca®"]_,, (Fig. 4, A—C). In contrast, SPF**
was without effect (Fig. 4, A—C). STIM2 and preSTIM2 trans-
fectants additionally had a significantly higher resting [Ca®*],
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FIGURE 3. preSTIM2 and the STIM2 SPF are localized in the cytosol.
HEK293T cells transfected with STIM2F-AS, STIM2-8°H SPF!, or STIM2-FcFHAC
were co-stained with anti-FLAG (green) to visualize FLAG-tagged proteins and
anti-calnexin (red) to visualize the ER and imaged by confocal microscopy. All
images are from the middle of the cell. Scale bar, 10 um.

than vector- or SPF®!-transfected cells, which were dependent
on extracellular Ca®" (Fig. 4D).

A defining feature of STIM?2 is that it reduces SOCe when
overexpressed (15-17). STIM2 significantly reduced the SOCe-
mediated plateau phase in HEK cells activated in the presence
of 2mm [Ca®*],, (Fig. 4, E and F). preSTIM2 was as effective as
STIM2, whereas the SPF°" had no effect (Fig. 4, E and F). This
could not be attributed to differences in ER Ca®" store content
or prior store depletion, as the magnitude of Ca*>* release from
ER stores of cells transfected with STIM2, preSTIM2, or SPF**
was identical to the vector control (Fig. 4, G and I). As a second
measure of SOCe, we analyzed Ca®>" entry after store depletion
in Ca®>"-free medium. STIM2 reduced the magnitude of SOCe
in store-depleted cells, and preSTIM2, but not SPF®!, was as
effective as STIM2 (Fig. 4, H and I). These data indicate that
preSTIM2, but not the SPF, is able to mimic the effects of
STIM2 expression on Ca®>" dynamics in HEK cells, regulating
basal Ca®" levels, basal Ca®" influx, and SOCe.

preSTIM?2 and ORAII Interact to Regulate Basal Ca”" Levels—
STIM2 and cytoplasmically localized STIM1 and STIM2 C-ter-
minal fragments can elevate basal Ca®>" concentration via a
store-independent association with ORAIL (7, 8, 25-27). To
determine whether preSTIM2 regulates basal Ca®>" levels
through ORAI1, we co-expressed STIM2"**" with HA-tagged
ORAIL. Plasma membrane expression of preSTIM2 overlapped
significantly with that of ORAI1-HA (Fig. 5A4), in contrast to
the SPF®' (Fig. 5B). To determine whether preSTIM2 and
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ORAI1-HA interacted biochemically, pulldown assays were
conducted with co-transfected cells with and without prior
store depletion. After immunoprecipitation of preSTIM2 (Fig.
5C, top panel), a strong interaction with ORAI1-HA (Fig. 5C,
second panel) and STIM2 (Fig. 5C, bottom panel) was detected.
A weak interaction with STIM 1 was also detected (Fig. 5C, third
panel). These interactions were not enhanced by store deple-
tion (Fig. 5C, +Tg). Reciprocal immunoprecipitations showed
that ORAI1 could co-immunoprecipitate preSTIM2 (data not
shown). Finally, we measured basal Ca*>* influx in cells co-over-
expressing STIM2"**" and ORAI1-HA. Expression of ORAI1
alone did not elevate a basal Ca®>* leak in HEK cells, unlike
preSTIM2 (Fig. 5D). However, co-overexpression significantly
elevated basal Ca®" influx above that of preSTIM?2 alone (Fig.
5D). Altogether, these data indicate that preSTIM?2 associates
with plasma membrane ORAI1 in a store-independent manner
to regulate basal Ca>* levels.

preSTIM?2 and the STIM2 SPF Regulate Gene Expression—To
determine whether the elevation of [Ca®>*], by preSTIM2 was
translated into a cellular response, we monitored induction of
NFAT and NF-kB-dependent SEAP reporter gene activity.
NFAT-dependent transcription requires sustained elevation
of [Ca®"], combined with a phorbol ester to activate PKC.
Accordingly, PMA in conjunction with transfected STIM1
C-terminal fragments, which constitutively elevate resting
[Ca®**], activate NFAT significantly (7). Therefore, we com-
pared SEAP production in transfected cells in the absence and
presence of PMA (Fig. 6A4). Under basal conditions, NFAT-
SEAP production was enhanced 3-fold by STIM2 and 4-fold by
preSTIM2 expression, increasing to 5- and 8-fold, respectively,
upon PMA stimulation. In comparison, STIM1 had no effect on
basal NFAT-SEAP activity and moderately (3-fold) enhanced
PMA -stimulated activity, consistent with a previous study (7).
SPF®! had no significant effect on either basal or PMA-induced
NFAT-SEAP activity.

NF-kB-dependent transcription is activated by PMA alone
and is enhanced by [Ca®*], (28). Under basal conditions,
NEF-kB-SEAP production was enhanced 2.3-fold by STIM2 and
2.5-fold by preSTIM2, increasing to 6- and 7.5-fold, respec-
tively, upon PMA stimulation (Fig. 6B). STIM1 had no signifi-
cant effect on basal NF-«kB-SEAP activity but increased PMA-
mediated activity 3.2-fold. Surprisingly, SPF®* had a small, but
significant effect on basal NF-«kB-SEAP activity and increased
PMA-mediated activity 3.6-fold over background.

SPF®! was unable to alter basal [Ca>"],, basal Ca®>" influx, or
SOCe. A search for potential regulatory motifs uncovered a
conserved CaM binding site between Trp”® and Leu®" (supple-
mental Fig. S4). The SPF immunoprecipitated with CaM-aga-
rose beads strongly in the presence of 2 mm Ca®* and weakly in
Ca?™" free conditions, whether derived from STIM2FMAG or
STIM2-Fc**S (Fig. 6C). preSTIM2-Fc and preSTIM2 also
interacted with CaM-agarose in the presence of Ca>". Protein
A-agarose immunoprecipitated preSTIM2-Fc via the Fc tag but
not preSTIM2 or the SPF, confirming that preSTIM2 and SPF
interactions were CaM-specific. Altogether, the data show that
regulation of basal Ca>" influx by preSTIM2 supports NFAT-
and NF-«kB-mediated transcription, whereas the STIM2 SPF
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enhances NF-«kB-mediated gene transcription in a Ca*"*-inde-
pendent manner.

DISCUSSION

Our study has revealed for the first time that STIM2 exists in
at least three distinct functional forms that reside in the ER and
in the cytosol. The major population is the widely investigated
ER-membrane resident STIM2 that we find is produced after
cleavage of the 101-aa STIM2 signal peptide following translo-
cation across the ER membrane. We find a second minor pop-
ulation, preSTIM?2, escapes ER targeting to remain signal pep-
tide intact within the cytosol. preSTIM2 stably associates with
the plasma membrane, where it regulates basal Ca®" concen-
tration in a store-independent manner. A third population is
synthesized after cleavage of the STIM2 signal peptide into a
~91-aa SPF. Released into the cytosol, the SPF regulates NF-«B
transcription. We make the novel finding that production of
these functional populations is dependent on the endogenous
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STIM2 signal peptide, which is extraordinary long. Our data
reveal that translation begins at a methionine residue highly
conserved in mammals, producing a 101-aa signal peptide of
unprecedented length. Unable to mediate ER targeting and
translocation with 100% efficiency, the STIM2 signal peptide
controls the ratio of STIM2 versus preSTIM2 populations. Pre-
viously, we hypothesized that STIM2 was translated from a
non-AUG codon at Leu®® or Leu®, as the majority of STIM2
expression is abrogated after mutation of either residue (13).
Here we find that, rather than aborting translation, Leu®’
mutations modify signal peptide function and instead skew
the preSTIM2:STIM2 ratio in favor of the low abundance
preSTIM?2 population.

Under endogenous conditions, preSTIM2 comprises a minor
proportion of “total” STIM2, estimated to be ~2-10%. Al-
though small, cytosolic populations derived from similarly inef-
ficient signal peptides, such as calreticulin (2-14%) or prion
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protein (5-15%), have significant physiological or pathological
relevance (29, 30). Indeed, from its location at the inner leaflet
of the plasma membrane, preSTIM2 constitutively interacts
with ORALII to regulate basal Ca®>* concentration independent
of ER Ca®* store depletion, much like cytosolically expressed
STIM1 and STIM2 C-terminal domain fragments (7-9, 25, 26,
31, 32). Although the exact mechanisms of targeting and acti-
vation remain to be determined, our data suggest a role for the

GRS
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C-terminal polybasic domain (33) in driving plasma membrane
targeting. The cytosolic STIM1 C terminus is recruited to sites
of PM ORALII expression via the CAD domain, which alone is
sufficient for binding to, and gating ORAI1 (7-9). This same
region in preSTIM?2 is >80% identical to CAD (7) and, in the
low Ca>" environment of the cytosol, may be sufficiently
exposed in preSTIM2 to recruit and gate adjacent ORAI1 chan-
nels. The preSTIM2 N terminus may also play a regulatory role
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in ORAI1 activation as co-expression of ORAI1 with preSTIM2
did not promote cell death in this study, unlike co-expression
with the STIM2 C terminus (27) or the STIM1 CAD (7). Con-
ceivably, this could be achieved through binding of CaM to the
preSTIM2 N terminus, as CaM is a known inhibitor of STIM2-
mediated, store-independent ORAI1 activation (17).
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When SOCe is activated, preSTIM2 partially reduces the
amplitude of Ca®>" entry, like wild type STIM2 (15) and cytoso-
lic STIM1 C-terminal fragments (31, 32). Under these condi-
tions, interactions between preSTIM2 and ORAIL, like those
between ORAI and the STIM C terminus (31), remain stable.
Together, these results suggest that preSTIM2 may partially
block access to ORAI1 when SOCe is activated. The exact
nature of STIM2-mediated inhibition of SOCe is controversial.
This study supports our previous report (15) and that of others
(16, 17), which suggest that STIM2 is a specific inhibitor of
endogenous SOCe. These studies have in common their use of
constructs containing the endogenous STIM2 signal peptide.
In contrast, studies using the STIM1 signal peptide to drive
STIM2 expression (19, 20, 34) have suggested that STIM2-me-
diated inhibition is rather nonspecific, inhibiting SOCe only at
high expression levels or after a delayed period of overexpres-
sion (19, 20). These differences may be reconciled by our dem-
onstration that the STIM1 signal peptide cannot entirely sub-
stitute for that of STIM2. Constructs containing the STIM1
signal peptide would efficiently express ER-localized STIM2 to
the exclusion of preSTIM2 and the SPF, suggesting that differ-
ences in preSTIM2 expression between studies may have
resulted in different outcomes.

A major finding of this study is that the increase in basal Ca®*
concentration mediated by preSTIM2 was sufficient to increase
basal and PMA-induced activity of NFAT and NF-«B. Indeed,
preSTIM2 was more active than wild type STIM2 despite being
expressed at levels many times less than that of the total STIM2
population. This would suggest that a significant proportion of
endogenous STIM2 transcriptional activity is mediated by the
preSTIM2 population. In support, we found preSTIM2 to be
highly active when overexpressed at levels approaching that of
endogenous STIM2. By comparison, STIM1 was much less effi-
cient than preSTIM?2 or indeed the total STIM2 population in
the absence of a Ca®" signal. Although SOCe is a major mech-
anism for Ca®>*-induced regulation of NFAT nuclear localiza-
tion and gene transcription (14), Stim2-deficient T cells also
display marked defects in NFAT-dependent signaling despite
comparatively little change to the magnitude of endogenous
SOCe (14). This combined with our data suggests that preS-
TIM2 plays a major role among the total STIM2 population in
stabilizing NFAT transcription in T cells and is consistent with
studies demonstrating that changes in basal Ca*>" concentra-
tion lead to altered NFAT signaling (35). This study has for the
first time demonstrated the effectiveness by which STIM2, like
STIM1 (36-38), additionally regulates NF-«kB-mediated gene
transcription. STIM1 and STIM2 cooperation is readily appar-
ent in mice with a T cell-specific deletion in both StimI and
Stim2, double deficiency leading specifically to a decrease in the
number and function of thymic regulatory T cells (nTreg) (14).
Emerging studies now demonstrate that nTreg development is
critically dependent on NF-kB-mediated transcription (39—
43), whereas NFAT appears to be required for correct function
(43-46). Although speculative, it is possible that combined
STIM1- and STIM2-mediated regulation of NF-«B and NFAT
pathways are required for the development and function of
nTreg cells in vivo.
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Remarkably, the STIM2 signal peptide functions to augment
NE-kB-mediated gene transcription after its release as a
~91-aa SPF into the cytosol. Only four eukaryotic signal pep-
tides have a demonstrable post targeting function after process-
ing by ER signal peptide peptidases (47-51). Although the
STIM2 SPF was unable to regulate basal Ca®>" or SOCe, it nev-
ertheless productively interacted with Ca®>*/CaM and proved
as efficient as STIM1 at stimulating the activity of NF-«B-de-
pendent gene transcription. Although the specific mechanisms
underlying these effects are not yet clear, several SPFs and a
number of endogenous peptides of a comparable size to the
STIM2 SPF bind to Ca*>*/CaM and act to inhibit a number of
CaM-mediated processes (52-56). Conceivably, Ca**/CaM
may be required to facilitate SPF-mediated transcriptional
activity as CaM acts via multiple mechanisms to regulate
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NE-kB transcription, both positively (57, 58) and negatively
(58-60). Because there are multiple potential mechanisms,
understanding how the SPF affects CaM activity and NF-«B
activation must await additional studies.

In conclusion, our data challenge the prevailing theory
regarding STIM2-mediated control of basal Ca®>" homeostasis
and SOCe (16,17, 19, 20, 61). We suggest a new model whereby
basal Ca®>" and SOCe are predominantly controlled in an indi-
vidual fashion by two distinct proteins, preSTIM2 and STIM2,
rather than a single ER-localized STIM2 population (Fig. 7).
Whether interactions between preSTIM2 and STIM2 are
required to facilitate these processes will be an important area
of future research. We demonstrate here that several of the
functional differences between STIM1 and STIM2 are due to
concomitant expression of multiple STIM2-derived popula-
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tions. In the future, it will be essential to discriminate between
these populations to more clearly understand the diverse effects
of this unique protein on cell function. More broadly, the
STIM2 signal peptide increased dramatically in length post-
duplication of the single invertebrate STIM into vertebrate
paralogs STIM1 and STIM2. Subcellular re-localization of para-
logs within protein families is increasingly recognized as a
mechanism for the functional diversification of duplicated
genes (62, 63). Our study illustrates for the first time that this
can be achieved by modifications to signal peptide structure
and function.
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