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Stromal interaction molecules (STIM) 1 and STIM?2 are regula-
tors of store-operated calcium (Ca®") entry as well as basal cyto-
plasmic Ca®* levels in human cells. Despite a high sequence simi-
larity (>65%) and analogous sequence-based domain
architectures, STIM1 and STIM2 differentially influence these
phenomena. Among all eukaryotes, the endoplasmic reticulum
luminal portion of STIM proteins minimally encode EF-hand and
sterile a-motif (SAM) domains (EF-SAM), which are responsible
for sensing changes in Ca>* levels and initiating oligomerization.
STIM oligomerization is a key induction step in the activation of
Ca>*-permeable channels on the plasma membrane. Here, we
show that the kinetic half-time of conversion from a monomeric to
a steady oligomeric state is >70X shorter for STIM1 EF-SAM than
STIM2 under similar conditions. Urea-induced rates of unfolding
for STIM1 EF-SAM are >3 X quicker when compared with STIM2,
coherent with partial unfolding-coupled aggregation. Addition-
ally, we demonstrate that the isoform-specific N-terminal residues
beyond EF-SAM can influence the stability of this region. We pos-
tulate that distinct oligomerization dynamics of STIM isoforms
have evolved to adapt to differential roles in Ca®>* homeostasis and
signaling.

Calcium is an essential signaling messenger in every eukary-
otic cell, regulating diverse and kinetically distinct cellular phe-
nomena (1). Cytoplasmic Ca*>" entry occurs in these cells via
two non-mutually exclusive mechanisms with distinguishable
spatio-temporal characteristics; 1) transient elevation takes
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place via Ca®?" efflux from the endoplasmic reticulum (ER)*
luminal stores, and 2) sustained Ca?" influx ensues from the
extracellular space. The link between these processes is termed
store-operated Ca®>* entry (SOCE) and is a major Ca®" entry
pathway in eukaryotic cells (2, 3). Receptor-stimulated inositol
1,4,5-triphosphate production induces ER Ca** store deple-
tion, which signals activation of highly Ca>"-selective channels
on the plasma membrane (PM), providing the sustained influx
to the cytoplasm. SOCE is crucial to modulating a litany of
regulatory processes including gene expression, protein fold-
ing, and initiation of cell death pathways (1).

The two principal molecular components of SOCE have been
established with STIM1 as the ER Ca®>" sensor and activator of
Ca®>"-selective PM channels (4, 5) and Orail as a major com-
ponent of the PM channel pore (6—10). STIM proteins are
type-I transmembrane proteins. The ER luminal N-terminal
region of STIM1 includes an ER signal peptide, an EF-hand pair,
and a SAM domain, whereas the cytosolic portion consists of two
coiled-coil domains, a Pro/Ser-rich region, and a Lys-rich region
(11, 12). STIM2, a mammalian homologue, deviates from STIM1
in sequence similarity at the C-terminal end (11, 13).

ER-resident STIM1 redistributes into aggregates in close appo-
sition to the PM (punctae) upon luminal Ca*>" depletion (14—-17).
This punctae formation is causal for Orail accumulation at appos-
ing sites in the PM and opening of store-operated Ca*>* (SOC)
channels at these ER-PM regions of STIM1-Orail co-localization
(16). Ca*" depletion-induced oligomerization of STIM occurs
prior to accretion at ER-PM junctions (17). The luminal portion of
STIM provides the structural machinery required for Ca®" sens-
ing as EF-hand Ca®" binding mutants form punctae constitutively
(5, 14, 18, 19) and SAM deletion mutants lack the ability to form
inducible punctae (20). Replacing EF-SAM in STIM1 with the
FK506- and rapamycin-binding protein (FKBP12) or FKBP-rapa-
mycin binding (FRB) domain of mammalian target of rapamycin
allows for rapamycin analogue-induced oligomerization and
SOCE control independent of luminal Ca®>" (21). Recently, we
determined the solution structure of STIM1 EF-SAM, which
revealed that destabilization of the EF-hand-SAM domain
intramolecular interaction is central to oligomerization of this
luminal portion of STIM1 (12). The cytosolic C-terminal portion
of STIM1 is indispensable for translocation to ER-PM junctions
and activation of SOC channels (17, 20, 22, 23).

The function of STIM2 is more complex than STIM1 with
some data suggesting no effect on SOCE, whereas other data
show Ca®" store-dependent and -independent roles in the inhi-
bition and activation of SOCE as well as maintenance of basal
cytoplasmic and luminal Ca*" levels (4, 5,13, 18, 24 —26). Swap-
ping a portion of the STIM1 canonical EF-hand loop with that
of STIM2 produces STIM2-like Ca®>" sensitivity from the
STIM1 mutant in intact cells (26), implying a crucial role for the
luminal region in mediating functional disparities between iso-

“The abbreviations used are: ER, endoplasmic reticulum; STIM, stromal inter-
action molecule; SOCE, store-operated Ca®* entry; SOC, store-operated
Ca?*; SAM, sterile a-motif; PM, plasma membrane; SLS, static light scatter-
ing; DLS, dynamic light scattering.
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forms. Here, we reveal fundamental differences in the oli-
gomerization dynamics of the EF-SAM portions of STIM1 and
STIM2, which may contribute to the distinctions observed in
the Ca®>*-sensing abilities of the mammalian homologues in the
regulation of Ca*>" influx and homeostasis.

EXPERIMENTAL PROCEDURES

Recombinant Protein Expression—Human STIMI and STIM2
genes were from Origene Technologies, Inc. The STIM1 EF-SAM
construct encoded residues Ser-58-Gly-201, STIM2 EF-SAM
encoded Thr-62-Gly-205, long-N STIM1 encoded Leu-23—Asp-
213, and long-N STIM2 encoded Cys-15-Gly-205, where residue
numbering is consistent with Fig. 1A. Recombinant expression
and purification was carried out as described previously for Ca>*-
loaded and -depleted proteins (27, 28). All experiments were per-
formed in 20 mm Tris-HCl (pH 7.5) containing 100 mm NaCl,
supplemented with 0.5 mm EDTA or 5 mm CaCl, for Ca>*-free
and -loaded samples, respectively. Protein concentrations were
calculated using €550 ., = 1.54, 140, 1.24, and 1.13 (mg ml™")
cm ™! for STIM1 EF-SAM, STIM2 EF-SAM, long-N STIM]1, and
long-N STIM2, respectively.

Far-UV CD—Far-UV CD spectra were recorded on a Jasco
J-815 CD spectrometer (Jasco, Inc.). Data were collected using
0.01-0.2-cm path length ES quartz cuvettes. Wavelength scan
rates were at 20 nm min~ ' with a response time of 8 s and
bandwidth of 1 nm. Thermal melts were acquired in 1 °C-incre-
ments at a scan rate of 1°C min~". Kinetics of unfolding was
monitored in 60-s increments (8-s response) for 4200 s through
0.1-0.2-cm path lengths.

Fluorescence Spectroscopy—Urea-induced unfolding was mon-
itored by changes in intrinsic fluorescence emission at 330 nm
induced by excitation light at 280 nm on a Shimadzu RF-5301PC
fluorometer (Shimadzu Corp.). Samples were in 1-ml (1-cm path
length) ES quartz cuvettes. Excitation and emission slit widths
were 1.5and 10 mm, respectively. Integration time was set to 0.25 s
over the 300-s time course. Kinetics were non-linearly fit to asingle
exponential decay with a sloping baseline,

y = Aexp" ™™ + mx + b (Eq. 1)

where y is the fluorescence signal, A is the absolute change in
fluorescence, k is the unfolding rate constant (k,,.), m is the
slope of the unfolded baseline, b is the intercept of the unfolded
baseline, and x is time.

Static and Dynamic Light Scattering (SLS/DLS)—Light scat-
tering measurements were made with a Dynapro DLS module
(Wyatt Technologies, Inc.) using a scattering angle of 90° and
incident laser light of 825 nm. Samples (0.2-ml) were in 0.3-cm
ES quartz cuvettes or 1.0-cm UVettes (Eppendorf AG). SLS
intensity was collected every 3-10 s (3—10-s averaging time)
over each time course. The average of the first and last 10 con-
secutive correlation functions (10 s of averaging time each) for
thet = ~0and ¢ = ~5000 s distribution of hydrodynamic radii,
respectively, was employed for deconvolution using the accom-
panying DYNAMICS software (Wyatt Technologies, Inc.).

RESULTS

EF-SAM undergoes Ca®>" depletion-dependent oligomeriza-
tion (27, 28), where the stability of the EF-hand-SAM intramo-

JANUARY 9, 2009+ VOLUME 284+NUMBER 2

lecular interaction is fundamental to this Ca®>*-sensing mech-
anism (12). Because the EF-hand and SAM domains are
minimally conserved among all species-specific STIM proteins
(29) (Fig. 1A), investigating the aggregation characteristics of
EF-SAM isoforms may shed light on the basis for differences in
STIM function. Here, we assessed the EF-SAM oligomerization
kinetics in a Ca®>*-free context to gain further insight into the
functional disparities between STIM1 and STIM?2.

STIM1 EF-SAM Unfolds Faster than STIM2—Oligomeriza-
tion of EF-SAM is coupled with partial unfolding as a loss in
a-helicity is observed concomitant with an increase in random
coil and aggregation upon Ca®* depletion (27). The time-de-
pendent loss in helical structure was used as a kinetic probe to
oligomerization by monitoring far-UV CD at 225 nm. Ca**-
depleted STIM1 EF-SAM shows no time dependence on the
loss in a-helicity as the CD signal is unchanged at high and low
protein concentrations (Fig. 1B). In contrast, STIM2 EF-SAM
undergoes a much slower change from a highly a-helical state
to a conformation that resembles STIM1 EF-SAM (low a-he-
licity). The kinetics for STIM2 EF-SAM exhibits a protein con-
centration dependence with the highest concentration under-
going the fastest transformation (Fig. 1B).

To assess whether the oligomerization-coupled partial
unfolding rates are consistent with the inherent unfolding abil-
ity of these isoforms, we measured the denaturant-induced
unfolding kinetics using intrinsic fluorescence. The urea-in-
duced unfolding curves were well fit to a single exponential (Fig.
1C); the apparent single phase is consistent with the two-state
equilibrium data previously reported for EF-SAM and the fold-
ing of EF-SAM as a single structural entity (27). The unfolding
rate of STIM1 EF-SAM was ~3.5—4-fold faster than STIM2
over the range of urea concentrations tested (2.25-3.25 m) (Fig.
1C, inset). The faster rate of unfolding implies that STIM1 EF-
SAM more readily accesses the aggregation-coupled partially
unfolded state than STIM2 and is coherent with the markedly
quicker oligomerization-coupled unfolding observed in Fig. 1B.

STIM?2 EF-SAM Aggregates Show a Distribution of Hydrody-
namic Radii Similar to STIM1—DLS was employed to assess
the distribution of hydrodynamic radii for the EF-SAM isoforms as
a function of time. The inherently oligomeric distribution of radii
centered at ~7-10 nm does not change with time for STIM1 (Fig.
2A), whereas STIM2 EF-SAM solutions evolve from monomers of
~2 nm to oligomers of ~5-10 nm resembling STIM1 (Fig. 2B).
STIM2 EF-SAM aggregation kinetics is protein concentration-de-
pendent (Fig. 2D) as observed for the coupled unfolding (Fig. 1B),
whereas STIM1 is aggregated independent of protein concentra-
tion (Fig. 2C). The SLS intensity of aggregated STIM2 EF-SAM is
greater than STIM1 at the highest protein concentration, indicat-
ing that although the bulk of the oligomers have similar hydrody-
namic radii (Fig. 2, A and B), STIM2 forms a greater percentage of
larger aggregates, which contributes the majority of the SLS inten-
sity. The non-linearity in SLS intensity versus size precludes the
fitting of meaningful rate constants.

To confirm that the Ca®" -free aggregation propensities are
retained under more physiological circumstances, we reas-
sessed the kinetics starting from a Ca>"-loaded monomeric
state at 37 °C. Upon the addition of 50 mm EDTA to EF-SAM in
5 mMm CaCl,, the SLS intensity abruptly began to increase for
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FIGURE 1. EF-SAM sequence homology and unfolding rates. A, sequence alignment of the luminal domains of STIM isoforms. Alignment for Homo sapiens
STIM1 (hSTIM1; accession NM_003156), H. sapiens STIM2 (hSTIM2; NM_020860), G. gallus (gSTIM1; NM_001030838), G. gallus STIM2 (gSTIM2; XM_420749),
D. melanogaster (dSTIM; AF328906), and C. elegans (cSTIM1; NM_001027745) was performed using ClustalW. The predicted ER signal sequences are shaded in
purple (35). Canonical EF-hand 1 residues are shaded red, non-canonical EF-hand 2 residues are blue, the SAM domain is green, and the predicted transmem-
brane (TM) is gray. EF-hand loop residues are bounded by boxes, and all cysteine residues are shaded yellow. B, aggregation-coupled unfolding for STIM1 and
STIM2 EF-SAM. Ca? " -depleted samples were initially incubated at 4 °C; unfolding was monitored as the decrease in mean residue ellipticity (MRE) at 225 nm
upon switching to 25 °C. The persistently aggregated and partially unfolded state of low concentration STIM1 EF-SAM (~0.25 mg ml~") at 4 °C has been
previously shown (28). C, urea-induced unfolding for STIM1 and STIM2 EF-SAM. Urea-induced unfolding (3.0 M) was monitored by changes in intrinsic
fluorescence (arbitrary units (a.u.)) at 10 °C, 5 mm CaCl,. Single exponential decay fits (black lines) showed no systematic deviation in the residuals over time. The
inset shows the fitted unfolding rate constants for 0.0035 mg ml~ " STIM1 when compared with STIM2 EF-SAM over a range of urea concentrations at 10 °C.

STIM1 indicative of oligomerization (supplemental Fig. 1A4);
STIM2 demonstrated a much slower aggregation response to
Ca®* depletion (supplemental Fig. 1B).

Adjacent EF-SAM-flanking Residues Contribute to the N-ter-
minal Stability of STIM Proteins—W e investigated the effect of
including all luminal residues on the stability of the constructs.
Inclusion of residues 1-57 in the STIM1 EF-SAM construct
(residues 58 —201) yielded little recoverable protein, likely due
to the hydrophobic nature of the ER signal peptide (residues
1-22); however, expression and purification of a construct
encoding residues 23-213 was feasible. A STIM2 construct
encompassing similar residue boundaries was susceptible to
C-terminal degradation. Consequently, the long-N STIM2
construct was truncated at the C terminus (residues 15-205) to
avoid the degradation issues.

The CD spectra of long-N STIM proteins (supplemental Fig. 2,
A and B) display very similar spectral bands as the Ca®>"-loaded
EF-SAM counterparts (27, 28). An important distinction is the
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intensity of the negative bands, where the long-N proteins yield
less signal than EF-SAM normalized on a per residue basis (mean
residue ellipticity); this difference implies that residues 23—57 for
STIM1 and 15-61 for STIM2 adopt a considerable random coil
character. Upon Ca*>* depletion of long-N STIM1, the intensity of
the 222 nm band decreases markedly, whereas the 208 nm band
decreases and is coupled with a shift to shorter wavelengths, indic-
ative of increased overall random coil (supplemental Fig. 2A4). The
Ca®" depletion-induced spectral changes for STIM2 are much
more modest with only a small reduction in band intensity at both
208 nm and 222 nm (supplemental Fig. 2B). The Ca®" -dependent
conformational changes of the long-N constructs mimic those of
the EF-SAM constructs (27, 28).

The stability of the long-N STIM constructs was assessed by
monitoring changes in the CD signal at 225 nm as a function of
temperature. The midpoint of the heat-induced loss in struc-
ture (T,,4) was ~59.5 °C in the presence of Ca*>* and ~37.5 °C
in the Ca>"-depleted state for STIM1 (supplemental Fig. 2C).
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FIGURE 2. STIM1 and STIM2 EF-SAM oligomerization kinetics. A, regularization-deconvoluted DLS size dis-
tributions for STIM1 EF-SAM. Ca® *-depleted samples were initially at 4 °C; DLS correlation functions (90°) were
acquired as a function of time upon increasing the temperature to 25 °C. The mass-based distribution of
hydrodynamic radii was indicative of oligomerized protein and did not change over the 5000-s time course at
4,0 mg ml~". B, regularization-deconvoluted DLS size distributions for STIM2 EF-SAM. Experiments were per-
formed as per A. The mass-based distribution of radii underwent a monomeric-to-oligomeric transformation
over 5000 s. C, the effect of protein concentration on the oligomerization rate of STIM1 EF-SAM. Changes in SLS
intensity (90°) of Ca®"-depleted protein were monitored as a function of time and concentration upon increas-
ing the temperature from 4 to 25 °C. No systematic time-dependent change in SLS intensity (cps) atany protein
concentration tested was observed for STIM1 EF-SAM. D, the effect of protein concentration on the oligomer-
ization rate of STIM2 EF-SAM. Experiments were performed as per C. A time and protein concentration-depend-

ent change in SLS intensity was observed for STIM2 EF-SAM.

These T4 values for long-N STIM1 are ~14.5 and 16.5°C
higher than measured for Ca®"-depleted and -loaded EF-SAM,
respectively (27, 28). Similarly, the T, ;4 of long-N STIM2 in the
absence and presence of Ca”>" was augmented by ~14.5 and
13.5 °C (supplemental Fig. 2D), respectively, when compared
with the EF-SAM constructs (28). These data indicate that res-
idues 23-57 for STIM1 and 15-61 for STIM2 have a marked
stabilizing effect on the N-terminal of STIM proteins.

DISCUSSION

The role of STIM1 as an ER Ca*" sensor that signals opening
of Orail-composed PM SOC channels is well established (4, 5,
7-9, 12, 14-18, 21, 24, 30). The function of STIM2 is more
capricious; initial screening identified both STIM1 and STIM2
as positive regulators of SOCE (5). Follow-up studies indicated
that STIM2 is an inhibitor of STIM1 punctae formation and
SOCE (13). Subsequently, it was shown that STIM2-Orail co-
overexpression constitutively activates SOCE (24). Both Ca®" -in-
dependent as well as Ca>"-sensing roles in SOCE activation were
described, linking calmodulin as a subregulator of STIM2 function
(25). More recently, STIM2 was reported as a regulator of basal
cytoplasmic, and luminal Ca®" levels via the Orail channel, where
STIM2 Ca®" sensing (i.e. Ca>" depletion, oligomerization and
ER-PM translocation) occurs at higher luminal Ca>* levels than
STIM1; moreover, depending on time and levels of expression,
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marginally different from the Ca>" -
loaded state. The presence of this
stably folded state for STIM2 but
not STIM1 (28) is the basis for the
difference in the EF-SAM oligomer-
ization dynamics. STIM1 EF-SAM
undergoes rapid kinetic partial
unfolding coupled with aggregation,
whereas STIM2 exhibits markedly
reduced, albeit concentration-de-
pendent, rates of aggregation coupled to partial unfolding.

The slower aggregation kinetics and increased stability of
STIM2 EF-SAM versus STIM1 may have contributed to the incon-
sistencies observed in cell culture (see above). The moderate sta-
bility of Ca®"-depleted long-N STIM2 (7,4 ~50.5 °C) may allow
oligomerization to be influenced by the relative membrane-teth-
ered concentration, temperature, pH, pressure, and/or osmolytes;
destabilizing factors could facilitate an oligomeric fate, whereas
stabilizing phenomena could curtail STIM2-mediated SOCE ini-
tiation. Concentration, due to differing cell type or approaches in
manipulating expression (i.e. transient, stable, or knockdown), and
temperature (i.e. uncontrolled ambient) are examples of variable
factors among the published STIM2 studies; relatively high con-
centrations and temperatures may promote SOCE, whereas lower
levels and the potential ability of STIM2 to interact with STIM1
(see below) may inhibit SOCE (24). The marginal stability of Ca** -
depleted long-N STIM1 (7, ~human physiological tempera-
ture) may render the oligomerization fate undeviating if the mag-
nitude of stabilizing phenomena cannot overcome the degree of
Ca** depletion-induced destabilization.

The long-N construct data reveal that the entire luminal
sequence of STIM proteins influences the stability of the EF-
hand-SAM domain interaction critical to Ca*>* sensing (12).
There is large interspecies sequence variability beyond the EF-
SAM entities (Fig. 14); fine-tuning of STIM sensory function
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may be encoded in these extraneous N-terminal residues. For
example, STIM1 from Drosophila melanogaster, Gallus gallus,
and Caenorhabditis elegans all encode vastly different luminal
portions beyond EF-SAM. The STIM luminal portion of
D. melanogaster is extensively longer than both human iso-
forms, C. elegans encodes only the basic EF-SAM entity with 14
adjacent residues, and G. gallus is truncated to the canonical
EF-hand loop (non-confirmed). These distinctions may con-
tribute to hypothetical differences in sensory characteristics
between all isoforms, as observed for STIM1 versus STIM2 (see
above) and C. elegans STIM1 versus mammalian STIM1 (31).

The evolution of STIM1 to rapidly oligomerize via EF-SAM
facilitates a prompt conversion from a quiescent to a signaling
state. A decreased Ca®" sensitivity has been proposed for STIM2;
even a slightly lower Ca®" affinity in STIM2 when compared with
STIM1 would promote considerably higher fractions of unbound
STIM?2 at resting ER Ca>" levels (i.e. ~400 um) (26). The persis-
tent signaling of a low percentage of SOC channels would render
the slower kinetics of EF-SAM oligomerization negligible and is
consistent with a role for STIM2 in basal Ca>* regulation (26). We
propose that distinct dynamics of oligomerization (reported
herein) have evolved in EF-SAM isoforms to foster discrete, yet
harmonizing, signals. STIM1 (marginal stability/rapid oligomer-
ization) delivers a quick SOCE regulatory signal, relatively large in
magnitude and insusceptible to local factors that affect stability;
STIM2 (moderate stability/protracted oligomerization) provides
persistent SOC channel activation and a lower scale SOCE signal,
which is responsive to local environmental influences. Recent
work on T-cells from STIM knock-out mice supports the notion of
a requisite role for both mammalian isoforms in SOCE despite
considerably lower levels of STIM2 expression than STIM1 in the
same cells (32). Ablation of STIM2 expression in these T-cells did
not severely impair SOCE as observed for STIM1; nonetheless, a
marked loss in cytokine production and decrease in nuclear factor
of activated T-cells translocation demonstrated an essential role
for STIM2 in these SOCE signaling events (32).

There are limited data on cross-talk between STIM isoforms
(11, 13). Nonetheless, it is interesting to speculate that STIM1-
STIM2 associations could provide additional regulatory con-
trol over SOCE and influence ER stress-related phenomena
dependent on luminal Ca®>* depletion such as the unfolded pro-
tein response (33, 34). STIM2 would presumably stimulate the
unfolded protein response to a lesser extent than STIM1 due to
the higher EF-SAM stability and could co-stabilize STIM1
through potential heterotypic interactions. Additional studies
are needed to further establish the functional roles of all STIM
isoforms in SOCE and other cellular processes.
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