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Abstract

Stromal interaction molecule 1 (STIM1) is an endoplasmic reticulum (ER)-membrane associated Ca2+ sensor which activates store-
operated Ca2+ entry (SOCE). The homologue, STIM2 possesses a high sequence identity to STIM1 (�61%), while its role in SOCE seems
to be distinct from that of STIM1. In order to understand the underlying mechanism for the functional differences between STIM1 and
STIM2, we investigated the biophysical properties of the luminal Ca2+-binding region which contains an EF-hand motif and a sterile a-
motif (SAM) domain (hereafter called EF–SAM; residues 58–201 in STIM1 and 149–292 in STIM2). STIM2 EF–SAM has a low appar-
ent Ca2+-binding affinity (Kd �0.5 mM), which is similar to that reported for STIM1 EF–SAM. In the presence of Ca2+, STIM2 EF–
SAM is monomeric and well-folded, analogous to what was previously observed for STIM1 EF–SAM. In contrast to apo STIM1 EF–
SAM, apo STIM2 EF–SAM is more structurally stable and does not readily aggregate. Our circular dichroism (CD) data demonstrate
the existence of a long-lived, well-folded monomeric state for apo STIM2 EF–SAM, together with a less a-helical/partially unfolded
aggregated state which is detectable only at higher protein concentrations and higher temperatures. Our biophysical studies reveal a
structural stability difference in the EF–SAM region between STIM1 and STIM2, which may account for their different biological
functions.
� 2007 Elsevier Inc. All rights reserved.
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Cytoplasmic Ca2+ concentration is tightly regulated by
various pathways [1,2]. Inositol triphosphate (IP3)-medi-
ated stimulation of Ca2+ release from the ER plays a vital
role in calcium homeostasis in the cell [3]. The resulting
store depletion further leads to a magnification of Ca2+

entry through a mechanism known as the store-operated
Ca2+ entry (SOCE), which is a major Ca2+ entry pathway
in electrochemically non-excitable cells [4–7]. This cellular
mechanism is known to be the key to regulating long-term
cellular processes such as gene transcription, cell growth
and cell division and refilling intracellular stores [1].
Although the concept was proposed more than twenty
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years ago, the molecular makeup and the coupling mecha-
nism between the ER stores and the plasma membrane
(PM) Ca2+ channels had been largely undefined until
recently.

In 2005, by using interfering and small RNA screens,
two groups independently revealed that STIM1 is essential
for store-operated Ca2+ (SOC) influx [8,9]. Subsequent
studies supported a role for STIM1 as the long sought-after
Ca2+ sensor which detects the fall of Ca2+ concentration in
the ER lumen and as the transducer that conveys the ER
Ca2+-depletion signal to the SOC channels on the PM
[10–12]. After the IP3-mediated Ca2+ release from the
ER, the reduced Ca2+ concentration triggers STIM1 mole-
cules on the ER membrane to accumulate and redistribute
into puncate close to ER–PM junctions which then activate
Ca2+ release–activated Ca2+ (CRAC) channels and SOC
influx.
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STIM1 is a type I transmembrane protein containing
685 amino acids and is mainly localized on the ER mem-
brane (�75%) with the remaining on the PM (�25%).
The N-terminus is in the ER lumen or extracellular space
and contains a single canonical EF-hand Ca2+-binding
motif and a SAM domain, a well-known protein–protein
interaction module. The C-terminus is in the cytoplasm
and consists of two coiled-coil domains, a Pro/Ser-rich
region, and a Lys-rich region (Fig. 1) [13–16].

In vertebrates, STIM1 has a closely related homologue,
STIM2. STIM2 is also a type I transmembrane protein and
contains 833 amino acids but is only found on the ER. The
two molecules share similar domain architecture (Fig. 1),
with the N-terminal EF-hand and SAM domains in the ER
lumen and the C-terminal domains in the cytoplasm. How-
ever, the cellular behavior of the two and the role of STIM2
in SOCE is still unclear. Liou et al. [8] reported that knock-
down of STIM2 abrogates SOCE, whereas Roos et al. [9]
showed a similar treatment has no such effect. Overexpres-
sion of STIM2 inhibits STIM1-mediated SOCE activation
[17]. When STIM2 is co-overexpressed with the store-oper-
ated channel protein Orai1, it constitutively (Ca2+-indepen-
dently) activates SOCE [18]. A recent study, however,
demonstrates that STIM2/Orai1 overexpression regulates
SOCE channels in both store-dependent and -independent
manners [30]. Nevertheless, the ability of STIM2 to increase
SOCE implies that under certain conditions, STIM2 might
mimic STIM1 and play a role in regulating SOCE pathway.
Lack of detailed biochemical and biophysical understanding
of both STIM1 and STIM2 hinders the full appreciation of
these homologues in the mechanism underlying SOCE.

Our previous studies showed that recombinant STIM1
EF–SAM binds to Ca2+ with a low affinity (Kd �0.2–
0.6 mM) and aggregates only in the absence of Ca2+, anal-
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ogous to the cellular observation of Ca2+-depletion depen-
dent punctae formation of STIM1 [19]. In the present
report we have studied both STIM1 and STIM2 EF–
SAM by means of CD spectroscopy, nuclear magnetic res-
onance (NMR) spectroscopy, and other biophysical tech-
niques. Our data show that STIM2 has distinct structural
properties from STIM1, which may be important in the
regulatory role of STIM2 in SOCE.
Materials and methods

Protein expression and purification. Human STIM1 and STIM2 cDNAs
were from Origene Technologies, Inc. The coding region of STIM1 EF–
SAM (residue 58–201) or STIM2 EF–SAM (residue 149–292) was sub-
cloned into pET28a vector (Novagen, Inc.) using NheI and XhoI restriction
enzyme sites. All recombinant protein expression and purification was
performed as previously described [19]. Protein concentration was measured
using e280nm = 1.40 (mg ml�1)�1 cm�1. All experiments were performed in
20 mM Tris–HCl pH 7.5, 100 mM NaCl, with 5 mM CaCl2 for Ca2+-loaded
(holo) samples or 1 mM EDTA for Ca2+-free (apo) samples.

CD spectroscopy. Far-UV CD spectra were recorded on a Jasco J-815
CD spectrometer. Data were collected in 1-nm increments using a 0.01 cm-
path length cell, 8-s averaging time and 1-nm bandwidth. Spectra were
corrected for buffer contributions. Thermal melts were acquired at a scan
rate of 1 �C min�1.

NMR Spectroscopy. NMR experiments were performed on 800 MHz
AVANCE II (Bruker, Inc.) or 600 MHz Unity/Innova NMR spectrome-
ters (Varian, Inc.) equipped with cryogenic, triple resonance probes.
1H–15N heteronuclear single quantum coherence (HSQC) spectra were
recorded with 2048 (1H) � 256 (15N) points and 16 scans per increment.

SEC and light scattering. Size exclusion chromatography (SEC) was
performed on a Superdex 200 10/300 GL column (GE Healthcare). Multi-
angle light scattering (MALS) measurements were performed in-line using
the three-angle (45, 90, 135�) miniDawn static light-scattering instrument
with a 690-nm laser (Wyatt Technologies, Inc.). Molecular weight was
calculated using ASTRA software (Wyatt Technologies, Inc.) based on
Zimm plot analysis using a refractive index increment, dn

dc�1 = 0.185 l g�1.
coiled-coil SP K
685

coiled-coil SP
833

CK

ing loop

C

an STIM1 and STIM2 domains. (B) Sequence alignment of the EF–SAM
vis (x); Drosophila melanogaster (d) and Caenorhabditis elegans (c). X, Y, Z,

ligand.



242 L. Zheng et al. / Biochemical and Biophysical Research Communications 369 (2008) 240–246
Results

STIM1 and STIM2 EF–SAM have similar Ca2+-binding

affinities

Our previous study indicated that STIM1 EF–SAM
binds Ca2+ with an apparent dissociation constant, Kd of
�0.2–0.6 mM [19]. Obtaining an accurate Kd for STIM2
EF–SAM proved difficult using 45Ca2+, intrinsic fluores-
cence and fluorescent Ca2+ indicators. Our best estimate
was obtained using changes in CD ellipticity at 208 and
222 nm as a function of Ca2+ concentration. The titration
data analyzed with the Hill equation suggest that the
apparent Kd of STIM2 EF–SAM is �0.5 mM at 15 �C,
similar to that of STIM1 EF–SAM. This is not surprising
given that the amino acid sequence of the Ca2+-binding
loop in the EF-hand motif of STIM2 is highly homologous
to that of STIM1 (7 out of 12 are identical and 4 similar
between the two proteins) (Fig. 1B).
STIM2 EF–SAM is more stable than STIM1 EF–SAM

We employed far-UV CD spectroscopy to probe the sec-
ondary structure of STIM1 and STIM2 EF–SAM. The
spectrum of Ca2+-loaded STIM2 EF–SAM shows two
intense minima at �208 and 225 nm, indicative of high a-
helix content (Fig. 2B). This spectrum is nearly identical
to that of STIM1 EF–SAM (Fig. 2A). However, the two
homologues behave differently when Ca2+ is removed. In
the case of Ca2+-free STIM1 EF–SAM (Fig. 2A), the inten-
sity of the 225 nm minimum is much lower compared to the
Ca2+-loaded state and a significant blue shift of the 208 nm
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Fig. 2. Ca2+-dependent secondary structure change and thermal stability of EF
at 4 �C. (B) Far-UV CD spectra of apo (h) and holo (j) STIM2 EF–SAM at 4
unfolding of apo and holo STIM2 EF–SAM. Protein concentrations are from
minimum is observed. These data suggest that apo STIM1
EF–SAM is less well-folded compared with holo as previ-
ously interpreted [19]. To our surprise, apo STIM2 EF–
SAM does not produce such a large spectral change
(Fig. 2B), but rather the spectrum remains nearly identical
in shape with a small reduction in intensity for both the 208
and 225 nm minima. These data indicate that under the
conditions used, apo STIM2 EF–SAM is appreciably more
stable than apo STIM1 EF–SAM, and that STIM2 EF–
SAM retains most of its secondary structure even in the
absence of Ca2+.

The difference in structural stability between STIM1 and
STIM2 was further tested by employing CD temperature
melting experiments (Fig. 2C and D). By following the
changes in CD ellipticity at 225 nm as a function of temper-
ature, we found that apo STIM2 EF–SAM is significantly
more thermally stable than STIM1 EF–SAM (the apparent
midpoint of the transition, Tm �36 �C for STIM2 EF–
SAM compared to 21 �C for STIM1 EF–SAM). Similarly,
even in the presence of Ca2+, STIM2 EF–SAM has a higher
melting temperature than STIM1 EF–SAM (Tm�50 �C ver-

sus �45 �C, respectively). The smaller difference in the ther-
mal stability between Ca2+-loaded and Ca2+-free STIM2
(DTm �14 �C) compared to that of STIM1 (DTm �24 �C)
is related to the smaller secondary structure change of
STIM2 EF–SAM observed upon the removal of Ca2+.
STIM2 EF–SAM shows a Ca2+-dependent conformational

change

Although STIM2 EF–SAM does not display a large CD
spectral change as observed for STIM1 EF–SAM, the
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increase in negative ellipticity suggests some degree of con-
formational rearrangement accompanied by Ca2+-binding
[20]. In order to further characterize this alteration in the
native conformation of STIM2 EF–SAM, we performed
NMR experiments. The 1H–15N HSQC spectra of STIM2
EF–SAM in the presence and absence of Ca2+ were
recorded at 800 MHz (Fig. 3A and B). The well-dispersed
peaks indicate that the protein is well-folded in both
Ca2+-loaded and Ca2+-free states, consistent with the
aforementioned CD studies. More importantly, compari-
son between the two spectra provides strong evidence for
a Ca2+-dependent conformational change. Most notably,
the chemical shift of the conserved Gly172 residue in the
Ca2+-binding loop of the canonical EF-hand shows a typ-
ical behavior of Ca2+-induced conformational responses as
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Fig. 3. Ca2+-dependent conformational change of STIM2 EF–SAM.
1H-15N HSQC spectra of Ca2+-loaded (A) and Ca2+-free (B) STIM2 EF–
SAM at 4 �C. (C) SEC with in-line MALS in the presence (—) and absence
(- - -) of Ca2+ at 4 �C. Protein concentrations are at 500 lM.
documented for numerous EF-hand proteins such as cal-
modulin [21], troponin C [22], calerythrin [23] and S100
proteins [24] as well as STIM1 EF–SAM [19]. In the
Ca2+-loaded state, the most downfield-shifted backbone
peak at �10.3 ppm (1H) and �112.8 ppm (15N) can be
assigned to Gly-172 in STIM2 with a relatively high confi-
dence. This characteristic peak for the Ca2+-loaded state
disappears in the Ca2+-free state, presumably being shifted
to a crowded spectral region (7.5–8.5 ppm in 1H).

Unlike STIM1, STIM2 remains monomeric and does
not display aggregation by SEC using Superdex HR-200
even in the absence of Ca2+ (Fig. 3C). However, a careful
inspection of the elution volume reveals that apo STIM2
EF–SAM elutes slightly earlier than the monomeric holo
form. The SEC in-line MALS yields a Zimm plot-based
molecular mass of 18.6 kDa for the apo state, which is in
excellent agreement with that of the holo state (18.3 kDa)
as well as the expected mass of STIM2 EF–SAM
(17.8 kDa). The size exclusion data together with the
MALS data strongly suggest that apo STIM2 EF–SAM
is monomeric but less compact (or more extended) in
molecular shape than that of holo protein.

Aggregation of apo STIM2 EF–SAM is temperature-

dependent

The SEC/MALS data indicate that STIM2 EF–SAM
exists as a monomer in both Ca2+-loaded and -depleted
forms at 4 �C (Fig. 3C). This is in contrast to what was
observed with STIM1 EF–SAM, which forms a dimer
and/or oligomer once Ca2+ is removed [19]. Considering
that EF–SAM of STIM2 is more stable than that of
STIM1, we performed NMR and SEC at a higher temper-
ature to examine the relationship between thermal stability
and aggregation propensity of STIM2. At 25 �C, the
1H–15N HSQC spectrum of holo STIM2 EF–SAM (data
not shown) is very similar to the spectrum recorded at
4 �C (Fig. 3A), with most corresponding peaks showing
similar proton and nitrogen chemical shifts. An increase
in temperature from 4 to 25 �C dramatically changes the
HSQC spectrum of apo STIM2 EF–SAM; unlike the
well-dispersed apo spectrum observed at 4 �C (Fig. 3B),
the NMR spectrum obtained at 25 �C suffers from severe
peak broadening with only a small number of sharp peaks
remaining in the 7.5–8.5 ppm (1H) range (Fig. 4A, insert).
Interestingly, the spectral changes are similar to those pre-
viously observed for apo versus holo STIM1 EF–SAM [19].
Consistent with the NMR results, SEC indicates that apo
STIM2 EF–SAM undergoes aggregation at 25 �C, as most
of the protein elutes in void volume (Fig. 4A).

Apo STIM2 EF–SAM demonstrates a concentration-

dependent CD change at high temperature

To further characterize the aggregation propensity of
STIM2 EF–SAM, we measured the far-UV CD spectra
of apo STIM2 EF–SAM at different protein concentrations
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after 70 min incubation at 25 �C. When the protein concen-
tration is as low as 10 lM, the spectrum is similar to that of
apo STIM2 EF–SAM recorded at 4 �C (Fig. 2B). However,
when we increased the protein concentration from 30 to
130 lM, the intensity of the negative peak at 225 nm grad-
ually declined. When the protein concentration is increased
to 500 lM, the CD spectrum of apo STIM2 EF–SAM
shows a single minimum reminiscent of that observed for
apo STIM1 EF–SAM. The major differences between
STIM1 and STIM2 EF–SAM are in the blue shift and
the intensity change at the 208 nm minimum observed for
STIM1 EF–SAM, which is less notable for apo STIM2
EF–SAM.
Discussion

In mammalian cells, suppressing STIM1 expression pre-
vents store-operated Ca2+ entry and eliminates the Ca2+-
depletion dependent activation of CRAC channels [8,9].
Mutations in the EF-hand Ca2+-binding loop disrupt the
ability of STIM1 to respond to Ca2+, resulting in constitu-
tively active SOCE even when ER stores are loaded with
Ca2+ [8,10]. These data provide strong evidence for STIM1
functioning as a Ca2+-dependent activator of SOCE.
Although STIM2 contains similar domain architecture
and Ca2+-binding sequence as STIM1 (Fig. 1), STIM2
responds to ER Ca2+-depletion differently from STIM1.
Suppressing STIM2 expression causes either a modest
SOCE inhibition [8] or has little effect [17]; on the other
hand, overexpression of STIM2 inhibits SOCE [9,17].
STIM1-mediated SOCE is associated with punctae forma-
tion of STIM1 at ER–PM junctions [8,11]. This molecular
association on the ER membrane is reversed upon Ca2+

restoration in the ER lumen [25].
Our previous study on recombinant STIM1 EF–SAM

demonstrated that this N-terminal fragment possesses the
ability to bind Ca2+ and forms homotypic oligomers and
aggregates in the Ca2+-depleted state [19]. In the current
study, we carried out comparative biophysical studies on
EF–SAM of STIM1 and STIM2 in order to delineate
structural characteristics of the Ca2+ sensory region, which
are specific to each of the homologues. The apparent
inability of STIM2 to form visible punctae in cell imaging
studies [17] had prompted us to ask whether or not the
monomeric propensity of the protein is a result of high
Ca2+-binding ability. When the ER store is depleted, a
residual amount of Ca2+ might still be sufficient to bind
to the protein which remains as a monomer. However,
our Kd estimate indicates that the Ca2+-binding affinity
of the EF–SAM domain of STIM2 is low, similar to that
of STIM1.

Subsequently we investigated the possibility that struc-
tural stability of EF–SAM may play a role in STIM protein
aggregation propensity. STIM2 displays significantly
higher melting temperatures than STIM1 in both Ca2+-free
and Ca2+-saturated states: Tm �36 and 50 �C for apo and
holo STIM2, respectively; Tm �21 and 45 �C for apo and
holo STIM1, respectively. Most notable is the fact that
apo STIM2 EF–SAM is significantly more stable (DTm

�15 �C) compared to apo STIM1 EF–SAM. This observa-
tion is in parallel with the SEC data and far-UV CD spec-
tra which show that apo STIM2 EF–SAM possesses high
stability as a monomer and retains its high a-helicity. In
contrast, apo STIM1 EF–SAM possesses significantly
reduced secondary structure and readily aggregates. The
tendency of STIM2 EF–SAM to exist as a monomer even
in the absence of Ca2+ suggests that the increased stability
may prevent STIM2 from aggregation.

We further investigated the relationship between struc-
tural stability and aggregation propensities using CD spec-
troscopy. The concentration-dependent CD change of
Ca2+-free STIM2 EF–SAM (Fig. 4B) suggests the existence
of two conformation states in the absence of Ca2+. At a
protein concentration of 10 lM, the far-UV CD spectrum
is indicative of a well-folded, highly a-helical protein, sim-
ilar to the highly structured Ca2+-loaded monomer. A
slight decrease in both minima is notable, indicating some
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conformational alterations upon Ca2+ depletion, which
represents a transition to the well-folded monomeric state
of apo STIM2. This difference in CD for apo versus holo
STIM2 is somewhat analogous to what has been observed
for calmodulin [26] and other EF-hand proteins [27,28]. At
protein concentration of 500 lM, apo STIM2 aggregates
and displays a CD spectrum with a markedly reduced
225 nm minimum, which may signify a less a-helical or par-
tially unfolded structure. These observations were made at
25 �C, but similar data were also obtained at 4 �C. At the
low temperature, freshly prepared, highly concentrated
apo STIM2 EF–SAM exists as a monomer and displays
a well-folded CD spectrum. When stored at 4 �C for more
than one month, the CD spectrum becomes similar to the
one obtained at high concentration and at 25 �C (data
not shown). These data strongly suggest the existence of
an equilibrium between the two conformation states of
apo STIM2 EF–SAM: a well-folded monomeric state and
a less a-helical/partially unstructured state which leads to
aggregation. The well-structured conformer exists predom-
inantly at lower protein concentrations and lower temper-
atures whereas the population of the partially
unstructured conformer increases and shifts the equilib-
rium in favor of the detectable aggregates at higher protein
concentrations and higher temperatures.

In light of the present data obtained for STIM2 EF–
SAM, one can speculate a similar mechanism of aggrega-
tion for STIM1. The CD spectrum of apo STIM1 EF–
SAM suggests a moderately unfolded protein [29] and the
protein is found largely aggregated in the absence of
Ca2+. STIM1 EF–SAM may undergo immediate unfolding
and aggregation upon Ca2+ depletion. The fast kinetics of
unfolding and aggregation of STIM1 EF–SAM may hinder
the detection of an intermediate apo state, which is presum-
ably monomeric and well-folded as observed for STIM2
EF–SAM. The lower structural stability of STIM1 EF–
SAM relative to STIM2 EF–SAM may be responsible for
the higher tendency of STIM1 to aggregate in vitro and per-
haps in vivo.

In summary, the present study unveiled remarkable dif-
ferences in structural stability and aggregation properties
between STIM1 and STIM2 EF–SAM domains. The
higher stability of apo STIM2 EF–SAM monomer pro-
vides an excellent opportunity to elucidate the atomic-res-
olution structure of the Ca2+-free conformation of STIM
molecules by NMR or X-ray crystallography.
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