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The endoplasmic reticulum (ER) Ca2+ sensor STIM1 forms oligomers and translocates to ER–plasma membrane (PM) junctions 
to activate store-operated Ca2+ entry (SOCE) after ER Ca2+ depletion. STIM1 also interacts with EB1 and dynamically tracks 
microtubule (MT) plus ends. Nevertheless, the role of STIM1–EB1 interaction in regulating SOCE remains unresolved. Using 
live-cell imaging combined with a synthetic construct approach, we found that EB1 binding constitutes a trapping mechanism 
restricting STIM1 targeting to ER–PM junctions. We further showed that STIM1 oligomers retain EB1 binding ability in ER 
Ca2+-depleted cells. By trapping STIM1 molecules at dynamic contacts between the ER and MT plus ends, EB1 binding delayed 
STIM1 translocation to ER–PM junctions during ER Ca2+ depletion and prevented excess SOCE and ER Ca2+ overload. Our 
study suggests that STIM1–EB1 interaction shapes the kinetics and amplitude of local SOCE in cellular regions with growing 
MTs and contributes to spatiotemporal regulation of Ca2+ signaling crucial for cellular functions and homeostasis.
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Introduction
Ca2+ is a universal second messenger that governs many import-
ant cellular functions such as secretion, cell migration, differen-
tiation, and apoptosis (Berridge et al., 2000; Dupont et al., 2011; 
Lewis, 2011). Elevation of cytosolic Ca2+ via inositol 1,4,5-triphos-
phate–induced Ca2+ release from the ER store after cell surface 
receptor activation is the key to Ca2+ signaling. Animal cells have 
evolved a feedback mechanism, namely store-operated Ca2+ 
entry (SOCE), that links ER Ca2+ store depletion to a Ca2+ influx 
across the plasma membrane (PM) from the extracellular space 
to support sustained Ca2+ signaling and ER Ca2+ store refill (Feske 
and Prakriya, 2013; Prakriya and Lewis, 2015). The importance 
of SOCE is demonstrated by patients with mutations in SOCE 
components manifesting the symptoms of immunodeficiency, 
autoimmunity, skeletal myopathy, and ectodermal dysplasia with 
anhidrosis (Feske, 2011).

SOCE is mediated by the ER Ca2+ sensor STIM1 and the PM 
Ca2+ channel Orai1 (Prakriya and Lewis, 2015). The activation of 
SOCE is a dynamic process involving changes in STIM1 subcel-
lular localization. STIM1 is an ER transmembrane (TM) protein 
with an N-terminal Ca2+-sensing EF hand-sterile α motif domain 
in the ER lumen (Fig. 1 A). The cytosolic portion of STIM1 con-
tains coiled-coil domains (CC1–3), a serine/proline region, and 
a C-terminal region (CT; amino acids 633–685; Fig. 1 A) with a 
polybasic motif (PB). In the resting state, STIM1 binds to Ca2+ in 
the ER lumen and localizes diffusely throughout the ER (Liou et 
al., 2005). After ER Ca2+ store depletion, Ca2+-free STIM1 rapidly 

oligomerizes, leading to a conformational extension of the PB and 
the Orai1 activation domain, namely CAD, SOAR, or CCb9 that 
roughly corresponds with the CC2–3 domains (Kawasaki et al., 
2009; Park et al., 2009; Yuan et al., 2009; Prakriya and Lewis, 
2015). The oligomerized/exposed PB binds to phosphatidylinosi-
tol 4,5-bisphosphate and other phospholipids at the PM (Liou 
et al., 2007; Ercan et al., 2009; Korzeniowski et al., 2009; Walsh 
et al., 2009; Chen et al., 2017). STIM1–phospholipid interaction 
traps STIM1 at ER–PM junctions, where the ER and the PM form 
close appositions, allowing STIM1 at the ER to activate Orai1 at 
the PM, resulting in SOCE (Liou et al., 2007; Prakriya and Lewis, 
2015). STIM1 targeting to ER–PM junctions is a rate-limiting 
step in the activation of SOCE. Although STIM1 oligomerization 
occurs within 5 s after ER Ca2+ store depletion, it takes >40 s for 
STIM1 to translocate to ER–PM junctions (Liou et al., 2007). The 
mechanism underlying the time discrepancy between STIM1 
oligomerization and translocation is not clear.

In addition to its ability to bind phospholipids and Orai1 
at the PM, STIM1 can directly interact with the microtubule 
(MT) plus end–binding proteins EB1 and, to a lesser extent, 
EB3 (Grigoriev et al., 2008). These interactions are mediated by 
an EB1-binding motif that resides in the CT (Honnappa et al., 
2009). STIM1 interaction with EB1 at MT plus ends can be visu-
alized using live-cell imaging as fluorescent protein (FP)-tagged 
STIM1 adopts MT-like organization and displays comet-like 
movement (Baba et al., 2006; Mercer et al., 2006; Grigoriev 
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et al., 2008; Honnappa et al., 2009). This observed movement 
represents a traveling wave of STIM1 concentration at tran-
sient contacts between MT plus ends and the ER (Grigoriev et 
al., 2008). Mutation of the core EB1-binding TRIP residues to 
TRNN disrupts STIM1–EB1 interaction, resulting in the disap-
pearance of MT plus end tracking by STIM1 (Honnappa et al., 
2009). Nevertheless, the significance of STIM1–EB1 interaction 

in regulating STIM1 translocation to ER–PM junctions and SOCE 
remains unclear.

To dissect the contribution of EB1 binding to STIM1 local-
ization and function, we generated inducible membrane- 
attached peripheral ER (MAP PER; iMAP PER)-633, a synthetic 
construct that contains STIM1 ER membrane targeting motifs 
and the STIM1 CT, consisting of both the EB1-binding motif and 

Figure 1. iMAP PER-633: A synthetic construct for dissecting targeting mechanisms of STIM1. (A) Diagrams of STIM1 and iMAP PER-633. Amino acid 
number and domains are indicated. EF-SAM, EF hand and sterile α motif; FRB, FKBP–rapamycin binding domain. Identical domains between STIM1 and iMAP 
PER-633 are in gray. The amino acid sequences of STIM1 CT are displayed. Core EB1 binding motifs are labeled in blue, positively charged residue are in red, 
and negatively charged residues are in green. (B) Schematic diagram depicting resting STIM1 and iMAP PER-633 and oligomerized iMAP PER-633 after AP20187 
treatment. Domains are indicated as in A. (C) Localization of YFP–iMAP PER-633 in HeLa cells coexpressing mCherry-STIM1, monitored by confocal micros-
copy. Yellow arrowheads indicate iMAP PER-633 puncta without STIM1 colocalization, possibly formed because of loss of EB1 binding during MT catastrophe.  
(D) Localization of YFP–iMAP PER-633 in HeLa cells coexpressing EB1-mCherry, monitored by confocal microscopy. (E) YFP–iMAP PER-633 displays punctate 
localization after 1 µM AP20187 treatment, monitored by confocal microscopy in HeLa cells cotransfected with mCherry-ER. (F) Translocation of mCherry–iMAP 
PER-633 to ER–PM junctions after 1 µM AP20187 treatment, monitored by TIRF microscopy in HeLa cells cotransfected with GFP-MAP PER. (G) Translocation 
of mCherry–iMAP PER-633 to ER–PM junctions after 1 µM AP20187 treatment, monitored by TIRF microscopy in HeLa cells cotransfected with GFP–E-Syt2. 
Bars: (C–E) 10 µm; (F and G) 2 µm.
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the phospholipid-binding PB (Fig. 1 A). iMAP PER-633 with an 
exposed PB tracks MT plus ends rather than localizing to ER–PM 
junctions. Oligomerization or inhibition of EB1 binding results in 
iMAP PER-633 translocation to ER–PM junctions, indicating that 
oligomerization promotes binding to PM phospholipids, whereas 
EB1 binding impedes PM targeting. Similarly, EB1 binding limits 
full-length STIM1 access to ER–PM junctions in the resting state 
and during ER Ca2+ store depletion. Disruption of EB1 binding 
facilitates Orai1 recruitment and SOCE activation, resulting in 
Ca2+ overload. Together, our findings indicate that EB1 binding 
provides a trapping mechanism regulating STIM1 localization 
and SOCE and suggest that STIM1-mediated Ca2+ signaling may 
be locally regulated by binding to EB1 on growing MT ends.

Results
iMAP PER-633: A synthetic construct for dissecting targeting 
mechanisms of STIM1
The localization of STIM1 is regulated by multiple factors includ-
ing ER Ca2+ levels, protein conformation, oligomerization, phos-
phorylation, binding to Orai1 and phospholipids at the PM, and 
binding to EB1 at MT plus ends. Previous studies have shown that 
ER Ca2+ depletion–induced conformational change, oligomeriza-
tion, and subsequent binding to phospholipids at the PM via a 
C-terminal PB are the critical steps for STIM1 targeting to ER–PM 
junctions (Liou et al., 2007; Prakriya and Lewis, 2015). Neverthe-
less, the role of EB1 binding in regulating STIM1-mediated Ca2+ 
signaling at ER–PM junctions is not well understood.

To dissect the contribution of EB1 binding in the key steps for 
STIM1 targeting to ER–PM junctions, we engineered a synthetic 
construct that contains the minimal targeting motifs of STIM1. 
It includes the signal peptide (SP) and TM domain of STIM1 for 
ER membrane localization as well as the CT of STIM1, enabling 
its binding to EB1 at MT plus ends and phospholipids at the PM 
(Fig.  1 A). A tandem FK506-binding protein (FKBP) motif (2× 
FKBP) was inserted into the ER luminal region following an FP 
to enable oligomerization upon treatment with small-molecule 
AP20187 and optical imaging, respectively (Fig. 1 B). We further 
included the cytosolic linker region of the synthetic ER–PM 
junctional marker MAP PER (Chang et al., 2013), which has been 
shown to provide the proper length spanning the gap at ER–PM 
junctions. We named this synthetic construct iMAP PER-633 
because its design resembles MAP PER and features inducible 
translocation to ER–PM junctions via the CT of STIM1 starting at 
residue 633. An intermediate construct containing the SP, an FP, 
2× FKBP, and the TM displayed ER localization when expressed in 
HeLa cells, indicating successful ER targeting (Fig. S1 A). Unlike 
the CT in full-length STIM1, which is partially buried in the rest-
ing state (Zhou et al., 2013), the CT in iMAP PER-633 is expected 
to be fully exposed, facilitating assessment of the contribution 
of EB1-binding and phospholipid-binding motifs to STIM1 local-
ization (Fig. 1 B).

When examined using confocal microscopy, iMAP PER-633 
appeared to track MT plus ends (Video  1) and colocalize with 
STIM1 in the resting state (Fig. 1 C). Consistent with the expecta-
tion that the CT of iMAP PER-633 is exposed and more accessible 
to EB1 binding than that of STIM1, iMAP PER-633 appeared to be 

more concentrated in MT-like structures than in the ER com-
pared with STIM1 (Fig. 1 C). The localization of iMAP PER-633 
at MT-like structures was accompanied by a few highly concen-
trated iMAP PER-633 clusters with apparent movement toward 
the nucleus, possibly formed because of loss of EB1 binding 
during MT catastrophe (Fig. 1 C, yellow arrowheads; and Video 1). 
In addition, iMAP PER-633 colocalized with EB1 (Fig. 1 D) and an 
ER luminal marker (Fig. 1 E, top), supporting that iMAP PER-633 
is an ER protein with concentration at transient contacts between 
MT plus ends and the ER.

When AP20187 was applied to induce oligomerization, iMAP 
PER-633 rapidly translocated into puncta, whereas the bulk 
ER structure was unaffected (Fig.  1  E, bottom). Colocalization 
of iMAP PER-633 with MAP PER, monitored by total internal 
reflection fluorescence (TIRF) microscopy, indicates that iMAP 
PER-633 puncta formation corresponds with its translocation to 
ER–PM junctions (Fig. 1 F). Consistently, AP20187 induced colo-
calization of iMAP PER-633 with E-Syt2 and E-Syt3, two proteins 
that constitutively localize at ER–PM junctions (Giordano et al., 
2013) as monitored using TIRF microscopy (Figs. 1 G and S1 B). 
These results indicate that in spite of an exposed PB, iMAP PER-
633 predominantly binds EB1 at MT plus ends. Oligomerization 
of iMAP PER-633 likely potentiates its ability to bind phospho-
lipids at the PM, resulting in translocation to ER–PM junctions.

EB1-binding prevents the PB from mediating PM targeting
It is plausible that tracking MT plus ends via EB1 binding pre-
vents the PB of iMAP PER-633 from mediating PM targeting. To 
test this possibility, we applied nocodazole, an inhibitor of MT 
polymerization, to disrupt EB1–MT association. We found that 
iMAP PER-633 rapidly translocated to ER–PM junctions, accom-
panying nocodazole-induced EB1 dissociation from MT plus ends 
(Fig. 2 A). Consistently, iMAP PER-633 readily localized at ER–PM 
junctions in cells with EB1 knockdown by siRNA against EB1 
(siEB1; Fig. 2, B and C). We further generated the iMAP PER-633–
TRNN mutant, disrupting its EB1-binding ability, and found that 
iMAP PER-633–TRNN prelocalized to ER–PM junctions (Fig. 2 D, 
top). The intensity of iMAP PER-633–TRNN at ER–PM junctions 
remained similar after AP20187 treatment, suggesting that the 
majority of iMAP PER-633–TRNN was prelocalized at ER–PM 
junctions as a result of its inability to bind EB1 (Fig. 2 D, bottom). 
These data indicate that the PB is sufficient for targeting iMAP 
PER-633 to ER–PM junctions in the absence of EB1 binding and 
that EB1 binding traps iMAP PER-633 at contacts between the ER 
and MT plus ends, preventing its localization at ER–PM junctions.

Unlike iMAP PER-633–TRNN, the STIM1-TRNN mutant 
showed a diffused distribution throughout the ER, with mini-
mal prelocalization at ER–PM junctions (Fig. 2 E). ER Ca2+ store 
depletion by thapsigargin (TG) was required to trigger STIM1-
TRNN translocation to ER–PM junctions and colocalization 
with iMAP PER-633–TRNN. These results are consistent with 
a previous finding that the CT in full-length STIM1 is partially 
buried and is not sufficient for PM binding until STIM1 activa-
tion after ER Ca2+ store depletion (Zhou et al., 2013). It is likely 
that the conformational change and oligomerization induced by 
dissociation from Ca2+ enable the PB to mediate PM binding for 
full-length STIM1.
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We further generated a STIM1-2K construct by adding an 
extra PB to the very C terminus of STIM1 to enhance its abil-
ity to bind phospholipids at the PM (Fig. 2 F, top). In contrast 
with STIM1, this STIM1-2K construct with two PB in tandem in 
the CT prelocalized to ER–PM junctions without ER Ca2+ store 
depletion (Fig.  2  F, bottom). Consistently, quantitative analy-
sis revealed elevated puncta density in cells transfected with 
STIM1-2K versus those transfected with STIM1 in the resting 
state (Fig.  2  G). Similar prelocalization at ER–PM junctions 
has been observed with the STIM1-D76A mutant that contains 
a point mutation that disrupts its ability to bind ER Ca2+ and 
exhibits an active conformation (Liou et al., 2005). Unlike 
STIM1-D76A, expression of STIM1-2K did not increase basal 
Ca2+ levels (Fig.  2  H), suggesting that STIM1-2K is not in an 
active conformation. These results indicate that a strong PB can 

mediate STIM1 localization at ER–PM junctions without inhibi-
tion of EB1 binding.

EB1 binding constitutes a trapping mechanism limiting STIM1 
localization at ER–PM junctions
To determine how EB1 binding affects dynamic localization of 
STIM1, we performed FRAP experiments using cells transfected 
with STIM1 or STIM1-TRNN. We found that STIM1-TRNN flu-
orescence recovered faster than that of STIM1 in the bleached 
regions, with a significant difference in the time required to 
reach half recovery (t1/2; Fig. 3, A and B). It is likely that tracking 
MT plus ends by binding to EB1 limits the amount of STIM1 mol-
ecules accessing other ER regions, including ER–PM junctions.

To test this hypothesis, we monitored ER–PM junctions in 
cells cotransfected with an mCherry-tagged ER luminal marker 

Figure 2. EB1 binding prevents the PB from mediating PM targeting. (A) Translocation of YFP–iMAP PER-633 to ER–PM junctions after 10 µM nocodazole 
(noc) treatment, monitored by confocal microscopy in HeLa cells cotransfected with EB1-mCherry. (B) Subcellular localizations of YFP–iMAP PER-633, monitored 
by confocal microscopy in HeLa cells transfected with siControl or siEB1. (C) EB1 protein levels detected by Western blotting using anti-EB1 antibody in HeLa 
cells transfected with siControl (siCtrl) or siEB1. The intensity of bands was measured by ImageJ. Relative EB1 levels are indicated. (D) YFP–iMAP PER-633–TRNN 
distributes to ER–PM junctions in the absence or presence of AP20187 in HeLa cells, monitored by confocal microscopy. (E) Translocation of mCherry-STIM1-
TRNN to ER–PM junctions labeled by YFP–iMAP PER-633–TRNN after 1 µM TG treatment in HeLa cells, monitored by confocal microscopy. (F) Localization of 
YFP-STIM1 and YFP-STIM1-2K with two PB in tandem in the CT in the absence or presence of 1 µM TG in HeLa cells, monitored by TIRF microscopy. Bars, 10 
µm. (G) Quantification of the puncta density of YFP-STIM1 and YFP-STIM1-2K as described in F. Means ± SEM are shown (9–13 cells from two independent 
experiments). (H) Basal cytosolic Ca2+ levels, monitored by Fura-2 ratio in HeLa cells transfected with mCherry-STIM1, mCherry-STIM1-2K, or mCherry-STIM1-
D76A. Means ± SD are shown (three independent experiments). ***, P < 0.001.
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and YFP-tagged STIM1 or STIM1-TRNN using TIRF microscopy. 
After nocodazole treatment, an ∼25% increase in the intensity of 
STIM1 at ER–PM junctions was observed compared with the ER 
marker, whereas the intensity of STIM1-TRNN at ER–PM junc-
tions remained unchanged (Fig. 3, C–E). These findings indicate 
that nocodazole treatment released STIM1 molecules trapped at 
the contacts between the ER and MT plus ends by EB1 binding, 
resulting in an increase of STIM1 molecules at ER–PM junctions 
in resting cells.

We further analyzed the interaction between endogenous 
STIM1 and EB1 in nontransfected HeLa cells. We used an antibody 
that specifically recognizes STIM1 as demonstrated by Western 
blotting using cells transfected with siRNA against STIM1 or a 
control (Fig. S2 A) and by immunostaining that detects periph-
eral STIM1 puncta after TG-induced ER Ca2+ depletion (Fig. S2 
B). In addition, we used an anti-EB1 antibody that is capable of 

detecting subcellular localization of the endogenous EB1 protein 
by immunostaining, as demonstrated by the disappearance of 
MT plus end–like structures after nocodazole treatment (Fig. 
S2 C). Immunostaining of both STIM1 and EB1 in resting non-
transfected HeLa cells revealed a subpopulation of STIM1 colocal-
ized with EB1 (Fig. 3 F), which was estimated to be 17% of STIM1 
(Fig. 3 G). These results indicate that the numerous transient 
contacts between growing MT and the ER network dynami-
cally trap ∼17% of endogenous STIM1 by EB1 binding at contacts 
between the ER and MT plus ends.

Our findings are consistent with a previous study showing 
interaction between endogenous STIM1 and EB1 using immu-
noprecipitation (IP; Grigoriev et al., 2008). We further observed 
nocodazole-sensitive MT plus end–like structures of STIM1 in 
HeLa cells stably expressing YFP-STIM1 at the low level of two-
fold as compared with endogenous STIM1 (Figs. 3 H and S2 D). 

Figure 3. EB1 binding constitutes a trapping mechanism limiting STIM1 localization at ER–PM junctions. (A) Fluorescence recovery of YFP-STIM1 
and YFP-STIM1-TRNN after photobleaching (red square boxes) in HeLa cells, monitored by confocal microscopy. (B) Relative intensity of YFP-STIM1 and YFP-
STIM1-TRNN in the bleached areas as described in A. 19–20 cells from three independent experiments. Mean times to the half recovery (t1/2) are indicated.  
*, P < 0.05. (C and D) Changes in intensity of YFP-STIM1 (C) and YFP-STIM1-TRNN (D) at ER–PM junctions after 10 µM nocodazole (noc) treatment, monitored 
by TIRF microscopy in HeLa cells cotransfected with mCherry-ER. (E) Relative changes in intensity of STIM1 subtypes and mCherry-ER at ER–PM junctions 
derived from relative single puncta intensity as described in C and D. Intensity at the end time point is defined as 1. 13–14 cells from three to four independent 
experiments. (F) Localization of endogenous STIM1 and EB1 at resting state, visualized by immunostaining using confocal microscopy. (G) Fraction of STIM1 
overlapping with EB1 calculated from quantification of endogenous (endo.) STIM1 and EB1 colocalization by immunostaining as described in F. Means ± SEM 
are shown. 29 cells from two independent experiments. (H) Changes in localization of YFP-STIM1 after 10 µM nocodazole treatment, monitored by confocal 
microscopy in HeLa cells stably expressing YFP-STIM1 at a low level. Bars: (A, F, and H) 10 µm; (C and D) 2 µm.
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These results demonstrate that STIM1 trapping at MT plus ends 
via interaction with EB1 occurs at a low expression level.

Activated STIM1 retains EB1 binding ability in ER 
Ca2+-depleted cells
It has been proposed that STIM1–EB1 interaction is disrupted by 
phosphorylation during ER Ca2+ store depletion (Pozo-Guisado 
et al., 2013). Nevertheless, we observed partial colocalization 
of STIM1 and EB1 after TG treatment (Fig. 4 A). Consistently, IP 
experiments showed that a portion of mCherry-STIM1 remained 
bound to EB1-GFP after TG treatment, whereas mCherry-STIM1-
TRNN showed minimal interaction with EB1-GFP (Figs. 4 B and 
S3 A). We further applied 100 µM ML-9, which has been shown 
to rapidly trigger STIM1 dissociation from ER–PM junctions 
and reversion of puncta formation (Smyth et al., 2008), to cells 
cotransfected with STIM1 and EB1 during ER Ca2+ store depletion. 
After ML-9 treatment, TG-induced STIM1 puncta rapidly disap-
peared, and EB1-mediated trapping of STIM1 became apparent 
without refilling the ER Ca2+ store (Fig. 4 C). The disappearance 
of STIM1 puncta induced by ML-9 treatment was not caused 
by the disruption of ER–PM junctions, as monitored by an ER 
luminal marker using TIRF microscopy (Fig. 4 D). It is possible 
that ML-9 abolishes STIM1 binding to phospholipids at the PM 
because of STIM1 trapping at ER–PM junctions by Orai1 overex-
pression, which provides a PM targeting mechanism alternative 
to phospholipid binding (Park et al., 2009), was not affected by 
ML-9 treatment (Fig. S3 B). Furthermore, we found that STIM1-
D76A, a constitutively active mutant that prelocalizes at ER–PM 
junctions without ER Ca2+ store depletion, was rapidly trapped 
by EB1 after ML-9 treatment (Fig. 4 E and Video 2). In contrast, 

STIM1-D76A-TRNN displayed ER localization after ML-9–induced 
dissociation from ER–PM junctions (Fig.  4  F). Together, these 
results demonstrate that STIM1 is capable of binding to EB1 at 
MT plus ends regardless of its activation state and the level of ER 
Ca2+ store. These findings indicate that activated STIM1 retains 
EB1-binding ability and is subjected to regulation by EB1 binding 
in ER Ca2+-depleted cells.

EB1 binding impedes STIM1 translocation to ER–PM junctions 
and Orai1 recruitment during ER Ca2+ depletion
It is likely that EB1 binding impedes STIM1 translocation to 
ER–PM junctions after ER Ca2+ store depletion. Consistent with 
this notion, we observed nearly complete translocation of YFP-
STIM1-TRNN 30 s after 1 µM ionomycin treatment, whereas YFP-
STIM1 only began to accumulate at ER–PM junctions (Fig. 5 A). 
The t1/2 of STIM1 translocation to ER–PM junctions was 56.2 s 
(Fig. 5 B), which is comparable to a previous study (Liou et al., 
2007). In contrast, STIM1-TRNN showed a significantly faster 
translocation than STIM1, with a t1/2 of 22.5  s. In addition, a 
higher amplitude of STIM1-TRNN translocation to ER–PM junc-
tions than that of STIM1 was observed, indicating enhanced 
accumulation of STIM1-TRNN compared with STIM1 at ER–PM 
junctions (Fig. 5 B). The kinetic differences in translocation to 
ER–PM junctions between STIM1 and STIM1-TRNN were also 
detected in cells treated with TG (Figs. S4, A and B). Consistently, 
a significant increase in the rate of STIM1 translocation after ion-
omycin treatment was detected in siEB1-treated cells compared 
with those treated with siControl (Figs. S4, C and D). Notably, 
disruption of STIM1–EB1 interaction led to an accelerated STIM1 
translocation by 23–34 s regardless of the rate of ER Ca2+ store 

Figure 4. Activated STIM1 retains EB1 
binding ability in ER Ca2+-depleted cells.  
(A) Localization of YFP-STIM1 and EB1-mCherry 
in HeLa cells during the resting state and after 
1  µM TG treatment, monitored by confocal 
microscopy. (B) IP of EB1-GFP with mCherry- 
STIM1 after 1 µM TG treatment in HeLa cells. 
Protein levels of EB1-GFP and mCherry-STIM1 
in total cell lysates (Input) and IP were assessed 
by Western blotting using antibodies against 
GFP and STIM1. (C) Colocalization of YFP-
STIM1 and EB1-mCherry in HeLa cells after 
100 µM ML-9 treatment during ER Ca2+ deple-
tion by 1 µM TG, monitored by confocal micros-
copy. (D) Disruption of TG-induced YFP-STIM1 
accumulation at ER–PM junctions labeled by 
mCherry-ER in HeLa cells after 100 µM ML-9 
treatment, monitored by TIRF microscopy. 
(E) Colocalization of YFP-STIM1-D76A and 
EB1-mCherry in HeLa cells after 100 µM ML-9 
treatment, monitored by confocal microscopy. 
(F) YFP-STIM1-D76A-TRNN displayed ER local-
ization without colocalizing with EB1-mCherry 
in HeLa cells after 100  µM ML-9 treatment, 
monitored by confocal microscopy. Bars: (A, C, 
E, and F) 10 µm; (D) 2 µm.
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depletion. These results indicate that trapping by EB1 at MT plus 
ends delays the translocation of STIM1 oligomers to ER–PM junc-
tions during ER Ca2+ store depletion.

Activated STIM1 trapped at ER–PM junctions by binding to PM 
phospholipids can bind and recruit PM Ca2+ channel Orai1 to ER–
PM junctions, resulting in SOCE. We further monitored Orai1-
mCherry translocation to ER–PM junctions in cells coexpressing 
YFP-STIM1 or YFP-STIM1-TRNN. After TG treatment, transloca-
tion of STIM1 and STIM1-TRNN preceded Orai1 recruitment to 
ER–PM junctions, with a difference in t1/2 of 15 s (103.1 s for STIM1 
and 118.8 s for Orai1) and 10 s (78.9 s for STIM1-TRNN and 88.9 s 
for Orai1), respectively (Fig. 5, C and D; and Fig. S4, E and F). 
Notably, a significant acceleration of Orai1 accumulation at ER–
PM junctions by 30 s (88.9 s vs. 118.8 s) was observed in STIM1-
TRNN–overexpressing cells compared with STIM1-overexpress-
ing ones (Fig. 5 D). These data indicate that STIM1 trapping by 
EB1 at MT plus ends delays the binding and recruitment of Orai1 
by STIM1 at ER–PM junctions during ER Ca2+ store depletion.

Disruption of STIM1–EB1 interaction facilitated SOCE and 
resulted in ER Ca2+ store overload
STIM1 interaction with Orai1 at ER–PM junctions initiates SOCE. 
Thus, regulation of STIM1 localization by EB1 binding in the 
resting state and during ER Ca2+ store depletion likely shapes the 
dynamics and extent of SOCE. Consistent with this notion, the 
sustained phase of cytosolic Ca2+ levels after ER Ca2+ depletion 
induced by histamine and TG treatment in siEB1-treated cells 
was higher than that in siControl-transfected cells, suggesting 
enhanced SOCE (Fig. 6 A). Next, we selectively monitored Ca2+ 
entry from the extracellular space after ER Ca2+ store depletion 
as a specific readout for SOCE and found that knockdown of EB1 
resulted in a significant increase in the peak and slope of SOCE 
(Fig. 6, B–D). Consistently, STIM1-TRNN overexpression also led 

to a significant increase in the peak and a marked enhancement 
of the slope of SOCE compared with that mediated by STIM1 
overexpression (Fig. 6, E–G). The effect of EB1-mediated STIM1 
trapping on Ca2+ signaling was further exemplified in experi-
ments using the constitutively active STIM1-D76A and STIM1-
D76A-TRNN constructs. Overexpression of STIM1-D76A led to 
a marked increase in basal cytosolic Ca2+ levels compared with 
control (STIM1-D76A vs. TM; Fig. 6 H). This increase results from 
a constitutive SOCE because removal of extracellular Ca2+ rap-
idly decreased the cytosolic Ca2+ to the control level, and readdi-
tion of extracellular Ca2+ rapidly restored the elevated cytosolic 
Ca2+ level in STIM1-D76A–overexpressing cells. Overexpression 
of STIM1-D76A-TRNN further potentiates the elevated cytoso-
lic Ca2+ level at basal and after readdition of extracellular Ca2+ 
(Fig. 6 H). Together, these results indicate that EB1 binding limits 
STIM1 localization at ER–PM junctions, dampening the ampli-
tudes of STIM1-mediated SOCE.

In addition to maintaining cytosolic Ca2+ levels, SOCE is 
important to refill the ER Ca2+ store after depletion. We fur-
ther tested whether enhanced SOCE caused by the absence 
of STIM1–EB1 interaction results in ER Ca2+ store overload. 
In resting cells, we observed a significantly elevated ER Ca2+ 
store in siEB1-treated cells as monitored by the release of ER 
Ca2+ by ionomycin treatment in the absence of extracellular 
Ca2+ (Fig.  6  I). We further tracked the dynamic changes in ER 
Ca2+ levels during store depletion and refill using an ER Ca2+ 
sensor, D1ER (Palmer et al., 2004), and a reversible sarco/ER 
Ca2+-ATPase inhibitor, 2,5-di-t-butyl-1,4-benzohydroquinone 
(BHQ). We found that the level of ER Ca2+ was moderately ele-
vated in STIM1-TRNN–transfected cells compared with that 
in STIM1-transfected cells before and after depletion by BHQ 
(Fig. 6 J, phases I and II). After BHQ washout and readdition of 
extracellular Ca2+, a significant elevation in the ER Ca2+ level 

Figure 5. EB1 binding impedes STIM1 
translocation to ER–PM junctions and Orai1 
recruitment during ER Ca2+ depletion. (A) 
Translocation of YFP-STIM1 and YFP-STIM1-
TRNN to ER–PM junctions after 1 µM ionomy-
cin treatment in HeLa cells, monitored by TIRF 
microscopy. Bar, 2 µm. (B) Relative transloca-
tion to ER–PM junctions of YFP-STIM1 and YFP-
STIM1-TRNN as described in A. 14–15 cells from 
three independent experiments. Mean times to 
half-maximal translocation (t1/2) are indicated. 
(C) Relative translocation to ER–PM junctions 
of YFP-STIM1 subtypes and corresponding 
Orai1-mCherry after 1 µM TG treatment in HeLa 
cells, monitored by TIRF microscopy. Black, 
YFP-STIM1 coexpressed with Orai1-mCherry; 
red, STIM1-TRNN coexpressed with Orai1-
mCherry. Mean traces are shown (15–23 cells 
from three to four independent experiments). 
(D) Time to the half-maximal translocation 
(t1/2) of YFP-STIM1 subtypes and Orai1-mCherry 
as described in C. Means ± SEM are shown.  
**, P < 0.01; ***, P < 0.001.
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was observed in STIM1-TRNN–overexpressing cells compared 
with that in STIM1-overexpressing cells (Fig. 6 J, phases III and 
IV). Notably, the ER Ca2+ level after refill was comparable to that 
before BHQ-induced depletion in STIM1-overexpressing cells 
(Fig. 6 K); however, the level of ER Ca2+ after refill was signifi-
cantly higher than that before depletion in STIM1-TRNN–over-
expressing cells. These results indicate that EB1 binding consti-
tutes a mechanism that optimizes SOCE and prevents ER Ca2+ 
store overload.

Discussion
Based on our findings, we propose a model in which EB1- 
mediated trapping of STIM1 regulates SOCE at ER–PM junctions 
and prevents ER Ca2+ overload (Fig. 7). In the resting state, EB1 
binding dynamically traps STIM1 at contacts between the ER 
and growing MT ends and restrains access to ER–PM junctions. 
After ER Ca2+ store depletion, EB1 binding continues to impede 
STIM1 localization to ER–PM junctions and activation of SOCE. 
In subcellular regions without growing MTs, STIM1 molecules in 

Figure 6. Disruption of STIM1–EB1 interaction facilitated SOCE and resulted in ER Ca2+ store overload. (A) Relative changes in cytosolic Ca2+ concentra-
tion after 100 µM histamine and 1 µM TG treatment, monitored by Fura-2 ratio in HeLa cells transfected with siControl or siEB1. Four independent experiments. 
(B) SOCE triggered by 100 µM histamine and 1 µM TG treatment, monitored by Fura-2 ratio in HeLa cells transfected with siControl or siEB1. Three independent 
experiments. (C) Peak of SOCE in HeLa cells treated with siControl or siEB1 as described in B. Three independent experiments. (D) Slope of SOCE in HeLa cells 
treated with siControl or siEB1 as described in B. Three independent experiments. (E) SOCE triggered by 100 µM histamine and 1 µM TG treatment, monitored 
by Fura-2 ratio in HeLa cells transfected with YFP-STIM1 or YFP-STIM1-TRNN. Three independent experiments. (F) Peak of SOCE in HeLa cells transfected with 
YFP-STIM1 and YFP-STIM1-TRNN as described in E. Three independent experiments. (G) Slope of SOCE in HeLa cells transfected with YFP-STIM1 and YFP-
STIM1-TRNN as described in E. Three independent experiments. (H) Relative changes in cytosolic Ca2+ concentration in response to depletion and readdition 
of extracellular Ca2+, monitored by Fura-2 ratio in HeLa cells transfected with YFP-TM, YFP-STIM1-D76A, or YFP-STIM1-D76A-TRNN. Three to four independent 
experiments. (I) Peak ER Ca2+ release by 1 µM ionomycin treatment in the absence of extracellular Ca2+, monitored by Fura-2 ratio in HeLa cells transfected with 
siControl or siEB1. Three independent experiments. (J) Relative ER Ca2+ levels in the resting state (phase I), after 5 µM BHQ treatment (phase II), and after BHQ 
washout (phase III and IV), monitored by D1ER in HeLa cells transfected with mCherry-STIM1 or mCherry-STIM1-TRNN. 16–26 cells from three independent 
experiments. *, P < 0.05 between STIM1 and STIM1-TRNN. (K) Relative ER Ca2+ levels in phase I and IV as described in J, monitored by D1ER in HeLa cells 
transfected with mCherry-STIM1 or mCherry-STIM1-TRNN. Means ± SEM are shown. *, P < 0.05; **, P < 0.01.
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the ER can readily bind to PM to mediate SOCE at ER–PM junc-
tions after ER Ca2+ store depletion. Without the dynamic trapping 
mechanism provided by EB1 binding, STIM1 in excess at ER–PM 
junctions results in elevated SOCE and ER Ca2+ store overload.

This model can be further applied to understand physiolog-
ical functions in cells with polarized MT distribution. During 
directed cell migration, MT plus ends are oriented toward the 
front end of cells (Rodriguez et al., 2003). STIM1–EB1 interaction 
leads to polarized STIM1 distribution, accompanied by low cyto-
solic and ER Ca2+ levels, indicative of limited SOCE, at the front 
end of migrating cells (Tsai et al., 2014). Additionally, disrupting 
the polarized distribution by introducing STIM1-TRNN abolished 
cell migration, demonstrating the importance of STIM1–EB1 
interaction in STIM1 distribution and in maintaining polarized 
Ca2+ signaling for cell migration.

STIM1 translocation to ER–PM junctions is a complex process 
involving in a series of signaling events, with multiple mecha-
nisms contributing to STIM1 targeting to ER–PM junctions such 
as STIM1–phospholipid binding and STIM1–Orai1 interaction 
(Prakriya and Lewis, 2015). Moreover, several STIM1/Orai1-in-
teracting proteins, including SAR AF, (Palty et al., 2012), septins 
(Sharma et al., 2013), junctate (Srikanth et al., 2012), and CRA 
CR2A (Srikanth et al., 2010), have been shown to regulate STIM1 
translocation, STIM1–Orai1 interaction, or SOCE. These factors 
likely prevented previous studies from understanding of how 
STIM1–EB1 interaction contributes to SOCE and caused incon-
sistent results (Ribeiro et al., 1997; Bakowski et al., 2001; Baba 
et al., 2006; Smyth et al., 2007). By generating iMAP PER-633, 
a synthetic construct that contains the ER targeting motifs of 
STIM1, an FP, a chemically inducible oligomerization unit, cyto-
solic linkers, and the CT of STIM1, it was revealed that the PB in 
the exposed CT is sufficient for PM targeting because disrupting 
EB1 interaction led to a clear shift of iMAP PER-633 localization to 
ER–PM junctions without oligomerization. Nonetheless, the PB 
does not efficiently trap iMAP PER-633 at ER–PM junctions in the 
presence of EB1 interaction, resulting in concentration of iMAP 
PER-633 at contacts between the ER and MT plus ends. Oligom-
erization induced by AP20187 treatment increased the PM bind-
ing ability of iMAP PER-633, enabling a shift of concentration to 
ER–PM junctions. Thus, it is likely that STIM1 activation not only 
exposes the PB but also generates a strong PB by oligomerization, 

enabling STIM1 translocation to ER–PM junctions. Consistent 
with this notion, STIM1-2K with a strong PB distributes to ER–
PM junctions before its activation.

Our analysis indicates that the numerous transient encoun-
ters between growing MTs and the ER network dynamically 
trap ∼17% of endogenous STIM1 molecules via EB1 binding at 
ER–MT plus end contacts at a given time in a HeLa cell. Because 
of the dynamic exchange between the EB1-free and EB1-bound 
pools of STIM1 molecules happening within minutes, the FRAP 
analysis used in this study can only reveal a slower recovery of 
STIM1 compared with STIM1-TRNN. It would be interesting to 
perform quantitative analysis of diffusion coefficients of EB1-
free and EB1-bound STIM1 using single-molecule tracking. 
Notably, single-molecule tracking of wild-type STIM1 in resting 
cells revealed a broad range of diffusion coefficients (Wu et al., 
2014), which may represent a mixed population of EB1-free and 
EB1-bound STIM1.

Consistent with a previous study, we found that ionomy-
cin-induced STIM1 translocation to ER–PM junctions is a much 
slower process, with a t1/2 of ∼50 s compared with STIM1 oligom-
erization, which occurs almost instantly after ER Ca2+ depletion 
(Liou et al., 2007). STIM1-TRNN showed a significantly faster 
translocation, with an approximately twofold increase in t1/2. 
The enhanced STIM1-TRNN translocation to ER–PM junctions 
further led to an accelerated Orai1 accumulation at ER–PM junc-
tions, indicating that EB1 binding regulates the kinetics of SOCE.

Moreover, we demonstrated that the trapping mechanism 
mediated by EB1 binding works continuously during SOCE 
because activated STIM1 became associated with EB1 after the 
disruption of PM binding by ML-9, an inhibitor of myosin light 
chain kinase (MLCK). The effects of ML-9 on STIM1 appeared 
to be independent of MLCK inhibition because knockdown of 
MLCK had no effect on SOCE (Smyth et al., 2008). Consistent with 
a previous observation that ML-9 was less efficient in inhibiting 
SOCE when both STIM1 and Orai1 were overexpressed (DeHaven 
et al., 2008), we found that the intensity of STIM1–Orai1 clusters 
remained similar after ML-9 treatment (Fig. S3 B). Thus, it is 
possible that ML-9 affects STIM1–phospholipid interaction at the 
PM. Multiple proteins localize at ER–PM junctions by binding to 
PM lipids to provide interorganelle signaling (Henne et al., 2015; 
Chang and Liou, 2016). Further work in defining the mechanisms 

Figure 7. Model. STIM1–EB1 interaction regulates STIM1 trans-
location to ER–PM junctions.



Chang et al. 
EB1 binding regulates STIM1-mediated Ca2+ signaling

Journal of Cell Biology
https://doi.org/10.1083/jcb.201711151

2056

underlying the actions of ML-9 may shed new light on STIM1 tar-
geting as well as the function and regulation of ER–PM junctions.

A previous study demonstrated that STIM1 phosphoryla-
tion at residues S575, S608, and S621 by ERK1/2 is important for 
STIM1 dissociation from EB1 and translocation to ER–PM junc-
tions during ER Ca2+ store depletion (Pozo-Guisado et al., 2013). 
Intriguingly, STIM1 phosphorylation was detected 2–5 min after 
TG treatment, arguing that STIM1 phosphorylation may occur 
after its translocation to ER–PM junctions. Nonetheless, STIM1 
phosphorylation may provide a mechanism to disengage EB1 
trapping for enhancing SOCE under certain conditions such as 
cell migration (Casas-Rua et al., 2015). Phosphorylation of STIM1 
may also be relevant during cell division because dissociation of 
phosphorylated STIM1 from EB1 is required for exclusion of the 
ER from mitotic spindles (Smyth et al., 2012).

SOCE is one of the most important pathways for Ca2+ signal-
ing and homeostasis. Thus, precise spatial-temporal regulation 
of SOCE is crucial for supporting cellular functions and health. 
In this study, we reveal an unexpected role of MT plus ends in 
optimizing STIM1 translocation and SOCE via an EB1 binding–
mediated trapping mechanism and show that STIM1–EB1 inter-
action is important for preventing Ca2+ overload, which has been 
associated with apoptosis resulting from enhanced mitochon-
drial Ca2+ uptake and many pathological conditions including 
stroke, neurodegeneration, and cancer (Trump and Berezesky, 
1995; Orrenius et al., 2003; Dong et al., 2006; Hajnóczky et al., 
2006). Our study on the crosstalk between MT plus ends and 
STIM1-mediated SOCE may shed light on how cells dynamically 
coordinate MT growth to regulate Ca2+ signaling in physio-
logical processes.

Materials and methods
Reagents
TG, pluronic F-127, and Fura-2–acetoxymethyl ester were pur-
chased from Invitrogen. All chemicals for extracellular buffer 
(ECB; 125 mM NaCl, 5 mM KCl, 1.5 mM MgCl2, 20 mM Hepes, 
10 mM glucose, and 1.5 mM CaCl2, pH 7.4), penicillin and strep-
tomycin solution, ML-9, nocodazole, ionomycin, histamine, and 
EGTA were obtained from Sigma-Aldrich. AP20187 was purchased 
from Takara Bio Inc. BHQ was obtained from EMD Millipore. 
Anti-EB1 antibody (ab53358) and anti–β actin antibody (ab8227) 
were obtained from Abcam. Anti-GAP DH antibody (G-8795) was 
purchased from Sigma-Aldrich. Human cDNA library and siRNA 
used in this study were generated as described previously (Liou et 
al., 2005). Primers used for siRNA generation are listed in Table S1.

Cell culture and transfection
HeLa cells purchased from ATCC were cultured in MEM supple-
mented with 10% FBS (HyClone) and penicillin and streptomy-
cin solution. DNA plasmids (25–50 ng) and siRNAs (25 nM) were 
transfected into HeLa cells with TransIT-LT1 reagent for 16–20 h 
and TransIT-TKO reagent for 48–72 h, respectively (Muris Bio).

DNA constructs
YFP-TM, YFP-STIM1, YFP-STIM1-D76A, MAP PER, mCherry- 
STIM1, mCherry-ER (KDEL), Orai1-mCherry, mCherry–K Ras tail, 

GFP-E-Syt2, and GFP-E-Syt3 were described previously (Liou et 
al., 2005, 2007; Chang et al., 2013; Giordano et al., 2013; Chen et 
al., 2017). mCherry-STIM1-D76A was constructed by replacing the 
YFP portion of YFP-STIM1-D76A with mCherry. iMAP PER-633 
was generated by inserting PCR fragments of (a) 2× FKBP, (b) TM 
plus cytosolic regions of MAP PER (without PM-targeting motif), 
and (c) STIM1 CT containing amino acids 633–685 into the MAP 
PER (YFP or mCherry) construct digested with SpeI and BamHI. 
CT mutants of STIM1 and iMAP PER-633 were generated using a 
QuikChange site-direct mutagenesis kit (Agilent Technologies). 
STIM1-2K was generated by site-directed mutagenesis to insert a 
fragment encoding glycine, alanine, glycine, and amino acids 671–
685 before the stop codon of STIM1. EB1-GFP and EB1-mCherry 
were cloned by inserting a PCR fragment containing EB1 into GFP-
N1 and mCherry-N1 plasmids, respectively. All constructs listed in 
this section were verified by sequencing. All oligonucleotides used 
in this study are listed in Table S1.

IP
HeLa cells were cultured on six-well plates and transfected with 
EB1-GFP (300 ng/well) and mCherry-STIM1 subtypes (200 ng/
well) overnight. Cells were then washed with warm PBS before 
lysis with 20 mM Tris buffer, pH 7.5, containing 100 mM NaCl, 
0.5% NP-40, and protease inhibitors on ice for 30 min. The lysates 
were subjected to centrifugation at 16,000 g for 15 min at 4°C, and 
the clear lysates (supernatants) were collected. The lysates were 
mixed with GFP-nAb agarose resin (Allele Biotechnology) and 
incubated with tumbling for 2 h at 4°C. The immunoprecipitated 
proteins were eluted with NuPAGE LDS sample buffer (Thermo 
Fisher Scientific) after washing the GFP-nAb agarose resin with 
10 mM Tris buffer containing 150 mM NaCl and 0.5% NP-40 four 
times. The eluted proteins were analyzed by Western blotting 
using antibodies against GFP (ab290; Abcam) or STIM1 (4916; 
Cell Signaling Technology).

Live-cell confocal and TIRF microscopy and image analysis
HeLa cells were cultured and transfected on Lab-Tek cham-
bered #1 coverglass (Nunc). Before imaging, cells were washed 
with ECB. Live-cell confocal and TIRF imaging experiments 
were performed at room temperature with CFI Apo 60× or 
100× objectives (1.49 NA) and a confocal TIRF microscope cus-
tom built using an Eclipse Ti microscope (Nikon) with an HQ2 
camera and an EM camera (c9100-13; Hamamatsu Photonics). 
The microscope was controlled by Micro-Manager software 
(Edelstein et al., 2010). FRAP was performed with a 60× objec-
tive and Andor spinning disk confocal and FRA PPA units on 
an Eclipse Ti microscope controlled by MetaMorph software 
(Molecular Devices). A 28-µm2 area of HeLa cells expressing 
YFP-STIM1 or YFP-STIM1-TRNN was subjected to photobleach-
ing with three pulses of 515-nm laser for 300 µs at maximal 
intensity. The intensity traces of the photobleached areas were 
analyzed and normalized to a nonbleached area in the same 
cells. For the analyses of relative translocation of STIM1 sub-
types to ER–PM junctions, 20–30 puncta in each cell from 
TIRF images were selected. The intensity traces of the selected 
puncta from the same cell were background subtracted, nor-
malized to the value at time 0, and averaged.
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Immunostaining
All procedures were performed at room temperature unless oth-
erwise indicated, and all washing steps were done using PBS for 
5 min. To detect the localization of endogenous STIM1 and EB1, 
nontransfected HeLa cells were rinsed with PBS and fixed with 
methanol at −20°C for 20 min. Fixed cells were washed three 
times and incubated with 0.3% Triton X-100 in PBS for 20 min for 
permeabilization. Permeabilized cells were then blocked with 5% 
normal donkey serum in PBS for 1 h followed by incubation with 
anti-STIM1 antibody (1:1,000 dilution) in PBS with 1% BSA at 4°C 
overnight. After three washes, the cells were incubated with fluo-
rescent secondary antibody (1:2,000 in dilution) for 1 h. The cells 
were then washed three times and subjected to blocking and incu-
bation with anti-EB1 antibody (1:1,000 dilution), followed by incu-
bation with fluorescent secondary antibody (1:2,000 in dilution) as 
described above. After three washes, the immunostained samples 
were imaged with confocal microscopy. Endogenous STIM1 and 
EB1 colocalization by immunostaining was quantified by measur-
ing the Manders coefficient of maximal-projected confocal images 
using the JACoP plugin in ImageJ (National Institutes of Health).

Cytosolic and ER Ca2+ level measurements
For measuring cytosolic Ca2+ levels, HeLa cells were loaded with 
0.5  µM Fura-2–acetoxymethyl ester in ECB containing 0.05% 
pluronic F-127 and 0.1% BSA for 30 min at room temperature, 
avoiding light. Loaded cells were then washed with ECB contain-
ing 0.1% BSA and incubated in ECB for another 15–30 min before 
the experiments. Single-cell Ca2+ images were taken with a Plan 
Fluor 4× objective (0.15 NA) and an automated microscope custom 
built on an Eclipse Ti microscope with a camera (HQ2; Photomet-
rics). The microscope was controlled by Micro-Manager software 
(Edelstein et al., 2010). Intracellular Ca2+ levels were indicated by 
ratio of 510-nm emission excited at 340 nm over those at 380 nm. 
The slope of SOCE represents the rate of increase in the Fura-2 
ratio in the first five time points (30 s) after Ca2+ addition. To 
measure ER Ca2+ levels, HeLa cells were cotransfected with D1ER 
and mCherry-STIM1 or mCherry-STIM1-TRNN. Single-cell Ca2+ 
images were taken with a Plan Fluor 40× objective (1.30 NA) 
and a confocal TIRF microscope custom built using an Eclipse Ti 
microscope with an HQ2 camera and an EM camera (c9100-13). 
Dynamic changes in ER Ca2+ levels were indicated by the ratio of 
FRET (CFP excitation/YFP emission) signal to that of CFP.

Statistical analysis
Data were statistically analyzed by t test or one-way ANO VA 
using SigmaPlot software (Systat Software).

Online supplemental material
Fig. S1 shows successful ER targeting of the SP-FP–2× FKBP–TM 
construct and translocation of iMAP PER-633 to ER–PM junc-
tions labeled by E-Syt3 after AP20187 treatment. Fig. S2 shows 
the specificity of the anti-STIM1 and anti-EB1 antibodies used 
in this study as demonstrated by Western blotting and immu-
nostaining, and the low expression level of YFP-STIM1 in a sta-
ble HeLa cell line. Fig. S3 shows that STIM1-TRNN minimally 
interacts with EB1 as detected by IP and that STIM1 and Orai1 
at ER–PM junctions remain stable after ML-9 treatment. Fig. S4 

shows STIM1 and STIM1-TRNN translocation to ER–PM junctions 
after TG treatment, ionomycin-induced STIM1 translocation to 
ER–PM junctions in cells treated with siControl and siEB1, and 
recruitment of Orai1 to ER–PM junctions by STIM1 or STIM1-
TRNN after TG treatment. Table S1 shows oligonucleotides used 
in this study. Video 1 is a time-lapse video demonstrating iMAP 
PER-633 binding to EB1 at MT plus ends in live HeLa cells. Video 2 
is a time-lapse video demonstrating that STIM1 puncta rapidly 
disappeared and STIM1 colocalization with EB1 became apparent 
after ML-9 treatment during ER Ca2+ store depletion.
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