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Live-cell imaging reveals sequential oligomerization
and local plasma membrane targeting of stromal
interaction molecule 1 after Ca%* store depletion
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Stromal interaction molecule 1 (STIM1) has recently been identified
by our group and others as an endoplasmic reticulum (ER) Ca2+
sensor that responds to ER Ca2* store depletion and activates Ca2*
channels in the plasma membrane (PM). The molecular mechanism
by which STIM1 transduces signals from the ER lumen to the PM is
not yet understood. Here we developed a live-cell FRET approach
and show that STIM1 forms oligomers within 5 s after Ca2* store
depletion. These oligomers rapidly dissociated when ER Ca2*
stores were refilled. We further show that STIM1 formed oligomers
before its translocation within the ER network to ER-PM junctions.
A mutant STIM1 lacking the C-terminal polybasic PM-targeting
motif oligomerized after Ca2* store depletion but failed to form
puncta at ER-PM junctions. Using fluorescence recovery after
photobleaching measurements to monitor STIM1 mobility, we
show that STIM1 oligomers translocate on average only 2 um to
reach ER-PM junctions, arguing that STIM1 ER-to-PM signaling is a
local process that is suitable for generating cytosolic Ca2* gradi-
ents. Together, our live-cell measurements dissect the STIM1 ER-
to-PM signaling relay into four sequential steps: (i) dissociation of
Ca2*, (ii) rapid oligomerization, (iii) spatially restricted transloca-
tion to nearby ER-PM junctions, and (iv) activation of PM Ca%+
channels.

Ca?* release-activated Ca2* | fluorescence recovery after photobleaching |
FRET | store-operated CaZ* influx

CazJr signals are used by cells for transducing receptor or
electrical inputs into functional outputs such as gene expres-
sion, contraction, and secretion (1). Although endoplasmic
reticulum (ER) Ca?* stores are the main source for inositol
trisphosphate-induced transient Ca?* signals, a necessary step
for activation of T lymphocytes, mast cells, and many other cells
is a persistent increase in Ca?>" concentration (2). These sus-
tained Ca®* signals require retrograde signaling from the lumen
of the ER to Ca?* channels in the plasma membrane (PM) in a
process called store-operated Ca?"™ (SOC) influx [also termed
Ca?* release-activated Ca?>" (CRAC) in immune cells] (3). The
Stauderman/Cahalan groups and our group have recently iden-
tified the single transmembrane protein stromal interaction
molecule 1 (STIM1) as an ER Ca?" sensor that responds to the
depletion of ER Ca?" and activates SOC/CRAC channels in the
PM (4-6). STIMI1 senses Ca* by an EF hand Ca?*-binding site
in the lumen of the ER (7). A recombinant fragment of the
luminal region of STIM1 has been shown to form dimers and
oligomers in the absence of Ca?* in vitro (8). Overexpression of
STIM1 mutants with a disrupted EF hand Ca?*-binding motif
resulted in constitutive activation of Ca?* influx (5, 6, 9). It was
also observed that depletion of ER Ca?* stores induced STIM1
translocation to punctate structures near the PM that correspond
to ER-PM junctions (5, 10). STIM1 colocalizes at these junctions
with the CRAC channel Orail (also known as CRACM1) and
synergistically activates SOC/CRAC influx (11-21). Although
these studies suggested possible scenarios for STIMI1 signal
transduction, the molecular steps by which STIM1 signals from
the ER to the PM are not yet understood.

www.pnas.org/cgi/doi/10.1073/pnas.0702866104

To elucidate the molecular mechanism of this STIM1 ER-
to-PM signaling relay, we used FRET and fluorescence recovery
after photobleaching live-cell measurements to dynamically
monitor how STIM1 is activated by ER Ca?* store depletion. We
found that depletion of ER Ca?* rapidly induces STIM1 oli-
gomerization and that STIM1 oligomerization is followed by a
much slower translocation of the oligomers to ER-PM junctions.
These two processes could be separated by a mutant STIM1
without the C-terminal polybasic motif. This mutant still oli-
gomerized but failed to translocate to ER-PM junctions. We also
found that the translocation of STIM1 oligomers is spatially
restricted, arguing that ER-to-PM signaling by STIM1 is a local
process and that SOC influx can be used to generate local Ca*
signals and Ca?" gradients in cells. Together, our results provide
evidence for a model that STIM1 functions as a four-step
ER-to-PM signaling relay that triggers local SOC entry signals by
sequential Ca?* sensing, oligomerization, PM translocation, and
SOC/CRAC channel activation.

Results

A Physiological Receptor Stimulus Triggered Both STIM1 Oligomer-
ization and Puncta Formation. To test whether lowering of ER Ca?*
induces STIM1 oligomerization in live cells, we used FRET
imaging (Fig. 14) to detect the interaction between cyan fluo-
rescent protein (CFP)- and yellow fluorescent protein (YFP)-
conjugated STIM1 in RBL cells (a tumor mast cell line) and in
HeLa cells. CFP, YFP, and FRET image triplets were taken on
a Nipkow confocal microscope using 442- and 514-nm laser
excitation. The apparent FRET efficiency (FRETE) between
CFP-STIM1 and YFP-STIM1 was calculated on a pixel-by-pixel
basis by using a method described previously (22). The FRETg
parameter is independent of the CFP-STIM1 concentration and
linearly correlates with the fraction of CFP-STIM1 that interacts
with YFP-STIM1. Strikingly, antigen stimulation of FceRI re-
ceptors in RBL cells, which induces inositol trisphosphate-
mediated Ca?* release from ER stores, triggered significant
increases in STIM1 FRETE signals as well as the formation of
STIM1 puncta near the PM (Fig. 1 B and C). We also performed
FRET measurements by acceptor photobleaching of YFP-
STIM1 and confirmed that stimulus-induced STIM1 FRETg
increases indeed reflect an increase in energy transfer [see
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Fig.1. ERCa2* controls STIM1 oligomerization and puncta formation. (A) Schematic representation of a FRET-based assay for STIM1 oligomerization. (B) STIM1

oligomerization and puncta formation in YFP-STIM1 and CFP-STIM1 cotransfected RBL cells. Confocal images were acquired near the adhesion surface before
and 90 s after antigen (2 pwg/ml dinitrophenol-BSA) stimulation. (Scale bar, 10 um.) (C) The average STIM1 FRETe trace of 31 RBL cells. The average and SE of t1,
are shown. (D) Confocal images of YFP-STIM1 and CFP-ER marker cotransfected RBL cells were acquired near the adhesion surface before and 90 s after antigen
stimulation. The overlay images show the colocalization of STIM1 (green) and the ER marker (red). (Scale bar, 5 um.) (E) YFP-STIM1 and CFP-STIM1 cotransfected
HelLa cells were stimulated with 100 ©M histamine (Hist.) plus 5 uM BHQ in a Ca2*-free buffer for 4 min. Cells were then washed three times, and 10 mM Ca2*
was added back. Confocal images were acquired near the adhesion surface before (Basal), 75 s after stimulation (Store depleted), and 70 s after Ca2* readdition

(Store refilled). (Scale bar, 10 um.) (F) The average STIM1 FRETg trace of 10 HelLa cells. The average and SE of t;, are shown.

supporting information (SI) Fig. 5]. Consistent with earlier
results (5, 10, 21), the YFP-STIM1 puncta that were formed near
the PM overlapped with a luminal ER marker in RBL cells (Fig.
1D). These results with antigen stimulation in RBL cells are the
first demonstration that a physiological receptor stimulus is
sufficient to trigger STIM1 oligomerization as well as STIM1
puncta formation at ER-PM junctions.

STIM1 Oligomerization and Puncta Formation Are Reversibly Con-
trolled by Depletion of ER Ca?*. Because antigen receptor stimu-
lation induces not only inositol trisphosphate production but also
other signaling events, we used an ER Ca?>" pump inhibitor,
thapsigargin, to more selectively deplete ER Ca?* stores. We
then determined whether a reduction in ER Ca?* is sufficient to
trigger STIM1 oligomerization and found similar FRETg in-
creases in thapsigargin-treated HeLa cells and RBL cells (SI Fig.
6). We also used a reversible ER Ca?* pump inhibitor, 2,5-di-
(t-butyl)-1,4-hydroquinone (BHQ), to investigate whether
STIM1 oligomerization and puncta formation are reversibly
regulated by ER Ca?* levels. Combined addition of histamine
and BHQ triggered a rapid increase in FRETg and STIM1

9302 | www.pnas.org/cgi/doi/10.1073/pnas.0702866104

puncta formation in HeLa cells (Fig. 1E and F). These store-
depleted cells were then washed in a Ca?*-free buffer without
BHQ and histamine before 10 mM Ca?* was added to the
outside of the cells to force a rapid refilling of Ca?* stores. The
increase in FRETg showed a marked return to below baseline
with a half-time of 22 s after the readdition of Ca?* (Fig. 1F).
This decrease in FRETg was paralleled by a loss in STIM1
puncta near the PM (Fig. 1E). We also found that BHQ alone
is sufficient to induce a reversible FRETE increase and STIM1
puncta formation in RBL cells (SI Fig. 7).The reversal of the
STIM1 FRETE increase and puncta formation during store
refilling is consistent with the interpretation that Ca?>* binding
to the luminal EF hand of STIM1 rapidly dissociates STIM1
oligomers and at the same time suppresses STIM1 localization to
ER-PM junctions. We note that in some cells, such as those
shown in SI Fig. 7, a fraction of STIM1 appeared to colocalize
not only with the ER but also with microtubule-like structures,
but the significance of this localization is not yet known.

STIM1 Oligomerization and Puncta Formation are Sequential Pro-

cesses. The coregulation of STIM1 oligomerization and STIM1
puncta formation by ER Ca?* levels prompted us to address the

Liou et al.


http://www.pnas.org/cgi/content/full/0702866104/DC1
http://www.pnas.org/cgi/content/full/0702866104/DC1
http://www.pnas.org/cgi/content/full/0702866104/DC1
http://www.pnas.org/cgi/content/full/0702866104/DC1
http://www.pnas.org/cgi/content/full/0702866104/DC1

SINPAS

7|

g‘

Downloaded at Johns Hopkins University on July 30, 2021

A B 12
o 1
=
S
YFP- o °
STIM1 % 06{tp<5s ~- FRET increase
g 04 == Puncta formation
0.2 tp=40s
0
lonomycin e
FRET. 30s

C @ t=250s
g 17 LeganaTataran”
S 08 h
< 7 > STIMA-WT
0.6 d i
m i s STIM1-AK
T 0.4 H

]
0>-> [
'E 0.2 4 ..'
&) 0 Ja= '-a‘

lonomycin
30s

Fig. 2. STIM1 oligomerization and translocation to ER-PM junctions are sequential processes. (A) YFP and FRETg images of a YFP-STIM1 and CFP-STIM1
coexpressing Hela cell acquired near the adhesion surface after 10 uM ionomycin stimulation in a Ca2*-free buffer. (Scale bar, 20 um.) (B) A kinetic comparison
of STIM1 FRETE increases and puncta formation in the same cells. The average FRETg responses of 28 ionomycin-stimulated cells are shown. STIM1 puncta
formation was monitored in these cells by measuring the average granule intensity in each cell by using a Gaussian filter (see Materials and Methods). SEs are
shown. (C) The average FRETE trace of 29 CFP-STIM1-AK and YFP-STIM 1-AK cotransfected Hela cells was compared with the wild-type STIM1 FRETE trace shown
in B. (D) Confocal images of a YFP-STIM1-AK transfected Hela cell acquired near the adhesion surface after 10 M ionomycin stimulation in a Ca2*-free buffer.
There was no puncta formation in all ionomycin-stimulated YFP-STIM1-AK-transfected HeLa cells examined (>100 cells from 30 experiments). (Scale bar, 20 um.)

relationship between these two processes. We used 10 uM
ionomycin, a Ca?>* ionophore, to more rapidly deplete ER Ca?*
to test whether the STIM1 FRETE increase and puncta forma-
tion can be Kkinetically separated. We found that the time
required for a half-maximal FRETE increase after addition of
ionomycin was <5 s, but it took ~40 s to observe significant
puncta formation in the same cells (Fig. 2 4 and B). Of note,
FRETg signals were elevated across the ER and were not
restricted to locations where puncta formation subsequently
occurred (e.g., t = 10 s panel in Fig. 24), suggesting that STIM1
first forms oligomers across the ER and that these oligomers
subsequently translocate to ER-PM junctions. In these experi-
ments, EGTA was added together with ionomycin to suppress
prolonged cytosolic Ca" increases and preserve the ER integ-
rity during the experiment (SI Fig. 8).

A Mutant STIM1 That Lacks the C-Terminal Polybasic Motif Separates
the Oligomerization Process from Translocation to ER-PM Junctions.
We further tested whether the oligomerization and translocation
processes can be separated by using a mutant STIM1 protein.
STIM1 has a polybasic sequence motif at the C terminus, which
has been shown in other proteins to function as a PM-targeting
motif that binds polyphosphoinositides in the PM (23). This same
polybasic region has been shown previously to be necessary for
STIM1 function (24). We constructed a mutant STIM1 that
lacked this polybasic motif (STIM1-AK) and tagged it with CFP
and YFP to test whether this region is important for oligomer-
ization and for translocation of STIM1 to ER-PM junctions in
response to Ca?" store depletion. Interestingly, the increase in
FRETE after ionomycin addition in cells coexpressing CFP-
STIM1-AK and YFP-STIM1-AK mutants was indistinguishable
from that with the wild-type STIM1 pairs (Fig. 2C). In contrast,
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the STIM1-AK mutant failed to form puncta near the PM in all
cells after Ca?* store depletion (>100 cells in 30 experiments)
(Fig. 2D).These results demonstrate that the polybasic motif is
important for the recruitment of STIM1 to ER-PM junctions but
is not required for oligomerization. By uncoupling STIM1
oligomerization from the translocation to ER-PM junctions, the
STIM1-AK mutant provides direct evidence that oligomeriza-
tion and translocation are separate steps in STIMI1 signal
transduction. Furthermore, the STIM1-AK mutant also identi-
fies the polybasic region of STIM1 as a motif that targets STIM1
oligomers to ER-PM junctions. By analogy with similar poly-
basic motifs in other proteins, this peptide may target STIM1 to
ER-PM junctions by binding PM polyphosphoinositides.

Consistent with such a role of the polybasic region, a FRETg
increase was also observed in HeLa cells coexpressing the
wild-type CFP-STIM1 and the YFP-STIM1-AK mutant after
Ca?* store depletion (SI Fig. 94). Notably, when the STIM1-AK
mutant was coexpressed with the wild-type STIM1, the YFP-
STIM1-AK mutant now translocated to puncta, albeit to a lesser
extent compared with the coexpressed wild-type CFP-STIM1 (SI
Fig. 9B).These results indicate that the STIM1-AK mutant can
oligomerize with the wild-type STIM1 and be recruited to the
PM by the polybasic tail of the wild-type STIM1.

STIM1 Signal Transduction Is a Local Process. The mechanistic
separation of oligomerization and translocation requires that
STIM1 oligomers, once formed, diffuse along the ER network to
be recruited to ER-PM junctions. We monitored the mobility of
YFP-STIM1 by fluorescence recovery after photobleaching
measurements and determined how quickly YFP-STIM1 dif-
fuses into a region from which the fluorescence of YFP-STIM1
has been bleached by a brief 514-nm laser pulse. As shown in Fig.
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STIM1 ER-to-PM signaling is a local process. (A) YFP-STIM1 diffusion in basal and ionomycin-treated cells monitored by fluorescence recovery after

photobleaching measurements. (Scale bar, 10 um.) (B) The average YFP-STIM1 intensity ratio of two sites inside and outside of the photobleached region (5 um
apart; n = 8 for each condition). (C) A series of relative Gaussian intensity profiles were fit through images such as those shown in A, and the increase in the square
of the Gaussian peak radius (a2) was tracked over time to derive an apparent diffusion coefficient. (D) The average diffusion coefficients of YFP-STIM1 before

and after Ca2* store depletion (n = 5 for each condition; SEs are shown).

34, YFP-STIMI translocation back into the bleached region was
relatively slow before Ca?* store depletion and became even
slower after Ca?* store depletion. This decrease in the diffusion
is probably due to the increased size of STIM1 oligomers and/or
the interaction of STIM1 with the PM. When we selected two
regions 5 wm apart within the bleach profile and calculated the
relative intensity equilibration of these two regions, we found
that the time required for STIM1 fluorescence recovery either
before or after Ca?* store depletion was >2 min, which is longer
than the time required for puncta formation (Fig. 3B). This result
indicates that the distance of recruitment for STIM1 puncta
formation is <5 wm. To determine the average distance over
which STIM1 is recruited to ER-PM junctions, we measured the
apparent diffusion coefficient (D) by fitting the two-dimensional
relative fluorescence intensity profiles (I) to a Gaussian function,
I = exp (—(x* + y?)/a?) and calculating the increase in the square
of the Gaussian peak radius (a?) as YFP-STIM1 diffused back
into the bleached area (25). Fig. 3C shows the increase in a? as
a function of time () that was used to calculate the diffusion
coefficient (slope = 4D) of YFP-STIM1 under the basal con-
dition (25). The average apparent diffusion coefficients of
YFP-STIM1 were ~0.1 and 0.05 um?/s before and after ER Ca?*
depletion, respectively (Fig. 3D).This diffusion of STIMI is
relatively slow compared with that of other ER membrane
proteins (26), which may result from the large size of its cytosolic
domain and/or by possible interactions with other proteins. The
average distance of recruitment for STIM1 puncta formation
was then calculated by using (average distance of recruitment) =
(4Dt/m)'? (27) and was found to be between 1.6 and 2.3 um for
the 40-s time period required for STIM1 to accumulate at puncta
near the PM. Thus, STIM1 functions as a locally acting ER Ca?*
sensor that transmits signals over an average distance of only 2
pum to a nearby ER-PM junction in HeLa cells. This result
suggests that STIM1 can locally regulate SOC influx in response
to a local drop in ER Ca?* concentration. Together with earlier
findings of gradients in SOC influx (28), this finding provides a
mechanistic explanation of how cells can use STIM1 signaling to
create spatially restricted Ca?* signals and Ca?* gradients.

9304 | www.pnas.org/cgi/doi/10.1073/pnas.0702866104

Discussion

STIM1 ER-to-PM Signaling Is a New Paradigm for Signal Transduction.
Our results show that STIM1 activation has an intriguing analogy
to growth factor and immune cell receptors that are activated by
ligand-mediated dimerization and oligomerization (29-31).
However, several key aspects of STIM1 activation are different
from the activation process of other receptors, arguing that
STIMI1 activation is a new paradigm for cell signaling. First, Ca>*
sensing occurs in the lumen of the ER and not outside of the cell
as for these other receptors. Second, oligomerization is triggered
by Ca?* dissociation and not by ligand binding. Third, a subse-
quent translocation step is required for STIM1 oligomers to
activate effectors at ER-PM junctions. We provide in this study
two lines of evidence separating the oligomerization and the
translocation processes. We found a significant kinetic differ-
ence between oligomerization and translocation to ER-PM
junctions (<5 s vs. 40 s), and we were able to show a direct
separation of the two processes by using a mutant STIM1 that
could still oligomerize but failed to translocate to ER-PM
junctions.

Ca2*-Sensing and Rapid STIM1 Oligomerization. Our study is the first
to show that STIM1 rapidly forms oligomers after Ca?* store
depletion in live cells and that this oligomerization process is
reversibly regulated by ER Ca?* levels. These results are sup-
ported by a recent in vitro biochemical study, which showed that
the luminal portion of STIM1 forms oligomers at low but not at
high Ca?" concentrations (8). Nevertheless, the molecular re-
quirements for STIM1 oligomerization are still controversial. An
earlier report has shown that this same luminal region of STIM1
is not necessary for the formation of STIM1 oligomers (32), and
a third study argues for a necessary role of the cytosolic
coiled-coil region for oligomerization (33). Our method to
monitor STIM1 oligomerization by FRET in live cells is useful
to track the oligomerization process over time and will be helpful
to identify the structural requirements for the oligomerization
process.

Signaling from the ER to the PM. Our study shows that the polybasic
motif at the C terminus of STIM1 that has previously been shown

Liou et al.



Lo L

P

2N

yd

Downloaded at Johns Hopkins University on July 30, 2021

ER Ca?*: loaded ER Ca?*:

Plasma membrane Orail

low (<40 s) ER Ca?*: low ( > 40 s)

{ o o sl pomusmsaras] o Jos ] Jom sl
ymz z STIM1
1. Ca?* dissociation g § 3. PM translocation % 5 El:qnghaﬂat
% é | |
| I mﬁ‘ @E = 5 . . \65 junctions
2. Oligomerization % 4. Orai1 recruitment °
ER lumen m"% ”ﬁm’, . g,
STIMI sf% ]
monomers STIM1 oligomers %

Fig. 4.

Schematic representation of the four steps that define the STIM1 ER-to-PM signaling relay. (Left) When ER stores are loaded with Ca2*, Ca2* is bound

to the EF hand of STIM1, preventing STIM1 oligomerization. (Center) In the first two activation steps, a reduction in luminal ER Ca2* leads to Ca2* dissociation
from the EF hand, which triggers a rapid oligomerization of STIM1. The oligomerization of STIM1 exposes the C-terminal polybasic PM-targeting motif. (Right)
In the next two steps, STIM1 oligomers are recruited via diffusion along the ER network to nearby ER-PM junctions where STIM1 interacts with the PM CaZ*

channel Orai1 and activates SOC influx.

to be necessary for activation of SOC influx (24) is not necessary for
oligomerization but is required for STIM1 translocation to ER-PM
junctions. This result not only separates the oligomerization from
the translocation process but strongly argues that puncta formation
at ER-PM junctions is an essential step in STIM1 activation. On the
basis of these results, we propose that Ca>* depletion-triggered
STIM1 oligomerization exposes or creates a high-affinity PM-
targeting motif that includes this polybasic tail, which resembles
known polyphosphoinositide binding peptides (34). Through direct
interaction of this motif with PM-localized polyphosphoinositides,
STIM1 oligomers can then effectively accumulate at ER-PM
junctions. Because this polybasic region is conserved in vertebrates
(SI Fig. 10) but is missing in Drosophila STIM1, it is plausible that
STIM1 interaction with polyphosphoinositides evolved as a mech-
anism to facilitate PM targeting and thereby enhance interactions
with PM-localized effectors. Our study further showed that the
rapidly formed STIM1 oligomers diffuse slowly within the ER
network with a diffusion constant of 0.05 um?'s.We estimated that
activated STIM1 translocates only to ER-PM junctions that are <2
um away. Therefore, STIM1 signaling is spatially restricted.
Recent studies showed binding interactions between STIM1
and the PM Ca?* channel Orail (14, 16). Such a direct regulatory
role of STIM1 for Orail is supported by a >10-fold up-regulation
of SOC influx in cells overexpressing both STIM1 and Orail (13,
19-21). Two recent reports also showed coclustering of STIM1
and Orail at ER-PM junctions (17, 18). Together with the data
shown here that the polyphosphoinositide interaction motif from
STIM1 is required for translocation, it is likely that oligomer-
ization and translocation of STIM1 to ER-PM junctions both
precede the recruitment and activation of the Ca?* channel
Orail and possibly other plasma membrane effectors such as
TRPC1 (24, 35). This result suggests that the activation process
of STIM1 can be separated into a series of distinguishable steps.

The STIM1 ER-to-PM Signaling Relay Has Four Steps. Our study
provides evidence for a four-step activation process for STIM1
that can be understood as a “STIM1 ER-to-PM signaling relay”
(Fig. 4). These four steps are as follows. (i) Receptor-induced
reduction of ER Ca?* concentration lowers the Ca®* occupancy
of the luminal EF hand of STIML1. (if) STIM1 without bound
Ca?* rapidly forms oligomers along the ER network. (iii) The
oligomerization of STIM1 exposes a C-terminal polybasic PM-
targeting motif, which leads to the recruitment of STIMI1
oligomers to nearby ER-PM junctions in a diffusion-limited
step. This STIM1 recruitment along the ER network is spatially
restricted to a 2-um region surrounding each ER-PM junction.
(iv) At ER-PM junctions, STIM1 recruits and activates the Ca?*
channel Orail and possibly other PM signaling proteins. Finally,
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our finding that this four-step STIM1 ER-to-PM signaling relay
operates locally provides a mechanistic explanation for how cells
may use the SOC influx pathway to generate local Ca?* signals
and cytosolic Ca?* gradients.

Materials and Methods

Cells, DNA Constructs, and Reagents. HelLa and RBL cells were
purchased from American Type Culture Collection (Manassas,
VA). For antigen stimulation, RBL cells were incubated over-
night with 0.2 pug/ml anti-dinitrophenol IgE (Sigma, St. Louis,
MO) before dinitrophenol-BSA (Sigma) stimulation. YFP-
STIM1 and CFP-STIM1 expression constructs have been de-
scribed (5). CFP-STIM1-AK and YFP-STIM1-AK mutants were
generated by introducing a stop codon at amino acid position 671
of human STIM1. pECFP-ER plasmid was obtained from Clon-
tech. (Mountain View, CA). DNA plasmids were transfected
into HeLa or RBL cells by using AMAXA electroporation
protocols and solutions (AMAXA Biosystems, Cologne, Ger-
many). BHQ and histamine were acquired from EMD Bio-
Sciences (San Diego, CA). Ionomycin was purchased from
Sigma, and thapsigargin was purchased from Invitrogen (Carls-
bad, CA).

Fluorescence Imaging and Photobleaching. CFP/YFP/FRET images
were acquired with a spinning disk confocal microscope (Nipkow
Wallac system; PerkinElmer, Waltham, MA) using a X40 ob-
jective. Cells were imaged in extracellular buffer (5) at room
temperature. To better visualize near PM STIM1 puncta, shown
images were taken near the adhesion surface of the cells. For
photobleaching experiments, the focal plane of a second 100-
mW, 514-nm YFP laser was set to create a 19-um bleach region
within the image plane. A 5-s pulse was used to locally photo-
bleach ~95% of the YFP intensity. Metamorph software (Mo-
lecular Devices, Sunnyvale, CA) was used for image analysis.

The time course of puncta formation in Fig. 2 was analyzed by
monitoring the increase in average granularity in YFP-STIM1
intensity. Granularity was measured as the average cellular
fluorescence intensity following Gaussian filtering (Image Anal-
ysis Toolbox for MATLAB; Mathworks, Natick, MA).

FRET Measurements. CFP, YFP, and FRET image triplets were
acquired in CFP-STIM1 and YFP-STIM1 cotransfected cells.
The FRET image was taken by using CFP excitation and YFP
emission. Intermolecular FRET between CFP-STIM1 and YFP-
STIM1 was measured on a pixel-by-pixel basis by using a
two-step FRET protocol developed by Zal and Gascoigne (22).
First, we corrected for bleed-through and determined a cor-
rected FRET image (Fc): Fc = Ipa — dIpp — alaa. In this
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equation, Ipp, Iaa and Ipa correspond to the background-
subtracted CFP, YFP, and FRET images, respectively. The two
microscope-specific bleed-through parameters, d and a, were
determined by using cells transfected with CFP or YFP alone.
The derived values were d = Ipa/lpp = 0.47 = 0.02 and a =
IDA/IAA = 0.09 = 0.01.

In the second step, we calculated FRETE by using the
following algorithm: FRETg = Fc/(Fc + Glpp). FRETE is the
“true” FRET efficiency that measures the fraction of CFP
exhibiting FRET. The value for the microscope-specific constant
G was derived by measuring a CFP fluorescence increase after
YFP acceptor photobleaching by using an intramolecular CFP-
YFP FRET probe: G = 2.10 = 0.15. FRETE images were
displayed in a color-coded scale. A 3 X 3 low-pass filter was used
to remove single-pixel noise in shown FRETE images.

Measurements of FRETE in unstimulated RBL cells was 6.5%
as shown in Fig. 1C, probably reflecting a low degree of
oligomerization of the overexpressed STIM1 proteins as well as
collision FRET between diffusing CFP-STIM1 and YFP-STIM1
proteins. The observed undershot below the baseline in FRETg
in Fig. 1F is probably a result of a higher than basal ER Ca?" load
due to the 10 mM Ca?* refilling protocol used to accelerate ER
store filling.
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Diffusion Analysis by Fluorescence Recovery After Photobleaching.
Relative intensity equilibration after photobleaching was calcu-
lated from the ratio of the intensities of two regions 5 wm apart
within the bleach profile. The ratio derived from the image
acquired immediately before photobleaching was set to 1, and
the ratio derived from the image taken immediately after
photobleaching was set to 0. Diffusion coefficients were calcu-
lated by using two-dimensional Gaussian fits of the relative
intensity in a series of images after the photobleaching pulse. The
same fitting approach has been described previously for the case
of one dimension (23). Specifically, cells were cotransfected with
CFP-STIM1 and YFP-STIM1, and YFP images were first di-
vided by CFP images to obtain normalized YFP intensities. By
using the normalized intensities (), the increasing radius square
(a?) of the Gaussian bleach area was calculated by fitting the
function I = exp[—(x? + y?)/a?] through each of the images. The
slope of this graph is a direct measure the diffusion coefficient
(D) because the square of the Gaussian bleach radius (a?)
increases linearly with 4D as a function of time (a® + ao?> = 4D,
with ag as the initial bleach radius).
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