The store-operated Ca2+ entry complex comprises a small cluster of STIM1 associated
with one Orai1 channel
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Significance
Store-operated Ca2+ entry (SOCE) links Ca2+ release from endoplasmic reticulum (ER) to
Ca2+ entry across the plasma membrane (PM). SOCE is unusual in requiring interaction
between proteins in different membranes. STIM1, when it senses loss of ER Ca2+, unfurls
domains that interact with Orai1 PM Ca2+ channels. The stoichiometry of the SOCE complex
is contentious, but it determines the regulation and functional consequences of SOCE. We
show that native complexes are likely to comprise a single Orai1 channel and a few STIM1
dimers, too few to cluster Orai1 channels. We suggest that SOCE may be digitally regulated
by local ER depletion, and that local SOCE-evoked Ca2+ fluxes are small enough to allow
substantial intracellular redistribution of Ca2+ through ER tunnels.
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Increases in cytosolic Ca2+ concentration regulate diverse cellular activities and are
usually evoked by opening of Ca2+ channels in intracellular Ca2+ stores and the plasma
membrane (PM). For the many signals that evoke formation of inositol 1,4,5trisphosphate (IP3), IP3 receptors coordinate the contributions of these two Ca2+ sources
by mediating Ca2+ release from the endoplasmic reticulum (ER). Loss of Ca2+ from the
ER then activates store-operated Ca2+ entry (SOCE) by causing dimers of STIM1 to
cluster and unfurl cytosolic domains that interact with the PM Ca2+ channel, Orai1,
causing its pore to open. The relative concentrations of STIM1 and Orai1 are important,
but most analyses of their interactions use over-expressed proteins that perturb the
stoichiometry. We tagged endogenous STIM1 with EGFP using CRISPR/Cas9. SOCE
evoked by loss of ER Ca2+ was unaffected by the tag. Step-photobleaching analysis of
cells with empty Ca2+ stores revealed an average of 14.5 STIM1 molecules within each
sub-PM punctum. The fluorescence intensity distributions of immunostained Orai1
puncta were minimally affected by store depletion, and similar for Orai1 colocalized
with STIM1 puncta or remote from them. We conclude that each native SOCE complex
is likely to include only a few STIM1 dimers associated with a single Orai1 channel. Our
results, demonstrating that STIM1 does not assemble clusters of interacting Orai
channels, suggest mechanisms for digital regulation of SOCE by local depletion of the
ER.
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In generating the cytosolic Ca2+ signals that regulate cellular activities, cells call upon two
sources of Ca2+: the extracellular space, accessed through Ca2+ channels in the plasma
membrane (PM), and Ca2+ sequestered within intracellular stores, primarily within the
endoplasmic reticulum (ER). In animal cells, the many receptors that stimulate formation of
inositol 1,4,5-trisphosphate (IP3) provide coordinated access to both Ca2+ sources (1). IP3
stimulates the opening of IP3 receptors (IP3R), which are large Ca2+-permeable channels
expressed mostly within ER membranes. IP3 thereby triggers Ca2+ release from the ER (2, 3).
The link to extracellular Ca2+ is provided by store-operated Ca2+ entry (SOCE), which is
activated by loss of Ca2+ from the ER. The reduction in ER free Ca2+ concentration causes
Ca2+ to dissociate from the luminal Ca2+-binding sites of stromal interaction molecule 1
(STIM1), a dimeric protein embedded in ER membranes. This loss of Ca2+ causes STIM1 to
unfurl cytosolic domains that interact with the PM Ca2+ channel, Orai1, causing its pore to
open and Ca2+ to flow into the cell through the SOCE pathway (Fig. 1A) (4, 5). Available
evidence suggests that STIM1 must bind to the C-terminal tail of each of the six subunits of
an Orai1 channel for optimal activity, with lesser occupancies reducing activity and
modifying channel properties (6-10). The interactions between STIM1 and Orai1 occur at
membrane contact sites (MCS), where the two membranes are organized to provide a gap of
about 10-30 nm, across which the two proteins directly interact (11-13).
Orai channels are unusual in having no structural semblance to other ion channels and in
having their opening controlled by direct interactions between proteins in different
membranes (Fig. 1A). Competing models suggest that dimeric STIM1 binds either to a pair
of C-terminal tails within a single channel (6 STIM1 molecules per hexameric Orai1 channel)
(Fig. 1Ba), or that each dimer interacts with only a single C-terminal tail leaving the
remaining STIM1 subunit free to cross-link with a different Orai1 channel (12 STIM1
molecules around a single Orai1 channel) (Fig. 1Bb) (see references in 14). The latter
arrangement has been proposed to allow assembly of close-packed Orai1 clusters (Fig. 1Bc)
and to explain the variable stoichiometry of Orai1 to STIM1 at MCS (14).
Opening of most ion channels is regulated by changes in membrane potential or by
binding of soluble stimuli, where the relationship between stimulus intensity and response is
readily amenable to experimental analysis. The unusual behaviour of SOCE, where direct
interactions between proteins embedded in different membranes control channel opening (Fig.
1A), makes it more difficult to define stimulus-response relationships and highlights the need
to understand the amounts of STIM1 and Orai1 within the MCS where the interactions occur.
When STIM1 or Orai1 are over-expressed their behaviours are perturbed, yet most analyses
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of their interactions have involved over-expression of the proteins. These difficulties
motivated the present study, which was designed to determine the number of native STIM1
molecules associated with each SOCE signalling complex.

Results
We used CRISPR/Cas9 to attach EGFP to endogenous STIM1 in HeLa cells (Fig. 1C) and
confirmed the correct attachment of EGFP to the C-terminal of STIM1 by sequencing
genomic DNA (SI Appendix, Fig. S1 A-C). In-gel fluorescence, Western blotting with an
anti-GFP antibody, and knockdown of STIM1 expression using short hairpin RNA (shRNA)
confirmed that STIM1-EGFP was the only EGFP-tagged protein expressed in the STIM1EGFP HeLa cells (Fig. 1 D-F and SI Appendix, Fig. S1 D-F). Western blot (WB) analyses
revealed that 52 ± 8% of the expressed STIM1 was tagged with EGFP (Fig. 1 G and H). This
is consistent with detection of genomic DNA for both normal and tagged STIM1 in the edited
monoclonal STIM1-EGFP HeLa cell line (SI Appendix, Fig. S1C), and with our HeLa cells
having two copies of chromosome 11 on which the STIM1 gene is located (15). The overall
expression of STIM1 was modestly reduced (to 73 ± 18%) in STIM1-EGFP HeLa cells
relative to the parental cells (Fig. 1H), but there were no significant effects of the editing on
Ca2+ signalling. Histamine-evoked Ca2+ release from the ER, which occurs through IP3Rs
(15), was indistinguishable in wild type (WT) and edited cells (Fig. 1I and SI Appendix, Fig.
S2A). The Ca2+ signals evoked in Ca2+-free HEPES-buffered saline (HBS) by cyclopiazonic
acid (CPA), which reversibly inhibits the ER Ca2+ pump and thereby unmasks an underlying
Ca2+ leak (SI Appendix, Fig. S2B), were also unaffected by the gene editing (Fig. 1J). This
observation, showing the same concentration-dependent loss of ER Ca2+ with CPA in the two
cell lines, is important because we use CPA to cause graded activation of SOCE. Restoration
of extracellular Ca2+ to cells treated with various concentrations of CPA in Ca2+-free HBS
evoked graded increases in cytosolic free Ca2+ concentration ([Ca2+]c), reflecting the activity
of SOCE. The amplitude of this SOCE, whether evoked by maximal or submaximal depletion
of Ca2+ stores, was indistinguishable in the two cell lines (Fig. 1K and SI Appendix, Fig.
S2B). The unchanged response to submaximal stimulation of SOCE in the edited cells
indicates that STIM1-EGFP is functional. The amplitude of the sustained increase in [Ca2+]c
evoked by histamine, which probably reports the activity of SOCE, was also
indistinguishable in the two cell lines, though smaller than the SOCE evoked by CPA (SI
Appendix, Fig. S2 C and D). These results, demonstrating that SOCE is normal in STIM14

EGFP HeLa cells, justify use of these cells for optical analyses of STIM1 redistribution after
store depletion.
We used total internal reflection fluorescence microscopy (TIRFM) to interrogate
cytoplasm immediately beneath the PM and showed that STIM1-EGFP formed puncta within
the ER (Fig. 2A). Addition of thapsigargin in Ca2+-free HBS to irreversibly inhibit the ER
Ca2+ pump caused accumulation of STIM1-EGFP puncta within the TIRF field. The
accumulation was 50% complete by ~2 min, complete within ~4 min, and stable thereafter
for at least 15 min (Fig. 2 B-D). The time course and scale of STIM1 accumulation are
similar to those from analyses of immunostained native STIM1 (Fig. 2 E and F and SI
Appendix, Fig S2 E and F) (15), and comparable to analyses using over-expressed STIM1
(16, 17), although the latter vary considerably between studies (SI Appendix, Fig. S2G). The
accumulation of STIM1-EGFP beneath the PM was due to increases in both the number of
puncta and their average fluorescence intensity (Fig. 2 D, G, H and SI Appendix, Fig. S3). In
step-photobleaching analyses using TIRFM, the amplitude of the final bleaching event was
indistinguishable for STIM1-EGFP puncta in stimulated and unstimulated cells (see SI
Appendix, Fig. S4C), suggesting that the puncta were all similarly located in the TIRF field.
The brighter puncta in cells with empty stores must therefore contain more STIM1-EGFP
molecules. These results confirm that loss of Ca2+ from the ER causes STIM1-EGFP to form
puncta beneath the PM that are both larger and more abundant than in cells with replete Ca2+
stores.
The fixation required for step-photobleaching analyses has been reported to empty Ca2+
stores and activate SOCE (18, 19), but fixation of HeLa cells caused no evident activation of
STIM1 (SI Appendix, Fig. S5). We also confirmed that the conditions used to identify cells
before photobleaching caused negligible pre-bleaching (SI Appendix, Fig. S4A). In cells with
empty Ca2+ stores, the average number of fluorophores per punctum was 5.82 ± 0.31 (Fig. 3
A and B and SI Appendix, Fig. S4 B and C). Not all puncta resolve the final bleaching step
required to estimate the fluorophore content. the fluorescence intensity distributions and
mean intensities of all puncta and those amenable to step-photobleaching analysis (~25%,
365/1477) were indistinguishable (SI Appendix, Fig. S4 D and E). This confirms that our
bleaching analysis was unbiased. EGFP tags are detected as fluorescence with ~80%
efficiency (20), suggesting that the average number of STIM1-EGFP molecules in each
punctum is 7.28 ± 0.39. A complementary analysis used the fluorescence intensity of STIM1
puncta from cells treated with GFP-siRNA as a calibration signal; it provided a similar
estimate of the number of STIM1 molecules in a punctum (SI Appendix, Fig. S6).
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Since only half the expressed STIM1 is tagged with EGFP, it was important to establish
that tagged and native STIM1 co-assemble within puncta. Our evidence that SOCE is normal
in STIM1-EGFP HeLa cells supports that conclusion (Fig. 1 and SI Appendix, Fig. S2), and
it is confirmed by additional evidence using STIM1 immunostaining to compare the
distribution of all STIM1 with that of STIM1-EGFP. The results demonstrate that puncta
identified by the STIM1 antibody, which recognises native and tagged STIM1 (Fig. 1G and
SI Appendix, Fig. S1E), were also labelled with EGFP, and that for each punctum the
intensities of EGFP and antibody fluorescence were tightly correlated (Fig. 3 C and D). The
correlation does not alone establish the stoichiometry of STIM1 to STIM1-EGFP, but the
consistency of the relationship alongside our demonstration that 50% of STIM1 is tagged
(Fig. 1H) confirm that tagged and untagged STIM1 mix uniformly in a 1:1 ratio. Furthermore,
the fluorescence intensity distributions of STIM1 puncta formed after store depletion and
immunostained with STIM1 antibody were indistinguishable in STIM1-EGFP and WT HeLa
cells (Fig. 3E and SI Appendix, Fig. S4G). Finally, we expressed mCh-Orai1 in STIM1EGFP HeLa cells and, although the results were variable, we confirmed that in cells with
empty Ca2+ stores, STIM1 and STIM1-EGFP were co-immunoprecipitated with mCh-Orai1
and in the same ratio as their expression in the cell lysates (Fig. 3 F-I). These observations
show that the size of the puncta detected after loss of ER Ca2+ is unaffected by the EGFP tag,
and that untagged STIM1 and STIM1-EGFP mix interchangeably within the puncta that
associate with Orai.
We conclude that each punctum in cells with empty Ca2+ stores contains an average of
14.5 STIM1 molecules. There is variability between puncta (Fig. 3 E and J), but the
variability is a property of the puncta rather than a limitation of the photobleaching analyses
(SI Appendix Fig. S4H). In store-depleted cells, most puncta (99.5%) contain at least 6
STIM1 molecules, but only 15.6% contain more than 20 STIM1 and only 2.2% have more
than 30 (Fig. 3J). These estimates ignore any possible contribution from STIM2, which can
oligomerize with STIM1 (21), but in HeLa cells STIM2 expression is only 7.7% that of
STIM1 (22). Since ~50% of STIM1 puncta in cells with empty stores are present before store
depletion (Fig. 2D), we considered whether this might cause us to substantially underestimate
the size of puncta formed as a consequence of ER emptying. By comparing numbers of
puncta in each fluorescence intensity category before and after store depletion, we estimated
that the mean fluorescence intensity of the STIM1 puncta that appear after store depletion
(difference plots in Fig. 2 G and H) is only 28% greater than that of all puncta in storedepleted cells (mean intensities of 36,669 and 28,702 FU, respectively). Including only these
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‘additional’ puncta in our analyses would increase our estimate of the number of STIM1
molecules in a punctum in cells with empty Ca2+ stores from 14.5 to 18.5 STIM1. Even if we
assumed that the brightest 50% of puncta were formed exclusively after store depletion, our
estimate of the number of STIM1 molecules per punctum would increase to only 19.0 (Fig.
3J). We conclude that in cells with empty stores, native puncta contain rather few STIM1
molecules.
MAPPER is a fluorescent MCS reporter derived from STIM1 (23). We used mChMAPPER to identify relationships between STIM1-EGFP and MCS, although we are
concerned that MAPPER may perturb accumulation of native STIM1 at MCS, perhaps
because STIM1 and MAPPER compete with each other (SI Appendix, Fig. S7). Nevertheless,
our results suggest a significant colocalization STIM1 puncta with mCh-MAPPER in control
and thapsigargin-treated STIM1-EGFP HeLa cells. Under both conditions, ~50% of STIM1
puncta colocalize with mCh-MAPPER (Fig. 3K, SI Appendix Fig. S8A). There are, of course,
more STIM1 puncta near the PM of cells with empty Ca2+ stores (Fig. 2D) and so more
within identified MCS, but we may underestimate this colocalization if STIM1 and mChMAPPER compete for occupancy of MCS (SI Appendix, Fig. S7 H and I).
The mean fluorescence intensity of puncta after store depletion is 138% of that in cells
with full Ca2+ stores (Fig. 2G), suggesting that in unstimulated cells, puncta contain an
average of 10.5 STIM1 molecules. This result is similar to the estimate from stepphotobleaching analysis of unstimulated cells (8.8 ± 0.5, SI Appendix, Fig. S4F). We
conclude that store depletion causes only a modest (~50%) increase in the average number of
STIM1 molecules within a punctum (from ~10 to ~15). The conclusion is substantiated by
analyses of WT HeLa cells with immunostained STIM1 puncta, where store depletion caused
their average fluorescence intensity to increase by ~55% (SI Appendix, Fig. S4G). Hence,
most native puncta in cells with empty stores contain enough STIM1 to activate no more than
two Orai1 channels if each channel binds three STIM1 dimers (Fig. 1Ba), and only one Orai1
channel if each subunit binds its own STIM1 dimer (Fig. 1Bb).
We estimated the number of Orai1 Ca2+ channels associated with a STIM1 punctum using
TIRFM after immunostaining for Orai1 before and after store depletion. We reasoned that the
distribution of fluorescence intensities for each immunolabelled spot before store depletion
likely reports antibody binding to a single hexameric Orai1 channel, while that determined
for Orai1 colocalized with STIM1 after store depletion reports the number of Orai1 channels
associated with a SOCE complex. We confirmed both the specificity of the antibody (Ab) by
demonstrating loss of immunostaining after treatment with siRNA to Orai1, and the ability of
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the Ab to resolve increases in the number of Orai1 within an immunolabelled spot (SI
Appendix, Fig. S9).
The fluorescence intensity distributions for immunostained Orai1 puncta were
indistinguishable for WT and STIM1-EGFP HeLa cells, and minimally affected by depletion
of the Ca2+ stores (Fig. 4 A-C). We used an object-based colocalization method (24) to
measure distances between the centres of each Orai1 punctum and the nearest STIM1
punctum in cells with full and empty stores. The analysis revealed no significant
colocalization (centroid separations < 320 nm) in cells with replete Ca2+ stores (4.8 ± 0.9%, n
= 5 cells), but a significant fraction of Orai1 (14.5 ± 0.4%) colocalized with STIM1 in cells
with empty stores (Fig. 4 D and E). In cells with empty stores, there was minimal difference
in the intensities of Orai1 puncta associated with STIM1 puncta or remote from them
(separations > 960 nm) (Fig. 4F). These results confirm that depletion of ER Ca2+ stores
causes clustering of STIM1 and its association with Orai1, but there is no discernible
aggregation of Orai1 channels.
We used GFP-MAPPER to examine relationships between MCS, Orai1 and STIM1 in WT
HeLa cells. As with STIM1-EGFP HeLa cells, similar fractions of STIM1 associated with
MAPPER in cells with full (39 ± 6%) or empty Ca2+ stores (47 ± 3%) (SI Appendix, Fig. S8
B-D). After store depletion, the fraction of STIM1 puncta colocalized with both MAPPER
and Orai1 significantly increased (from 17.9 ± 6.0% to 26.1 ± 4.2%, n = 6) (Fig. 4G). We
suggest that the native complex within which STIM1 activates SOCE typically includes only
a single Orai1 channel and that most sites where both proteins occur coincide with MCS
identified by MAPPER (Fig. 4H).

Discussion
Over-expressed STIM1 perturbs both its interaction with Orai1 (8, 25-28), and the structures
of the ER and MCS where SOCE occurs (12, 19). We therefore used cells with one copy of
endogenous STIM1 tagged with EGFP (Fig. 1) to define the number of STIM1 molecules
within the puncta that regulate Orai1. We confirmed that SOCE was unperturbed in the edited
cells (Fig. 1K) and that STIM1 and STIM1-EGFP mixed interchangeably (Fig. 3 C-I). Our
results suggest that in cells with empty Ca2+ stores, each SOCE complex typically comprises
about seven STIM1 dimers and a single Orai1 channel. Whether dimeric STIM1 binds to one
or two subunits of a hexameric Orai1 channel is unresolved (Fig. 1B). But with an average of
only seven STIM1 dimers in each punctum and only ~2% of puncta having more than fifteen
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dimers (Fig. 3J), there would be no opportunity for the crosslinking of active Orai1 channels
by STIM1 reported in cells over-expressing STIM1 (14, 19, 28). Cross-linking might be
possible if fewer STIM1 were required to activate Orai1, but the evidence that all six subunits
of Orai1 must bind STIM1 for full activation is compelling (9). Furthermore, our direct
measurements of Orai1 staining suggest that each SOCE junction typically contains only a
single Orai1 channel (Fig. 4 and SI Appendix, Fig. S9), consistent with electrophysiological
evidence indicating a lack of Ca2+-mediated interactions between native Orai1 channels (29).
In Jurkat cells, where CRAC currents are unusually large, comparison of whole-cell SOCE
currents with the number of ER-PM MCS suggest about 5 open Orai1 channels per MCS (30).
Hence most mammalian cells, even when intensely stimulated, probably have very few Orai1
channels in each SOCE junction (30).
In HeLa cells, the number of MCS identified by MAPPER in the TIRF field (~340/cell, SI
Appendix, Fig. S7D) is comparable to the number of STIM1 puncta in store-depleted cells
(~400/cell), whether identified by immunostaining (Fig. 3E, SI Appendix, Fig S4G) or as
STIM1-EGFP (Fig. 3 B and D, SI Appendix, Fig. S6B and S7G). There are considerably
more Orai1 channels (~2000/cell, Fig. 4B) than STIM1 puncta in a cell, and since each
STIM1 punctum is unlikely to activate more than a single Orai1 channel (Fig. 4), we suggest
that native STIM1 puncta can activate only a small fraction of the Orai1 channels. In cells
where STIM1 is more abundant, after overexpression for example, trapping of Orai1 at MCS
may be more effective; and if overexpression also allowed assembly of larger STIM1 puncta
the efficiency might be further increased by sharing of STIM1 subunits across clustered
Orai1 channels (Fig. 1Bc).
In the TIRF field of cells with empty Ca2+ stores, 26.1 ± 4.2% of STIM1 puncta colocalize
with Orai1 at MCS identified by MAPPER (SI Appendix Fig. S8C), although as discussed
we may underestimate the number of MCS in store-depleted cells (SI Appendix, Fig. S7 H
and I). These observations suggest the presence of ~100 MCS populated by both STIM1 and
Orai1 in the TIRF field, suggesting ~200 active junctions, each with a single active Orai1
channel, in a maximally activated HeLa cell. This is sufficient to account for the increase in
[Ca2+]c evoked by store depletion (SI Appendix, Fig. S10). The modest rate of Ca2+ flux into
each SOCE junction through a single Orai1 channel (<6300 Ca2+/s) (30) makes it easier to
understand how ER Ca2+ pumps (SERCA), with their very low turnover numbers (<40 Ca2+/s)
(31), may nevertheless sequester appreciable amounts of the incoming Ca2+ and redirect it
through the ER and IP3Rs to distinct intracellular effectors (32).
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The increase in size of STIM1 puncta after store depletion is modest, from about five to
about seven dimers (Fig. 2G), a change that straddles the minimal number of active dimers
(six) needed to allow activation of Orai1 in the one-dimer per Orai1 subunit model (Fig. 1Bb).
We speculate that assembly of native STIM1 puncta around Orai1 after store depletion is
driven largely by recruitment of STIM1 dimers already resident within the MCS, allowing
each MCS to function as an autonomous digital regulator of SOCE (1, 15) (Fig. 4H).

Materials and Methods
CRISPR/Cas9 was used to attach EGFP to a single copy of the STIM1 gene in HeLa cells.
Appropriate tagging was verified using WB, in-gel fluorescence and sequencing of genomic
DNA. Immunocytochemistry, immunoprecipitaton and measurements of changes in [Ca2+]c
evoked by SOCE were used to confirm that the EGFP tag did not perturb STIM1 function.
TIRFM and step-photobleaching analyses were used to establish numbers of STIM1
molecules within the puncta formed after depletion of intracellular Ca2+ stores.
Immunostaining with a validated antibody was used to examine the composition of Orai1
puncta. Details of the methods are provided in SI Appendix.

SUPPORTING INFORMATION. Supporting information includes SI Appendix, Materials
and Methods, and ten figures.
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Fig. 1. SOCE is unaffected by tagging of endogenous STIM1. (A) SOCE is activated when
loss of Ca2+ from the ER, usually mediated by IP3Rs, causes Ca2+ to dissociate from the EFhands of dimeric STIM1. This causes STIM1 to unfurl its cytosolic domain, unmasking the
C-terminal polybasic tail (PBT) and CAD domain. Association of the PBT with PM
phosphoinositides causes STIM1 to accumulate at MCS, where the CAD domain captures the
C-terminal tail of Orai1. Binding of STIM1 to each of the six subunits of Orai1 opens the
Ca2+ channel, allowing SOCE to occur (9). (B) Orai1 is a hexamer, comprising three pairs of
dimers (33). Dimeric STIM1 may activate Orai1 by binding as three dimers (a), or as six
dimers (b) with the residual STIM1 subunit free to interact with another Orai1 channel (c)
(14). (C) Structure of the edited STIM1-EGFP. (D) TIRF images of STIM1-EGFP HeLa cells
treated with STIM1 or non-silencing (NS) shRNA before emptying of Ca2+ stores. Scale bar,
10 µm. (E) Summary results (individual values, mean ± SD, n = 3 independent experiments,
each with ~30 cells analysed) show whole-cell fluorescence intensities from TIRF images of
STIM1-EGFP HeLa cells treated with the indicated shRNA. Results from wild type (WT)
cells are also shown (n = 4). FU, fluorescence units. ****P < 0.0001, ANOVA with
Bonferonni test, relative to WT cells. (F) In-gel fluorescence of lysates from WT or STIM1EGFP HeLa cells (protein loadings in μg). The STIM1-EGFP band (arrow) and molecular
mass markers (kDa) are shown. Similar results were obtained in 4 independent analyses. (G)
Western blot for STIM1 and β-actin for WT and STIM1-EGFP HeLa cells. Protein loadings
(μg) and molecular mass markers (kDa) are shown. Arrows show positions of native and
EGFP-tagged STIM1. (H) Summary results (individual values, mean ± SD, n = 9) show
expression of STIM1-EGFP relative to all STIM1 in STIM1-EGFP HeLa cells (red), and
total STIM1 expression in WT and edited cells (black). (I) Effects of histamine in Ca2+-free
HBS on the peak increase in [Ca2+]c (Δ[Ca2+]c) in populations of WT and STIM1-EGFP
HeLa cells. Mean ± SEM from 4 experiments, each with 6 determinations. (J) Effects of CPA
in Ca2+-free HBS on the peak increase in [Ca2+]c (Δ[Ca2+]c) in populations of WT and
STIM1-EGFP HeLa cells. Mean ± SEM from 4 experiments, each with 6 determinations. (K)
Populations of cells were treated (5 min) with CPA in Ca2+-free HBS to evoke graded
depletion of ER Ca2+ stores before addition of extracellular Ca2+ (final free [Ca2+] ~10 mM).
Results (mean ± SEM, n = 6, each with 6 determinations) show the amplitude of the SOCE in
WT and STIM1-EGFP HeLa cells. See also SI Appendix, Fig. S1 and S2.
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Fig. 2. Loss of ER Ca2+ causes STIM1 puncta to accumulate beneath the PM. (A) TIRF
images show distributions of mCherry-ER and STIM1-EGFP in an unstimulated STIM1EGFP HeLa cell. Scale bar, 10 μm (2 μm in enlargement of boxed area). Manders split
coefficient for colocalization of STIM1-EGFP with mCh-ER in peripheral regions is 0.87 ±
0.08, mean ± SD, n = 9 cells. (B) TIRF images of STIM1-EGFP in cells treated with
thapsigargin (1 μM, 5 min in Ca2+-free HBS) to deplete the ER of Ca2+, or in normal HBS
without thapsigargin (control). Scale bar, 10 µm. (C) Summary results (mean ± SD, n = 7)
show fluorescence (F) recorded from the entire TIRF footprint of each cell at intervals after
adding thapsigargin relative to fluorescence immediately before its addition (F0). (D) Similar
analyses of cells treated with CPA (10 μM in Ca2+-free HBS) show the number of STIM1EGFP puncta detected by TIRFM (see SI Appendix, Fig. S3). Results (N/N0, mean ± SD, n =
5 cells) show number of puncta at each time (N) relative to number before adding CPA (N0).
(E) WT HeLa cells with replete or empty Ca2+ stores (1 µM thapsigargin, 15 min in Ca2+-free
HBS) were immunostained for STIM1. Scale bar, 10 µm. (F) Summary results show
background-corrected whole-cell TIRF fluorescence from each cell, individual values from
12 (control) and 24 (thapsigargin) cells with mean ± SD. ****P < 0.0001, Student’s t-test. The
increase in STIM1 immunofluorescence in WT HeLa cells after depleting Ca2+ stores (to 156%
of control) is comparable to the increase in EGFP fluorescence in STIM1-EGFP HeLa cells
(148%, C). (G) Fluorescence intensity distributions (n = 6 cells) for STIM1 puncta identified
by TrackMate in TIRF footprint of entire STIM1-EGFP HeLa cells before or 5 min after
adding CPA in Ca2+-free HBS. Dashed line shows mean value for cells before stimulation.
Bottom panel shows the ‘difference’ distribution: the difference in number of puncta in each
fluorescence intensity category for each cell before and after store depletion; the mean
fluorescence intensity of these ‘additional’ puncta is shown. (H) Summary results (mean ± 95%
CI) show mean fluorescence intensities of STIM1 puncta before and 5 min after CPA
addition, and for puncta that appeared as a consequence of store depletion (Δ). See also SI
Appendix, Fig. S3.
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Fig. 3. STIM1 and STIM1-EGFP form small puncta after store depletion. (A) Typical
example of a photobleaching sequence for a STIM1-EGFP punctum in a cell with empty Ca2+
stores shows amplitude of the final step (blue) and estimated number of steps (red). Further
examples in SI Appendix, Fig. S4B. (B) Frequency distribution for the number of bleaching
steps from STIM1-EGFP puncta in cells with empty Ca2+ stores. Results are from 365 puncta
distributed across 5 cells. Mean number of steps/punctum (± SEM) is shown. (C) TIRF
images of STIM1-EGFP HeLa cells with empty Ca2+ stores immunostained for STIM1
(AbRa594). Scale bar, 10 µm. Manders coefficient for overlap of immunostaining with EGFP
= 0.72 ± 0.03 (mean ± SD, n = 6 cells). (D) Summary results (804 puncta from 5 cells, with
37.9 ± 5.0% of cell areas analysed) show linear relationship between fluorescence from
EGFP and immunostaining (least-squares linear correlation coefficient, r = 0.834, P <
0.0001). (E) Frequency distribution of fluorescence intensities of immunostained STIM1
puncta within the entire TIRF footprint in WT (2116 puncta, 5 cells) and STIM1-EGFP HeLa
cells (1891 puncta, 5 cells). Mean intensities (± SEM) are shown. P > 0.05, Student’s t-test.
(F) Typical WB for STIM1 (actin in lower panel) shows immunoreactivity in cell lysates (2.5
and 5 µg protein) and after immunoprecipitation (IP) of mCh-Orai1 with RFP-Trap from
STIM1-EGFP HeLa cells with or without (control) expression of mCh-Orai1. Cells were
treated with thapsigargin (1 µM, 15 min in Ca2+-free HBS) before IP. Positions of Mr
markers (kDa) are shown. Arrows indicate STIM1 and STIM1-EGFP. For cells expressing
mCh-Orai1, recoveries (IP/lysate) were 27 ± 18 % (mCh-Orai1, mean ± SD, n = 8) and 3.6 ±
5.8 % (STIM1, n = 11). (G) Similar IP analysis comparing WT and STIM1-EGFP HeLa cells
expressing mCh-Orai1 confirms that the upper band reports STIM1-EGFP. (H) Summary
shows amount of STIM1-EGFP relative to all STIM1 (%) in lysates and IP for cells with and
without mCh-Orai1. Mean ± SD for indicated n (values for IP in control cells report only
those with detectable STIM1; 4 from 6 WB). (I) Although the STIM1-EGFP to all-STIM1
ratio (~50%) was indistinguishable in control and cells expressing mCh-Orai1, the efficiency
of the pull-down of STIM1 was much greater in cells expressing mCh-Orai1. Results show
the relative pull-down efficiencies of STIM1 (control/mCh-Orai1 cells) in paired analyses.
Mean ± SD, n = 7. The results establish that while the IP does not eliminate non-specific pulldown of STIM1, the pull-down significantly greater in cells expressing mCh-Orai1. (J)
Frequency distribution of the estimated number of STIM1 molecules per punctum in cells
with empty Ca2+ stores (from panel B). Mean number of STIM1/punctum (± SEM) is shown.
(K) Colocalization of STIM1-EGFP with mCh-MAPPER puncta (centroid separations < 320
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nm) in control and thapsigargin-treated cells. Mean ± SD, n = 6 cells; ****P < 0.0001,
Student’s t-test relative to observed. See also SI Appendix, Fig. S4-S8.
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Fig. 4. SOCE complex typically includes a few STIM1 dimers and a single Orai1 channel.
(A) TIRF images show effects of depleting intracellular Ca2+ stores (1 µM thapsigargin in
Ca2+-free HBS, 15 min) on immunostaining with Orai1 Ab (AbRa594 as secondary) in
STIM1-EGFP HeLa cells. Scale bar, 10 µm. (B) Number of Orai1 puncta detected in the
TIRF field of STIM1-EGFP HeLa cells before and after store depletion (mean ± SD, n = 10).
(C) Summary results show distributions of fluorescence intensities of immunostained Orai1
puncta in STIM1-EGFP HeLa cells before (10160 puncta from 5 cells) or after store
depletion (10579 puncta from 5 cells). The x-axes are truncated for greater clarity; 0.3% of
values (included in means) lie beyond the truncation. Mean ± SEM, *P < 0.05, Student’s ttest. In unstimulated WT cells, the mean fluorescence intensity was 90 ± 12% (n = 5 cells) of
that in STIM1-EGFP HeLa cells (n = 5 cells). (D) Distribution of distances between centres
of each Orai1 punctum and nearest STIM1 punctum in cells with replete (4711 Orai1 puncta,
5 cells, each with 3-5 ROI, collectively including ~55% of cell area) or empty Ca2+ stores
(6795 Orai1 puncta, 5 cells). Separations ≤ 320 nm (two pixels) indicate colocalization.
STIM1 puncta were randomly shuffled 100 times within each ROI for comparisons with
observed separations (34). (E) Frequency distributions segregated into Orai1 colocalized with
STIM1 (separation < 0.32 µm, 2 pixels) or not (> 0.32 µm). Mean ± SEM. **P < 0.01, *P <
0.05, Student’s t-test relative to randomized STIM1. (F) Distribution of Orai1 fluorescence
intensities in STIM1-EGFP HeLa cells with empty Ca2+ stores, categorized by whether Orai1
puncta colocalized with STIM1 (separation < 0.32 µm; 1032 puncta, 5 cells) or were remote
from it (> 0.96 µm; 2334 puncta, 5 cells). Mean ± SEM, *P < 0.05, Student’s t-test. The xaxes are truncated for greater clarity; <0.3% of values (included in means) lie beyond the
truncation. (G) TIRF images of WT HeLa cells expressing GFP-MAPPER and
immunonstained for Orai1 and STIM1 were used to identify STIM1 puncta that colocalized
with Orai1 (~40%, SI Appendix, Fig. S8 B-D). Results (mean ± SD) show the distribution of
the STIM1 with Orai1 relative to MAPPER for control cells or after treatment with
thapsigargin. (H) Within each MCS, store depletion modestly increases the number of STIM1
dimers (typically from 5 to 7) as they assemble around a single Orai1 channel (left). Local
redistribution of STIM1 within each tiny MCS (~300 nm across) (30) may allow each to
behave as a digital switch, activated by local depletion of ER Ca2+ (right). See also SI
Appendix, Fig. S7-S10.
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SUPPORTING INFORMATION
Appendix 1, Materials and Methods
Materials
MATERIAL
SOURCE
Antibodies
IC, immunocytochemistry; WB, western blot
Mouse monoclonal anti-βCell Signaling
actin (8H10D10) (WB,
Technology, Boston,
1:20,000)
MA
Mouse monoclonal antiAbcam, Cambridge,
mCherry (1C51) (WB: 1:2000) UK
Rabbit monoclonal antiCell Signaling
STIM1 (D88E10) (WB,
Technology
1:1000; IC, 1:500)
Rat monoclonal anti-GFP
ChromoTek, Planegg(WB, 1:1000)
Martinsreid, Germany
Goat anti-rat IgG-HRP (WB,
Santa Cruz
1:5000)
Biotechnology Inc,
Dallas, TX
Mouse monoclonal anti-rabbit Santa Cruz
IgG-HRP (WB, 1:5000)
Biotechnology
Mouse IgGκ-binding proteinSanta Cruz
HRP (WB, 1:5000)
Biotechnology
Rabbit anti-Orai1 (anti-peptide ProSci Inc, Poway, CA
from N-terminal) (WB,
1:1000; IC, 1: 200)
Donkey anti-rabbit IgGThermoFisher,
AlexaFluor 594 (AbRa594, IC, Waltham, MA
1:500)
Goat anti-rabbit IgGThermoFisher
AlexaFluor 647 (AbRa647, IC:
1:500)
RFP-Trap magnetic agarose
Chromotek
Bacteria
Alpha-select gold efficiency
chemically competent cells
Reagents
Agarose
Anti-Anti (antibioticantimycotic)
BAPTA
Cell dissociation buffer
(enzyme-free)
Cyclopiazonic acid (CPA)
Dimethyl sulfoxide (DMSO)

IDENTIFIER

Cat# 3700;
RRID: AB_2243334
Cat# ab125096;
RRID: AB_11133266
Cat# 5668;
RRID: AB_10828699
Cat# 3H9-100;
RRID: AB_10773374
Cat# sc-2006;
RRID: AB_1125219
Cat# sc-2357;
RRID: AB_628497
Cat# sc-516102;
RRID: AB_2687626
Cat# 4041;
RRID: AB_735415
Cat# A21207;
RRID: AB_141637
Cat# A21244
RRID: AB_2525812
Cat# rtma-20; RRID:
AB_2631363

Bioline, London, UK

Cat# BIO-85027

Bioline
Sigma-Aldrich,
Gillingham, UK
Phion Chemicals,
Poole, UK
ThermoFisher

Cat# BIO-41025
Cat# A5955

Tocris, Abingdon, UK
Sigma-Aldrich

Cat# 1235
Cat# D2650

1

Cat# 81114671
Cat# 13151014

DL-dithiothreitol (DTT)
DNA gel-loading dye
Dulbecco’s Modified Eagle
Medium (DMEM)/nutrient
mixture F12 with GlutaMAX
FastDigest NheI
FastDigest PvuI
FastDigest XbaI
FastDigest buffer
Fibronectin (human)
Fluo-8 AM
Foetal bovine serum (FBS)
GeneRuler 1kb plus DNA
ladder
Hank’s balanced salt solution
HEPES
Histamine
Ionomycin
LB agar
LB broth
Magic Marker XP western
protein standards
Midori Green advanced DNA
stain
Novex WedgeWell 4-12%
Tris-glycine mini gels
Novex Tris-glycine SDS
running buffer
NuPAGE Tris-acetate gels (38%)
NuPAGE Tris-acetate SDS
running buffer
NuPAGE LDS sample buffer
OptiMEM reduced-serum
medium
Phosphate-buffered saline
(PBS)
cOmplete™, Mini Protease
Inhibitor Cocktail
Q5 hot start high-fidelity DNA
polymerase
siPORT NeoFX transfection
reagent

Sigma-Aldrich
ThermoFisher
ThermoFisher

Cat# 43816
Cat# R0611
Cat# 31331

ThermoFisher
Thermo Fisher
ThermoFisher
ThermoFisher
Millipore (UK) Ltd,
Watford, UK
AAT Bioquest,
Sunnyvale, CA
Sigma-Aldrich
ThermoFisher

Cat# FD0973
Cat# FD0624
Cat# FD0684
Cat# B64
Cat# FC010

ThermoFisher
Millipore (UK) Ltd
Sigma-Aldrich
Apollo Scientific,
Bredbury, UK
Formedium,
Hunstanton, UK
Formedium
ThermoFisher

Cat# 14025
Cat# 391338
Cat# H7250
Cat# 56092-81-0

Nippon Genetics
Europe, Dueren,
Germany
ThermoFisher

Cat# S6-0022

ThermoFisher

Cat# LC2675

ThermoFisher

Cat# EA0375

ThermoFisher

Cat# LA0041

ThermoFisher
ThermoFisher

Cat# NP0007
Cat# 31985

ThermoFisher

Cat# 10010

Sigma-Aldrich

Cat# 11836153001

New England Biolabs,
Hitchin, UK
ThermoFisher

Cat# M0493S

2

Cat# 21080
Cat# F7524
Cat# SM1331

Cat# LMM0202
Cat# LMM0102
Cat# LC5602

Cat# XP04125

Cat# AM4510

Spectra multicolour broadrange protein ladder
Thapsigargin
TransIT-LT1 transfection
reagent
Tris-acetate EDTA buffer
TrypLE Express
siPORT NeoFX transfection
agent
Commercial Assays
ECL Prime western blotting
detection reagent
EZ-10 spin column DNA gel
extraction kit
Plasmid maxi kit
Quick-DNA miniprep kit
Cell Lines
STIM1-EGFP HeLa cells
HeLa cells

Recombinant DNA
Donor DNA in pMA-RQ
(ampR) vector
gRNA (sense, caccGGGACA
GCTTGTCCTTCCCT;
antisense,
aaacAGGGAAGGAC
AAGCTGTCCC)
VP12: human expression
plasmid encoding SpCas9-HF1
with NLS and 3xFLAG tag
BPK1520: human expression
plasmid for spCas9 sgRNA
mCh-Orai1 in pcDNA3.1+
GFP-MAPPER in pcDNA3.1+
mCh-MAPPER in pcDNA3.1+
pSUPER-retro-puro-shSTIM1

ThermoFisher

Cat# 26634

Tocris
Mirus, Madison, WI

Cat# 1138
Cat# MIR 2305

National Diagnostics,
Nottingham, UK
ThermoFisher
ThermoFisher

Cat# EC-872

GE Healthcare, Little
Chalfont, UK
Bio Basic, Markham,
Ontario, Canada
QIAGEN, Manchester,
UK
Zymo Research, Tustin,
CA

Cat# RPN2236

This study and (1)

Fig. 1C and SI Appendix, Fig.
S1A
Cat# CCL-2

American Type Culture
Collection, Teddington,
UK

Cat# 12605
Cat# AM4510

Cat# BS354
Cat# 12165
Cat# D3024

ThermoFisher

This study (SI Appendix, Fig.
S1A)
This study (SI Appendix, Fig.
S1A)

Addgene (2)

Cat# 72247;
RRID: Addgene_72247

Addgene (2)

Cat# 65777;
RRID: Addgene_65777
(3)
(4)
(3)
Cat# 89816;
RRID: Addgene_89816
Cat # AM4626
Cat# AM16708, siRNA ID
216908
Cat# 4392420, siRNA ID
s228396

Addgene

EGFP siRNA
Orai1 siRNA1

ThermoFisher
ThermoFisher

Orai1 siRNA2

ThermoFisher

3

Orai1 siRNA3

ThermoFisher

AllStars Negative Control
siRNA
mCherry-ER-3 plasmid

QIAGEN

PCR Primer 1F:
AAATGGTGACTCGGAGCA
G
PCR Primer 1R:
CTTGTGGCCGTTTACGTC
G
PCR Primer 2F:
TTGGCGAGGAAACAGACT
CC
PCR Primer 2R:
GAGCTGAGGGAACAGCA
ACT
Software
MetaMorph, version 7.8.4

ThermoFisher

Prism 5, version 8
SoftMax Pro, version 7

Addgene

Cat# 1299001, siRNA ID
HSS131373
Cat# 1027281
Cat# 55041;
RRID: Addgene_55041
This study (SI Appendix, Fig.
S1A)

ThermoFisher

This study (SI Appendix, Fig.
S1A)

ThermoFisher

This study (SI Appendix, Fig.
S1A)

ThermoFisher

This study (SI Appendix, Fig.
S1A)

Molecular Devices, San
Jose, CA
GraphPad, La Jolla, CA
Molecular Devices

https://www.moleculardevices.co
m/
https://www/graphpad.com/
https://www.moleculardevices.co
m/
https://imagej.net/TrackMate
https://fiji.sc
https://imagej.nih.gov/ij/plugins/t
ime-series.html
https://imagej.nih.gov/ij/plugins/t
rack/jacop.html
https://imagejdocu.tudor.lu/doku.
php?id=plugin:analysis:distance_
analysis_diana_2d_3d_:start

TrackMate
Fiji
Fiji Time Series Analyser,
version 2.0
JACoP

(5)

DiAna

(6)

Cell culture and transient transfections. We used normal HeLa cells and a cell line
(STIM1-EGFP HeLa) where one copy of the endogenous STIM1 gene was modified to cause
expression of STIM1 with a C-terminal monomeric EGFP tag (SI Appendix, Fig. S1). HeLa
cells are derived from a human cervical cancer.
HeLa cells were grown at 37°C with 5% CO2 in Dulbecco’s Modified Eagle
medium/nutrient mixture F12 + GlutaMAX with 10% foetal bovine serum (FBS). Cells were
passaged using Gibco TrypLE Express when they were confluent. For imaging, cells were
grown on 35-mm imaging dishes (Cellvis, IBL Baustoff+Labor GmbH, Gerasdorfbei, Wein,
Austria) coated with fibronectin (10 µg/mL). Regular screening confirmed that cells were
4

free of mycoplasma. We previously confirmed the authenticity of the HeLa cells using short
tandem repeat profiling (3).
For transient transfections (shRNA and protein-encoding plasmids), cells grown to ~70%
confluence were transfected with plasmid using TransIT-LT1 according to the
manufacturer’s instructions (1 µg DNA per 3 µL reagent). Cells were harvested or imaged
after 24 hr (8 hr for cells expressing MAPPERs). Transfection with siRNA used cells grown
to ~70% confluence and siPORT NeoFX transfection agent according to the manufacturer’s
instructions. We used 5 nM siRNA (or NS siRNA) for GFP (SI Appendix, Fig. S6) or 150
nM siRNA for Orai (50 nM of each of the three siRNAs, or 150 nM of NS siRNA, SI
Appendix Fig. S9 A and B). Cells were used after 72 hr.
Tagging of endogenous STIM1 with EGFP. We used CRISPR/Cas9 to modify the
genome of HeLa cells to allow expression of STIM1 tagged at its C-terminus with
monomeric EGFP (7) attached through a short linker (8) (Fig. 1C). The guide RNA (gRNA)
was designed to target the 3' UTR (PAM site at position GRCh38:Chr11:4091823, GGG) of
the human STIM1 gene (SI Appendix, Fig. S1A). DNA encoding the gRNA was inserted into
the BPK1520 plasmid at the BsmBI cloning site (2). Double-stranded donor DNA was
synthesized, and comprised the coding sequence for the linker and monomeric EGFP flanked
by sequences (~1000 bp each) complementary to the STIM1 gene on either side of the
intended Cas9 cleavage site (SI Appendix, Fig. S1A). A stretch of 27 base pairs
corresponding to the gRNA and PAM at the 3' UTR was omitted from the donor DNA to
prevent re-editing. There are no known translational regulatory elements or miRNA target
sites within the omitted sequence. Restriction sites for NheI and XbaI were added to the 5′
and 3′ ends of the donor DNA, respectively. Donor DNA was cloned into the pMA-RQ
vector, amplified, excised using NheI and XbaI, and purified to provide the linearized donor
DNA used for transfection.
For gene-editing, HeLa cells grown to ~60% confluence in a 175-cm2 flask were cotransfected with VP12 plasmid encoding SpCas9-HF1 (10 µg) (2), BPK1520 plasmid
encoding gRNA (10 g) and double-stranded donor DNA (20 g) using TransIT-LT1 reagent.
Cells were harvested after 48-72 hr, washed in phosphate-buffered saline (PBS: 1.06 mM
KH2PO4, 155 mM NaCl, 3 mM Na2HPO4, pH 7.3) containing FBS (1%), and re-suspended
(~107 cells/mL) in sorting medium (PBS with 1 mM EDTA, 25 mM HEPES, 1% FBS, pH
7.0). Cells were sorted by fluorescence-activated cell sorting (FACS, excitation 488 nm,
emission 525 nm) using a modular flow multilaser sorter flow cytometer (DakoCytomation,
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Beckmann Coulter). Cells with the brightest EGFP fluorescence (~0.1% of the sorted
population) were collected into growth medium containing Anti-Anti (streptomycin, 100
μg/mL; penicillin, 100 units/mL; and amphotericin B, 250 ng/mL) and FBS (20%).
Polyclonal cells were cultured in this medium for two passages, and then in normal growth
medium without antibiotics before FACS sorting as single cells into 96-well plates. Cells
were then cultured in Anti-Anti-containing medium to select monoclonal cell lines for two
passages before transferring to normal growth medium without Anti-Anti. A single
monoclonal STIM1-EGFP HeLa cell line (C13) was used for the work reported here (1).
Analysis of genomic DNA. Genomic DNA was extracted using a Quick-DNA mini prep
kit. PCR using Q5 hot start high-fidelity DNA polymerase was used to amplify the EGFP
sequence corresponding to the intron/exon-12 boundary of STIM1, linker and EGFP within
the donor region (primers 1F and 1R), and the STIM1-EGFP sequence outside the donor
region (primers 2F and 2R) (SI Appendix, Fig. S1A). The PCR products were purified by
agarose gel electrophoresis, extracted using an EZ-10 spin-column DNA gel extraction kit,
and sequenced (Source Bioscience, UK).
Western blotting and in-gel fluorescence. Confluent cells in a T75 flask were harvested
(~2 × 107 cells/mL) into lysis buffer (150 mM NaCl, 0.5 mM EDTA, 1% Triton X-100,
10 mM Tris, pH 7.5) containing protease inhibitor cocktail, incubated (1 hr, 4°C) and then
sonicated (3 × 10 s, Transonic ultrasonic bath). The supernatant was recovered (20, 000 ×g,
30 min, 4°C) and used for analysis.
For WB, proteins were separated on NuPAGE Tris-acetate gels (3-8%), and then
transferred to a PVDF membrane using an iBlot gel transfer device (ThermoFisher). The
membrane was blocked by incubation (1 hr, 20°C) with BSA (5%) in Tris-buffered saline
(TBST: 137 mM NaCl, 20 mM Tris, pH 7.6, 0.1% Tween-20), incubated with primary
antibody in TBST (16 hr, 4°C), washed (3 × 5 min) and then with HRP-conjugated secondary
antibody in TBST (1 hr, 20°C), and washed (3 × 5 min) before detection of HRP using ECL
Prime Western blotting detection reagents and a PXi chemiluminescence detection system
(Syngene, Cambridge, UK)
For in-gel fluorescence, proteins were separated, without denaturation, using 4-12% Trisglycine mini gels (125V, 90 min). GFP fluorescence was captured directly from the gel using
a PXi chemiluminescence gel-imaging system (excitation 465 nm, emission 525 nm).
Immunoprecipitation. HeLa cells were used for immunoprecipitation (IP) analyses 24 hr
after transfection with mCh-Orai1 (19 µg plasmid DNA/T75 flask). RFP-Trap was used to
capture the mCherry tag. Cells in a T75 flask were washed twice with PBS, treated with
6

thapsigargin (1 µM, 15 min in Ca2+-free HBS), centrifuged (650 ×g, 2 min), and supernatants
from cell lysates (1-2 mL) were then prepared as described for WB samples. Samples (~400
µL, ~1 mg protein) were incubated with washed RFP-Trap agarose beads (150 µL bead
slurry) for 1 hr at 4oC with gentle rotation. The beads were recovered magnetically, washed
(3-5 × 500 µL) with TBST containing protease inhibitor cocktail, and the beads were then
heated (95°C, 10 min) in LDS sample buffer (80 µL) before analysis by WB.
Measurement of [Ca2+]c in cell populations. HeLa cells grown to confluence in clearbottomed 96-well plates coated with fibronectin (10 μg/mL) were loaded with Fluo-8 by
incubation (60 min, 20°C) with Fluo-8 AM (2 μM) in HBS (135 mM NaCl, 5.9 mM KCl, 1.2
mM MgCl2, 1.5 mM CaCl2, 11.5 mM glucose and 11.6 mM HEPES, pH 7.3). Cells were
used after further incubation (30 min, 20°C) in HBS without Fluo-8 AM. A FlexStation 3
microplate reader (Molecular Devices, San Jose, CA), which also allows automated fluid
additions, was used to record Fluo-8 fluorescence (excitation 490 nm, emission 525 nm) at
1.4-s intervals from cells in HBS at 20°C. Fluorescence was collected using SoftMax Pro
software. Where indicated, BAPTA (final concentration 2.5 mM) was added to reduce the
free [Ca2+] of HBS to ~40 nM. Fluorescence (F) was calibrated to cytosolic free [Ca2+]
([Ca2+]c) from: [Ca2+]c = KD(F-Fmin)/(Fmax-F), where KD is the equilibrium dissociation
constant of Fluo-8 for Ca2+ (389 nM), Fmax and Fmin are the maximal and minimal
fluorescence values determined after addition of CaCl2 (10 mM) and Triton (0.1%) in HBS or
BAPTA (2.5 mM) and Triton (0.1%) in Ca2+-free HBS, respectively.
Total internal reflection fluorescence microscopy (TIRFM). For all optical analyses,
cells were grown to ~70% confluence on 35-mm imaging dishes (Cellvis) coated with
fibronectin (10 μg/mL). For TIRFM, STIM1-EGFP HeLa cells were imaged using an iXon
Ultra 897 EMCCD camera (Andor, 512 x 512 pixels) and Olympus IX83 microscope
equipped with a 100x oil-immersion TIRF objective (numerical aperture, NA = 1.49), a
multi-line laser bank (Cairn; 488, 561 and 647 nm) and an iLas2 targeted laser illumination
system (Cairn, Faversham, Kent, UK). Excitation light was passed through a quad dichroic
beam splitter and the emitted light was passed through appropriate emission filters (Cairn
Optospin, peak/bandwidth: 525/50, 630/75 and 700/75 nm). The camera was used in
conventional EM amplification mode (EM gain = 300). TIRF images (~100 nm penetration
depth) were captured using MetaMorph software. All images were background corrected by
subtracting the mean fluorescence intensity of a region outside the cell using ImageJ or
MetaMorph (for photobleaching analyses).
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Step-photobleaching analyses. For these analyses, STIM1-EGFP HeLa cells with replete
Ca2+ stores or after depletion of the stores by incubating cells with thapsigargin (1 μM, 15
min in Ca2+-free HBS), were fixed in paraformaldehyde (PFA, 4% in PBS, 15 min) and
washed 3 times with PBS. Treatments were performed in the dark to minimize
photobleaching prior to imaging. Fixation of HEK cells with PFA in Ca2+-free PBS has been
reported to deplete the ER of Ca2+ and activate SOCE (9, 10). We confirmed, by analyses of
STIM1 distribution in STIM1-EGFP HeLa cells, that our fixation methods did not activate
SOCE (SI Appendix, Fig. S5).
To minimize the risk of pre-bleaching, which would cause an under-estimate of the
number of bleaching steps, effective TIRF illumination was rapidly established on a target
cell (< 3 s; laser intensity 6%) before switching to the more intense illumination (30%) used
for step-photobleaching. During the pre-bleach illumination conditions, STIM1-EGFP puncta
bleached with a half-time (t½) of 30 ± 6 s (SI Appendix, Fig. S4A), indicating that prebleaching would cause the initial fluorescence intensity of puncta to be underestimated by <
7%. For the step-photobleaching analyses, images were captured using TIRFM (30% laser
intensity; capture interval, 200 ms). After background correction, puncta were manually
identified, and fluorescence intensity changes within these regions of interest (ROI) were
quantified using Fiji Time Series Analyser, v.2.0. From the fluorescence intensity profile of
each ROI, the number of bleaching steps was computed by dividing the initial fluorescence
intensity of each ROI by the amplitude of the final bleaching step (Fig. 3A and SI Appendix,
Fig. S4B).
To estimate the number of STIM1 molecules within a punctum (N), we first corrected the
number of bleaching steps (S) to the likely number of underlying EGFP molecules by
assuming that EGFP tags are detected as fluorescence with ~80% efficiency (11). Only 50%
of STIM1 are EGFP-tagged (Fig. 1H), and since STIM1 and STIM1-EGFP mix freely (Fig.
1G, 3 C-I and SI Appendix, Fig. S4G), we assume that STIM1-EGFP reports the presence of
50% of all STIM1 molecules in a punctum (N = 2S/0.8).
Immunostaining. Cells were fixed using paraformaldehyde (4% in PBS, 15 min, 20°C),
washed (3 × 5 min), permeabilized in PBS containing Triton X-100 (0.1%, 10 min, 20°C),
and washed in PBS (3 × 5 min). Cells were then blocked with skimmed milk (5% in PBS, 30
min, 20°C), followed by BSA (5% in PBS, 30 min, 20°C), incubated with primary antibody
in PBS (16 hr, 4°C), washed (4 × 5 min), incubated with fluorescent secondary antibody
(AbRa594) in PBS (1 hr, 20°C), washed (4 × 5 min) and used for TIRFM. All analyses of
Orai1 immunostaining used TIRF images.
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Dual immunostaining for Orai1 and STIM1 (Fig. 4G and SI Appendix, Fig S8 B-D)
required use of primary antibodies that were each raised in rabbits. Cells were first stained for
STIM1 with the primary and secondary Ab (AbRa647), washed with PBS (5 × 15 min with
gentle agitation), and then stained for Orai1 using a different secondary Ab (AbRa594). We
confirmed, by omission of the primary Orai1 Ab, that the washing allowed selective
immunostaining of STIM1 and Orai1.
Automated detection of fluorescent puncta. We used two Fiji plugins to identify
fluorescent puncta. Most analyses used TrackMate (5) to automatically identify fluorescent
puncta in background-corrected TIRF images (SI Appendix, Fig. S3 A and B). TrackMate
uses a ‘difference of Gaussians’ filter after applying a consistent threshold. For analyses that
required measurements of distances between puncta (to define colocalization), we used
DiAna (6). This algorithm identifies all local intensity maxima and then uses a threshold to
select the local maximum for each punctum. Automated detection of puncta using TrackMate
and DiAna identified similar number of puncta (SI Appendix, Fig. S3C). Most analyses of
the fluorescence intensities of puncta used TrackMate, but where prior analysis of
colocalization was required, we used DiAna (Fig. 4F).
Quantification and statistical analyses. Analyses were performed without blinding or
power calculations to predetermine sample sizes. The only exception relates to analyses of
STIM 1 puncta in cells expressing mCh-MAPPER (SI Appendix, Fig. S7 E-G), where cells
with ‘acceptable’ expression of MAPPER were identified before observing the STIM1-EGFP
puncta. All sample sizes are described in figure legends. We used Student’s t-test or, for
multiple comparisons, ANOVA and post hoc tests (details in figure legends); P < 0.05 was
considered significant. Colocalization studies used JACoP (for ER and STIM colocalization)
or DiAna (6) (for STIM and Orai1 colocalization). For the analyses with DiAna, ROIs (35/cell, and together including ~55% of the TIRF footprint) were selected to exclude areas
sparsely populated by Orai1 and STIM1 (Fig. 4A). This selection criterion is required to
allow valid determination of the statistical significance of any colocalization, for which we
randomly shuffled the distribution of STIM1 puncta 100 times within each ROI and then reassessed distances between each Orai1 punctum and its nearest STIM1 punctum.
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Fig.S1. Tagging of endogenous STIM1 with EGFP using CRISPR/Cas9.
Figure on preceding page.
(A) CRISPR/Cas9 was used to modify the last coding exon of STIM1 (exon 12) so as to encode
STIM1 with EGFP attached to its C-terminal through a short linker. The donor sequence
(comprising 2791 bp with ~1000 bp overlap on either side of the cut site) included a 27-bp deletion
to prevent re-editing of the edited gene. The deleted sequence is shown (Δ27bp), with the guide
RNA (gRNA) in red letters and the PAM site in blue. The primers (1F, 1R, 2F and 2R) used to
confirm correct editing are shown. The peptide sequence of the linker is also shown. (B) Genomic
DNA from WT and STIM1-EGFP HeLa cells was PCR-amplified using primers 1F and 1R (shown in
panel A). The band corresponding to STIM1-EGFP (~1.2 kb) is indicated by the green arrow. Two
lanes are shown for each isolate. Sequencing confirmed the correct attachment of the linker-EGFP
to the C-terminus of STIM1. Locations of calibration markers (kb) are shown. (C) Similar analyses
of genomic DNA using primers 2F and 2R (shown in panel A). A single band (~0.35 kb, black
arrow) corresponding to native STIM1 was detected in WT cells. The same band and an additional
band (~1 kb, green arrow, corresponding to STIM1 with EGFP attached) were detected in the
STIM1-EGFP HeLa cell line. Sequencing of the native band from the edited cell line confirmed that
it was identical to that from WT cells. (D) WB using an antibody to GFP for lysates (40 μg
protein/lane) prepared from STIM1-EGFP or WT HeLa cells. Typical of 4 similar blots. Molecular
mass markers (kDa) are shown. (E) WB with STIM1 antiserum showing effects of shRNA directed
against STIM1 or a non-silencing (NS) shRNA on expression of STIM1 (black arrow) and STIM1EGFP (green arrow). Molecular mass markers (kDa) are shown. (F) Summary (individual values
and mean ± SD) show effects of STIM1 shRNA on total expression of STIM1 and STIM1-EGFP
relative (%) to expression after treatment with NS shRNA.
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Fig. S2. Ca2+ signals in STIM1-EGFP HeLa cells.
Figure on preceding page.
(A) Populations of fluo-8-loaded WT or STIM1-EGFP HeLa cells in HBS were treated with BAPTA (2.5
mM) to chelate extracellular Ca2+, and then with histamine (100 µM). Results show means of 6 replicates
from one experiment. Summary results in Fig. 1I. (B) Populations of fluo-8-loaded WT or STIM1-EGFP
HeLa cells in HBS were treated with BAPTA (2.5 mM) and then with CPA (1 μM). CPA reversibly inhibits
the ER Ca2+ pump (SERCA), allowing partial depletion of ER Ca2+ stores as the basal Ca2+ leak is
counteracted by diminished SERCA activity (cartoon on right, which shows that both CPA and
thapsigargin inhibit SERCA). SOCE was then assessed by restoration of extracellular Ca2+ (final free
[Ca2+] ~10 mM). Summary results in Fig. 1J. (C) Populations of WT cells were stimulated with histamine
(100 μM) in HBS (black trace) or HBS after addition of BAPTA (2.5 mM, red trace). Results show means
of 6 replicates from one experiment. The difference between the sustained Ca2+ signals reflects the
contribution from Ca2+ entry. (D) Summary results (mean ± SEM, n = 5, each with 6 determinations) show
the amplitude of the Ca2+ entry evoked by histamine in WT and STIM1-EGFP HeLa cells (defined as the
difference in [Ca2+]c recorded 210 s after addition of histamine in HBS and Ca2+-free HBS). No significant
difference, two-way ANOVA. (E, F) Comparison of present and published results on effects of storedepletion on STIM1 accumulation in TIRF field. We have reported immunostaining of STIM1 in HeLa cells
(15) similar to the analyses of STIM1-EGFP in Fig. 2B, but shown with different grey-scales. To allow
direct comparisons, the results are shown here with comparable grey-scales. The immunostaining results
from ref. 15 (Fig. 7a,b) are show with the original display intensities (Ei, 500-3000 grey levels) or with a
wider range (Eii, 500-8000). Images of EGFP-STIM1 from Fig. 2B are reproduced in grey-scale (Fi, 2001000 grey levels) or with a wider range of levels (Fii, 200-3000). The images confirm similar observations
using different approaches. Scale bars, 2 µM (E) or 5 µM (F). (G) Summary of published results showing
the increase in near-PM STIM1 recorded after depletion of ER Ca2+ stores in cells overexpressing STIM1
tagged with a fluorescent protein. Results show fluorescence intensity near the PM as a percentage of
that observed without store depletion. The median value is 280% (mean 286 ± 86%). We report values of
~150% for STIM1-EGFP (Fig. 2C) and 156% for immunostained STIM1 (Fig. 2F).
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TrackMate shown by circles). Scale bars, 2 µm. Summary results in Fig. 2, D, G and H. (C) Comparison
of TrackMate and DiAna for identification of puncta. STIM1-EGFP HeLa cells with full or empty Ca2+
stores were immunostained for Orai1 (primary Ab 1:200), and puncta were identified in the same cells
using DiAna or TrackMate. Results show individual values from 10 cells, mean ± SD. No significant
difference, one-way ANOVA. (D) Similar analysis of the mean fluorescence intensity of the puncta.
Results show individual values from 5 cells, mean ± SEM. ****P < 0.0001, *P < 0.05, ns P > 0.05, one-way
ANOVA with Bonferroni test.
The results establish that DiAna and TrackMate reliably identify similar numbers of puncta, but the
fluorescence intensities attributed to puncta differ for the two algorithms.
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Fig. S4. Photobleaching analyses of STIM1-EGFP puncta.
Figure on preceding page.
(A) It took <3 s to identify a target cell using low laser power (6%) before initiating photobleaching
analysis (30%) (Fig. 3 A and B). Fluorescence was recorded from STIM1-EGFP HeLa cells during
continuous illumination using the pre-bleach conditions (6% power), and the sum of the
fluorescence intensities from all STIM1 puncta within each cell was determined. Results show the
time-course of the decay in fluorescence from a single cell (typical of 3 cells), and the fitted monoexponential from which the half-time (t½) was determined. Inset shows the first 100 s enlarged.
From 3 independent experiments, t½ = 30 ± 6 s. Hence, during the <3 s pre-bleach set-up, we
expect to lose no more than 7% of the initial fluorescence of puncta. (B) Examples of
photobleaching events for STIM1-EGFP puncta recorded using TIRFM of fixed STIM1-EGFP HeLa
cells treated with thapsigargin (1 µM) in Ca2+-free HBS. The final event, assumed to report
bleaching of a single EGFP, is used to calibrate the initial fluorescence intensity to the number of
contributing fluorophores (red in each of the examples). FU, fluorescence unit. (C) Summary results
show the amplitude of the final bleaching event for STIM1-EGFP puncta in unstimulated cells (107
puncta from 3 cells) and in cells with empty Ca2+ stores (365 puncta from 5 cells). Results show
individual values and means ± SD, P > 0.05, Student’s t-test. (D) Comparison of the fluorescence
intensity distributions for STIM1-EGFP puncta amenable to step-photobleaching analysis (i.e. with a
clearly resolved final bleaching step; ~25 % of all puncta) and the entire population of puncta.
Results are from 5 thapsigargin-treated cells. Fluorescence intensities from step-photobleaching
analyses (C and D) and individual puncta (Fig. 2 G and H) are not directly comparable because
they use different laser powers. (E) Summary results (individual values, mean ± SEM, n = 5 cells)
show mean fluorescence intensities of STIM1 puncta, P > 0.05, Student’s t-test. The results (D and
E) demonstrate that the puncta amenable to analysis are an unbiased sample of all STIM1-EGFP
puncta. (F) Step-photobleaching analysis of STIM1-EGFP in unstimulated STIM1-EGFP HeLa cells.
The frequency distribution includes 103 puncta from 3 cells (mean ± SEM). We applied the same
assumptions used for analyses of puncta in cells with empty stores (Fig. 3J, and SI Appendix, Stepphotobleaching analyses) to estimate the number of STIM1 molecules/punctum (N) from the
number of detected bleaching steps (S) in cells with replete Ca2+ stores (N = 2S/0.8). The results
suggest the average number of STIM1 molecules/punctum in unstimulated cells is 8.75 ± 0.54. (G)
Fluorescence intensity distributions of immunostained STIM1 puncta in WT HeLa cells with full and
empty Ca2+ stores. Results (6 cells, with 3419 and 3804 puncta analysed for cells with full and
empty Ca2+ stores, respectively) show mean ± SEM, ***P < 0.001, Student’s t-test. Since different
laser powers were used for these analyses and those in Fig. 3E (6% and 10%, respectively),
fluorescence intensity values are not directly comparable. (H) Frequency distributions of the
numbers of detected bleaching steps/punctum for STIM1-EGFP puncta in thapsigargin-treated cells
(from Fig. 3B, 365 puncta from 5 cells) and of the fluorescence intensities of the individual puncta
(from Fig 3E, 1891 puncta from 5 cells). For each distribution, observations are categorized into 16
bins, and reported as percentages of the entire population. The variability in the stepphotobleaching analyses (SD/mean = 0.12, Fig. 3B) and the analyses of fluorescence intensities of
puncta (SD/mean = 0.15, Fig. 3E) are similar. Together, these results indicate that the variability in
our estimates of the numbers of STIM1 molecules in a punctum reflect biological variability rather
than artefacts of our photobleaching analyses.
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Fig. S5. Fixing cells for immunocytochemical analyses does not activate STIM1. (A) TIRF images show
STIM1-EGFP HeLa cells before and after on-stage fixation (4% paraformaldehyde, followed by washing),
for cells with replete Ca2+ stores or after treatment with thapsigargin to empty the stores (TG, 1 µM, 15
min in Ca2+-free HBS). Scale bar, 10 µm. (B) Summary results (n = 10 cells for each condition) show the
sum of the fluorescence intensities of all STIM1 puncta in each cell (FU/µm2). Mean ± SEM. **P < 0.01,
Student’s unpaired t-test. (C) The same observations showing the summed fluorescence intensity of
STIM1 puncta for each cell before and after fixation for control cells or cells treated with thapsigargin. No
significant difference, Student’s unpaired t-test.
The results demonstrate that fixation of cells for immunocytochemistry causes some loss of
fluorescence, but it does not activate STIM1.
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Fig. S6. Estimating the number of STIM1 in a punctum by calibrating against low-level expression of
STIM1-EGFP. We used siRNA to GFP to reduce STIM1-EGFP expression in STIM1-EGFP HeLa cells to
a level that provided a ‘calibration’ signal. (A) TIRF images of fixed STIM1-EGFP HeLa cells treated with
siRNA (72 hr) against GFP or non-silencing (NS) siRNA. Cells were treated with thapsigargin (1 µM, 15
min in Ca2+-free HBS) to empty intracellular Ca2+ stores before imaging. A cell in which the GFP-siRNA
was effective is shown (typical of those used for the quantitative analysis). Scale bar, 10 µm. (B)
Numbers of STIM1-EGFP puncta in cells treated with the indicated siRNA. Mean ± SD, n = 6-7 cells. (C)
Mean fluorescence intensities of the puncta. Mean ± SEM, n = 6-7 cells. ****P < 0.0001, ***P < 0.001,
Student’s unpaired t-test. The code in B applies also to panel C. The difference in mean intensities for
cells treated with NS and GFP siRNA is shown. (D) Typical step-photobleaching analysis of STIM1
puncta in cells treated with GFP-siRNA. The initial amplitude (red arrow) and single-step bleaching event
(blue) are shown. The latter is smaller here (2272 ± 1302, mean ± SD, n = 128) than in the analyses of
native STIM1-EGFP puncta (Fig. 3E, SI Appendix, Fig. S4) because we used a lower laser intensity for
photobleaching (10%). The number of steps was determined by dividing the initial fluorescence
amplitude (corrected for residual background fluorescence by unitary step amplitude. (E) Summary
results (128 puncta from 3 cells) show the number of fluorescence steps detected in cells treated with
GFP-siRNA. The mean value is shown.
The difference in the mean fluorescence intensity of STIM1 puncta in cells treated with NS or GFPsiRNA (2.74-fold, C), and the number of bleaching steps in the puncta from GFP-siRNA-treated cells
(2.12, E), allows estimation of the fluorophore content of STIM1 puncta in cells treated with NS-siRNA
and with empty Ca2+ stores (2.74 x 2.12 = 5.81). We assume (SI Appendix, Fig. S4) that we detect
fluorescence from 80% of EGFP molecules and that 50% of STIM1 is tagged. Our analysis, therefore,
suggests a mean value of 14.52 STIM1 molecules/punctum in store-depleted cells. This estimate
concurs with that derived from conventional step-photobleaching analysis (14.55, Fig. 3J).
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Fig. S7. Use of mCh-MAPPER to identify SOCE MCS.
Figure on preceding page.
MAPPER includes an N-terminal signal sequence that directs it to the ER, the membrane-spanning helix
from STIM1, and linkers that allow a polybasic C-terminal tail (PB) to engage PM phosphoinositides (24).
GFP-MAPPER has been reported to be a non-perturbing marker of SOCE MCS, at least insofar as it
does not affect maximally activated SOCE (24), but we reported that mCh-MAPPER perturbs MCS (15).
We therefore compared cells expressing the two MAPPERS.
(A) TIRF images of WT HeLa cells expressing GFP-MAPPER or mCh-MAPPER observed 8 hr after
transfection; both are shown after depletion of ER Ca2+ stores with thapsigargin (1 µM, 15 min in Ca2+free HBS). Typical images show cells deemed acceptable for analysis (30 from 50 cells for GFP; 29 from
80 cells for mCh) or rejected. Scale bar, 10 µm. (B) TIRF images of WT HeLa cells co-expressing GFPMAPPER and mCh-MAPPER (15 from 44 cells were considered acceptable for analysis). Mander’s split
coefficients for mCh colocalized with GFP, and for GFP colocalized with mCh were 0.90 ± 0.04 and 0.87
± 0.04, respectively (mean ± SD, n = 5 cells). Scale bar, 10 µm. We note that where expression of
MAPPER caused perturbation of MCS (‘rejected’ cells), there was also substantial colocalization of the
two MAPPERS. (C) Mean fluorescence intensity in each cell of GFP-MAPPER or mCh-MAPPER puncta
(FU/punctum) for HeLa cells expressing one MAPPER or both, recorded 8 hr after transfection. Results
are from 5-6 ‘acceptable’ cells (~60% of cells had acceptable expression of MAPPER). Mean ± SEM. No
significant differences, Student’s unpaired t-test. (D) Similar analyses of the numbers of GFP-MAPPER
or mCh-MAPPER puncta detected in the TIRF field (#/cell). Mean ± SD, n = 5-6 cells. No significant
differences, one-way ANOVA. Assuming that MAPPER observed in the TIRF field reports ~50% of the
MCS in a cell, our analyses suggest ~680 MCS/cell, which is broadly consistent with estimates derived
from electron microscopy (~400 /cell, see ref. 30). (E) TIRF images of STIM1-EGFP HeLa cells observed
8 hr after transfection with mCh-MAPPER and then treated with thapsigargin (1 µM, 15 min in Ca2+-free
HBS) to deplete intracellular stores of Ca2+. Cells were first selected on the basis of ‘acceptable’
expression of mCh-MAPPER before observing STIM1-EGFP. Representative images show STIM1EGFP in cells expressing mCh-MAPPER or cells from the same field that appear not to have been
transfected. Scale bar, 10 µm. (F) Summary results show the average fluorescence intensity of STIM1
puncta, mean ± SEM, n = 5 (mCh-MAPPER) or 7 (control) cells. (G) Numbers of STIM1 puncta detected
in the TIRF field (#/cell), mean ± SD, n = 5-7 cells for STIM1-EGFP HeLa cells with or without mChMAPPER. *P < 0.05, ***P < 0.001, Student’s unpaired t-test. (H) TIRF images of STIM1-EGFP HeLa cells
expressing mCh-MAPPER under control conditions or after depletion of intracellular stores with
thapsigrgin (1 µM, 15 min in Ca2+-free HBS). Scale bars, 10 µm. (I) Summary results showing numbers
of mCh-MAPPER puncta (#/µm2). Mean ± SD, from 6 cells. *P <0.05, Student’s t-test. Summary results,
from ROI within each cell, reporting colocalization of STIM1 with MAPPER are shown in Fig. 3K.
These results (A-D) demonstrate that while expression of mCh-MAPPER does not perturb the
reporting of MCS by GFP-MAPPER, mCh-MAPPER reduces the number STIM1 puncta beneath the PM
in store-depleted cells (E-G), and accumulation of STIM1 beneath the PM in store-depleted cells reduces
the number of mCh-MAPPER puncta (H,I). Our results are consistent with competition between mChMAPPER and STIM1 for occupancy of MCS. We cannot examine the effects of GFP-MAPPER on
formation of endogenously tagged STIM1-EGFP puncta, but it seems likely that GFP-MAPPER would
also perturb assembly of STIM1 puncta.
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Fig. S9. Validation of analyses of immunostained Orai1 puncta.
Figure on preceding page.
(A) Brightfield and TIRFM images of unstimulated WT HeLa cells immunostained for Orai1 after
treatment with NS or Orai1 siRNA. Scale bar, 10 µm. (B) Summary results show mean
immunofluorescence for cells treated with NS or Orai1-siRNA or treated with only secondary Ab
(individual values, mean ± SD, n = 3 independent siRNA treatments). FU, fluorescence unit. ***P <
0.0001, Student’s t-test. Inset shows lower part of the graph enlarged. These results (A and B)
demonstrate the selectivity of the antibody for immunostaining of Orai1. (C) We had to consider whether
the Orai1 Ab could detect clustering of channels. If, for example, the Ab (red) only sparsely decorated
Orai1 (black), we might fail to detect clustering. We argue that If the usual dilution of primary Ab (1:200)
achieves ‘dense’ labelling, reducing the concentration of primary Ab should reduce the mean
fluorescence intensity of immunostained Orai1 puncta. (D) TIRF images of unstimulated STIM1-EGFP
HeLa cells and after treatment with thapsigargin to empty Ca2+ stores, each immunostained for Orai1
with two dilutions of primary Ab. Scale bar,10 µm. (E) Summary results for unstimulated cells show mean
intensity (FU/punctum) and number (#/cell) of puncta and total TIRF fluorescence for cells
immunostained with the Orai1 primary Ab diluted 1:200 or 1:800. Results show values obtained with the
1:800 dilution relative to those with the 1:200 dilution (%), mean ± SEM (intensity) or mean ± SD (number
of puncta and total fluorescence), n = 6 cells. Puncta were identified using TrackMate.
We assume that each unstimulated cell has N Orai1 puncta, each with n binding sites for Orai1 Ab; Ab
binds independently to each binding site; and n = 6 in an unstimulated cell. A 4-fold dilution of the
primary Ab (from 1:200 to 1:800) causes the TIRF immunofluorescence of each cell to decrease to 20.9
± 3.9% (mean ± SD, n = 6 cells), which is not significantly different from the 25% expected with a linear
relationship between Ab concentration and immunostaining. We therefore assume that the probability of
Ab binding to a single epitope is P1 for the 1:800 dilution and 4P1 for the 1:200 dilution. From the
binomial distribution, the probability (Pdiscovery) of the Ab identifying any of the 6 sites within a punctum is:
Pdiscovery = 1 - (1 - P1)6 for 1:800 and Pdiscovery = 1 - (1 - 4P1)6 for 1:200. With the 1:800 dilution, the number
of puncta detected is 54.5% of the number detected with the 1:200 Ab dilution (E). Hence, 0.545 =
P1:800discovery / P1:200discovery = (1 - (1 - P1)6) / (1 - (1 - 4P1)6), from which, solving by iteration, P1 = 0.119.
(F) Predicted frequency of detection of 0-6 subunits of an Orai1 channel with Ab dilutions of 1:200 and
1:800. Predicted mean fluorescence intensity of the detected puncta is shown for each dilution. The
predicted values (1:800/1:200 = 46%) aligns with observed values (39%, E). With P1 = 0.119, Pdiscovery for
the conditions used for our analyses of fluorescence intensity distributions (primary Ab = 1:200; Fig. 4) =
1 - (1 - 4P1)6 = 0.98. We therefore expect to detect most Orai1 puncta (‘dense labelling’), with very few
’missed events’, and to readily resolve any clustering of Orai1 channels as an increase in the
fluorescence intensity of puncta.
Collectively, these results demonstrate the specificity of the Orai1 Ab used (A,B) and our ability to
resolve clustering of Orai1 channels if it occurred (C-F).
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Fig. S10. A few active Orai1 channels are sufficient to explain the observed Ca2+ signals.
The figure illustrates the data and assumptions used to suggest that the relatively few Orai1 channels
associated with STIM1 in cells with empty Ca2+ stores is sufficient to provide the observed changes in
[Ca2+]c evoked by store depletion.

