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Summary

Store-operated Ca?*-entry (SOCE) regulates basal and receptor-triggered Ca?* signaling with STIM proteins
sensing the endoplasmic reticulum (ER) Ca?" content and triggering Ca?" entry by gating Orai channels.
Although crucial for immune cells, STIM1’s role in neuronal Ca?" homeostasis is controversial. Here, we
characterize a splice variant, STIM1B, which shows exclusive neuronal expression and protein content
surpassing conventional STIM1 in cerebellum and of significant abundance in other brain regions. STIM1B
results in a truncated protein with slower kinetics of ER-PM cluster formation and Icrac as well as reduced
inactivation. In primary wild-type neurons, STIM1B is targeted by its spliced-in domain B to presynaptic
sites where it converts classic synaptic depression into Ca?*- and Orai-dependent short-term synaptic
enhancement (STE) at high frequency stimulation (HFS). In conjunction with altered STIM1 splicing in
human Alzheimer disease, our findings highlight STIM1 splicing as an important regulator of neuronal

calcium homeostasis and of synaptic plasticity.

Introduction

Store-operated calcium entry (SOCE) links endoplasmic reticulum (ER) Ca?* depletion to reentry from the
outside. Depending on the degree of depletion, ER-resident stromal interaction molecules (STIM1/STIM2)
are activated, oligomerize and track to ER and plasma membrane (PM) contact sites where they trap and
gate highly Ca? selective ORAI channels (reviewed in (Prakriya and Lewis, 2015)). The thereby generated
Ca? current (Icrac, (Hoth and Penner, 1992)), can be modulated by fast and slow Ca?* dependent inactivation
(FCDI/SCDI)(Zweifach and Lewis, 1995a, b) and is critical for many cellular processes, in particular
immune function (reviewed in (Feske, 2019)). STIM and ORAI genes are ubiquitously expressed, but their
roles in the nervous system are less well understood. Recent studies describing neuron-specific deletion of
Orail and Orai2 channels indicate a role for SOCE in neuronal excitability (Chen-Engerer et al., 2019;
Maneshi et al., 2020; Stegner et al., 2019). STIM2 is the predominant paralogue in hippocampus and cortex,
while STIML1 is enriched in the cerebellum (reviewed in (Wegierski and Kuznicki, 2018)). Forebrain
conditional STIM1 knockout mice display significant learning defects (Garcia-Alvarez et al., 2015). In
cerebellum, STIM1 maintains a releasable ER Ca?* pool required for postsynaptic dendritic mGIuR1-
signaling and cerebellar motor behavior (Hartmann et al., 2014), regulates somatic Ca?* signals and intrinsic
spike firing properties (Ryu et al., 2017) and has recently been shown to be critical for intrinsic plasticity of
the rapid vestibule-ocular reflex (VOR) memory (Jang et al., 2020). However, non-canonical functions of
STIM1, such as inhibition of L-type voltage-gated Ca?* channels have also been proposed to influence
neuronal excitability (Dittmer et al., 2017; Hawkins et al., 2010; Park et al., 2010). While these studies

address a postsynaptic function of STIM, the role of presynaptic ER is less understood and controversially
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discussed (Carter et al., 2002; de Juan-Sanz et al., 2017; Emptage et al., 2001; Llano et al., 2000). De Juan
Sanz et al. detected heterogeneous levels of ER Ca?" in synaptic terminals and postulated that the ER may
act as a sink, rather than a source for presynaptic Ca2*. In mouse models of Alzheimer disease, presynaptic
Ca?* stores have been shown to control neuronal hyperactivity in vivo (Lerdkrai et al., 2018). Here, we
identify and characterize a neuron-specific splice variant of STIM1 called STIM1B. Through splice
insertion, a targeting motif is added to the cytosolic region of STIM1 allowing for specific localization of
STIM1B, but not STIM1 to presynaptic ER. Using a combination of electrophysiological and imaging
techniques we demonstrate that STIM1B slows activation of SOCE and reduces inactivation of Icrac.
Neuronal expression of STIM1B promotes Ca?*-dependent short-term enhancement (STE) of synaptic
signaling at high frequency stimulation due to an increased replenishment rate of synaptic vesicles. Reduced
occurrence of STIM1B in Alzheimer disease highlight the pathophysiological relevance of STIM1 splicing.
Our results provide insight into the so far poorly understood role of the ER in presynaptic Ca?*-homeostasis

and suggest that STIM1 splicing can fine-tune synaptic efficacy.
Results
Stim1 exon 11B is a mammalian specific splice variant expressed in neurons

As an antecedent comment, we will use Stim for murine and STIM for human variants. Both Stim1 and
Stim2 genes are encoded by large genomic regions spanning ~ 180 kbp and contain 12 exons for the
conventional variant; however, database mining predicts multiple splice variants with alternatively inserted
exons, requiring an updated exon nomenclature (Fig. 1A). The exon 12 to exon 14 boundary is a mutually
exclusive splice site, which, when splice insertion occurs, results either in insertion of the much longer exon
13L (formerly named exon 11L, XM_006507533.3) to translate into a longer Stiml protein (STIMIL,
(Darbellay et al., 2011)) or in insertion of a short exon 13B (XM_006507537.2). Insertion of exon 13B
results in a significantly shorter protein lacking 170 amino acids but contains an added domain of 26 residues
based on residues encoded by exon B as well as residues due to frame-shifted continuation of translation
terminating at E540. Using cDNA derived from different tissues we screened for exon B (13B) versus the
known variant (@ B) (Fig. 1B). While we did not detect expression of exon 13B in cDNA derived from
immune cells, astrocytes, testes, lung, skeletal muscle, heart and kidney (229 values around 0.003), we find
significant expression in brain (22¢9 ~ 1 for cerebellum). Figure 1C shows expression of SOCE genes using
calibrated gqRTPCR primers for Orail, Orai2, Orai3, Stim1 and Stim2 and splice-specific primer sets for
Stim1B and Stim1@B for different brain regions. As added 2“4 values of Stim1B and Stim1@B corresponded
to the result with Stim1 calibrated primers, we assume equivalent primer efficiencies and calculated relative
expression of Stim1B in different brain regions (right column). cDNA isolated from astrocytes or from
hippocampal neuronal cultures confirmed neuronal expression of Stim1B (Fig. S1A). We also investigated
3



STIM1 splicing in cDNA derived from postmortem brain samples of patients with both familial early onset
Alzheimer disease (FAD) or in pooled cDNAs from two cohorts with sporadic AD (14 ctr/30 AD) and (71
ctr/145 AD) with age-matched controls (Grimm et al., 2011; Lauer et al., 2020). The relative amount of
spliced STIM1B is significantly reduced in both familial and sporadic AD (Fig. 1D), suggesting aberrant
regulation of STIM1 splicing in AD. Translation of STIM1B (Fig. 1E) shows domain B downstream of the
channel-activation-domain (CAD/SOAR) and of the inhibitory domain (ID). Expression of Stiml and
Stim1b resulted in equal amounts of protein (Fig. 1F). Protein amounts in extracts of brain regions were
analyzed with an N-terminal epitope antibody recognizing Stim1 at ~77 kDa and Stim1B at expected 62
kDa, (Fig. 1 G), confirming that Stim1B surpasses Stim1 within cerebellum (Fig. 1H) in good agreement
with gRTPCR. Evolutionary analysis revealed that exon B represents a mammalian splice event with high
conservation, although longer variants are also predicted (see # in Fig. S1B). We generated a B-specific
antibody and subjected cerebellar extracts to immuno-precipitation. Both Stim1 and Stim1B were pulled
down with an N-terminal antibody, predominantly Stim1B was precipitated with the B-specific antibody,
while a C-term specific antibody mainly pulled down Stim1 (Fig. S1C). Both splice specific antibodies
precipitated little of the other variant, indicating a low degree of dimerization between Stim1 and Stim1B
in native conditions. Precipitating Stim2, however, pulled both variants, indicating potentially preferential
hetero-dimerization with Stim2 in native conditions (Fig. S1D). Using bi-fluorescent complementation
assays, we found no difference in the principal ability of STIM1B to interact with STIM1 or STIM2 upon
expression in STIM1/2 deficient HEK cells (HEKDKO, (Zhou et al., 2018))(Fig. S1E).

Stim1B is a differential activator of Orai channels

To understand how splicing affects functionality, we cloned Stim1/STIM1 and Stim1B/STIM1B into bi-
cistronic vectors or as mkate2/YFP tagged variants. As the cell-line SH-SY5Y also express functional
VGCC (Sousa et al., 2013), we deleted endogenous STIM1 and STIM2 (Fig. S1 F-H) and performed Ca?*
imaging experiments after heterologous re-expression. After establishing baseline, a short high [K*]o-
induced depolarizing pulse was applied followed by a SOCE re-addition protocol (Fig. 2A). SH-SY5Y
S1/S27 cells showed no SOCE with mock transfection, re-addition of STIM1 or STIM1B did not change
basal Ca?*in the presence of endogenous STIM2 (data not shown), but increased basal Ca?* in the DKO
background (Fig. 2A,C). We found little influence of STIM1 or STIM1B on K*-induced Ca?" entry.
However, STIM1B only partially rescued SOCE and displayed decreased rate, peak and plateau of SOCE
(Fig. 2AC), similar differences in SOCE were recorded with murine variants (see below). We also co-
overexpressed STIM1B either with STIM1 or with STIM2 at a 1:1 ratio and found STIM1B to display a
dominant-negative phenotype on both STIM1 and STIM2 function (see basal Ca?") (Fig. 2B,C). To further
investigate biophysical properties of Stim1B versus Stim1, we conducted patch-clamp experiments in co-

transfections with different Orai homologs in HEKDKO. Stim1B lead to a decreased rate of Icrac (Orail)
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but reached similar current densities within 300 sec in conditions of strong intracellular Ca?* buffering
(BAPTA+IP3 in pipette) (Fig. 2D). Stim1 induced currents showed ~ 20% run-down which may represent
slow calcium-dependent inactivation (SCDI) versus only ~ 4% rundown for StimlB (Fig. 2E, %
inactivation, see below). Upon co-expression with Orai2, which, together with Orai3, is the prevailing
homolog expressed in neurons (Fig.1C), Stim1B showed smaller current densities as well as reduced run-
down/SCDI compared to Stim1 (Fig. 2DE). Co-expression with Orai3 showed an overall faster current onset
of Icrac, With increased SCDI/run-down for Stim1 thereby accentuating the difference to Stim1B which
displayed increasing CD’s and virtually no SCDI/run-down (Fig 2 DE). The finding that © decreases with
Orai2 and Orai3 is expected (Lis et al., 2007) and the similar degree of t reduction seen with Stim1B argues

for an overall similar affinity of Stim1B’s CAD domain to Orai isoforms.
STIM1B shows delayed translocation to ER-PM junctions

The C-terminal polybasic domain of STIM1 functions as an anchor to attach STIM1 to inner leaflet
phospholipids of the plasma membrane (PM) (Yuan et al., 2009) and the TRIP motif (aa 642-645) is
essential to attach STIM1 to the microtubule tip end binding protein EB1, enabling STIM1 to extend cortical
ER structures (Chang et al., 2018; Orci et al., 2009). We investigated targeting and cluster formation of
STIM1B lacking these sites in comparison to a deletion mutant terminating after the last common amino-
acid (STIM1_514%*) in cells lacking all endogenous ORAI proteins (Alansary et al., 2020). All three proteins
showed ER distribution at rest and cluster formation after thapsigargin (Tg) treatment with both
STIM1 514* and STIM1B resulting in smaller clusters (Figs. 2F and S1lI). Using time lapse TIRF
microscopy in HEKDKO, YFP-STIM1 showed initial translocation towards the PM along longitudinal
tracks (microtubules (MT)) (see supplementary movie SM1), while YFP-STIM1B displayed delayed
translocation lacking MT-tracking but eventually formed clusters within the TIRF plane (Fig. 2GH,
supplementary movie SM2) and quantified in Fig. 21 for cluster size and rate. Our results show that neither
STIM2, the PBD or the presence of ORAI channels is essential for initial ER-PM cluster formation (see also
(Zheng et al., 2018)), but rather for expansion of cluster sizes. To monitor the onset of SOCE in a similar
experimental paradigm, we added Tg in the presence of extracellular Ca?*, resulting in an initial rise in
[Ca?*]i from the ER, followed by store-operated influx in HEKDKO (Fig. 2J). This second phase was
delayed for STIM1B leading to reduced Ca?" influx compared to both STIM1_514* and STIM1 (Fig. 2J),

indicating that domain B confers an additional phenotype onto STIM1 function.
Insertion of Domain B and not the missing C-terminal domain determines the phenotype

The slower activation kinetics observed for Stim1B with all three Orai homologs (Fig. 2DE) is congruent

with slower cluster formation. Since patch-experiments with high BAPTA are not ideal to measure SCDI,
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we reduced buffer capacity. To further validate an independent functional role of domain B, we deleted one
nucleotide of StimlB’s termination codon to resume the original Stiml reading frame
(Stim1B@Stop/Stim1B@*), creating full length Stim1 with additional 26 residues (Fig. 3A). Stim1/Orail
Icrac recorded with 2 mM EGTA showed prominent (~70%) SCDI for Stiml (Fig. 3BC), while
Stim1B/Orail Icrac displayed significantly reduced Icrac with slower kinetics and significantly less
inactivation (Fig.3 BD). Of note, FCDI, recorded by applying voltage pulses to -100 mV was not
significantly affected by Stim1B (Stim1/Orail inactivated to 59.48 + 4.7 % (SEM) of the peak value and
Stim1B/Orail to 48.81+2.5 % of peak value, no significant difference). Our results (Fig. 2J) already
indicated that Stim1_514* did not phenocopy Stim1B, arguing that the lack of C-terminal residues was not
the sole reason for altered function. Patch-clamp recordings with EGTA showed that Stim1_514* decreased
current densities, however, these were significantly larger and more rapidly activating compared to Stim1B.
Quite strikingly, Stim1B@Stop, containing both the MT-tracking EB1 attachment site (TRIP motif) and the
PBD, was as slow and inhibited as Stim1B (Fig. 3BC), confirming that the B-residues confer an independent
phenotype. A Stim1B mutant, which contains mutations within the Orai channel activating domain
(CAD/SOAR) namely L373S and A376S (CADm), abrogated activation of all Orai channel isoforms
(Frischauf et al., 2009) and was unable to evoke currents (Fig. 3B). We also recorded these constructs with
BAPTA,; here, Stim1_514* displayed activation kinetics, current densities, and inactivation comparable to
Stim1, while Stim1B@Stop showed slower activation kinetics and less inactivation compared to Stim1 but
slightly faster activation and more inactivation compared to Stim1B (Fig. S2 AB). Normalizing BAPTA
values to the average EGTA response revealed that current activation kinetics (with IP3) are Ca?*
independent (Fig. S2C). However, while maximal current densities of Stim1 were buffer independent, the
other variants displayed significant increases. As expected, SCDI is strongly reduced in BAPTA for all
constructs and virtually absent in Stim1B (Fig. S2C). Ca*" imaging confirmed phenotypes for N-terminally
tagged constructs (Fig. S2D) used for expression in neurons. These results clearly indicate that insertion of

domain B and not deletion of C-terminal residues confers specific changes.

Stim1B but not of Stim1 turns synaptic depression into short term enhancement

Given the exclusive neuronal expression of Stim1B (see Fig.1, Fig. S1A), we investigated whether Stim1 or
Stim1B differentially affect synaptic transmission. Stiml, Stim1B and mutant variants were virally
transduced in autaptic hippocampal cultures. To cover a range of synaptic responses we first recorded
spontaneous activity, followed by 0.2 Hz stimulus and subsequent 20 Hz and 40 Hz high frequency stimulus
trains (HFS, Fig. 3D). Expression of Stiml or Stim1B did not alter miniature excitatory postsynaptic
currents (mEPSC) signaling, neither changing frequency, amplitude or charge of spontaneous

neurotransmitter release (Fig. S2E-G). Also, kinetics of single quantal events remained unchanged (data not
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shown), indicating that Stiml or StimlB did not influence the postsynaptic receptor machinery.
Furthermore, we found no alteration in basal action potential evoked release (stimulation frequency 0.2 Hz)
(Fig. S2H). To investigate potential effects of Stim1B expression on synaptic efficacy, we used 20 Hz HFS
stimulations (Fig. S3) and found that neither variant altered the initial EPSC amplitude (Fig. S3D), nor
affected the time-course of synaptic depletion or vesicle pool size (Fig. S3A-G). Surprisingly, subsequent
40 Hz HFS activation uncovered a strong Stim1B phenotype with Stim1-expressing neurons showing classic
short-term depression (STD) indistinguishable from mock transduced neurons (Fig. 3D-G). In contrast,
starting from a similar initial amplitude, Stim1B caused strong short-term enhancement (STE) over the
stimulus train (Fig. 3D-G). Furthermore, the AmpEPSC10/AmpEPSCL1 ratio was shifted towards higher
values (Fig 3F), reaching on average a nearly 1.5-fold higher ratio than in mock-transfected or Stim1-
expressing neurons (Stim1B-positive neurons: 1.52 + 0.084; Stim1 expressing neurons 0.67+ 0.082, p <
0.001, one-way ANOVA on ranks, Fig 3F). Moreover, the total charge transfer of the evoked response (Fig.
3H) and the replenishment rate (slope of the cumulative total charge for the last four stimuli (Schwarz et al.,
2019)) were strongly enhanced in Stim1B-positive cells when compared with Stim1 expressing neurons.
Along the same line, the asynchronous release was increased upon Stim1B expression (Fig. 3J), indicating
enhanced Ca?* levels in the presynaptic terminal. This strong synaptic phenotype was also observed upon
expression of Stim1B@Stop, producing a profound STE of synaptic signaling that was indistinguishable
from Stim1B (Fig. 3). These results are consistent with the phenotypic similarities in heterologous
expression and indicate a role of domain B and not the lack of C-terminal Stim1 residues in synaptic
plasticity. In contrast, the Stim1B CAD mutant failed to evoke STE and displayed a synaptic phenotype
similar to non-transduced or Stim1 transduced neurons, even displaying a tendency towards an enhanced
rate of synaptic depression (Fig. 3D-F). The failure of StimlB_CADm to support STE suggests that
presynaptic Ca?* influx through Orai channels directly or indirectly (by filling the ER) mediates Stim1B’s
effect on STE. Taken together, these results suggest a role for Stim1B in modulating synaptic efficiency.
To validate that STE is indeed dependent on an increase in presynaptic Ca?", we used EGTA-AM to buffer
the intracellular Ca?* rise during HFS (Otsu et al., 2004). EGTA-AM treatment fully abolished Stim1B
mediated STE (Fig. S3H-L). The AmpEPSC10/AmpEPSC1 ratio is shifted towards short term depression
(STD) for all measured groups (Fig. S3J). Conversely, the elevated asynchronous release component during
HFS reporting the accumulation of intra-terminal Ca?* (Otsu et al., 2004), is completely abolished with
EGTA-AM treatment indicating efficient Ca?* buffering (Fig. S3K, L). We thus raised the question whether
the phenotype observed at 40 Hz was truly frequency-dependent or whether STE was due to an accumulation
of presynaptic [Ca?] triggered by the preceding 20 Hz train. For this, we recorded a second 20 Hz train with
the same inter-stimulus interval as before (Fig. S4A). Indeed, both Stim1B and Stim1B@Stop now caused
STE at the second 20 Hz train, which was absent in the other groups (Fig. S4A-F)., the initial amplitude

remained unchanged among the different groups (Fig. S4D). Overall, the phenotypical similarities of
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Stim1B expression recorded at different stimulation frequencies point towards a mechanism wherein a rise
in presynaptic [Ca?*]i is required to trigger Stim1B mediated STE. The comparative analyses of Stim1B and
its mutant variants indicate a crucial role of Stim1 domain B in regulating synaptic STE, which could be
mediated either by additional Ca?* influx or by ER Ca?* release directly or indirectly through activation of
synaptic Orai channels.

Presynaptic localization corroborates synaptic physiology of Stim1B

Given the strong synaptic phenotype described above, we investigated protein localization in hippocampal
mass cultures. Stim1 localized mainly to the ER within the neuronal soma with some fluorescence
protruding into the larger dendritic or axonal structures and displayed little co-localization with the
presynaptic marker protein bassoon (Fig. 4 AB). Stim1B, however, showed a clearly distinct localization
with some somatic ER localization (not seen in Fig 4A) but a much more distal punctate localization that
significantly overlapped with the presynaptic markers bassoon (Fig. 4 AB). To investigate whether the
differential localization is due to the absence of C-terminal residues and binding partners, we tested
Stim1B@Stop. Stim1B@Stop still maintained the differential localization compared to Stim1 and displayed
co-localization with bassoon (Fig. 4 AB), confirming that specific residues are necessary for localization
and that the STE phenotype is due to presynaptic localized Stim1B. Similarly, the ORAI-coupling deficient
Stim1B_L373S;A376S still localized to presynaptic sites (Fig. 4AB), proving that its absent STE (Figs. 3,
S4) was not due to altered localization. The extent of stronger peripheral localization of Stim1B can also be
directly visualized with live microscopy visualizing mkate2 fluorescence of patch-clamped neurons (Fig.
4C). In contrast to the differential localization of Stim1B versus Stim1 observed in neurons, co-expression
of both proteins in MEF displayed a high degree of co-localization within the ER before or after Tg treatment
(Fig. 4D). In summary, the distinct localization of Stim1B to presynaptic terminals together with its
enhancement of synaptic responsiveness at HFS adds evidence for SOCE dynamically shaping STE in high

demand situations.
Discussion

The human genome consists of ~ 20.600 protein coding genes, which is surprisingly low for the proteomic
complexity in tissues, but with an average of 6.3 alternatively spliced transcripts (3.9 different protein-
coding transcripts) per locus (2012). Of several predicted Stim1 splice variants, Stim1B is highly enriched
in the CNS, suggesting a selective advantage correlated with mammalian brain function (Fig. S1). While
abundant in several brain regions, exon B and the corresponding Stim1B protein is the dominant Stim1
isoform in cerebellum, while still contributing to ~ 40% of Stim1 protein in hippocampus. In postmortem
brain samples of age matched controls or patients with early onset or sporadic Alzheimer disease, STIM1B

is detected and shows a decreased expression in AD compared to STIM1, indicating altered splicing in AD.
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Functionally, Stim1B displayed several distinct features: In heterologous expression systems, Stim1B lead
to slower recruitment towards ER-PM junctional regions, smaller puncta and slower activation of all Orai
isoforms, also in the presence of STIM2 (Fig. 2). These effects are small in patch-clamp experiments with
overexpression of Orail and with strong buffering, indicating near normal interaction and gating of Orail,
also confirmed by unaltered fast inactivation (FCDI). As also described by Zheng et al. (Zheng et al., 2018),
larger C-terminal deletions in STIM1 obliterate the attachment to microtubules via EB1 proteins, the
detachment from which is facilitated by the PBD (Chang et al., 2018) and explains that deletion of only the
PBD (AK) may be less active than larger deletions. In addition, SCDI was significantly reduced with
Stim1B, which may be due to slower store refilling, altered phosphorylation (Zweifach and Lewis, 1995b),
decreased disassembly and/or altered interaction with SARAF (Palty et al., 2012) or with unknown proteins.
In co-expression with Orai3, Stim1B resulted in a continuous run-up of Icrac in contrast to the run-down
seen with co-expression of Stim1. The slowed Icrac, SOCE activation kinetics and reduced peak response
were not well phenocopied by the artificially deleted Stim1l_514*, but instead recapitulated with insertion
of the specific and conserved residues into full length Stim1 (Stim1B@Stop), arguing for an added function
conferred by the specific residues. This added function is critical for targeting Stim1B to presynaptic sites,
where expression of Stim1B but not of Stim1 switched synaptic transmission at high frequency stimulation
(40 Hz): from short term depression to short-term facilitation of synaptic signaling by increasing vesicle
replenishment rate. This strong enhancement was also observed with Stim1B@Stop but not with
Stim1B_CADm. Potentially, Stim1B might recruit endogenous full length Stim1 or Stim2 to presynaptic
ER, however, we found little evidence for Stim1 and Stim1B interaction in co-immune-precipitation from
cerebellar extracts. Stim2 was able to interact with both variants, however, functional roles of Stim2 in
presynaptic regions have not been described. Buffering Ca?* abolished Stim1B mediated STE, suggesting
that STE is caused by an increase in cytosolic Ca?*.which is also supported by the fact that a second 20Hz
stimulus displayed STE in the presence of Stim1B. Thus, Ca?* influx through VGCC (during initial stimulus
train) and subsequent increase in [Ca?*]i is a prerequisite for Stim1B mediated STE of synaptic signaling.
In contrast to the reported inhibition of postsynaptic VGCC by Stiml1 (Dittmer et al., 2017), a direct
inhibition of presynaptic VGCC by Stim1B is unlikely, given that we did not observe changes in the initial
EPSC amplitude and RRP size, both parameters being reduced in case of VGCC inhibition (Catterall and
Few, 2008). The increase in replenishment rate, as well as in asynchronous release observed with Stim1B
(Figs. 3, S4) points to a mechanism whereby presynaptic localized Stim1B functionally couples to Orai
channels providing an additional Ca?* entry pathway (into cytosol/ER) required for vesicle replenishment
and/or recruitment during protracted stimulation. Indeed, the L373S;A376S mutation within the CAD
domain of Stim1B completely abrogated STE (Fig.3B and F-J), pointing to a bona fide role for Stim1B

mediated SOCE in being able to support or trigger STE at high frequencies. The slower time course of Icrac



activation in heterologous expression compared to EPSCs measured in Fig. 3 suggests that in neurons,
Stim1B might be pre-coupled to Orai channels at specified presynaptic contact sites (as postulated (Maneshi
et al., 2020) for Orail in dendritic spines) or that slower Stim1B mediated SOCE is sufficient to keep ER
stores charged to provide local HFS induced CICR. VGCE at the active zone can rapidly trigger further Ca?*
influx across the plasma membrane through other Ca?* activated channels (i.e. TRPC1/C5 (Schwarz et al.,
2019)), which could enhance CICR and induce SOCE to mobilize more distantly localized synaptic vesicles
in order to maintain STE of synaptic signaling. Given that basal transmission was unaltered by Stim1B
expression suggests that Stim1B is selectively engaged to support vesicle replenishment in “high demand”
situations. While frequency dependent changes in synaptic strength are important for gain control and
sensory adaptation (Abbott and Regehr, 2004), vestibular and Purkinje cell to deep cerebellar nuclear (PC
to DCN) inhibitory synapses are frequency invariant, with Synaptotagmin-7, the Ca?* sensor for STE,
supporting facilitation at increasing firing frequencies to counteract depression (Turecek et al., 2017). In
summary, our data clearly implies that the neuronal splice variant StimlB is selectively targeted to
presynaptic ER to trigger an additional Ca?* influx pathway to replenish synaptic vesicles from a reserve
pool. Therefore, the relative amount of spliced Stiml in different neurons and potentially in different
synapses of the same neuron may provide an elegant mechanism enabling synapses to tune their synaptic
efficacy. This adaptation appears reduced in neurodegenerative diseases such as AD with significantly
reduced STIM1B splicing.
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Main figure titles and legends
Figure 1. Expression of the Stim1 exon 13B splice variant.

(A) Partial Stim1 exon structure. Highlighted in red is an alternative exon 11(A) and the mutually exclusive
variants exon 13 (B, blue) and exon 13 (L, green).

(B) Primer strategy.

(C) Expression levels normalized to TBP in brain regions (left) and relative expression of exon B compared
to Stiml (x SD, n23) (right panel).

(D) 224%4 values of STIM1B, non-B and total STIM1 of healthy age matched controls and of familial and
sporadic Alzheimer disease patients.

(E) Stim and Stim1B protein domains.

(F) Exemplary Western blot of Stim1 and Stim1B using bi-cistronic expression, quantified protein (right).
(G) Western blot showing Stim1 and Stim1B in different brain regions and heterologous overexpression of
Stiml and Stim1B in HEKS1/27 (right). Normalized protein amounts (+ SD, n=3), detected by an N-
terminal Stim1 antibody. See also Figure S1.

Figure 2. Stim1B is a differential Orai activator with distinct characteristics.

(A) SOCE measurements in SH-SY5Y S1/S27- with single expression: vector (gray), STIM1 (black) or
STIM1B (red) with solution exchanges indicated above.

(B) SOCE measurements in SH-SY5Y S1/S27 with co-overexpression as indicated. S1=STIM1;
S2=STIM2.

(C) Normalized parameters for basal ratio, rate, peak and plateau of SOCE. All data are presented as mean

+ SEM for 6-8 measurements of 3 independent transfections. (n= 150-1229 cells).

(D) Whole-cell Icrac measurements of HEKDKO cells co-expressing Stim1 (black) or Stim1B (red) with
either Orail, Orai2 or Orai3 with 20mM [BAPTA]..

(E) Quantification of activation kinetics, maximum current density and inactivation. All data are presented

as mean £ SEM (n within first bars).
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(F) Representative widefield images of HEK Orail”;Orai2”;Orai3” cells expressing YFP-STIM1 or
YFP-STIM1B with PLC3-PH-mCherry (PM marker, not shown) before and after store-depletion with Tg.
Scale bar = 10um.

(G) Representative TIRF images of HEKDKO expressing YFP-STIM1 or YFP-STIM1B after Tg

application, scale bar = 10um.
(H) F/FO0 over time of YFP-STIML1 (black) or YFP-STIM1B (red) monitored by TIRF microscopy.

() Quantification of cluster size and rate of formation. Intensity change and cluster rate are presented as
mean £ SEM and cluster size as box plot (229-923 clusters, median with 25th-75th percentile, whiskers

equal min. and max. values). All data were obtained from 12-18 cells with 2-5 technical and 5 biological
replicates each. For all statistics: ** p<0.01, *** p<0.001. See also Figure S1 and S2.

Figure 3: Domain B dictates phenotype and promotes strong STE of synaptic signaling
(A) Schematic representation of Stim1, Stim1B and derived mutant proteins.

(B) Average traces showing current-density (CD) over time in cells with indicated Stiml variant co-
expressed with Orail (2mM EGTA)).

(C) Quantification of patch-clamp data in (B) showing mean + SEM of fitted activation kinetics, maximal

current-densities (CDmax) and % inactivation (n within bars).

(D) Exemplary image of a patch-clamped autaptic neuron with stimulation protocol and sample recordings

of AP-potential evoked EPSCs (excitatory postsynaptic currents; 40 Hz) shown below.
(E) EPSC amplitude changes during HFS normalized to the initial amplitude.

(F,G) Frequency distribution of AmpEPSC10/AmpEPSCL1 ratio shows that Stim1B expression shifts

synaptic responses towards STE.

(H) Mean cumulative total charge transfer during HFS. The replenishment rate was determined from the

slope of the cumulative plot (last 4 data points).

() The replenishment rate is significantly enhanced in Stim1B or Stim1B@Stop expressing neurons

compared to the other groups.

(J) Quantification of the 40th asynchronous charge. Data were collected from 3-4 independent preparation;
*p>0.05; **p<0.01, ***p<0.001; one-way ANOVA on ranks followed by Dunn’s post-hoc test.
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Figure 4: Stim1B is localized to presynaptic terminals.

(A) Representative images of variants (left panels) co-immunolabeled with an anti-mkate2 antibody and

presynaptic bassoon (middle).

(B) Quantification of colocalization in thin axonal structures. 12 Stim1, 8 Stim1B, 6 Stim1B_CADm and 7
Stim1B@Stop expressing neurons from 2 independent cultures were analyzed. p < 0.05, one way Anova on
ranks/Dunn’s post-hoc test.

(C) Exemplary in vivo fluorescence of mkate2-Stim1 and mkate2-Stim1B expressing neurons.

(D) Confocal images of MEF cells co-expressing Stim1B and Stim1. A monoclonal C-terminal antibody
detects Stim1 while the B-specific antibody detected Stim1B. Co-localization was quantified using Manders'

coefficients.

13



STAR Methods
KEY RESOURCE TABLE

REAGENT or RESOURCE \ SOURCE IDENTIFIER

Antibodies

anti STIM1 / GOK antibody mouse monoclonal Acris Antibodies GmbH Cat#
AM20946PU-
N,RRID:AB_1
0849514

GOK/STIM1 mouse monoclonal, AA 25-139 BD Biosciences Cat# 610954,
RRID:AB_398
267

STIM1, Rabbit Polycloncal, AA 2-350

Proteintech

Cat# 11565-1-
AP,
RRID:AB_230
2808

STIM1B

Selfmade, Dr. Martin Jung

This paper

STIM2 ,Rabbit Polyclonal, 525-674aa encoded
by BC146661

Proteintech

Cat# 21192-1-
AP,

RRID:AB_107
34322

Mouse Anti-beta-Actin Monoclonal Antibody, Sigma-Aldrich Cat# A1978,

Unconjugated, Clone AC-15 RRID:AB_476
692

Rabbit Anti-GAPDH Monoclonal Antibody, Cell Signaling Technology Cat# 2118,

Unconjugated, Clone 14C10 RRID:AB_561
053

mCherry, Polyclonal Biorbyt Cat#
orb11618,
RRID:AB_268
7829

RFP/mKate2, Polyclonal Evrogen Cat# AB233,
RRID:AB_257
1743

Anti-Bassoon, mouse monoclonal Synaptic Systems Cat# 141 011,
RRID:AB_261
9827

Goat anti-Mouse IgG Alexa-Fluor 555 Invitrogen Cat #A-21422

Goat anti-Rabbit IgG Alexa-Fluor 488 Invitrogen Cat #A32731

Goat anti-Guinea Pig IgG Alexa-Fluor 643 Invitrogen Cat #A-21450

Chemicals, Peptides, and Recombinant Proteins

Gibco’s Minimum Essential Medium (MEM) Thermo Fisher Scientific Cat
#31095029
Gibco’s Dulbecco’s modified eagle’s medium Thermo Fisher Scientific Cat
(DMEM) #41966029
Gibco’s Fetal Calf serum (FCS) Thermo Fisher Scientific Cat
#10270106
Gibco’s Non-Essential amino acids (NEAA) Thermo Fisher Scientific Cat
#11140050
Gibco’s Phosphate buffered Saline (PBS), pH ThermoFisher Scientific Cat
7.4 #10010023
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TrizOL Life technologies Cat
#15596026
cOmplete Protease Inhibitor Cocktail Roche Cat
#4693159001
Neurobasal A Medium ThermoFisher Scientific Cat
#10888022
B-27 Supplement ThermoFisher Scientific Cat
#17504044
Gibco’s GlutaMAX ThermoFisher Scientific Cat
#35050061
Papain Worthington Biochemical Cat
#L.S003126
Gibco’s Penicillin/Streptomycin ThermoFisher Scientific Cat
#15140122
poly-D-lysine Sigma-Aldrich Cat #P6407
Critical Commercial Assays
JetPRIME Polyplus Cat #114-15
JetOptimus Polyplus Cat #117-07
DreamTag Green PCR master mix Thermo Fisher Scientific Cat #K1081
SuperScriptTMII Reverse Transcriptase Thermo Fisher Scientific Cat#
18064022
Quantitect SYBR green Qiagen Cat #204143
Clarity Western ECL blotting substrate Bio-Rad Cat #1705061
Pierce™ BCA Protein Assay Kit ThermoFisher Scientific Cat #23227
Lipofectamine 2000 Invitrogen Cat
#11668027
Dynabeads™ Protein A for Immunoprecipitation | ThermoFisher Scientific Cat #10001D
Dynabeads™ Protein G for Immunoprecipitation | ThermoFisher Scientific Cat #10003D

ProLong™ Gold Antifade Mountant with DAPI

ThermoFisher Scientific

Cat # P36931

Nitrocellulose membranes GE Healthcare Lifesciences Cat
#10600016

Zombie Aqua™ Biolegend Cat # 423101

Gateway™ BP Clonase™ || Enzyme mix ThermoFisher Scientific Cat
#11789020

Gateway™ LR Clonase™ Il Enzyme mix ThermoFisher Scientific Cat
#11791020

Experimental Models: Cell Lines

HEK STIM1/;STIM27 (S1/S2 DKO) kind gift by Dr. Don Gill N/A

HEK Orail”; Orai2”; Orai3"- (Orai TKO) (Alansary et al., 2020) N/A

MEF STIM1+;STIM2" (S1/S2 DKO) (Oh-Hora et al., 2008) N/A

SH-SY5Y STIM17;STIM2/(S1/S2 DKO) this study N/A

SH-SY5Y STIM1” (S1 KO) this study N/A

Experimental Models: Organisms/Strains
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C56BI/6N Charles River Strain code
027
Oligonucleotides
See Table S1 for oligonucleotide information.
Recombinant DNA
Plasmid: pX459-pSpCas9(BB)-2A-Puro V2.0 Addgene #62988
Plasmid: pWPXL Addgene #12257
Plasmid: pEX-SP-YFP-STIM1 Addgene #18857
Plasmid: pEX-SP-YFP-STIM1B this study N/A
Plasmid: pEX-SP-YFP-STIM1_514* this study N/A
Plasmid: pMax-mCherry-STIM1 Kilch et al., 2013 N/A
Plasmid: pEX-S1SP-mKate2-STIM2 this study N/A
Plasmid: pMax-Stim1-IRES-mCherry this study N/A
Plasmid: pMax-Stim1B-IRES-mCherry this study N/A
Plasmid: pMax-Stim1_ 514*-IRES-mCherry this study N/A
Plasmid: pMax-Stim1B @STOP- IRES-mCherry | this study N/A
Plasmid: pMax-Orail-IRES-GFP (Wissenbach et al., 2007) N/A
Plasmid: pMax-Orai2-IRES-GFP (Wissenbach et al., 2007) N/A
Plasmid: pCAGGS-Orai3-IRES-GFP (Wissenbach et al., 2007) N/A
Plasmid: pMax-mKate2-Stim1 this study N/A
Plasmid: pMax-mKate2-Stim1B this study N/A
Plasmid: pMax-mKate2-Stim1B@STOP this study N/A
Plasmid: pMax-mKate2-Stim1B L373S/A376S this study N/A
Plasmid: pWPXL-mKate2-Stim1 this study N/A
Plasmid: pWPXL-mKate2-Stim1B this study N/A
Plasmid: pWPXL-mKate2-Stim1B@STOP this study N/A
Plasmid: pWPXL-mKate2-Stim1B L373S/A376S | this study N/A
Plasmid: PLC&-PH-mCherry Kind gift by Dr. Nicolas Touret N/A
Plasmid: pmaxGFP Lonza N/A
Plasmid: pBabe-CMV-YFPn-DEST-neo34 Kind gift by Dr. Yubin Zhou N/A
Plasmid: pBabe-CMV-YFPc-DEST-puro Kind gift by Dr. Yubin Zhou N/A
Plasmid: pDONR221-STIM1 Kind gift by Dr. Yubin Zhou DNAsu
#76162
Plasmid: pDONR221-STIM2 DNAsu Repository DNAsu
#746184
Plasmid: pBabe-STIM2-YFPn this study N/A
Plasmid: pMax-STIM1-YFPc this study N/A
Plasmid: pMax-STIM1B-YFPc this study N/A
Software and Algorithms
Quantity One Bio-Rad
Fiji (Schindelin et al., 2012)
Patchmaster/ Pulse HEKA Elektronik
Prism 8.4 GraphPad
Igor Pro 6.37 WaveMetrics
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Python scripts for Ca2+ imaging analysis https://github.com/lukasjarzembowski/Fura2-Calcium-
Analysis

SigmaPlot 13 Systat Software GmbH

FACSVerse system BD Biosciences

FloJo 10.0.7 BD Biosciences

VisiView® Visitron Systems GmbH

Mini Analysis, Version 6.0.3 Synaptosoft Inc.

RESOURCE AVAILABILITY

Lead Contact

All requests for resources and reagents should be directed to the Lead Contact, Dr. Barbara A.
Niemeyer (barbara.niemeyer@uks.eu).

Materials Availability
Constructs and cell lines available upon request, MTA required for cell lines.
Data and Code availability

Custom-written Python routines are available at https://github.com/lukasjarzembowski/Fura2-
Calcium-Analysis

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experimental procedures involving the use of animals were approved and performed in
accordance with EU guidelines and the ethic regulations of the animal welfare committee at the
University of Saarland. All efforts were made to minimize animal suffering and to reduce the
number of animals used. Autaptic cultures of hippocampal neurons were prepared from PO-1 wild
type (C56BI/6N strain) mice of both sexes as described previously (Schwarz et al., 2017).

Cell culture of cell lines

All cell lines were maintained in a humidified incubator at 37 °C, 5% CO2 and passaged weekly.
HEK293 Orail™”;Orai2”;Orai3" cells were cultured in Minimum Essential Medium (MEM, Gibco).
Dulbecco’s modified eagle’s medium (DMEM, Gibco) was used for HEK STIM1;STIM2"-and MEF
Stim1”7;Stim2”. SH-SY5Y STIM1” and SH-SY5Y STIM17;STIM2” cells were maintained in
DMEM with 1% non-essential amino acids (NEAA, Gibco). All media was supplemented with 10%
fetal calf serum (FCS, ThermoFisher Scientific).

Primary hippocampal neuron cultures

Briefly, hippocampi were dissected and digested for 28 mins at 37°C with 15 units of papain
(Worthington, USA), followed by gentle mechanical trituration. Neurons were seeded at low

17


https://github.com/lukasjarzembowski/Fura2-Calcium-Analysis
https://github.com/lukasjarzembowski/Fura2-Calcium-Analysis

density (1.000 cells/ml) onto a layer of glial microislands, resulting in co-cultures of glia and
neurons. For electrophysiological recordings, only islands with single neurons were used. For
mass cultures, neurons were seeded with a density of 300 cells/mm?2on 25 mm cover slips coated
with 0.5 mg/ml of poly-D-lysine (Sigma). Cultures were maintained at 37°C in an incubator,
humidified with 95% air and 5% CO, in NBA (Invitrogen), supplemented with 2% B-27 (Sigma),
1% GlutaMAX (Invitrogen), and 1% penicillin/streptomycin (Invitrogen).

Generation of CRISPR-Cas9-mediated STIM1/STIM2 knockout cell lines

Sequence-specific gRNA for STIM1 and STIM2 as described in (Zhou et al., 2018) were subcloned
into pX459-pSpCas9(BB)-2A-Puro V2.0 using the Bbsl recognition site. Single or double
transfections of the CRISPR plasmids or control plasmids into SH-SY5Y cells were performed
using Lipofectamin2000 according to manufacturer’s instructions. Cells were selected in media
containing 2 pg/ul puromycin. Monoclonal cell lines were generated by limiting dilution and
knockout was verified by sequencing genomic DNA, by Western blot for STIM1 and STIM2 and
by intracellular Ca?* measurements (Figs. 2A).

METHOD DETAILS

Plasmids and cloning

A detailed listing of all constructs used in this study can be found in the key resource table. Murine
and human STIM1B constructs were created by insertion of the 36bp Exon B specific nucleotides
via PCR into pEX-SP-YFP-STIM1 ((Liou et al., 2005), Addgene #18857) and pMax-Stim1-IRES-
mCherry vectors using phosphorylated primer pairs. STIM1_514 constructs were created by QC
PCR insertion of two subsequent stop codons into Stim1 (pMax-IRES-mCherry) and STIM1 (pEX)
vectors using primers 1498/99 (human) or by PCR amplification and restriction site cloning with
primer 1566 for murine variant. mKate2-tagged Stim1 variants were cloned via amplification of
mKate2 from pmKate2-N (Evrogen) with phosphorylated 1719/20 primer pairs and subsequent
blunt ligation after the signal peptide of amplified and linearized pMax-Stim1 using 1604/05 primer
pairs. This construct was used for creation of mKate2-Stim1B using the insertion PCR strategy
described above and subsequent mutation of the CAD domain (Stim1B L373S,A376S) or deletion
of the Exon B stop codon (Stim1B@Stop) via site-directed mutagenesis using 1796/97 or 1794/95
primer pairs, respectively. Murine mKate2-tagged Stim1 constructs were amplified with BamHI
and Spel sites using 1744/45 primer pairs and subcloned into the lentiviral expression vector
pWPXL (Addgene #12257) replacing the EGFP cassette. Murine Orai variants in pPCAGGS-IRES-
GFP were described previously (Wissenbach et al., 2007). BIFC destination constructs pBabe-
CMV-YFPN-DEST-neo034, pBabe-CMV-YFPc-DEST-puro containing split-YFP and pDONR221-
STIM1 entry clone (DNAsu #76162) were a kind gift by Dr. Yubin Zhou. STIM2 entry clone in
pDONR221 donor plasmid (#746184) were purchased from the DNAsu repository. pPDONR221-
STIM1B entry clone was created by amplification of STIM1B with attB-sites using primers
1909/1931 from pMax-STIM1B-IRES-mCherry and using the Gateway™ BP Clonase™ || Enzyme
mix (ThermoFisher Scientific). pBabe-STIM1-YFPc, pBabe-STIM1B-YFPc and pBabe-STIM2-
YFPn were created from entry clones using Gateway™ LR Clonase™ |l Kit (ThermoFisher
Scientific). pMax-STIM1-YFPc was cloned by amplification with Dralll and PaeR71 sites using
primers 704/1996 from pBabe-STIM1-YFP¢ (not used in this study), replacing c-terminal STIM1
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residues and mCherry tag in pMax-STIM1-mCherry. pMax-STIM1B-YFPc was created by
replacing the STIM1 coding sequence with STIM1B from pBabe-STIM1B-YFPy (not used in this
study) using BamHI and BspHI sites. All constructs were verified by sequencing (Microsynth
Seglab, Goéttingen). All primers were synthesized by Eurofins Genomics (Ebersberg, Germany).

Transfection

For electrophysiology and TIRF experiments, HEK cells were electroporated with 2ug of plasmid
DNA in Opti-MEM (Gibco) medium using a Nucleofector 2b device (Lonza). Lentiviral particles
were produced in HEK293T cells as previously described (Schwarz et al., 2017). Primary neurons
were transfected with 5 to 10uL of viral suspension at 1-3DIC. For all Ca?* imaging and widefield
imaging experiments, jetPRIME (Polyplus) reagent was used according to the manufacturer’s
instructions. For BIFC experiments, HEK cells were transfected using jetOPTIMUS (Polyplus).

PCR and quantitative real-time PCR

To synthesize cDNA, cells or tissues were harvested in TRIzol (Life technologies) and RNA was
isolated according to the manufacturer’s instructions. RNA was then transcribed to cDNA using
SuperScriptTMIl Reverse Transcriptase (Life technologies). For the analytic PCR, DreamTaq
Green PCR Master Mix (Thermo Fisher Scientific) was used. Amplified PCR products were
separated on GTQ-agarose gels and visualized with peqGREEN DNA stain (VWR) on a
ChemiDoc XRS+ system (Bio-Rad). gRT-PCR was performed using QuantiTect SYBR green kit
(Qiagen) and a CFX96 gPCR system (Bio-Rad) with primers listed in key resource table. For
guantification, expression levels are presented as the normalized quantification cycle (Cq) values
of the gene of interest to that of TBP (TATA box-binding protein, M.m.) and HPRT1 (M.m) or to
TBP (H.s.) and RNA Pol (H.s.) using the DCT method (relative differences were comparable when
normalized to RNA polymerase). Values are shown as 24 or as relative amounts.

Biochemistry

Mice brain tissue was washed with PBS and homogenized with a 22 gauge needle 18 times in ice
cold lysis buffer (20mM Tris, pH 7.4, 100mM KCI, 10% glycerol (v/v), 1% n-dodecyl 3-D-maltoside
(DDM)) supplemented with cOmplete™ protease inhibitor (Roche). Transfected cells were
washed with PBS, detached with a cell scraper and re-suspended in ice cold lysis buffer. Tissue
and cell lysates were subsequently centrifuged for 20 min at 18000 rpm and 4 °C. The protein
concentration of the supernatant was determined using Pierce™ BCA Protein Assay Kit
(ThermoFisher). 50-75 ug total protein was denatured at 65°C for 15 minutes in Laemmli loading
buffer. Immunoprecipitations were performed by incubating antibodies against Stim1 (see key
resource table) with Dynabeads Protein A/G (Thermofisher Scientific) for 2 hours at 4°C, followed
by adding the pre-cleared protein lysates to it and incubated overnight at 4°C. The beads were
washed 4 times with ice-cold lysis buffer before being eluted with 2X laemmli loading dye. Eluted
protein fractions were denatured at 65°C for 15 minutes. Discontinuous SDS-PAGE was
performed with subsequent electrotransfer to nitrocellulose membranes (GE Healthcare) for 90
minutes at 150mA and 4°C. Membranes were blocked with 5 % skimmed-milk in TBS-T buffer for
60 minutes. Membranes were incubated with primary antibodies (see key resource table) diluted
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in 3% BSA in TBS buffer overnight at 4°C. Membranes were washed three times with TBS-T and
incubated for 90 minutes with horseradish peroxidase-coupled secondary antibodies in blocking
buffer at room temperature. After three washing steps in TBS-T and TBS, membranes were
incubated in Clarity Western ECL Substrate (Bio-Rad) for 5 minutes and detection of
chemiluminescence was performed on a CCD camera equipped ChemiDoc XRS+ system (Bio-
Rad). Densitometric quantification of non-saturated signals was done using Quantity One software
(Bio-Rad).

Electrophysiological measurements of Icrac

Recordings of Icrac Were performed in the whole-cell voltage clamp configuration at room
temperature as previously described (Kilch et al., 2013). Briefly, HEK STIM1";STIM2" cells were
co-transfected with Stim1 or Stim1b IRES-mCherry and Orail-3 IRES-GFP plasmids at a 3:1 ratio
and recordings were obtained 24 hours post-transfection with an EPC-10 patch-clamp amplifier
controlled by Patchmaster software (HEKA Electronics). Series resistance was compensated to
85%. All voltages were corrected for a liquid junction potential of 10 mV. Currents were filtered at
2.9 kHz (four-pole Bessel filter) and digitized at 10 kHz. After establishment of whole-cell
configuration, linear voltage ramps from -150 mV to +150 mV (50 ms duration) were applied every
2 s from a holding potential of 0 mV for 300s. Pipette solution contained the following (in mM): 120
Cs glutamate/140 Cs Aspartate, 3 MgCl, 20 Cs-BAPTA / 2 EGTA, 10 HEPES and 0.05 IPs (pH
7.2 with CsOH, 298 mOsm). Bath solution contained (in mM): 120 NaCl, 10 TEA-CI, 10 CaCl;, 2
MgCl,, 10 HEPES and glucose (pH 7.2 with NaOH). For analysis of Icrac, currents were analyzed
at -130 mV and for 300s after break-in using IgorPro 6.37 (Wavemetrics). The data was then
imported into GraphPad 8.4 (Prism) for further statistical analysis and plotting.

Recordings of autaptic synaptic currents

Synaptic currents were recorded at room temperature in the whole-cell voltage clamp mode from
autaptic neurons after 9-15 days of culture. Patch pipettes (R, 4-5.5 MOhm) were filled with the
following intracellular solution (in mM): 137.5 K-gluconate, 11 NaCl, 2 MgATP, 0.2 Na.GTP, 1.1
EGTA, 11 HEPES, 11 D-glucose, pH 7.3 with KOH and extracellular solution containing (in mM)
130 NaCl, 10 NaHCO3, 2.4 KClI, 1- 2 CaCl,, 2 MgCl,, 10 HEPES, 10 D-glucose, pH 7.3 with NaOH,
osmolarity 290 mOsm was used. To prevent synaptic plasticity changes NMDA-receptor blocker
D-2-amino-5-phosphonopentanoate (APV; 50 uM) was added. The reversal potential of chloride-
mediated currents was adjusted to the holding potential to avoid the potential contribution of
GABAergic currents. Exemplary neurons were treated with 25 uM DNQX (data not shown) to
confirm the recordings of AMPA receptor (AMPAR) currents. Neurons were voltage-clamped at -
70 mV with an EPC10 amplifier (HEKA Electronic) under control of Pulse 8.5 program (HEKA
Electronic) and stimulated by membrane depolarizations to +10 mV for 0.7 ms every 5 s (0.2 Hz).
Cells with an average access resistance of 6-15 mOhm, with 75-80% resistance compensation
and <100pA leak-current were analyzed. Current signals were low-pass filtered at 2.9 kHz (four
pole Bessel filter EPSC10) and digitized at a rate of 10 or 50 kHz. Miniature EPSCs were analyzed
using a commercial software (Mini Analysis, Synaptosoft, Version 6.0.3). To determine mEPSC
properties with reasonable fidelity and to prevent the detection of “false events” (due to random
noise fluctuations), only spontaneous mEPSCs with a peak amplitude exceeding >5 times the
standard deviation of the baseline noise and a charge criterion >25 fC were considered. The AP-
evoked EPSC amplitude and charge were determined from the average of 10 EPSCs recorded at
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0.2 Hz. The RRP size during HFS was quantified from the cumulative synchronous EPSC charge
integral during the 20 Hz train. For this, the total charge of each action potential evoked response
within the train was corrected by subtracting the integral of the steady state current component
(=asynchronous charge) determined at the end of the stimulus interval. The cumulative plot of the
resulting synchronous release component reports the decrement in RRP size followed by a
sustained phase of charge increase reflecting the steady-state phase of ongoing RRP vesicle
replenishment. The sustained phase of secretion (last 5 data points) was approximated by linear
regression. When back-extrapolated to time 0, its y-intercept provides an estimate of the RRP size
with minimal contribution of refilling.

TIRF and widefield microscopy of cluster formation

Cluster formation of STIM1 and STIM1B was monitored using a Leica AM TIRF MC system. HEK
STIM17;STIM2" cells were electroporated with 0.5ug of the PIP2 sensor PLC3-PH-mCherry and
either 1.5ug of YFP-hSTIM1 or YFP-hSTIM1B and seeded on 25-mm glass cover slips. 24h after
transfections the coverslips were transferred to a self-built perfusion chamber and washed with
0.5 mM Ca?+ ringer. Images were taken with a 100x1.47 oil HCX PlanApo objective and YFP and
mCherry were excited using 488nm or 561nm lasers with BP525/50 and BP600/40 emission
filters, respectively. The TIRF focal plane was set according to the PLC&-PH-mCherry signal and
a penetration depth of 200nm was chosen. 1-2 cells in the field of view were imaged at 0.2 Hz for
10 minutes with equal intensity, exposure and gain settings between groups per day. Store-
depletion and subsequent cluster formation was induced after 60s baseline acquisition via
perfusion of 1ml 0.5 mM Ca2+ ringer containing 1 uM Thapsigargin at room temperature.

Widefield images of HEK293 Orail”;Orai2”;Orai3 cells were taken on an Zeiss Axio Observer 7
inverted microscope equipped with a Prime95B sCMOS camera (Photometrics) using a Zeiss
63x/1.40 Plan-Apochromat oil objective. YFP and mCherry signals were excited using a HXP 120
V compact light source with 480-498nm/560-584nm excitation filters and Fura8 (BS488nm,
BP500-550nm)/63 HE Red (BP559-585nm, BS590nm, BP600-690nm) emission filter cubes. Cells
were imaged in a Z-plane near the plasma membrane set according to the PLC3-PH-mCherry
signal before and 10 minutes after addition of 1 uM Thapsigargin in 0.5 mM Caz2+ ringer.

Fura2-based Ca?* Imaging

MEF Stim17;Stim27 cells were seeded on 25mm coverslips 24 hours before transfection with 2ug
of mKate, mKate2-Stiml mKate2-Stim1B or mKate2-mStim1B@STOP (all pMax). SH-SY5Y
STIM17":STIM2" or SH-SY5Y STIM1” cells were seeded in 35mm cell culture dishes 24 hours
before transfection with 1ug of either YFP-STIM1, YFP-STIM1B or YFP-STIM1_514* (all pEX)
with 1ug mKate (pMax). Transfected SH-SY5Y STIM17;STIM2" or SH-SY5Y STIM1” cells were
reseeded 4 hours post transfection on 25mm coverslips. After 16-24hours, cells were loaded with
1uM Fura2-AM in DMEM + 10%FCS (+ 1% NEAA for SH-SY5Y cells) for 30min at RT and
transferred to a self-built, high exchange rate and low volume perfusion chamber and washed with
external Ca?* Ringer solution containing (in mM): 155 NaCl, 2 MgCl,, 10 glucose, 5 HEPES and
0.5-1.5 CaCl, (0.5-2 Ca?* Ringer) or no CaCl, but 1 EGTA and 3 MgCl; instead (0 Ca?" Ringer,
pH 7.4 with NaOH). High K* ringer was prepared by equimolar substitution of NaCl with 100 mM
KClin 1.5 mM Ca?*. ER stores were depleted with 1uM Thapsigargin (Tg) in 0 mM Ca?* (readdition
protocol) or 1.5 mM Ca?* (global protocol) ringer solution. The imaging setup consisted of a Zeiss
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Axio Observer Al inverse microscope, Polychrome V (TILL Photonics) light source and Clara CCD
camera (Andor). F76-521 Fura-2 HC, F36-528 YFP and F20-451 RFP filter cubes (AHF
Analysetechnik AG) were used. 340nm and 380nm images were acquired at 0.2 Hz with 20ms-
30ms exposure time and 1x1 (SH-SY5Y cells) or 2x2 (MEF cells) pixel binning through 10x0.50
Fluar or 20x0.75 Fluar (Zeiss) objectives. Acquisition was controlled by and background-
subtracted 340/380nm ratio values were calculated using VisiView® Software. Ratio data was
further analyzed and filtered using IgorPro (Wavemetrics) or custom-written Python routines
(available at https://github.com/lukasjarzembowski/Fura2-Calcium-Analysis) in JupyterLab. For
kinetic parameters, average (5-10 frames) basal and plateau ratio values and maximal Tg-, Caz*-
readdition- or High K*-induced peak ratio values were determined. To obtain As, the average ratio
(5-10 frames) before addition of Tg, Ca?* or High K* ringer was subtracted, respectively. The influx
rate is represented by the slope of a linear fit performed on the ratio values of 1 frame before and
4 frames after Ca™ readdition. For quantification of global Ca2* entry, the area under curve upon
store-depletion was determined. The data was then imported into GraphPad 8.4 (Prism) for further
statistical analysis and plotting.

Bimolecular fluorescence complementation

1.2x 10° HEK STIM17;STIM27 cells were seeded in 6 well plates and transfected with a total
amount of 2 ug DNA. STIM1 or STIM1B fused with AA 156-720 of YFP (pMax STIM1(B)-YFP.)
were used as baits. STIM2 and a negative control fused to AA1-155 of YFP (pBabe STIM2-YFPy)
served as prey. Transfection was performed at equimolar ratios of DNA. 24h post transfection 1
MM Thapsigargin (Tg) was added to the media and incubated for 10 min to induce SOCE. After
incubation cells were washed once and detached in PBS containing 1 uM Tg. Cells were
centrifuged at 320g in FACS tubes at 4°C for 10 min and resuspended in 400 pl ice cold FACS
buffer (5% FCS, 0,5% BSA 0,07% NaNsin PBS) with additional Zombie Aqua™ (1:1000 Fixable
Viability Kit, BioLegend) to stain for vital cells. A FACSVerse system (BD Biosciences) was used
to screen for YFP signal in vital cells. Analysis was done using BD FACSuite™ as well as FloJo
10.0.7 (BD Biosciences), calculating the percentages of YFP positive cells (Jing et al., 2015).

Immunostaining

MEF Stim17;Stim2" cells co-expressing Stim1 and Stim1B were fixed with 3% PFA for 15 min at
RT. After washing with 0.25 mM Ca?* Ringer, cells were permeabilized with 0.1% Triton for 5-10
min. Unspecific epitopes were blocked using 4% BSA in PBS for 30 min RT. Primary and
secondary antibodies were diluted in blocking solution and incubated over night at 4°C (primary
antibody) and for 30 min at room temperature (secondary antibody). Cells and tissue sections
were mounted with ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scientific).
Primary and secondary antibodies used for immunochemistry are listed in the Key Resource
Table. Images were acquired as z-stacks on a confocal microscope LSM 700 (Zeiss) with a
x63/1.4 NA oil objective. Mass hippocampal neurons were fixed for 10 min (RT) in PBS containing
4% paraformaldehyde. Cells were quenched for 10 min with 50mM NH4Cl in PBS, blocked for 30
min in PBS containing 3% BSA and 0.1% Triton X100. Primary (anti-bassoon, 1:500, Synaptic
Systems; anti-RFP, 1:500 and secondary antibodies (1:1000, Alexa-Fluor 555, Alexa Fluor 488
and Alexa Fluor 643-conjugated goat anti-mouse or goat anti-rabbit; Invitrogen) were diluted in
blocking buffer. Primary antibodies were incubated and secondary antibodies for 1.5h at RT,
respectively. Neurons were imaged either on a confocal microscope (LSM 710; Zeiss) using
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AxioVision 2008 software (Carl Zeiss) or an Axiovert200 (Zeiss), fluorescence was elicited with a
Polychrome V monochromator (Till Photonics) and captured with a EMCCD camera (Evolve,
Visitron, Germany).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of colocalization

Confocal images of MEF cells were processed using Fiji and are presented as Maximum Intensity
Projections (MIPs). Manders' coefficients of background-substracted images were determined
using Fiji's built-in Coloc2 plug-in.

Quantification of TIRF microscopy data

TIRF images were analysed using Fiji (Schindelin et al., 2012) and converted to 32-bit. The
background was removed using rolling ball background substraction with the radius set to the
approximate diameter of the largest cluster at 10 minutes (median STIM1: 15, STIM1B, 12 pixels).
Two times the standard deviation of the mean fluorescence of the cell’s footprint at timepoint 0
was chosen as lower threshold and pixels below that set to NaN. The YFP integrated density in a
ROI covering the footprint of the cell was determined for each time point and resulting values
imported into GraphPad 8.4 (Prism) for further (statistical) analysis. The signals were normalized
(F/F0) and a linear fit to calculate the rate of cluster formation was performed on the linear portion
after onset of cluster formation. Before the size of clusters was determined, Fiji's watershed
algorithm was applied to binary images at t=10 minutes. The “Analyze Particles” tool of Fiji with
the size and circularity set to 0.01-5.00um and 0.1-1.00, respectively, was used to determine the
area of clusters. The data was imported into GraphPad 8.4 (Prism) for further statistical analysis
and plotting.

Statistical analysis

No statistical methods were used to predetermine sample sizes. Data collection and analyses
were not performed blind to the experimental condition, nor was a method of randomization
applied. Statistical analysis was performed using GraphPad 8.4 (Prism) and SigmaPlot 13 (Systat
Software GmbH). A significance level of a=0.05 was chosen with *p < 0.05, **p < 0.01, ***p <
0.001. Gaussian distribution of data was tested using Shapiro-Wilk test. For datasets consisting
of two groups, Student’s T-test with Welch’s correction for normal distributed values or Mann-
Whitney for non-gaussian distributed values were used. Kolmogorov-Smirnov test was used for
comparing distributions of cluster sizes. For comparison of more than two groups, one-way
ANOVA on ranks or Kruskal-Wallis was used followed by Dunn’s post-hoc test. Descriptive
statistics of data, numbers of cells, technical and biological replicates are described in figure
legends. In all cases, results were obtained from 23 biological replicates with each 2-8 technical
replicates.
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Figure S1: Stim1B expression analyses, evolutionary conversation, dimerization and generation of cellular expression
models. Related to Figures 1and 2.

(A) Relative expression of Stim1 and Stim1B in cDNA derived from hippocampal cultures, total hippocampus and astrocyte
cultures, normalized to TBP. (B) Evolutionary conservation of domain B and downstream residues. Identical amino acids
within black boxes, 80-100% similar residues in dark grey boxes, 60-80% similar in light grey boxes. Red hashtag indicates
further continuation of residues. (C,D) Western blot showing immune precipitation results from murine cerebellar lysates.
Mc: monoclonal; pc: polyclonal, S: supernatant, IPN immune precipitant of N-terminal polyclonal Stim1 antibody, IPB
immune precipitant of polyclonal anti-Stim1B antibody, [IPC immune precipitant of C-terminal monoclonal Stim1 antibody,
In: input. (E) Bi-fluorescent complementation of STIM1-YFPC with STIM1-YFPN; STIM1B-YFPC with STIM1-YFPN or
with STIM2-YFPN. CTR1: CALG-YFPN with co-expression of either STIM1-YFP or STIM1B-YFPC. (F) Genomic DNA
sequences of wild-type and clonal cells, underlying green background marks targeting gRNA sequence. Translation of above
DNA sequences is indicated below. (G) Western blot demonstrating absence of STIM1 protein in SH-SY5Y S/” and SH-
SHS5Y SI7S2” cells. (H) Western blot demonstrating absence of STIM2 protein in SH-SH5Y S17S2” cells. (T) Representative
widefield images of HEKTKO expressing YFP-STIM1-514* before and after store-depletion with Tg. Scale bar = 10pum.
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Figure S2: Analyses of heterologous and neuronally expressed Stim1B. Related to Figures 2 and 3. (A) Average
(mean + sem) traces showing whole-cell current density (CD) over time extracted at -130mV in HEKS1/2” cells co-
transfected with Stim1(black), Stim1B (red), Stim1_514* (green) or Stim1B@Stop (blue) with Orail; 20mM BAPTA in
pipette. (B) Bar graphs (n inside) of t, CDmax and % inactivation from individual cells measured in (A). * p<0.05, **
p<0.01 *** p<0.001; Brown-Forsythe and Welch's One way ANOVA with Dunnett's multiple comparisons test. Data were
obtained from at least three independent transfections and is shown as mean + s.e.m. (C) Bar graphs showing relative
change of T, CDmax and % inactivation from traces measured in BAPTA normalized to average value of EGTA condition.
(D) Traces showing average changes (mean + s.e.m.) in intracellular Ca’" (Fura2 ratio) over time in response to perfusion
of different [Ca’"],as indicated in the upper bar in MEF Stim1/Stim2 " cells transfected with mKate2-Stim1 (black traces,
n=454), mKate2-Stim1B (red traces, n=601) mKate2-Stim1 BOSTOP (blue trace, n=360) or mKate vector (gray trace,
n=583). (E) Exemplary recordings of spontaneous mEPSC signaling from wt or Stim1/Stim1B expressing neurons (F,G)
Frequency, amplitude or charge of the quantal event were unaffected the expression of the illustrated proteins. (H) Sample
traces of the AP-evoked EPSC for the groups described in Fig. 3. Neither amplitude, charge of the AP-evoked EPSC's
were altered by Stim1 expression in wt neurons. Data were collected from cells described in Fig. 3.
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Figure S3: Expression of Stim1B does not alter synaptic transmission at initial 20 Hz stimulation; buffering [Ca’’], abolishes
Stim1B-dependent short-term facilitation at 40 Hz. Related to Figure 3. (A) Exemplary EPSCs triggered by HFS (20 Hz, 40 AP/2 s) of
autaptic wt and neurons expression Stim1, Stim1B, Stim1B_L373S/A376S and Stim1BOStop. (B). Expression of neither Stim1 variant
altered the AP-evoked EPSC response or the time course of the response, data were normalized to the 1st EPSC amplitude. (C-E). Neither
the AmpEPSC2/AmpEPSCI ratio (C). the 1st EPSC amplitude (D), nor the cumulative frequency distribution of AmpEPSC10/AmpEPSCI
(E) is affected by Stim1 expression. (F) Mean cumulative synchronous release components during the 20 Hz train. Continuous line, linear
regression of the last 5 data points back-extrapolated to stimulus=0 to estimate the initial RRP size. (G) The RRP is unaffected by Stim1
expression. Data was collected from wt, n=8; wt+S1, n=10; wt+S1B, n=13; wt+ Stim1B@Stop, n=11; wt+ Stim1B_1L373S/A376S, n=9.
*p>0.05; **p<0.01; one-way ANOVA on ranks followed by Dunn's post-hoc test. (H) Representative EPSC traces for wild type neurons
and those expressing Stim1 or Stim1B after EGTA-AM treatment. (I) Activity-dependent changes of EPSC amplitude mediated by Stim1B
expression is abolished by the pretreatment with EGTA. (J) The AmpEPSC10/AmpEPSCI ratio is shifted to short term depression in all
groups. (K) EGTA treatment diminishes asynchronous secretion in all groups, indicating effective buffering of presynaptic. (L) Mean 40th
asynchronous charge shows no difference among the different groups. Data was collected from wt, n=8; +Stim1, n=6; +Stim1B, n=6
neurons from two independent preparations; one-way ANOVA on ranks followed by Dunn's post-hoc test.
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Figure S4: Expression of Stim1B causes STE after repetitive 20 Hz stimulation. Related to Figure 3. (A) Sample
EPSC recordings triggered by a second HFS (20 Hz, 40 AP/2 s) of wt neurons and those expressing Stim1, Stim1B,
Stim1B_L373S/A376S and Stim1BOStop. (B,C) Expression of the Stim1B variant caused STE and significantly altered
the time course of synaptic depression. (C, data were normalized to the 1st EPSC amplitude). (D-F) The 1" EPSC
amplitude remained unchanged among the recorded groups. (D-E) Expression of StimB and Stim1B@Stop shifts the
AmpEPSC10/AmpEPSCI1 ratio towards STE. (G) Mean cumulative total release components during the 20 Hz train. (H)
The replenishment rate (determined as described in Fig.4) is significantly enhanced in neurons expressing Stim1B or
Stim1B@Stop. (I) Average time-course of the asynchronous release during HFS. (J) Quantification of the 40th
asynchronous charge. Data was collected from wt, n=8; wt+S1, n=10; wt+S1B, n=13; wt+ Stim1B@Stop, n=11; wt+
StimIB_L373S/A376S, n=9. *p>0.05; **p<0.01; one-way ANOVA on ranks followed by Dunn's post-hoc test



Table S1. Oligonucleotide information. Related to STAR Methods.

Name Sequence (5°-3°) / Catalogue Number
Stim1, mouse (Qiagen Cat #QT00105119

Quantitect)

Stim1, human (Qiagen Cat #QT00083538

Quantitect)

Stim2 (Qiagen Cat #QT00289009

Quantitect)

Orai1 (Qiagen Cat #QT00285775

Quantitect)

Orai2 (Qiagen Cat #QT01533441

Quantitect)

Orai3 (Qiagen Cat #QT00255598

Quantitect)

Hprt1 (Qiagen Cat #PPM03559F-200
Quantitect)

Tbp1 (Qiagen Cat #PPM03560F-200
Quantitect)

Stim1B for CTCTAAAGGCAAACAGGCTC
Stim1_nonB for GATCTCAGAGGGATTTGAC
Stim1_all rev ATTGGAAGGCATGGCATTG
Stim1B for CTCTAAAGGCAAACAGGCTC
Stim1_nonB for GATCTCAGAGGGATTTGAC
STIM1B for CTCTAAAGGCAAACAGGCTC
STIM1 non B for ATTGGAAGGCATGGCATTG
STIM1_all rev CCATTGGAAGTCATGGCATTG

Y2 exon STIM1B for

AAACAGGCTCTCTAGTAAGGGATTTGACCCATTCCGATTC

Y2 exon STIM1B rev

GCCTTTAGAGATGATCCTCTCTGAGATCCCAGGCCATG

1498 TGGCCTGGGATCTCAGAGGTAGTAAGATTTGACCCATTCCGATTCG

1499 CGAATCGGAATGGGTCAAATCTTACTACCTCTGAGATCCCAGGCCA

1794 GAGTCCTCCCTCCACATGAGGACCGCCAGCGTGTGGC

1795 GCCACACGCTGGCGGTCCTCATGTGGAGGGAGGACTC

1719 ATGGTGAGCGAGCTGATTAAG

1720 TCTGTGCCCCAGTTTGCTAG

1604 ACTCTGGCCCTGATGCAGA

1605 CTCAGCCATAGTCACAGTGAA

1566 CTACCTCTGAGATCCCAGGCCA

1796 CAAAATGCAGAGAGGCAGAGCCTGGTGAGCAAGGAGGGGGCTGAGAA

1797 TTCTCAGCCCCCTCCTTGCTCACCAGGCTCTGCCTCTCTGCATTTTG

1744 AGGCGGATTCGCCGCCACCATGGATGTGT

1745 CTAGGTACTAGTCTACTTCTTAAGAGGCTTCTTA

1909 GGGGACAAGTTTGTACAAAAAAGCAGGCTaccgccATGGATGTATGCGTCCGTCT
1931 GGGGACCACTTTGTACAAGAAAGCTGGGTCCAACTCATGTGGAGGGAGGACT
704 GGTGGAGAAACTGCCTGAC

1996 TGCCCTCGAGGCTGACTAATTGAGATGCATG
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