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Triggered Ca* influx is required for extended
synaptotagmin 1-induced ER-plasma

membrane tethering
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Abstract

The extended synaptotagmins (E-Syts) are ER proteins that act as
Ca®*-regulated tethers between the ER and the plasma membrane
(PM) and have a putative role in lipid transport between the two
membranes. Ca®* regulation of their tethering function, as well as
the interplay of their different domains in such function, remains
poorly understood. By exposing semi-intact cells to buffers of vari-
able Ca®* concentrations, we found that binding of E-Sytl to the
PI(4,5)P,-rich PM critically requires its C2C and C2E domains and
that the ECso of such binding is in the low micromolar Ca®* range.
Accordingly, E-Sytl accumulation at ER-PM contact sites occurred
only upon experimental manipulations known to achieve these
levels of Ca®* via its influx from the extracellular medium, such as
store-operated Ca®* entry in fibroblasts and membrane depolariza-
tion in B-cells. We also show that in spite of their very different
physiological functions, membrane tethering by E-Sytl (ER to PM)
and by synaptotagmin (secretory vesicles to PM) undergo a similar
regulation by plasma membrane lipids and cytosolic Ca®*.
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Introduction

The identification of diverse cellular processes occurring at the inter-
face between the ER and other cellular membranes has prompted
intense investigations into the molecular nature, function, and regu-
lation of the tethers that mediate such contacts (Levine & Loewen,
2006; English & Voeltz, 2013; Schuldiner & Weissman, 2013; Stefan
et al, 2013; Lahiri et al, 2015). Recently, the three tricalbins (in
yeast) and the three extended synaptotagmins (E-Syts) (in mamma-
lian cells) were identified as molecular tethers between the ER and

the plasma membrane (PM) (Manford et al, 2012; Toulmay & Prinz,
2012; Giordano et al, 2013; Fernandez-Busnadiego et al, 2015). The
E-Syts are embedded in the ER membrane via an N-terminal hairpin
that is followed by a cytoplasmic region comprising in sequence
a synaptotagmin-like mitochondrial lipid-binding protein (SMP)
domain, which is responsible for homo- and heterodimerization,
and multiple C2 domains (5 in E-Sytl and 3 in E-Syt2 and E-Syt3),
some of which bind in trans the PM (Giordano et al, 2013; Schauder
et al, 2014). Their name reflects a domain organization somewhat
similar to the classical synaptotagmins: an N-terminal membrane
anchor and cytoplasmic C2 domains (Min et al, 2007). However,
the classical synaptotagmins are anchored to synaptic vesicles or
other secretory vesicles and participate in Ca?*-dependent fusion
(exocytosis) with the PM (Brose et al, 1992; Sudhof, 2013). In
contrast, tethering between the ER and the PM mediated by the
E-Syts does not lead to fusion. The E-Syts are thought to mediate
lipid exchange between the two membranes via their SMP domain
dimers, which harbor lipids in a deep hydrophobic groove (Kopec
et al, 2011; Toulmay & Prinz, 2012; Schauder et al, 2014).

In spite of these distinct functions, the binding to the PM of the
E-Syts, as in the case of the synaptotagmins, requires acidic phos-
pholipids in this membrane and is regulated by cytosolic Ca**
elevation (Brose et al, 1992; Bai & Chapman, 2004; Giordano et al,
2013; Sudhof, 2013). The cytosolic domains of E-Syt2 and E-Syt3
bind constitutively to the PM via interactions of their C-terminal
C2 (C2C) domains with phosphatidylinositol 4,5-bisphosphate,
PI(4,5)P,, in the plasma membrane. In contrast, E-Sytl, when
expressed alone, is primarily localized throughout the ER and is
recruited to the PM in response to cytosolic Ca?* elevations via the
Ca®*-binding properties of its central C2C domain (Giordano et al,
2013). An additional Ca*>* binding site present in the C2A domain
of all three E-Syts was shown to mediate Ca®*-dependent, but not
acidic phospholipid dependent, membrane binding in vitro, but the
significance of this interaction in living cells remains unclear (Min
et al, 2007; Xu et al, 2014). As E-Sytl heterodimerizes with E-Syt2
and E-Syt3 via the SMP domain (Schauder et al, 2014), E-Sytl
containing heterodimers have intermediate properties, with a pool
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concentrated at ER-PM contact sites under basal conditions and an
ER-dispersed pool that can be recruited to the PM upon cytosolic
Ca®* elevation (Giordano et al, 2013).

While the Ca**-binding properties of the synaptotagmins, and of
synaptotagmin 1 (Sytl) in particular, have been extensively charac-
terized (Brose et al, 1992; Sugita et al, 2002; Shin et al, 2009; Wang
et al, 2011), the Ca*"-binding properties that mediate the ER-PM
tethering functions of the E-Syt remain unknown. Here, we have
investigated such properties. We show that E-Syt1 recruitment to the
PM requires cytosolic Ca** elevation in the micromolar range, that
is, concentrations that can be reached by the influx of extracellular
Ca** via store-operated Ca*" entry (SOCE), or membrane depolariza-
tion in excitable cells. Release of Ca®* from intracellular stores is
insufficient to induce E-Sytl recruitment if not coupled to store-
operated Ca®* entry. We also show that, in spite of fundamental func-
tional dissimilarities, binding of the cytosolic C2 domains of Syt1l and
E-Syt1 to the PM exhibits similar Ca?* - and lipid-binding properties.

Results

A microscopy-based assay reveals that binding of E-Syt1 to the
plasma membrane occurs at low micromolar Ca**

In order to quantify Ca?*-dependent binding of E-Syt1 to the PM, a
microscopy-based assay involving semi-intact cells was developed.
HeLa cells expressing mCherry-E-Sytl were loaded with the fluores-
cent Ca®"-indicator Fluo-4 and mounted on the stage of a micro-
scope (levels of expression of mCherry-E-Sytl and of other proteins
expressed in HeLa cells in this study are shown in Appendix Fig S1).
The cells were subsequently permeabilized with Staphylococcus
aureus o-toxin and superfused with cytosolic-like buffers, while
fluorescence from the basal PM region was recorded. o-toxin
generates pores in the PM with a diameter of 1.4 nm, thus allowing
free passage of ions and small molecules while proteins are retained
within the cell (Fig 1A; Bhakdi & Tranum-Jensen, 1991). The buffers
contained ATP and calibrated Ca®*-concentrations (between 0.1 and
500 pM). Upon permeabilization, approximately 90% of the Fluo-4
molecules were lost from the cells. The remaining Fluo-4
molecules, probably bound to intracellular membranes, responded
in a dose-dependent manner to step-wise increases in the intra-
cellular Ca?" concentration with half-maximal effect seen at
1.1 + 0.05 pM Ca** (Fig 1B-D), a value close to its reported Kp, of
0.35 puM. Using this assay and total internal reflection fluorescence
(TIRF) microscopy, Ca?" concentration-dependent recruitment
of mCherry-E-Sytl to preexisting ER-PM contacts (as reflected by
its appearance within the evanescent field) was observed, with
half-maximal (ECso) effect seen at 1.8 + 0.7 uM (Hill coefficient
1.4; Fig 1E-H). Ca*"*-induced binding of E-Syt1 to the PM was also
observed on lateral surfaces of cells using confocal microscopy
(Fig 1), which rules out possible artifacts associated with
TIRF microscopy, such as Ca®>*-induced changes in cell adherence
leading to changes of the fluorescence within the evanescent field.
Ca** concentrations above 50 uM resulted in dissociation of
E-Sytl from the PM (Fig 11 and J). Since Ca®*-dependent PM binding
of E-Sytl requires PI(4,5)P, (Giordano et al, 2013), the impact on
the levels of this phospholipid after permeabilization and step-wise
increases in the Ca?" concentration was assessed using the PH
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domain of PLC&1 (GFP-PH-PLC41) as a reporter and confocal
(Fig 1K) or TIRF (Fig 1L-O) microscopy. At basal Ca** levels,
GFP-PH-PLC61 was primarily localized at the PM, reflecting robust
presence of PI(4,5)P, even under these lysis conditions due to the
availability of ATP for PI(4,5)P, synthesis in the buffer (Thore et al,
2007). Ca** induced the dose-dependent dissociation of the PH
domain from the PM (ECsg 24 4+ 2 uM Ca’t; Fig 1K-0), most likely
due at least in part to phospholipase C activation (Rhee, 2001), with
maximal effect (complete loss) seen at 50 uM, that is, the concentra-
tion range of Ca*" that induced E-Sytl dissociation from the PM
(Fig 1I and J). The persistence of some E-Sytl at the cell cortex at
Ca®* concentrations that result in complete loss of the PI(4,5)P,
reporter (Fig 1N) may reflect binding of E-Syt1 to other acidic lipids,
primarily phosphatidylserine (PS).

Cooperation between the C2C and C2E domains in the Ca**-
dependent binding of E-Syt1 to the plasma membrane

Structural predictions indicate the presence of Ca**-binding loops in
the C2A and C2C domains of E-Syt1 (Giordano et al, 2013; Xu et al,
2014). The one in the C2C domain has been confirmed by the
importance of this domain, and its predicted Ca2+—binding residues,
in the Ca>*-dependent recruitment of E-Syt1 to the PM (Chang et al,
2013; Giordano et al, 2013). The one in the C2A domain is predicted
by sequence alignments with the highly similar C2A domain of
E-Syt2, which binds liposomes in a Ca**-dependent way irrespec-
tive of the presence of acidic phospholipids in the bilayer and whose
binding to Ca®** has been confirmed by crystallography (Min et al,
2007; Xu et al, 2014). The role of this domain in E-Sytl recruitment
to the PM remains unclear. To further address the contribution of
different portions of the cytosolic region of E-Sytl to PM binding,
deletion constructs were generated and tested using the semi-intact
cell assay described above (Fig 2A).
mCherry-E-Syt1-SMP-C2ABCDE, a cytosolic protein containing
all five C2 domains and the SMP domain but not the ER anchor,
exhibited Ca** concentration-dependent binding to the PM (Figs 2B
and EV1A). Following the step increase to 50 uM Ca**, there was a
biphasic response of this construct (Fig 2B, right), with an initial
increase in the fluorescence at the PM followed by a decrease, most
likely reflecting PI(4,5)P, hydrolysis. This biphasic response,
observed also in some of the following experiments, complicates
accurate ECsg estimations of the Ca®*-dependent binding to the PM,
as the peak PM binding does not reflect a steady-state binding, but a
balance between binding affinity and PI(4,5)P, hydrolysis. In spite
of this limitation, approximate ECso values derived from measuring
maximal PM binding at each step increase in Ca** up to 50 uM
provide an indication of the relative affinity of different constructs
for PI(4,5)P, in the PM. The approximate ECs, for the (soluble)
mCherry-E-Syt1-SMP-C2ABCDE construct was 11 + 2 uM Ca®*.
Further deletion of this construct revealed no contribution of either
the C2AB domains or the SMP domain to this binding, but key roles
for the C2C domain, as expected (Giordano et al, 2013), and,
surprisingly, also of the C2E domain (Figs 2C and EV1B-I). In
particular, deletion of the C2E domain from this cytosolic C2ABCDE
construct resulted in both reduced affinity and magnitude of
Ca’*-induced binding. The residual binding appeared to be
largely PI(4,5)P, independent, as it occurred also at very high Ca**
concentrations (> 50 uM) (Figs 2C and EV1D). Accordingly, the
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Figure 1. Ca**-induced plasma membrane binding of E-Syt1 leading to expansion of ER-PM contacts.
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Schematic representation of the in situ binding assay based on fluorescence microscopy of a-toxin-permeabilized HeLa-M cells expressing fluorescent fusion
proteins. Insets shows ER-PM contact sites as seen by confocal microscopy (top) or TIRF microscopy (bottom). In this and all other black and white micrographs,
fluorescence is show in black. Scale bar, 10 pum.

TIRF microscopy images of a Hela cell loaded with the Ca?* indicator Fluo-4 following a-toxin permeabilization and exposure to buffers with the indicated Ca**
concentrations.

Fluo-4 fluorescence intensity changes following permeabilization and the addition of Ca®* buffers as in (B). Scale bar, 10 pum.

Dose—response curve for Ca®*-induced Fluo-4 fluorescence change (means 4 SEM for 59 cells from 9 separate experiments).

Drawings of the E-Syts and synaptotagmin 1 (Syt1). C2 domains with greater structural similarity to each other are indicated by the same shade of gray.

TIRF microscopy images showing expansion of ER-PM contacts labeled by mCherry-E-Syt1 (top) or the luminal ER marker ER-0xGFP (bottom) in response to Ca®*.
Scale bar, 2 pm.

TIRF microscopy recording of mCherry-E-Syt1 fluorescence from a cell following permeabilization and exposure to buffers with the indicated Ca?* concentrations.
Dose—response curve for Ca®*-induced mCherry-E-Syt1 plasma membrane binding (means + SEM for 38 cells from 6 separate experiments).

TIRF (top) and confocal (bottom) microscopy images of Hela cells expressing mCherry-E-Syt1 following permeabilization and exposure to Ca**. Scale bar, 2 pm. Red
arrows points to the plasma membrane region.

TIRF microscopy recording of mCherry-E-Syt1 fluorescence from a cell following permeabilization and exposure to buffers with the indicated Ca** concentrations.
Confocal microscopy images of Hela cells showing the distribution of the PI(4,5)P, biosensor GFP-PH-PLC31 before and after permeabilization and exposure to
buffers with the indicated Ca** concentrations. Scale bar, 10 pm.

PM GFP-PH-PLCS1 fluorescence changes following permeabilization and the addition of buffers with the indicated Ca®* concentrations.

Dose—response curve for Ca®*-induced GFP-PH-PLC31 PM fluorescence change (means + SEM for 12 cells from 3 separate experiments).

TIRF micrographs from a permeabilized cell expressing mCherry-E-Sytl and GFP-PH-PLC31. Scale bar, 2 pm.

PM fluorescence change for the cell in (N).
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Figure 2. Ca**-dependent interactions of E-Syt1 with plasma membrane PI(4,5)P, require the C2C and C2E domains.

A Schematic representation of E-Sytl and Sytl domain structures and of fusion proteins used in the study.
B Confocal microscopy images (left) and changes in plasma membrane fluorescence (right) following o-toxin permeabilization and exposure to increasing Ca**

concentrations for mCherry-E-Syt1-SMP-C2ABCDE.

C Quantification of the relative fluorescence change at the plasma membrane for the indicated E-Sytl fusion proteins after exposure to 1, 10, 50, 200, and 500 pM Ca®*
(means £ SEM for 24 (C2AB), 31 (C2ABC), 27 (C2ABCD), 38 (C2C), 33 (C2CD), 21 (C2E), 44 (C2CDE), 45 (C2ABCDE), and 48 (SMP-C2ABCDE) cells from > 3 separate
experiments). The Ca**-induced dissociation of mCherry-E-Syt1-C2E from the PM is shown to the right on a separate y-axis, with example confocal micrographs to

illustrate the distribution at low and high Ca?* concentration shown above.

D Normalized dose—response curves for Ca®*-induced mCh-E-Sytl and mCh-E-Syt1-SMP-C2ABCDE PM binding.
E Normalized dose—response curves for mCh-E-Syt1-C2C and mCh-E-Syt1-C2E PM binding at different Ca** concentrations.
F  Confocal microscopy images (left) and changes in plasma membrane fluorescence (right) following o-toxin permeabilization and exposure to increasing Ca*

concentrations for mCherry-Syt1-C2AB.

G Quantification of the fluorescence change at the plasma membrane for the indicated Syt1 fusion proteins after exposure to 1, 10, 50, and 200 uM Ca**

(means £ SEM for 31 and 11 cells from 6 and 2 separate experiments, *P < 0.05).

H Dose-response curves for Ca**-induced PM binding of mCh-Syt1-C2AB and mCh-HPe_sy1-C2ABsy.
| Estimated ECs, values for Ca®*-induced plasma membrane binding (means + SEM). As discussed in the text, these values are approximate. They represent an
underestimation for those fusion proteins whose PM binding is biphasic at high Ca®* concentrations (see Fig EV1 for representative curves from which these values

were derived).

Data information: All images have been inverted to show fluorescence in black. Scale bars, 10 pum.

C2E domain, when expressed alone, was found to bind the PM and
to exhibit Ca?"-induced dissociation similar to that observed for the
PH domain of PLC81 (ECso for dissociation: 42 + 6 pM Ca®*;
Fig 2C and E). The C2C domain alone or together with the C2D
domain bound the PM only very weakly and required the cooperative
action of the C2E domain for efficient PM binding (Figs 2C and E,
and EV1F and H).

Comparison of the C2 domains of E-Sytl with the C2 domains of
E-Syt2 and E-Syt3, based on amino acid sequence similarity and
structural predictions, helped to explain these findings. The C2E
domain of E-Sytl is most similar to the C2C domains of E-Syt2 and
E-Syt3, that is, the domains that mediated constitutive binding to
the PM of these two E-Syts. Structural modeling revealed that all
these C-terminal C2 domains have a basic acidic phospholipid bind-
ing surface and no putative Ca**-binding loops (Appendix Fig S2)
(Kelley & Sternberg, 2009). The C2C-C2D domains of E-Sytl, based
on their amino acid sequences, appear to represent a duplication of
the C2A-C2B domain pair (Jimenez & Davletov, 2007). The absence
of the C2C-C2D module in E-Syt2 and E-Syt3, and thus of regulatory
interactions of this module, likely accounts for the constitutive bind-
ing of these two proteins to the PM.

For comparison, we expressed the well-characterized cytosolic
tandem C2A and C2B (C2AB) fragment of classical synaptotagmin 1
(Syt1) and found, using the same assay, an ECsy (7 + 2 uM Ca*™)
roughly similar to that (11 + 2 uM, see above) of the cytosolic
portion of E-Sytl. We also observed a similar biphasic response
upon the 50 uM Ca®* step and further decrease in PM binding at
higher Ca** levels, indicating interactions with PI(4,5)P, (Fig 2F-H;
Radhakrishnan et al, 2009). Some residual bindings at 200 pM likely
reflect phosphatidylserine binding (Shin et al, 2009; Honigmann
et al, 2013), as in the case of E-Syt1.

The observation that the estimated ECsy for PM binding was
about one order of magnitude higher for the cytosolic portion of
E-Sytl compared to full-length E-Sytl indicates an impact of the
proximity of its C2 domains to the ER membrane on its property to
bind the PM. Perhaps this is due to cooperative actions, so that
formation of E-Sytl tethers facilitates the accumulation of other
E-Sytl molecules at the same ER-PM contact sites as they diffuse
within the ER membrane. Interestingly, appending the hairpin

© 2015 The Authors

region of E-Sytl to the N-terminus of the C2AB domain of classical
synaptotagmin 1 also enhanced its ECsy for Ca®*-dependent PM
binding (2.1 + 0.2 uM Ca**; Fig 2G and H).

Deletion studies were also carried out on E-Sytl constructs that
retained the N-terminal ER anchor (Fig 3A). Removal of the SMP
domain right shifted the Ca®*-dependence of PM binding (accumu-
lation at ER-PM contacts as revealed by TIRF microscopy) to an
approximate ECsq of 9.6 £ 0.8 uM. This possibly reflects the
reduced avidity caused by the inability of this mutant to form
dimers (Figs 3B and C and EV2B). Removal of the three C-terminal
C2 domains resulted in significantly reduced accumulation of E-Syt1
at the PM at all tested Ca®>* concentrations, consistent with coopera-
tion between the Ca“—binding C2C domain and the PI(4,5)P,-
binding C2E domain in such accumulation (Figs 3B and EV2C).

Since it was shown that members of the E-Syt protein family
form heterodimers (Giordano et al, 2013), we tested the possibility
that interactions with E-Syt2 can impact the dynamics of E-Sytl.
When expressed alone (thus resulting in E-Syt2 overexpression),
mCherry-E-Syt2 was constitutively concentrated at the PM as
reported (Giordano et al, 2013) and exhibited a Ca®* concentration-
dependent dissociation from the PM (Fig 3D). The ECso of this
reaction (20 + 4 pM) was similar to that of the PI(4,5)P, biosensor
PH-PLCS1 (Fig 1M), confirming the requirement of PI(4,5)P, for its
membrane binding. Co-expression of GFP-E-Syt2 and mCherry-
E-Syt1 had little effect on the Ca**-dependent PM binding of E-Sytl
(1.7 + 0.4 upM), but conferred a Ca®*-dependent component to
E-Syt2 PM binding with an ECsy identical to that of E-Sytl
(1.4 + 0.2 uM; Figs 3E and EV3A-C). This strongly indicates the
formation of E-Sytl-E-Syt2 heterodimers. In cells where E-Syt2
expression was reduced by siRNA (Fig 3F), full-length E-Sytl still
bound the PM in a Ca®>*-dependent manner, but the ECs, of this
reaction was right shifted compared to control cells (1.7 + 0.4 and
5.1 4 0.7 uM Ca?", Figs 3G and EV3D-G). Interestingly, E-Syt2
knockdown was without effect on the Ca**-induced PM binding of
E-Sytl lacking the SMP domain, that is, the heterodimerization
domain (Schauder et al, 2014; 11.8 + 0.6 and 10.8 + 1.0 uM Ca*",
Fig 3H), confirming that an interaction between the SMP domain of
E-Sytl and E-Syt2 stabilizes E-Sytl at ER-PM contacts due to the
strong constitutive binding of E-Syt2 to the PM.

The EMBO Journal Vol 34| No 17 | 2015

2295



2296

The EMBO Journal Ca** regulation of ER-PM contacts  Olof Idevall-Hagren et al

A Protein aa Localization

HP
£ (N_056107.) o e
£ S1aC200D e

E-Syt1(ASMP) m - A89-345 ER

E-Syt2 (NP_065779.1) 1-893 ER

c
3.5- C 5107 Esyt
' s EC,: 1.7 £0.4 uM
808 =¥ "
2+
3 3.0 [Ca1 (uM) 2 ASMP
8 @ 06 Ec_:96+08uM
2.5 = 50
(@] # o T 04—
S o -
= 2.0+ " 50 S
0 T 0.2
IE 1.5- E9F  mao E
d m_}‘ 200 ————=—
1.0-
WT ASMP AC2CDE 0.0001 0.01 1 100
[Ca2*] (uM)
E
S10 S 10 ,; E-Syt1
Sos S 08 / EC,,: 1.7 £ 0.4 uM
2 0.6 % 0.6 /
S04 S04 1 EC,:1.4£02uM
: E-Syt2 .
E027 Ec 204 M g 02 j
500 s S0 EAH A 5004 e—yg
z T T T T T z T T T T T
0.0001 0.1 10 0.0001 0.1 10
[Ca2*] (uM) [Ca2*] (uM)
G H
mCherry-E-Syt1 mCherry-ESyt1(ASMP)
- Control
SRNA[C E2 5§10 = Control
E-Syt2 | ® 08 ECy,:1.7£04uM S 1.0 ' EC,,: 11.8+ 0.6 uM
(6] . [ 50
o o 0.8
ACH | s % 0.6 E-Syt2 KD o E-Syt2 KD
5 EC.:51+07um 206 .
S04 so- 2-1£0. S04 EC,,: 10.8 £ 1.0 uM
g 0.2 £0.2
S g
z 0.0 — T T T T 1 <z3 0.0 T T 1
0.0001 0.01 1 100 0.0001 0.01 1 100
[Ca2*] (uM) [Ca2*] (uM)

Figure 3. Presence of the SMP domain is required for efficient E-Syt1 plasma membrane binding.

A
B

Schematic representation of fusion proteins used in the study.

Quantification of the fluorescence change at the plasma membrane for the indicated fusion proteins after exposure to 1, 10, 50, and 200 M Ca** presented as
means + SEM for 51 (E-Syt1), 34 (E-Syt1(ASMP)), and 36 (E-Syt1(AC2CDE)) cells from > 3 separate experiments. *P < 0.01 compared to WT. #P < 0.01 (ASMP) or
P < 0.01 (AC2CDE) compared to WT. 5P < 0.01 compared to ASMP. P < 0.01 compared to ASMP. %P < 0.01 compared to ASMP.

Dose—response curves for Ca?*-induced PM binding of mCh-E-Syt1 and mCh-E-Syt1(ASMP).

Dose—response curve for Ca**-induced PM dissociation of GFP-E-Syt2 (means + SEM for 12 cells from 3 separate experiments).

Dose—response curves for Ca?*-induced plasma membrane binding of GFP-E-Syt2 (yellow) and mCherry-E-Syt1 (black) in cells co-expressing the two constructs
(means + SEM for 13 cells from 3 separate experiments).

Immunoblot showing E-Syt2 expression levels in control (C) and E-Syt2 (E2) siRNA-treated Hela cells.

Dose—response curves for Ca’*-induced PM binding of mCherry-E-Syt1 (G) or mCherry-E-Syt1(ASMP) (H) in control and E-Syt2 KD cells (means =+ SEM for 15 cells
from 3 separate experiments).

Data information: Estimated ECs, values for Ca**-induced PM binding (means + SEM) are given next to each trace. As discussed in the text, these values are
approximate. They represent an underestimation for those fusion proteins whose PM binding is biphasic at high Ca®* concentrations (see Fig EV2 for representative
curves from which these values were derived).
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E-Syt1 binding to the plasma membrane requires Ca?* influx
from the extracellular medium

As the experiments described above involved semi-intact cells, it
was important to determine whether the ECs, values of the Ca®"-
dependent PM binding of full-length E-Sytl (low micromolar), as
determined by the experiments described above, were consistent
with the dynamics of E-Sytl in intact cells. It has already been
shown that stimulation of cells with a muscarinic receptor agonist
to induce phospholipase C (PLC) activation, and thus IP3-dependent
Ca®" release from the ER, can induce PM binding of E-Sytl
(Giordano et al, 2013). Likewise, drugs that directly mobilize Ca**
from the ER by inhibiting the sarco-endoplasmatic reticulum Ca**
ATPase (SERCA pump), such as thapsigargin (irreversible SERCA
pump inhibitor; Lytton et al, 1991), were shown to induce E-Sytl
PM binding. However, these experiments were all performed in the
presence of extracellular Ca’", that is, under conditions where
release of Ca** from the ER is closely coupled to massive influx of
Ca?" from the extracellular space via STIM1-Orail-mediated store-
operated Ca** entry (SOCE; Wu et al, 2007). To assess whether the
smaller increase in cytosolic Ca®>* induced by SERCA pump inhibi-
tion or IP3 generation in the absence of SOCE is sufficient to trigger
E-Sytl redistribution, these experiments were repeated in the
absence of extracellular Ca**.

Addition of reversible (2,5-di-t-butyl-1,4-benzohydroquinone;
BHQ) or irreversible (thapsigargin) SERCA inhibitors (Llopis et al,
1991) or of the muscarinic receptor agonist oxotremorine-M in the
absence of extracellular Ca?* induced release of Ca?’* from the
ER, as expected (Figs 4A and EV4A). However, such release was
not accompanied by the translocation of E-Sytl to the PM, as
detected by TIRF microscopy (Figs 4B and EV4B and C). This is
consistent with the micromolar Ca** requirement for E-Syt bind-
ing to the PM, as cytosolic Ca®>" levels achieved by the addition
of SERCA inhibitors are in the several 100s’ nanomolar range
(Broad et al, 1999). As also detected by TIRF microscopy, the
depletion of Ca®** from the lumen of the ER occurring under these
conditions led to a progressive accumulation of ER-anchored
STIM1 at the PM, where it activates Orai Ca®* channels (Fig 4C).

Figure 4. E-Sytl plasma membrane binding is triggered by SOCE.

The EMBO Journal

Subsequent addition of 1-10 mM Ca?" to the extracellular
medium, either in the absence or in the presence of SERCA inhibi-
tors, caused a massive increase in cytosolic Ca®* (SOCE) through
the activated Ca®>* channels (Figs 4A and EV4D-G). Such increase
induced a very robust translocation of E-Sytl to the PM (Figs 4B
and EV4D-G), which, in the absence of SERCA inhibition (i.e.,
when a reversible inhibitor of the SERCA pump had been washed
out), preceded the dissociation of STIMI1 and the inactivation of
SOCE (Fig 4D). Inspection of TIRF microscopy images during the
manipulation showed that E-Sytl does not form new contacts, but
populates and expands contacts previously occupied by STIM1
and eventually replaces STIM1 at these sites (Fig 4E). Ruling
out the possibility of potential interference or competition between
E-Sytl and STIM1 for PM binding, we also found that sequential
PM recruitment of E-Sytl induced first by the photolysis of caged
Ca*" (a manipulation that does not generate STIM1 accumulation
at contact sites) and then by the addition of thapsigargin (a
manipulation that induces STIM1 accumulation at contact sites)
resulted in expansion of the same ER-PM contacts, demonstrating
that this property of E-Sytl is independent of STIM1 (Fig EV4H
and I).

To confirm the requirement of STIM1 and SOCE in the recruit-
ment of E-Sytl, the cellular levels of STIM1 were reduced by
siRNA (Fig 4F). This resulted in complete inhibition of SOCE
(achieved by thapsigargin) and prevented E-Sytl PM binding
(Figs 4G and EVSA and B). Conversely, induction of SOCE by the
SERCA inhibitor cyclopiazonic acid (CPA) followed by pharmaco-
logical blockage of SOCE by 1 uM Gd**, a treatment known to
prevent Ca’" influx without dispersing STIMI-Orai clusters
(Putney, 2010), reversed E-Sytl PM accumulation (Fig 4H and I).
These observations show that PM binding of E-Sytl only occurs
after the massive increases in the cellular Ca** concentration that
result from influx of extracellular Ca®", which is consistent with
the ECso values (micromolar) revealed by experiments in semi-
intact cells (see Fig 1). To further assess the response of E-Sytl
to Ca®* entry, SOCE was triggered in mCherry-E-Sytl-expressing
HeLa cells loaded with the Ca?" chelators EGTA or BAPTA.
EGTA is a slow Ca®* chelator that is unable to efficiently buffer

A-C TIRF microscopy recordings of GCaMP5G (A), mCherry-E-Syt1 (B), and mRFP-STIM1 (C) fluorescence change in Hela cells in response to release of Ca** from the ER
induced by 50 uM BHQ and subsequent activation of SOCE by the addition of 3 mM Ca”*. Data are presented as means «+ SEM for 55 (GCaMP5G), 39 (E-Syt1), and

39 (STIM1) cells from 4 separate experiments.

D Simultaneous TIRF microscopy recordings of GFP-E-Syt1 and mRFP-STIM1 fluorescence from a Hela cell during release of Ca** from the ER (BHQ) and activation of

SOCE (3 Ca®"). The indicated region is shown below on an expanded time scale.

E TIRF microscopy images of the Hela cell in (D). Scale bar is 2 um.
Immunoblot for STIM1 in control (Ctrl) and STIM1 siRNA-treated Hela cells.

oM

(means + SEM for 31 and 28 cells in 3 separate experiments).

TIRF microscopy recordings of mCherry-E-Syt1 fluorescence in response to 1 pM thapsigargin (TG) in control (black) and STIM1 siRNA-treated (yellow) HeLa cells

H TIRF microscopy recording from a single HeLa cell expressing mCherry-E-Syt1 and the Ca** reporter GCaMP5G and exposed in sequence to the SERCA inhibitor CPA
to activate SOCE and then to 1 pM Gd** to stop SOCE without disrupting STIM1-Orail contacts.
| Quantification of mCh-E-Syt1 PM binding in response to SOCE and the addition of Gd**. Means = SEM for 24 cells in 3 separate experiments. *P < 0.001 (vs

Basal); #P < 0.01 (vs 3 mM Ca?*).

J, K TIRF microscopy recordings of GCaMP5G (J) and mCherry-E-Syt1 (K) fluorescence from Hela cells treated with 0.1% DMSO (v/v) (control, black), 1 pM EGTA-AM
(light blue), or 1 uM BAPTA-AM (dark blue) followed by activation of SOCE (means + SEM for 43 (control), 52 (EGTA), and 51 (BAPTA) cells in 3 separate

experiments).
Immunoblot for E-Syt1 in control (Ctrl) and E-Sytl siRNA-treated Hela cells.

=

M Ca?* recordings from control (black) or E-Sytl siRNA-treated (red) Hela cells loaded with Fluo-4 in response to release of Ca** from the ER (BHQ) and activation of
SOCE (3 Ca®") (means = SEM for 425 (control) and 325 (E-Syt1 KD) cells in 7 separate experiments).

Data information: All black and white images have been inverted to show fluorescence in black.

© 2015 The Authors
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rapid changes in Ca®* concentration, whereas BAPTA is a fast
chelator that can rapidly buffer even large rapid Ca?" changes.
As expected, BAPTA was more potent than EGTA in antagonizing
SOCE (Fig 4J). A similar difference was seen between the effects

of the two chelators on E-Sytl PM recruitment (Fig 4K).
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In agreement with earlier observations (Giordano et al, 2013),
we did not observe a major effect of the knockdown of E-Sytl on
either the activation or inactivation of SOCE, as measured by
both high (Fluo4)- and low (Fluo4FF)-affinity Ca®* indicators
(Figs 4L and M and EV5C and D).
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Ca**-induced plasma membrane binding of E-Syt1 and expansion
of ER-PM contacts in excitable cells

We next explored whether Ca®* concentrations achieved by depo-
larization-dependent Ca>* entry in excitable cells could also trigger
the PM association of E-Sytl. To this aim, we used the electrically
excitable pancreatic B-cell that secretes insulin in response to
depolarization-induced influx of Ca** through L-type Ca** channels
(Tengholm & Gylfe, 2009). Clonal MING B-cells expressing GFP-
E-Sytl and the red-shifted Ca®*-indicator R-GECO (Zhao et al, 2011)
were imaged with TIRF microscopy upon depolarization by 30 mM
K*. The depolarization resulted in a rapid increase in cytosolic
Ca®" that was accompanied by E-Sytl PM binding (Fig 5A and B).
Chelation of intracellular Ca>* by BAPTA prevented such recruit-
ment (Fig 5C). As expected, based on the experiments described in
Fig 2, depolarization also induced the accumulation at the PM of
the mCherry-tagged C2CDE domains of E-Sytl and of the C2AB
domains of classical synaptotagmin 1, both of which are cytosolic
fragments containing C2 domains that bind PM PI(4,5)P, in a Ca’*-
dependent way (Fig SC-E). Also consistent with data obtained
in permeabilized cells, depolarization-induced PM binding of both
E-Sytl and the C2AB fragment of classical synaptotagmin 1 was
counteracted by optogenetic depletion of PI(4,5)P, in the PM
(Fig 5D and E; Idevall-Hagren et al, 2012). We also observe that the
binding of the cytosolic fragments to the PM was more rapid than
that observed for ER-localized fragments, consistent with restricted
diffusion within the ER membrane (Fig EV6; Nehls et al, 2000).

The depolarization-induced binding of E-Sytl was accompanied
by the expansion of ER-PM contacts (Fig 5F), as shown by monitor-
ing the accumulation at the cell cortex of ER-0xGFP, a fluorescent
luminal ER protein. This expansion of ER-PM contacts in MING6
B-cells occurred even in the absence of exogenous, and thus overex-
pressed, E-Sytl, proving that the ER recruitment to the PM in
response to Ca®" is not only due to the overexpression of E-Sytl
(Fig 5G and H). Importantly, the expansion of E-Syt1-dependent ER-
PM contacts was not due to a loss of cortical F-actin caused by the
elevation of cytosolic Ca®*, as loss of F-actin induced by latrunculin
A did not result in such expansion (Fig 5I).

The EMBO Journal

Ca®" increases leading to insulin secretion can also be triggered
under physiological conditions by an increase in the extracellular
glucose concentration. This signaling pathway involves uptake of
the sugar and its conversion to ATP, which in turn closes ATP-sensitive
K* channels in the plasma membrane, leading to membrane
depolarization and Ca?" influx through L-type channels (Rorsman
et al, 2011). Exposure of MING B-cells expressing GFP-E-Sytl and
R-GECO to a step increase in the glucose concentration from 3 to
20 mM resulted in pronounced increases in cytosolic Ca?*, often in
the form of oscillations. Most oscillations were followed by E-Sytl
PM binding and were prevented by the omission of extracellular
Ca*>* or by blocking L-type voltage-dependent Ca®" channels with
methoxyverapamil (Fig 5J and K).

Discussion

We have assessed the cytosolic Ca®** concentration required to
recruit ER-anchored E-Sytl to the PI(4,5)P,-rich plasma membrane
where it participates in the formation of ER to PM tethers. To do so,
we have monitored the redistribution of mCherry-E-Syt1 in o-toxin-
permeabilized cells exposed to ATP containing cytosolic buffers of
different Ca®>" concentration. This method, in contrast to more tradi-
tional assays involving purified proteins and artificial membranes,
detects protein membrane interactions under conditions that mimic
more closely the physiological intracellular environment and
provides sub-cellular spatial information. We have found that
E-Sytl binding to the PI(4,5)P,-rich PM requires Ca®* levels in the
low micromolar range. Accordingly, we have also found that eleva-
tions of the cytosolic Ca?>* concentration induced by the release of
Ca** from intracellular stores under conditions that prevent SOCE—
PLC-triggered IP3 receptor activation or the addition of SERCA
pump inhibitors in absence of extracellular Ca®>*—were not suffi-
cient to induce E-Sytl binding to the PM in non-permeabilized cells.
Typically, upon such manipulations, Ca*>* reaches 100s’ nanomolar
concentrations (Broad et al, 1999), but not micromolar concentra-
tions. E-Sytl, however, was rapidly and reversibly recruited to the
PM in intact cells under conditions that result in massive influx of

Figure 5. Depolarization-induced Ca>* influx triggers E-Syt1 plasma membrane binding and expansion of ER-PM contacts in insulin-secreting p-cells.

A TIRF microscopy images of a MIN6 B-cell expressing GFP-E-Syt1 (shown) and R-GECO before and during depolarization by 30 mM K*. Scale bar, 10 um.
B TIRF microscopy recordings of the Ca®*-indicator R-GECO (red) and GFP-E-Syt1 (black) fluorescence change during depolarization of a MIN6 B-cell with 30 mM K*.

Numbers correspond to images in (A).

C Means + SEM for the peak response to 30 mM K* for the indicated mCherry fusion proteins (n = 16 (E-Syt1), 12 (BAPTA), 16 (C2CDE), and 17 (Syt1-C2AB) cells in 2

separate experiments).

D, E TIRF microscopy recording of mCherry-E-Syt1 (D) or mCherry-Syt1-C2AB (E) fluorescence change during K* depolarization before and after blue light-induced
PI(4,5)P, dephosphorylation. Bar graphs show means + SEM for the peak response to 30 mM K* in the presence or absence of PI(4,5P, (n = 16 and 18 cells in 3

separate experiments). *P < 0.05, ***P < 0.001.

F Confocal micrographs of a MIN6 B-cell expressing mCherry-E-Sytl and ER-oxGFP (a luminal ER marker) 30 s before (left panel) and 30 s after (right panel)
depolarization by 30 mM K*. Note the partial redistribution of E-Syt1 and ER-oxGFP to the cell periphery after depolarization. Scale bar, 5 pm.
G TIRF microscopy recordings of ER-0oxGFP fluorescence from a MING B-cell during K* depolarization. Images from the time points indicated by numbers are shown

below. Scale bar, 10 pm.

H Quantification of the change in PM area occupied by ER-oxGFP fluorescence for the indicated treatments (means + SEM for 15 cells from 3 separate experiments).

| TIRF micrographs of GFP-E-Syt1 fluorescence from a MING B-cell exposed to 30 mM K* followed by 1 uM latrunculin A. Graph below shows GFP-E-Sytl
fluorescence change at the PM (means + SEM for 15 cells from 3 separate experiments). Scale bar, 10 um.

J Simultaneous TIRF microscopy recordings of R-GECO (red) and GFP-E-Syt1 (black) fluorescence during stimulation of a MIN6 B-cell with 20 mM glucose.

K Means + SEM for the peak GFP-E-Syt1 response to 20 mM glucose alone, in the absence of extracellular Ca** or in the presence of 100 puM of the L-type Ca**-
channel inhibitor methoxyverapamil (n = 29 (Control), 30 (0 mM Ca?*), and 36 (Verapamil) cells from 3 separate experiments).

Data information: All black and white images have been inverted to show fluorescence in black.

© 2015 The Authors
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extracellular Ca**, such as during SOCE or during depolarization-
dependent Ca®* entry in excitable cell, when Ca?* concentrations,
at least in the cortical cell region, rise to the micromolar range
(Marsault et al, 1997).

We note that the Ca®>™ concentration that matters for E-Syt accu-
mulation at ER-PM contact sites is the one that occurs adjacent to
the cytosolic leaflet of the PM, as E-Sytl is not actively translocated
to the PM, but simply gets trapped at such sites as it diffuses in the
ER (Giordano et al, 2013). The faster recruitment of cytosolic frag-
ments compared to full-length E-Syt or other ER-anchored proteins
is explained by the possibility of such fragments to diffuse in three
dimensions, while the ER-anchored proteins only travel in two
dimensions along the ER membrane (Nehls et al, 2000).

The interaction of C2 domains with membranes can be regulated
by two separate sites, the Ca“-binding loops and an adjacent
cationic surface patch. Different C2 domains exhibit different Ca**
sensitivity and lipid selectivity due to varying properties of the two
sites (Rizo & Sudhof, 1998). Analysis of the contribution of the
different domains of E-Syt1 in its Ca**-dependent binding to the PM
confirmed a critical role of its C2C domain in such redistribution
(Giordano et al, 2013). However, while presence of this domain was
required, it did not to any large extent engage in direct binding to
PM PI(4,5)P,, contrary to our earlier suggestion (Giordano et al,
2013). It appeared instead to require the cooperation of the C2E
domain, which shares the properties of the C2C domain of E-Syt2
and E-Syt3, that is, the domains that mediate the constitutive bind-
ing of these other two E-Syts to the PI(4,5)P,-rich PM. We therefore
propose a model where the C2C and C2E domains function as intra-
molecular coincidence detectors. Both domains require the other in
a mutually exclusive manner for efficient Ca**-induced PM binding
to occur within the physiological range of the ion. Additionally, our
deletion analysis of E-Sytl did not indicate a role of its C2A domain
in PM binding in response to Ca®" elevations. This was in spite of
the predicted property of this domain (based on its homology to the
C2A domain of E-Syt2) to bind artificial lipid membranes in a Ca*™-
dependent way, irrespective of the presence of acidic phospholipids
in the bilayer (Jimenez & Davletov, 2007; Min et al, 2007; Xu et al,
2014). Perhaps the Ca®*-dependent interaction of this domain with
membranes occurs in cis with the ER membrane to facilitate SMP
domain positioning for lipid extraction/exchange.

Other factors that regulate the binding of E-Sytl to the PM
include intermolecular interactions and its ER anchorage. Physiologi-
cally, E-Sytl can occur as a heterodimer with E-Syt2 (Giordano
et al, 2013). As a consequence, E-Syt2, when co(over)expressed
with E-Sytl, is recruited to the PM in a Ca®*-dependent way, with
an ECsg of the heterodimer similar to that of E-Sytl homodimers.
On the other hand, the knockdown of endogenous E-Syt2 resulted
in a right shift (lower affinity) of the ECso of E-Sytl, possibly
reflecting a contribution of endogenous E-Syt2 to E-Sytl binding to
the PM. ER anchorage has an important impact on the ECsy of
E-Sytl recruitment to the PM, as the ECsy of the entire cytosolic
fragment of E-Sytl without the membrane anchor is about one
order of magnitude higher than that of full-length E-Sytl. One
possibility is that Ca®*-dependent in cis interactions of the
C2A domain may be involved in this regulation. The potential
contribution of other proteins in the PM, the ER, or the cytosol
(Jean et al, 2012) to the tethering function of the E-Syts should
also be considered.

© 2015 The Authors
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The approximately 2 pM ECso value for the Ca?*-dependent
recruitment of E-Sytl to the PM is in the same range of ECs, values
reported for the Ca?"-dependent binding of classical synaptotagmin
1 to acidic phospholipids (Davletov & Sudhof, 1993; Sugita et al,
2002; Shin et al, 2009). Accordingly, when the tandem C2A-C2B
domains of synaptotagmin were appended to the ER anchor of
E-Sytl, this construct was recruited to the PM with dynamics similar
to what was observed for E-Sytl. We also found that the cytosolic
fragments of both E-Syt1 and classical Sytl exhibit some PM binding
at Ca®* concentrations associated with PI(4,5)P, depletion from the
PM in our binding assay, most likely reflecting phosphatidylserine
binding (Shin et al, 2009).

A key finding of this study is that cytosolic Ca** levels required
to recruit E-Syt1 to the PM can be reached in response to physiologi-
cal stimulation. Thus, recruitment of E-Sytl to the PM with resulting
expansion of ER-PM contacts occurs in model excitable cells,
pancreatic p-cells, upon the elevation of cytosolic Ca*>* produced
not only by K*-induced membrane depolarization, but also by
glucose, a physiological stimulus that also acts through membrane
depolarization. Both stimuli lead to Ca®" influx through the opening
of L-type voltage-dependent Ca®* channels and thus to insulin
secretion via Ca®" binding to synaptotagmin, a component of the
granule membrane (Lang et al, 1997). Accordingly, we found that
depolarization-induced Ca** influx in P-cells expressing cytosolic
fragments of these proteins—C2CDE domains of E-Sytl and the
C2AB domains of synaptotagmin—results in PM recruitment of both
fragments. In both cases, recruitment is abolished by the depletion
of PI1(4,5)P, in the PM indicating the cooperative action of Ca®* and
PI(4,5)P, (Appendix Fig S3).

It remains to be understood why an interaction between two
membranes (secretory vesicles and the PM) leading to Ca**-dependent
exocytosis (synaptotagmin) shares strong similarities to an inter-
action between two membranes (ER and PM) that does not partici-
pate in fusion (E-Syt) but appears to be required to facilitate lipid
exchanges between the two bilayers. Elucidating the relation
between the functions of these two classes of proteins represent an
interesting avenue for future research.

Materials and Methods

Reagents

Fluo4-AM, Fluo-4FF-AM, NP-EGTA-AM, EGTA-AM, BAPTA-AM, and
thapsigargin were from Life Technologies. BHQ, CPA, EGTA, NTA,
latrunculin A, o-toxin, methoxyverapamil, Mg-ATP and Na-GTP, and
all other salts were from Sigma-Aldrich. Cell culture reagents were
from Life Technologies. Primers and siRNA were obtained from
Integrated DNA Technologies and MWG-Eurofins. Primary antibod-
ies used in this study were as follows: anti-ESYT1 (HPAO016858,
Sigma-Aldrich), anti-ESYT2 (HPA002132, Sigma-Aldrich), anti-
STIM1 (G555, Cell Signaling), anti-mCherry (ab167453, Abcam), and
anti-p-actin (sc-81178, Santa Cruz Biotechnology).

cDNA constructs and siRNAs

mCherry-E-Sytl and GFP-E-Sytl as well as a Ca?"-binding-deficient
version have been previously described (Giordano et al, 2013). The
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following cDNA constructs were used in this study: ER-oxGFP (EL
Snapp, Albert Einstein College of Medicine), SP-mRFP-STIM1 (B
Baird, Cornell University) and SP-YFP-STIM1 (Addgene plasmid
18857), GFP-Orail (RS Lewis, Stanford University), CIBN-GFP-
CAAX, CRY2-5ptasepcgr (Idevall-Hagren et al, 2012), GFP-PH-
PLCS1 (T Meyer, Stanford University), R-GECO (Addgene plasmid
45494), GCaMP5G (Addgene plasmid 31788), and Muscarinic
receptor (M1R; B Hille, University of Washington). All other cDNA
constructs used in this study were made using standard molecular
cloning approaches followed by sequence verification.

ER-localized E-Syt1 deletion constructs
mCherry-E-Syt1(Ahairpin): Human E-Syt1 lacking the 82 N-terminal
amino acids, including the ER-anchoring sequence, was amplified
using the following primers: SMP-C2_BsrG1_F, CCGTGTACAGTTTC
GGCCTCGCCCTCTA, and SMP-C2_Sacll R, GTCACCGCGGCTAG
GAGCTGCCCTTGTCCTT. The fragment was ligated to the mCherry-
C1 vector at the BsrG1/SaclI sites.

mCherry-E-Syt1 (AC2E): Human E-Syt1 lacking the C-terminal C2E
domain was amplified with the following primers: OI445_Sacll_F,
TATATACCGCGGGAATGGAGCGATCTCCAGGAGA, and

ESyt1-dC2E_Sacll_R, TATATACCGCGGCTACAGAGGCCCGGCT
GGAGC. The PCR fragment was ligated to the mCherry-C1 vector at
the SaclI site.

mCherry-E-Syt1-ASMP: The hairpin region of E-Sytl was PCR
amplified using the following primers: E1-TM_Pvul-F: TACGATCG-
CAATGGAGCGATCTCCAGGA, and E1-TM_Pvul-R: TACGATCGT-
CAGGTAGAGGGCGAGGC. The PCR fragment was subsequently
ligated to mCherry-E-Syt1-C2ABCDE at a Pvul site generated
between the fluorophore and the C2A domain.

mCherry-E-Syt1(AC2CDE): The N-terminal portion of human
E-Sytl including the hairpin region, SMP domain, and the C2AB
domains was amplified with the following primers: ESyt1-ER-Sall-F,
TATATAGTCGACatggagcgatctccaggaga, and ESytl1-ER-Sacll-R, TAT
ATACCGCGGtcgaggtggggcatccaca. The PCR product was ligated
between the Sall/Sacll sites in the mCherry-C1 vector.

Cytosolic E-Syt1 deletion constructs
mCherry-E-Syt1-C2ABCDE: Human E-Sytl C2ABCDE-domains were
amplified using the following primers: E1-ABCDE-Pvul-BsrG1-F,
CCGTGTACACGATCGCACGATTACTGGTGCCCCTTGT, and El-
ABCDE-Stop-Sacll-R, GTCACCGCGGCTAGGAGCTGCCCTTGTCCTT.
The PCR fragment was ligated to the mCherry-C1 vector at the
BsrG1/Sacll sites.

mCherry-E-Syt1-C2CDE: The C2CDE domains of human E-Sytl
was amplified using the following primers: E-Syt1-C2C-Xhol-FWD,
CCGCTCGAGGACTGCCTCTGGCCCGCCT, and E-Syt1-C2CDE-Stop-
Kpn1-REV, GGCTCGAGCTAGGAGCTGCCCTTGTCCTT. The fragment
was ligated between Xhol/Kpn1 sites in the mCherry-C1 vector.

mCherry-E-Syt1-C2AB: The C2AB domains of E-Sytl was ampli-
fied with the following primers: ESytl_C2AB_Sacll_F, TATA-
TACCGCGGGAATGGAGCGATCTCCAGGAGA, and ESytl _C2AB_
Sacll_R, TATATACCGCGGTTATCGAGGTGGGGCATCCACA. The
fragment was subsequently ligated to the mCherry-C1 vector at the
Sacll site.

mCherry-E-Syt1-C2ABC: The C2ABC domains of E-Sytl was
amplified with the following primers: E1-ABCDE-BsrG1_F, CCGTGT
ACACGATCGCACGATTACTGGTGCCCCTTGT, and ESytl_AC2DE_
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Sacll_R, TATATACCGCGGTTAATTCACCTGCAGCACCT. The frag-
ment was subsequently ligated to the mCherry-C1 vector between
the BsrG1 and SacllI sites.

mCherry-E-Syt1-C2ABCD: The C2ABCD domains of E-Sytl was
amplified with the following primers: E1-ABCDE-BsrG1_F, CCGT
GTACACGATCGCACGATTACTGGTGCCCCTTGT, and ESytl_AC2E_
Sacll_ R, TATATACCGCGGCTACAGAGGCCCGGCTGGAGC. The frag-
ment was subsequently ligated to the mCherry-C1 vector between
the BsrG1 and Sacll sites.

mCherry-E-Syt1-C2CD: The C2CD domains of E-Sytl was ampli-
fied with the following primers: ESyt1-C2C_EcoR1_F, CGGAATT
CACTGCCTCTGGCCCGCCT, and ESytl_C2CD_Sacll_R, TATATAC
CGCGGCTACAGAGGCCCGGCTGGA. The fragment was subse-
quently ligated to the mCherry-C1 vector between the EcoR1 and
Sacll sites.

mCherry-E-Syt1-C2C: The C2C domain of E-Sytl was amplified
with the following primers: ESyt1-C2C_EcoR1_F, CGGAATTCACTG
CCTCTGGCCCGCCT, and ESytl_C2C_Sacll_ R, TATATACCGCGGC
TAATTCACCTGCAGCACCT. The fragment was subsequently ligated
to the mCherry-C1 vector between the EcoR1 and Sacll sites.

mCherry-E-Syt1-C2E: The C2E domain of E-Sytl was amplified
with the following primers: ESytl-C2E_EcoR1_F, CGGAATTCACT
GCCCCTCTCAGAGCT, and ESytl_C2E_Sacll_R, TATATACCGCGGC
TAGGAGCTGCCCTTGTCCT. The fragment was subsequently ligated
to the mCherry-C1 vector between the EcoR1 and SaclI sites.

Synaptotagmin-1 constructs
mCherry-Syt1-C2AB: The C2AB domains from human synaptotag-
min-1 was amplified using the following primers: OI435_Sytl_Hin-
dIll-F, CCCAAGCTTCGAAGAAATGTTTGTTCAAAAAG, and OI436_
Sytl_BamH1-R, CGGGATCCTTACTTCTTGACGGCCA. The PCR product
was ligated to the mCherry-C1 vector between HindIII/BamH]1 sites.
mCherry-E-Syt1-HP-Syt1-C2AB: The 275 bp N-terminal region of
E-Syt1 (containing the ER-hairpin) was amplified using the following
primers: OI457_E1-HP-BsrG1-F, CCGtgtacaAGATGGAGCGATCTCC
AGGA, and OI459_E1-HP-HindIII-R, CCCaagcttGCAGGTAGAGGGC
GAGGC. The PCR product was ligated between mCherry and the
C2AB fragment of Sytl in mCherry-Syt1-C2AB using the BsrG1 and
HindIII sites.

SiRNA

siRNAs used in this study were as follows: E-Sytl (J-010652-06-
0010, Dharmacon), E-Syt2 (HSC.RNAI.N020728.12.5, IDT), STIM1
(HSC.RNAI.N003156.12.3, IDT), and universal negative control
siRNA (DS NC1, IDT).

Cell culture and transfection

HeLa-M and COS-7 cells were kept in Dulbecco’s Modified Eagles
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1x L-glutamine. MING cells were kept in DMEM supplemented
with 15% FBS, 1x L-glutamine, and 50 uM B-mercaptoethanol. Plas-
mid DNA transfections were performed in 1 ml OptiMEM-I together
with 0.5-1.5 pg and 1-2 pl Lipofectamine 2000 according to the
manufacturer’s instructions. Knockdown wusing siRNA was
performed in 1 ml OptiMEM-I together with 20 nM siRNA duplexes
and 2 ul Lipofectamine RNAIMAX. Knockdown efficiency was
assessed 60-72 h post-transfection.
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Immunoblotting

HeLa cells treated with siRNA for 60-72 h were washed in ice-cold
PBS and lysed on ice in lysis buffer containing 50 mM NaCl, 1%
Triton X-100, 10 mM EDTA pH 7.2, and protease inhibitor cocktail.
Cell lysates were then centrifuged at 21,000 g for 20 min at 4°C, and
supernatants were boiled for 2 min in SDS sample buffer and sepa-
rated on a 8% SDS-PAGE gel. Immunoblotting was carried out as
described in Giordano et al (2013).

a-toxin permeabilization

Transfected HeLa-M cells, grown on 25-mm poly-L-lysine-coated
glass coverslips, were incubated with 5 pM of the AM ester form of
Fluo-4 for 30 min at 37°C. The coverslips were subsequently used
as exchangeable bottoms in a modified Sykes-Moore open superfu-
sion chamber that was mounted on the stage of a confocal or TIRF
microscope setup (described below) and connected to a peristaltic
pump that allow rapid exchange of the buffer surrounding the cells.
Following exchange from an extracellular-like (described above) to
an intracellular-like buffer (see below), the superfusion was inter-
rupted and o-toxin was added directly to the chamber (final concen-
tration ~ 0.2 mg/ml). Permeabilization was considered complete
when the Fluo-4 fluorescence had decreased by 90%, which typi-
cally took 20-30 min. Superfusion was then started again, and the
cells were exposed to intracellular-like buffers containing calibrated
Ca®* concentrations while fluorescence from both remaining Fluo-4
and mCherry-tagged fusion proteins was recorded. These experi-
ments were performed at ambient temperature (21-23°C).

Intracellular-like buffers

Intracellular-like buffers used in o-toxin permeabilization experi-
ments contained the following: 6 mM Na®, 140 mM K*, 1 mM
(free) Mg?", 0-0.5 mM (free) Ca®", 1 mM Mg-ATP (required to
maintain PI(4,5)P,-levels in the PM), 0.25 mM Na-GTP, 10 mM
HEPES, 2 mM (total) EGTA, and 2 mM (total) nitrilotriacetic acid
(NTA) with pH adjusted to 7 at 22°C with 2 M KOH. The total
concentration of Ca** and Mg>* was calculated using the online
version of MaxChelator (http://www.stanford.edu/ ~ cpatton/web-
maxcS.htm). Buffers were made fresh on the day of experiment and
kept on ice until used. To validate the buffer composition, cells
loaded with the Ca®>* indicator Fluo-4 were mounted on a TIRF
microscope, permeabilized, and exposed to buffers with increasing
Ca®* concentrations. From these data, a dose-response curve was
generated and the ECs, for Ca?>™ binding to Fluo-4 was estimated to
be 1.1 uM, which compares favorably with the reported Kp of
0.35 uM (see Fig 1).

Fluorescence microscopy

Before each experiment, 25-mm glass coverslips with attached cells
were transferred to experimental buffer and incubated for 30 min at
37°C. Where indicated, this buffer was supplemented with Ca?"
indicators (see below) or 1.5 uM of EGTA-AM or BAPTA-AM. The
buffer contained 125 mM NaCl, 4.8 mM KCl, 1.3 mM CacCl,,
1.2 mM MgCl,, 25 mM HEPES, 3 mM D-glucose, and 0.1% (w/v)
bovine serum albumin with pH adjusted to 7.4 with NaOH.
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Confocal microscopy: Spinning-disk confocal microscopy was
performed using the Improvision UltraVIEW VoX system
(PerkinElmer) built around a Nikon Ti-E inverted microscope,
equipped with PlanApo objectives (60x 1.45-NA) and controlled by
Volocity (Improvision) software as previously described. All
imaging was performed at 37°C except for experiments on perme-
abilized cells, which were performed at room temperature.

TIRF microscopy: Protein biosensor and Ca®* indicator fluores-
cence were measured with a setup consisting of an Eclipse Ti micro-
scope (Nikon, Tokyo, Japan) with a total internal reflection
fluorescence (TIRF) illuminator and a 60x 1.45 NA objective.
491-nm and 561-nm diode-pumped solid state lasers (Cobolt AB,
Solna, Sweden) provided excitation light for GFP/Fluo-4 and
mCherry/RFP, respectively. Fluorescence was detected with a back-
illuminated DU-897 EMCCD camera (Andor Technology, Belfast,
UK) controlled by MetaFluor software (Molecular Devices Corp.,
Downington, PA, USA). Emission wavelengths were selected with a
527/27-nm half-bandwidth filter for GFP/Fluo-4 and a 584-nm long-
pass filter for mCherry/RFP (Semrock) mounted in a wheel (Sutter
Instruments). Images or image pairs were acquired every 2-5 s. For
the Ca®" imaging shown in Figs 4K and EV6, a prism-based TIRF
microscope (Dyachok et al, 2008) equipped with a 16x (0.8-NA)
water-immersion objective was used, which enabled simultaneous
recordings of responses from a large number of cells at the expense
of spatial resolution.

Ca”* imaging

For Ca’" imaging, HeLa cells grown on glass coverslips were
washed once with experimental buffer followed by 45 min incuba-
tion at 37°C in experimental buffer supplemented with 5 uM of the
acetoxymethylester of Fluo-4 or Fluo-4FF. Cells were subsequently
washed and imaged with TIRF or confocal microscopy as described
above.

Photolysis of caged Ca**

HeLa cells were washed once with experimental buffer containing
1.3 mM Ca**, followed by 30 min incubation with experimental
buffer supplemented with 5 uM NP-EGTA-AM at 37°C. The cells
were subsequently washed twice with experimental buffer, followed
by further incubation at 37°C for 20 min to allow hydrolysis of the
AM ester bond. Flash photolysis of the caged Ca®>* was achieved by
1 s illumination by the 405-nm laser line on the confocal microscope
described above, with the laser power set to maximum (25 mW out
of the laser head).

Optogenetic depletion of PI(4,5)P, in the plasma membrane

Blue light-induced 5'-dephosphorylation of plasma membrane
PI(4,5)P, was performed as previously described (Kennedy et al,
2010; Idevall-Hagren et al, 2012). Briefly, the 5-phosphatase domain
of human OCRL (residues 234-539) was ligated to the C-terminus of
the PHR domain of Arabidopsis thaliana cryptochrome 2 (CRY2) to
generate CRY2-5-ptasepcrr. and Arabidopsis thaliana CIBN was
fused to a C-terminal CAAX-box motif for plasma membrane
anchoring (CIBN-CAAX). When expressed in cells, blue light
(491 nm) illumination induces immediate binding of CRY2 to CIBN,
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thus bringing the 5-ptase to the plasma membrane. For TIRF imag-
ing, dimerization was induced by 50 x 100 ms 491 nm light pulses
delivered through the evanescent field.

Image and statistical analysis

All image analyses were done offline using Fiji (Schindelin et al,
2012). Typically, fluorescence changes in the basal plasma
membrane region was quantified by manually generating a region
of interest around each cell, followed by measurement of the
fluorescence intensity within the region for each frame, making
sure there were no saturated pixels within the region. The
obtained values were normalized to the initial fluorescence after
background correction (F/F0). In some instances (Figs 1F, 4D and
E), individual ER-PM contacts were manually identified and the
fluorescence change within these structures were tracked over
time. At least 20 contacts (of varying fluorescence intensities and
sizes) from each cell were chosen for analysis. Dose-response
curves were generated from normalized data, where the minimum
was set to the relative fluorescence at 0 pM Ca** and the maxi-
mum to the highest recorded fluorescence value for each cell or
the fluorescence value obtained at 50 uM Ca**. The reason for
choosing 50 pM as the cut-off was that values obtained above
this Ca®>" concentration were underestimated due to Ca®"-induced
loss of plasma membrane PI(4,5)P, (see Fig 1J-L). The normal-
ized data were plotted, and a sigmoidal curve was fitted to the
data points using the Hill equation: base + (max — base)/(1 +
(x-half/x)™*€), with base=0 and max = 1. Curve fitting was
made using IgorPro (Version 6.34A, WaveMetrics). The x-half
values were extracted and used to calculate ECsy values.
Throughout the paper, data are presented as means + SEM
and statistical comparisons between groups were assessed with
two-tailed Student’s t-test.

Expanded View for this article is available online:
http://emboj.embopress.org
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