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SUMMARY

Most available information on endoplasmic reticulum
(ER)-plasma membrane (PM) contacts in cells of
higher eukaryotes concerns proteins implicated in
the regulation of Ca2+ entry. However, growing evi-
dence suggests that such contacts play more
general roles in cell physiology, pointing to the exis-
tence of additionally ubiquitously expressed ER-PM
tethers. Here, we show that the three extended syn-
aptotagmins (E-Syts) are ER proteins that participate
in such tethering function via C2 domain-dependent
interactions with the PM that require PI(4,5)P2 in the
case of E-Syt2 and E-Syt3 and also elevation of
cytosolic Ca2+ in the case of E-Syt1. As they form
heteromeric complexes, the E-Syts confer cytosolic
Ca2+ regulation to ER-PM contact formation.
E-Syts-dependent contacts, however, are not re-
quired for store-operated Ca2+ entry. Thus, the ER-
PM tethering function of the E-Syts (tricalbins in
yeast) mediates the formation of ER-PM contacts
sites, which are functionally distinct from those
mediated by STIM1 and Orai1.

INTRODUCTION

The endoplasmic reticulum (ER) forms a complex network that

extends throughout the cell and plays a multiplicity of functions,

including protein synthesis, lipid metabolism, and Ca2+ storage

for intracellular signaling. Although membranes of the ER are

functionally connected to all membranes of the secretory and

endocytic pathways via vesicular transport, they only fuse with

each other and with vesicles involved in retrograde transport

from the Golgi complex. However, there is growing evidence
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that close appositions between the ER and the membranes of

virtually all other membranous organelles play major roles in

cell physiology. These sites are thought to be involved in ex-

changes of molecules, such as lipids, in the function of ER-local-

ized enzymes that act ‘‘in trans’’ on the apposed membrane and

in the control of Ca2+ homeostasis (Elbaz and Schuldiner, 2011;

Friedman and Voeltz, 2011; Holthuis and Levine, 2005; Stefan

et al., 2011, 2013; Toulmay and Prinz, 2011).

In cells of higher eukaryotes, ER-plasma membrane (PM) con-

tact sites were first described by electron microscopy in the

1950s in muscle (Porter and Palade, 1957), where they are

extremely abundant. They were subsequently observed also in

neurons (Rosenbluth, 1962). More recently, it has become clear

that they represent a general feature of all eukaryotic cells,

although, due to their small size in most cells, they are frequently

overlooked in electronmicrographs (Friedman and Voeltz, 2011).

A well-established function of ER-PM junctions in metazoan

cells is control of Ca2+ dynamics. In muscle, they are responsible

for depolarization-contraction coupling (Endo, 2009), as they are

sites where the juxtaposition of voltage-dependent Ca2+ chan-

nels in the PM and ryanodine receptors in the ER membrane

couple Ca2+ entry from the extracellular space to Ca2+ release

from the ER (Block et al., 1988; Franzini-Armstrong and Jorgen-

sen, 1994; Takeshima et al., 2000). ER-PM contact sites are also

responsible for store-operated Ca2+ entry (SOCE). Oligomeriza-

tion of the ERprotein STIM1 in response to lowered Ca2+ levels in

the ER lumen triggers its interaction with, and activation of, the

PM Ca2+ channel Orai1, leading to Ca2+ influx to restore normal

Ca2+ levels in the ER (Feske et al., 2006; Lewis, 2007; Liou et al.,

2005; Orci et al., 2009; Zhang et al., 2005). Although depletion of

intracellular Ca2+ stores enhances areas of apposition between

the PM and the ER, focal ER-PM contact sites exist before

STIM1 recruitment (Orci et al., 2009; Shen et al., 2011). This is

consistent with the presence of ER-localized enzymes expected

to act in trans on PM substrates (Anderie et al., 2007; Stefan

et al., 2011) and of ER proteins (VAP-A and VAP-B) that bind
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PM-interacting proteins (Levine and Loewen, 2006; Schulz et al.,

2009). However, neither these ER enzymes nor VAP family pro-

teins are selectively localized at ER-PM contacts, speaking

against their specialized role in the generation of such sites.

In yeast, where some of the metabolic functions requiring

direct ER to PM apposition have been characterized (Holthuis

and Levine, 2005; Stefan et al., 2011), the bulk of the ER (more

than 50%) has a cortical localization (West et al., 2011). Thus,

studies of proteins that mediate cortical ER formation in yeast

may help elucidate the most fundamental properties of ER-PM

contacts. Recently, three yeast ER proteins, the tricalbins

(Tcb1p, Tcb2p, and Tcb3p), were shown to be selectively

concentrated in the cortical ER and to play a key role in ER-PM

tethering (Manford et al., 2012; Toulmay and Prinz, 2012). Trical-

bins are ER integral membrane proteins with a cytosolic synap-

totagmin-like mitochondrial lipid binding protein (SMP) domain

followed by multiple C2 domains (Creutz et al., 2004; Lee and

Hong, 2006). SMP domains, which are lipid-binding modules,

are proposed to have specialized function at membrane contact

sites, possibly in lipid exchange between the two membranes

(Kopec et al., 2010; Toulmay and Prinz, 2012). C2 domains are

generally acidic phospholipid-binding modules and thus have

the potential to bind the PM in trans (Rizo and Südhof, 1998).

Mammalian cells express three proteins that share sequence

and domain similarity to the tricalbins, the extended synaptotag-

mins (E-Syt1, E-Syt2, and E-Syt3) (Lee and Hong, 2006; Min

et al., 2007). Based on the expression of epitope-tagged con-

structs in mammalian cells, E-Syt1 was reported to localize in

an undetermined intracellular compartment, whereas E-Syt2

and E-Syt3 were reported to localize to the PM (Min et al., 2007).

We have now found that all three E-Syts are ER-anchored

proteins. They form homo- and heteromeric complexes that

mediate contacts with the PM. Such contacts are critically

dependent on the presence of PI(4,5)P2 in this membrane and

are additionally regulated by cytosolic Ca2+ via the Ca2+-sensing

property of E-Syt1. As they are not required for SOCE, they are

functionally distinct from the STIM1-induced contacts.

RESULTS

E-Syts Localize to the ER, and Their Overexpression
Induces Cortical ER
The subcellular targeting of each E-Syt protein was analyzed by

transfecting cells with tagged constructs whose expression was

confirmed by western blotting (none of the available antibodies

produced a specific immunocytochemical signal). To rule out

artifacts due to tag-induced mistargeting, multiple constructs

were used, including E-Syts tagged with EGFP or mCherry at

the N or C terminus or with small N- or C-terminal tags (Myc or

FLAG) (Figure 1 and Figure S1 available online). In the following

text, the position of the tag name relative to the protein name in-

dicates its N- or C-terminal location, respectively. All constructs

yielded similar results. As previously described using the same

approach (expression of tagged constructs) (Min et al., 2007),

E-Syt1 had a broad intracellular distribution, while E-Syt2 and

E-Syt3 had a predominant PM-like localization, although in

some cells, we detected a substantial intracellular pool of E-

Syt2 (Figures 1B, S1B–S1D, S1H, and S1K). E-Syt1 colocalized
with the cotransfected ER marker Sec61b fused to monomeric

red fluorescent protein (mRFP) (mRFP-Sec61b) (Shibata et al.,

2008), indicating a localization throughout the ER (Figures 1B,

S1A, and S1G). Although E-Syt2 and E-Syt3 had a very different

localization fromE-Syt1, their expression, which resulted in over-

expression relative to the endogenous proteins (Figure S1E),

shifted a pool of mRFP-Sec61b to the cell periphery, where it co-

localized with E-Syt2 and E-Syt3 (insets of Figure 1B). When pre-

sent, the noncortical pool of E-Syt2 also colocalized with Sec61b

(Figures S1B and S1H). A cortical shift of a pool of mRFP-Sec61b

was also observed in cells overexpressing untagged E-Syt2 and

E-Syt3, further excluding tag-induced artifacts (Figure S1F).

To determine whether the Sec61b signal overlapping with

E-Syt2 and E-Syt3 at the cell periphery represented cortical

ER, HeLa cells overexpressing E-Syt2 or E-Syt3 with or without

a C-terminal EGFP tag were examined by electron microscopy.

Some cells used for this analysis were additionally transfected

with horseradish peroxidase (HRP) tagged with an ER retention

motif (ssHRP-KDEL) (Schikorski et al., 2007), so that the ER

could be identified via an electron dense (dark) HRP reaction

product. In control cells, contacts between the ER-PM contacts

were generally few in individual sections and small in size (Fig-

ures 1C and 7A). However, in cells overexpressing E-Syt2, and

even more so in cells overexpressing E-Syt3, a massive pres-

ence of ER elements closely apposed to the PM via a ribo-

some-free surface (average distance of 10 ± 3 nm) was observed

(arrows in Figures 1D–1H).

E-Syt2 and E-Syt3 Localize at Sites of Apposition
between the ER and the PM
The ability of E-Syt2 and E-Syt3 to induce cortical ER suggests

that they directly participate in bridging the two membranes. If

so, they should be localized at the interface of the two mem-

branes. To test this hypothesis, anti-EGFP-immunogold electron

microscopy (EM) (10 nm gold) was performed on ultrathin frozen

sections of E-Syt-EGFP expressing HeLa cells. Consistent with

fluorescence imaging, E-Syt2-EGFP (Figure 1I) and E-Syt3-

EGFP (Figure 1J) were highly concentrated at the expanded

areas of apposition between the PM and the ER, which were

identified by coimmunolabeling (5 nm gold) for endogenous pro-

tein disulfide isomerase (PDI), a resident lumenal protein of the

ER. No immunogold was observed on regions of the PM not in

contact with the ER (Figures 1I and 1J). In agreement with

fluorescence imaging, E-Syt1-EGFP was broadly detected on

ER elements throughout the cell (arrows, Figure 5C). Notably,

however, at the few and small ER-PM contacts visible in these

cells, anti-E-Syt1-EGFP immunogold was frequently observed

(arrowhead in Figure 5C).

Subcellular Targeting of the E-Syts and Synaptotagmin
1 Is Distinct
A selective localization of the E-Syts in the ER contrasts with the

predominant localization of the ‘‘bona fide’’ synaptotagmins in

post-Golgi membranes (Südhof, 2002, 2012). Synaptotagmin 1

(Syt1), the founding member of the synaptotagmin family, is

localized primarily on synaptic and neurosecretory vesicles in

neuronal cells (Perin et al., 1990) and primarily at the PM in non-

neuronal cells due to absence in these cells of a specific adaptor
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Figure 2. Comparison of the Accessibility of the N Termini of Syt1 and of the E-Syts to the Extracellular Space

(A) Confocal images of live HeLa cells expressing Syt1-EGFP andmRFP-Sec61b showing the predominant PM localization of Syt1 in these cells. Bottom images:

high power view of the region outlined by dotted lines in the merge field.

(B–E) Fluorescent images of HeLa cells coexpressingmRFP-Sec61b andMyc-Syt1 orMyc-E-Syts as indicated and incubatedwith anti-Myc antibodies. TheMyc

epitope was accessible in the case of Myc-Syt1 but not in the case of Myc-E-Syts.

(F) Fluorescent images of SH-SY5Y neuroblastoma cells coexpressing mRFP-Sec61b (red) with either Myc-Syt1 or Myc-E-Syts (green) and incubated with anti-

Myc antibodies before fixation (left panels, ‘‘surface’’) or after fixation and permeabilization (right panel, ‘‘permeabilized’’).

See also Figures S1 and S2.
needed for its endocytic recycling (Diril et al., 2006; Figures 2A,

2B, and 2F). The retention of the E-Syts in the ER was unex-

pected in view of the overall similarities between the two protein

families: a single ‘‘predicted’’ transmembrane region preceded

by a short amino acid sequence and followed by a large cytosolic
Figure 1. Localization of the E-Syts in the ER and of E-Syt2 and E-Syt3

(A) Domain structure of Syt1 and of the E-Syts.

(B) Confocal images of HeLa cells expressing E-Syt-EGFP fusions and the ER m

throughout the ER for E-Syt1 but only colocalization with the ER marker at the c

(C–H) Electron micrographs of HeLa cells transfected with the ER lumenal marke

Cells singly transfected with E-Syt3-EGFP (F), untagged E-Syt2 (G), or untagged

product in (C)–(E) and by presence of ribosomes (arrowheads) in (F)–(H). Arrows

(I and J) Electron micrographs of ultrathin cryosections of HeLa cells transfected

EGFP (10 nm gold) to detect E-Syts and for endogenous PDI (5 nm gold) to label t

ER (arrows). Scale bar, 200 nm.

See also Figure S1.
domain comprising C2 domains. Thus, we performed a direct

comparison, under the same conditions, of the subcellular tar-

geting of the E-Syts and of Syt1.

In HeLa cells Syt1-EGFP produced an uninterrupted decora-

tion of the PM, including its filopodia (Figure 2A). This fluorescent
at ER-PM Contact Sites

arker mRFP-Sec61b. Insets show at higher magnification the colocalization

ell periphery for E-Syt2 and E-Syt3. Scale bar, 10 mm.

r HRP-KDEL alone (C) or together with E-Syt2-EGFP (D) or E-Syt3-EGFP (E).

E-Syt3 (H). The ER can be identified via an electron dense (dark) HRP reaction

in (C)–(H) indicate cortical ER. Scale bar, 250 nm.

with E-Syt2-EGFP (I) or E-Syt3-EGFP (J) and double immunogold labeled for

he ER lumen. E-Syt2 and E-Syt3 are almost exclusively localized to the cortical
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pattern was different from the somewhat discontinuous PM lin-

ing of E-Syt2 and E-Syt3 that did not extend into the filopodia

(compare with Figure 1B). Furthermore, when a small N-terminal

Myc-tag was added to Syt1, the tag could be detected at the cell

surface in nonfixed, nonpermeabilized HeLa cells kept at 4�C
(Figure 2B). In contrast, no signal of identically N-terminally

Myc-tagged E-Syts was detected at the cell surface under these

conditions (Figures 2C–2E). Similarly, surface accessibility of

Syt1 and nonaccessibility of the E-Syts were observed in SH-

SY5Y neuroblastoma cells (Figure 2F). In these cells, an addi-

tional punctate localization of Syt1 that did not colocalize with

the ER marker Sec61b could be observed in the cytoplasm after

fixation and Triton X-100 permeabilization, as expected for

secretory vesicle localization. In contrast, the localization of the

E-Syts, as revealed by anti-Myc antibodies following fixation

and permeabilization, was the same as that observed in non-

neuronal cells: a localization that globally overlaps with that of

the cotransfected Sec61b for E-Syt1 and a cortical localization

that only overlaps with a peripheral pool of Sec61b for E-Syt2

and E-Syt3 (Figures 2F).

E-Syts Associate with the ER Membrane Bilayer via a
Hairpin Sequence
An additional difference between the E-Syts and Syt1 was re-

vealed by the characterization of the topology of the E-Syts

in the membrane. The E-Syts, like Syt1, were proposed to be

integral membrane proteins with the N terminus localized in

the noncytosolic space and a single transmembrane span

originating from a type I signal-anchor sequence (Lee and

Hong, 2006; Min et al., 2007; Toulmay and Prinz, 2012). In

Syt1, which, like the E-Syts, lacks a signal sequence, the

addition of a folded module (but not of a short epitope) to its

N terminus prevents its translocation across the ER mem-

brane (Kida et al., 2005). Accordingly, addition of an EGFP

tag without a signal sequence to the N terminus of Syt1 dis-

rupts its localization, resulting in large aggregates (Figure S1J).

In contrast, E-Syts harboring folded modules (EGFP or

mCherry) without a signal sequence at their N terminus had

the same localization and intracellular dynamics as C-terminal

tagged E-Syts (Figures S1G–S1I and S1K), raising the pos-

sibility that their N termini may not be translocated across

the membrane. As only one potential membrane anchoring

sequence is predicted in the E-Syts by hydrophilicity analysis

(Figure S2J), the cytosolic location of both the N and C termini

could be explained by a hairpin structure of this hydrophobic

sequence.

Inspection of the putative transmembrane segments of all

three E-Syts reveals that their length, 30 or 31 amino acids (Fig-

ure 3A), not only exceeds the length of the transmembrane re-

gion of the synaptotagmins (reported as 27 amino acids [aa]

for synaptotagmin II; Kida et al., 2005) and of other proteins of

post-Golgi membranes but, more importantly, exceeds that of

the transmembrane regions of typical integral membrane pro-

teins of the ER (on average about 20 aa) (Higy et al., 2004; Sharpe

et al., 2010). This length is compatible with formation of a hairpin

that penetrates but does not cross entirely the bilayer, as shown

for the hydrophobic membrane stretches of several other ER

proteins, such as the reticulons (Voeltz et al., 2006). The putative
1498 Cell 153, 1494–1509, June 20, 2013 ª2013 Elsevier Inc.
transmembrane domain of the yeast tricalbins has similar char-

acteristics and is, in fact, slightly longer, with a charged amino

acid in its center consistent with a hairpin spanning the entire

bilayer (Figure 3A).

To determine whether the N termini of the E-Syts are exposed

to the cytosol, the PM of cells coexpressing each N-terminally

Myc-tagged E-Syt and the lumenal ER marker ER-mRFP was

selectively permeabilized with low concentrations of digitonin

(a treatment that does not permeabilize the ER membrane;

Lorenz et al., 2006), and accessibility of the Myc epitopes

was probed with fluorophore-conjugated anti-Myc antibodies

without any fixation. While ER-mRFP was retained in the ER

lumen, as expected (Figures S2Eand S2F), strong staining of

the Myc epitopes was obtained under this condition (Figures

3B–3D), indicating that the N termini of all three E-Syts are

accessible to the cytosolic surface of the ER.

Consistent with these findings, both the N-, C-terminally, and

even internally linked fluorescent tags of E-Syts, like the C-termi-

nally linked mCherry-tag of Sec61b (cytosolic mCherry, positive

control), were accessible to protease K digestion, with total loss

of fluorescence within 1min upon digitonin treatment of nonfixed

cells (Lorenz et al., 2006). In contrast, the fluorescence of VAP-A-

EGFP (lumenal EGFP, negative control) was not affected (Fig-

ures S2A–S2I; Movies S1 and S2).

Finally, the mode of insertion of Syt1 and of an E-Syt was

directly assessed by a cell-free translation-translocation assay

(Brambillasca et al., 2005). When Myc-Syt1 and Myc-E-Syt3

were translated in the presence of roughmicrosomes, resistance

to alkaline extraction demonstrated that both proteins became

tightly integrated in the ER membrane (Figure S2L). This fits

with the observation that endogenous E-Syt1, like other integral

ERmembrane proteins, such as calnexin and VAP-A, is resistant

to alkaline and high salt extraction (Figure S2M). In the case of

Myc-Syt1, an upward mobility shift of the translation product in

the cell-free assay reflected utilization of an N-glycosylation

site in the N-terminal region (abolished by the N-glycosylation tri-

peptide inhibitor [NYT]), thus demonstrating its translocation

(Figure 3E, first three lanes). As E-Syt3 lacks an N-glycosylation

consensus sequence, translocation was assessed by proteinase

K protection of metabolically ([35S]methionine) labeled proteins

(see cartoon in Figure S2K). Anti-Myc immunoprecipitation fol-

lowed by autoradiography revealed that aMyc-positive fragment

was protected upon exposure of nonpermeabilized microsomes

to proteinase K in the case of Myc-Syt1 but not in the case of

Myc-E-Syt3, although the full-length products were immunopre-

cipitated with equal efficiency (Figure 3E). These results demon-

strate the translocation of the N terminus of Myc-Syt1 but not

Myc-E-Syt3.

Collectively, these results strongly support the hypothesis that

the E-Syts are inserted in the ER through a hairpin sequence

(Figure 3F).

Interaction of the C2CDomain of E-Syt2 and E-Syt3 with
PM PI(4,5)P2

A tethering function of E-Syt2 and E-Syt3 at the ER predicts that

their cytosolically exposed domains bind in trans the PM. Their

C2C domains (see Figure 1A for the nomenclature of the C2C

domains) could contain such a binding site, as this domain



Figure 3. E-Syts Are Inserted into the ER Membranes via Hydrophobic Hairpin Sequences

(A) Alignments of putative transmembrane regions of the three E-Syts (human) and of the three tricalbins. The uncharged residues are contained in the red boxes.

Conserved residues and substitutions are shaded in dark and light gray, respectively. The numbers on the right refer to the position of the last residue shown in

each sequence.

(B–D) Fluorescence images of digitonin-permeabilized (20 mM) HeLa cells coexpressing Myc-E-Syts and ER-mRFP and incubated with Alexa Fluor 488-

conjugated anti-Myc antibodies (green) before fixation, showing accessibility of N-terminal Myc epitopes at the surface of ER elements. At the concentration of

digitonin used, ER membranes remain unpermeabilized although vesiculated due to cell lysis (see also Figure S2). Scale bar, 10 mm.

(E) Cell-free translation-translocation assays showing translocation across microsomal membranes of the N terminus of Syt1 but not of E-Syt3. (Left panel)

Analysis of [35S]Met-labeled Myc-Syt1 and Myc-E-Syt3 translated in vitro in the presence or absence of dog pancreas RM and NYT, as indicated. An asterisk

indicates glycosylated Syt1. (Right panel) Results of protease protection assay. After translation, an aliquot of each fraction was immunoprecipitated with anti-

Myc antibodies (top). A 10-fold larger aliquot of each sample was subjected to PK digestion before immunoprecipitation (bottom).

(F) Schematic cartoon showing the topology of Syt1 and of the E-Syts suggested by these experiments. The hydrophobic stretches (about 30 amino acids)

previously predicted to cross the membrane are proposed to form hairpins in the ER bilayer.

See also Figure S2 and Movies S1 and S2.
was reported to be required for the peripheral localization (inter-

preted as a bona fide PM localization) localization of E-Syt2

and E-Syt3 (Min et al., 2007). Accordingly, E-Syt2 and E-Syt3

constructs lacking the C2C domain had a diffuse localization

throughout the ER (Figures 4A, 4B, and S3B). Conversely, a dele-

tion construct lacking the putative transmembrane region but

containing the C2 domains (E-Syt2 C2ABC) (Figure 4I) and

even the C2C domain alone (E-Syt2 C2C) (Figure 4B) were re-

cruited to the PM, while a construct that lacks the SMP domain,

E-Syt2 SMPD, was still recruited to cortical ER (Figure S3A).

C2 domains are phospholipid-binding modules, and for many

of them, the interaction of a surface-exposed basic patch with

acidic phospholipid bilayers is enhanced by PI(4,5)P2 (Chapman,

2008; Fernandez et al., 2001; Rizo and Südhof, 1998), a phos-

phoinositide primarily concentrated in the PM (Di Paolo and De

Camilli, 2006). The basic patch, but not the amino acids respon-
sible for Ca2+ binding in a subset of C2 domains (Chapman,

2008; Fernandez et al., 2001), is present in the C2C domains of

E-Syt2 and E-Syt3 (Figure S4A). Supporting a role of acidic phos-

pholipids in E-Syt2 and E-Syt3 targeting, mutation of the basic

residues (K805A, R806A, R807A, R810A, R811A, and K812A)

responsible for the basic patch in the C2C domain of E-Syt2

abolished its cortical localization and resulted in a distribution

of E-Syt2 throughout the ER (Figure 4B).

Todirectly test the role ofPI(4,5)P2 inE-Syt2andE-Syt3 recruit-

ment, we rapidly depleted this phosphoinositide in the PM using

an optogenetic system recently developed in our lab. The system

is based on the blue light-dependent heterodimerization of a

cytosolically localized inositol 5-phosphatase domain with a

PM-targeted module (Idevall-Hagren et al., 2012; Figure S3C).

COS-7 cells were cotransfected with (1) the two com-

ponents of the heterodimerization system (CIBN-CAAX and
Cell 153, 1494–1509, June 20, 2013 ª2013 Elsevier Inc. 1499



Figure 4. Interaction of the C2C Domains of E-Syt2/3 with PM PI(4,5)P2 Is Required for the ER-PM Tethering Function of E-Syt2/3

(A) E-Syt2 constructs examined and their localizations.

(B) Confocal images of HeLa cells of constructs lacking the C2C domain or mutated in the basic patch in this domain. The C2C domain alone is targeted to the cell

cortex. Scale bar, 10 mm.

(C) Confocal images of a COS-7 cell expressing E-Syt3-mCherry, the PI(4,5)P2 reporter iRFP-PH-PLCd1, and the two components of blue light-dependent PI(4,5)

P2 depletion system at the end of 10 min blue light illumination (arrow indicates cortical ER). Fluorescence is shown in black. N, nucleus. See also Movie S3.

Scale bar, 5 mm.

(D–F) Immuno-EM micrograph (E-Syt3-EGFP, 10 nm gold and endogenous PDI, 5 nm gold) of cells processed as above and fixed at the end of the illumination.

Quantification of the results is shown in (E) and (F). Note that the redistribution of E-Syt3-EGFP from cell periphery (cortical ER [cER]) (compare with Figure 1J) into

the noncortical ER (arrows) is accompanied by loss of cER (mean ± SD) (F). The asterisk denotes p < 0.001.

(G–J) Time course of normalized mCherry fluorescence, as assessed by TIRF microscopy, from COS-7 cells expressing the indicated E-Syt fusion proteins

together with EGFP-PH-PLCd1 and the two components of blue light-dependent PI(4,5)P2 depletion system (G)–(I) or the same two components but with a

(legend continued on next page)
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CRY2-5-ptaseOCRL), (2) a PI(4,5)P2 reporter (iRFP-PH-PLCd1 or

EFGP-PH-PLCd1), and (3) either E-Syt2 or E-Syt3 constructs.

Prior to illumination, robust signals for both E-Syt2 and E-Syt3

and the PI(4,5)P2 reporter were detected in the cortical region

of the cell by either total internal reflection fluorescence (TIRF)

or confocal microscopy (arrows, Figures 4C, 4G, and 4H; Movie

S3). Upon blue light illumination, the PI(4,5)P2 reporter dissoci-

ated within seconds from the PM, consistent with PI(4,5)P2

dephosphorylation (Figure 4C). This change correlated with a

dispersion of E-Syt3 fluorescence from the cell periphery into

the typical ER reticular network distributed throughout the cell,

including the nuclear envelope (Figures 4C and 4G; Movie S3).

Similar results were obtained for E-Syt2 (Figure 4H; Movie S4).

The mCherry-tagged C2ABC region of E-Syt2 (Figure 4A) also

relocated from the PM to the cytosol upon acute PI(4,5)P2 deple-

tion (Figure 4I). Both the relocation of the PI(4,5)P2 reporter and

of the E-Syts were reversible within minutes upon interruption

of blue light illumination, likely due to PI(4,5)P2 resynthesis

(Idevall-Hagren et al., 2012). None of the effects described

were elicited by a catalytically inactive mutant of the 5-phospha-

tase (Figure 4J).

Double immunogold labeling for E-Syt3-EGFP and for the

lumenal ER marker PDI on ultrathin cryosections of cells fixed

during exposure to blue light confirmed the massive redistribu-

tion of E-Syt3 (arrows, Figure 4D) from the cell periphery to the

entire ER network (marked by PDI) (Figures 4D and 4E) and

showed that this change was accompanied by 80% loss of

cortical ER (Figure 4F). Additionally, TIRF microscopy imaging

of E-Syt2-EGFP and a lumenal ER-marker (ER-mRFP) showed

loss of both proteins from the cortical region of the cell during

light-induced PI(4,5)P2 depletion (Figure S3D), indicating loss

of cortical ER structures.

Ca2+-Dependent Recruitment of E-Syt1 to the PM
Several C2 domains bind phospholipid bilayers in a Ca2+-depen-

dent way. Inspection of the predicted structures of the C2

domains of the E-Syts revealed that amino acids required to

confer Ca2+ binding are present in several of them and that

both a Ca2+ binding site and an adjacent basic patch are present

in the C2C domain of E-Syt1 (Fernandez et al., 2001) are most

conserved in the C2C domain of E-Syt1 (Figure S4A). Thus, we

asked whether recruitment of E-Syt1 to the cell cortex depends

on elevation of cytosolic Ca2+. Addition to cells expressing

EGFP-E-Syt1 of 2 mM thapsigargin (TG), a drug that increases

cytosolic Ca2+ by blocking its reuptake into the ER and by acti-

vating SOCE without major effects on PM PI(4,5)P2 (Liou et al.,

2005), resulted in the translocation of E-Syt1 to the cell cortex,

as seen by both fluorescence microscopy (TIRF and confocal)

and immuno-EM (Figures 5A–5D and S4B; Movie S5).

As this experiment did not exclude the possibility that E-Syt1

translocation requires ER Ca2+ depletion rather than cytosolic

Ca2+ increase, the role of rapid cytosolic Ca2+ elevation was

directly tested using Ca2+ uncaging. As shown by confocal
catalytically inactive phosphatase domain (DEAD 5-ptaseOCRL) (J). (Top) Kymo

represented as mean ± SEM. The bar graphs on the right show levels of PI(4,5)P2 a

3 min illumination. The asterisk denotes p < 0.001.

See also Figure S3 and Movies S3 and S4.
microscopy, photolysis of caged Ca2+ in HeLa cells expressing

mCherry-E-Syt1 induced a transient accumulation of this pro-

tein at the cell cortex, which was accompanied by the recruit-

ment of the fluorescent ER lumenal marker ER-oxGFP (see

Extended Experimental Procedures), reflecting formation of

cortical ER (Figures 5F, left, and S4C; Movie S6). A lower ampli-

tude increase of this signal was also observed in cells not

expressing exogenous E-Syt1 (Figure S4C), indicating a physio-

logical role of cytosolic Ca2+ in controlling dynamic ER-PM con-

tacts and suggesting a potential role of endogenous E-Syt1 in

these actions.

The translocation of E-Syt1, and correspondingly of the ER, to

the PM in response to both thapsigargin and to Ca2+ uncaging

was suppressed in cells where PM PI(4,5)P2 was depleted by

the optogenetic approach and also abolished by mutations in

the C2C domain of E-Syt1 that disrupt its binding to Ca2+

(D663A, D675A, D722A, D724A, D726A, D728A, and D729A)

(Figures 5E–5G). Thus, this redistribution most likely reflects

Ca2+-dependent PI(4,5)P2 binding.

An interplay of cytosolic Ca2+ elevation and PM PI(4,5)P2 was

further demonstrated by another manipulation: stimulation of

phospholipase C (PLC) by the muscarinic agonist oxotremorine

M (Oxo-M) in cells overexpressing the muscarinic acetylcholine

receptor. The increase in cytosolic Ca2+ produced by Oxo-M is

triggered by inositol triphosphate, whose generation involves

the consumption of PI(4,5)P2. Thus, Ca
2+-dependent recruitment

of E-Syt1 should be rapidly suppressed by the massive loss of

PI(4,5)P2 in the PM. Accordingly, an immediate, prominent, but

only very transient recruitment of E-Syt1 and of the ER marker

ER-oxGFP was produced by Oxo-M (Figures 5H and 7C).

Reciprocal Interactions of E-Syts
Members of the tricalbin/E-Syt family were reported to form

dimers and multimers (Creutz et al., 2004; Groer et al., 2008;

Jean et al., 2010). If E-Syt1 and E-Syt2/E-Syt3 interact, they

may affect each other’s localization. Supporting this possibility,

when E-Syt1-EGFP was coexpressed with E-Syt2-mCherry or

even more with E-Syt3-mCherry, an increase in the fraction of

E-Syt1-EGFP located in cortical ER was observed both by fluo-

rescence and by immunogold electron microscopy (Figures 6A–

6C). Conversely, coexpression of E-Syt1 and E-Syt2 resulted in a

substantial pool of E-Syt2 detectable throughout the ER. In

agreement with the occurrence of a pool of E-Syt2 associated

with E-Syt1 in noncortical ER, a small transient increase of

E-Syt2-mCherry fluorescence was observed upon Oxo-M stim-

ulation prior to the decrease due to PI(4,5)P2 depletion, and this

peak was abolished in cells when endogenous E-Syt1 expres-

sion was reduced by RNA interference (RNAi) (see below evi-

dence for efficient RNAi-mediated E-Syt knockdown) (Figures

6D–6F). As expected, the muscarinic receptor antagonist atro-

pine reversed these changes and even induced excess cortical

accumulation of E-Syt2, a finding that was not further investi-

gated. Conversely, in agreement with the presence of a
graphs of representative cells and (bottom) average traces (n = 5). Data are

s assessed by EGFP-PH-PLCd1 fluorescence at time zero and at the end of the
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Figure 5. E-Syt1 Makes Dynamic Contacts with the PM in a Ca2+- and PI(4,5)P2-Dependent Manner

(A) TIRF microscopy images of a HeLa cell expressing EGFP-E-Syt1 before and after stimulation with 2 mM TG in the continued presence of extracellular Ca2+ at

the indicated times. Scale bar, 10 mm.

(B) Time course of TG-induced recruitment of EGFP-E-Syt1 to the PM, as shown in (A) (mean ± SEM, n = 5).

(C) Immuno-EM micrographs of HeLa cells expressing E-Syt1-EGFP untreated or treated with TG (2 mM, 10 s). E-Syt1-EGFP (10 nm gold) and endogenous PDI

(5 nm gold). Arrows indicate E-Syt1-positive noncortical ER, and arrowheads indicate E-Syt1-positive cortical ER (magnified in the inset). Scale bar, 200 nm.

(D) Quantification of the results in (C) (mean ± SD).

(E) Quantification of the response of wild-type (WT) or Ca2+-binding deficient (Mut) mCherry-E-Syt1 to TG (2 mM, peak response) in HeLa cells, as assessed by

TIRF microscopy with or without optogenetic depletion of PM PI(4,5)P2 (mean ± SEM, n = 3 for each, *p < 0.001 for comparison to WT [TG]).

(F) Confocal images of the ventral region of COS-7 cells expressing WT or Mut mCherry-E-Syt1 before and 10 s after UV photolysis of caged Ca2+ with or without

optogenetic depletion of PM PI(4,5)P2. Hot spots of fluorescence represent focal accumulation of E-Syt1 at the PM.

(G) Time course of results shown in (F) (mean ± SEM, n = 7–15, *p < 0.01 compared to no PI[4,5]P2).

(H) TIRF microscopy images of a HeLa cell expressing E-Syt1-EGFP and the M1R before and after stimulation with 10 mMOxo-M. (Bottom) Kymograph of EGFP

fluorescence of a representative cell. Fluorescence in (A), (F), and (H) is shown in black.

See also Figure S4 and Movies S5 and S6.
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Figure 6. Heteromerization of the E-Syts

(A) Confocal images of HeLa cells coexpressing pairs of EGFP and mCherry E-Syts as indicated. Scale bar, 10 mm. Insets show at higher magnification of the

areas framed by a dotted line.

(B) Immuno-EM micrograph of HeLa cells coexpressing E-Syt3-FLAG (15 nm gold) and EGFP-E-Syt1 (10 nm gold and arrows). Scale bar, 200 nm.

(C) Quantification of immunogold labeling for E-Syt1 on the noncortical portion of the ER (non-cER) and at ER-PM contact sites (cER) of cells expressing EGFP-

E-Syt1 alone or together with 3xFLAG-E-Syt2 or E-Syt3-MycFLAG. Data are represented as mean.

(D and E) Time course of normalized mCherry and EGFP fluorescence, as assessed by TIRFmicroscopy, from HeLa cells expressing E-Syt2-mCherry and EGFP-

PH-PLCd1 together with M1R. Cells were treated with either control siRNA (D) or siRNA specific for E-Syt1 (E) and stimulated with Oxo-M (10 mM), followed by

addition of atropine (50 mM), as indicated (mean ± SEM).

(F) Quantification of fluorescence corresponding to the peak of E-Syt2 recruitment (arrows in the traces of [D] and [E]) (mean ± SEM; *p < 0.001).

(G and H) Time course of normalized mCherry fluorescence (TIRF) from HeLa cells expressing mCherry-E-Syt1 alone or together with Myc-E-Syt2. (H) Quan-

tification of fluorescence corresponding to peak (P) and drop (D) in the traces of (G) (mean ± SEM).

(I and J) Extracts of HeLa cells transfected with the constructs indicated were subjected to anti-GFP immunoprecipitation (IP) and then processed for SDS-PAGE

and immunoblotting (IB) with anti-GFP, anti-E-Syt1 (I), or anti-E-Syt3 (J) antibodies. Arrows indicate the coimmunoprecipitated bands. Inputs are 2.5%of the total

cell lysates.

(K) Lysates of HeLa cells expressing EGFP-TEV-3xFLAG-E-Syt2 were tandem affinity purified using anti-GFP and anti-FLAG antibodies. Colloidal blue staining of

gels of the starting extract (0.5%) and of the affinity-purified material is shown.

See also Figure S5.
pre-existing E-Syt1 pool at the cell cortex in cells coexpressing

E-Syt1 and E-Syt2, the transient peak of mCherry-E-Syt1 signal

observed by TIRF microscopy upon Oxo-M stimulation was
lower than in cells where E-Syt1 was expressed alone, and a

reduction of fluorescence relative to the prestimulation level

was observed after this peak, consistent with loss of cortical
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E-Syt2 upon PI(4,5)P2 depletion (Figures 6G and 6H). Once

again, the Oxo-M antagonist, atropine, reverted these changes

to normal levels.

Formation of E-Syt complexes was supported by biochemical

experiments. The presence of untagged E-Syts in immu-

noprecipitates from extracts of cells doubly transfected with

EGFP-tagged and Myc-tagged forms of each E-Syt demon-

strated homomerization (Figure S5A). Likewise, the presence

of untagged E-Syt1 in anti-EGFP immunoprecipitates from cells

cotransfected with this protein and with E-Syt2-EGFP or E-Syt3-

EGFP and of untagged E-Syt2 or E-Syt3 in cells cotransfected

with these proteins and with E-Syt1-EGFP (arrows, Figures 6I,

6J, and S5B) demonstrated that E-Syt2/E-Syt3 and E-Syt1

heterodimerize or heteromultimerize. Coomassie-blue-stained

SDS-PAGE gel analysis of tandem affinity purification (TAP)-

tagged E-Syt2 (EGFP-tobacco etch virus [TEV]-3xFLAG-E-

Syt2) immunoprecipitates confirmed robust complex formation

of E-Syt2 with an endogenous protein identified by mass spec-

trometry as E-Syt1 (Figure 6K).

E-Syt Triple Knockdown Reduces ER-PM Contact Sites
and Their Expansion in the Response to Cytosolic Ca2+

Elevations
The results reported so far show that the E-Syts can tether the

ER to the PM. To test their requirement for ER-PM contacts, their

expression was reduced by RNAi in HeLa cells. Robust suppres-

sion of all isoforms was confirmed by real-time quantitative PCR

(qPCR) and by western blotting for E-Syt1 and E-Syt2 (E-Syt3

was undetectable in HeLa cells by western blotting, due to low

expression levels) (Figures S6A–S6C).

Triple knockdown (TKD) of all E-Syts resulted in significant

reduction (�50%) of the ER-oxGFP signal visible by TIRF micro-

scopy (representing close ER-PM appositions) (Figures S6D and

S6E), and this phenotype was rescued by coexpression of

untagged small interfering RNA (siRNA)-resistant E-Syt1 and
Figure 7. Knockdown of the E-Syts Decreases the Number of ER-PM C
(A) EM micrographs of HRP-KDEL-expressing HeLa cells treated with control siR

contact sites. N, nucleus.

(B) The percentage of PM length engaged in contacts is shown as box and whis

(C) Time course of the normalized GFP signal, as assessed by TIRF microscopy, f

(10 mM) stimulation and atropine (50 mM) addition are indicated.

(D–F) Dynamics of the cortical ER, as visualized by ER-oxGFP fluorescence in the

marker pm-mRFP andM1R. For rescue, TKD cells were transfected with RNAi-res

(black) and time course of the normalized ER-oxGFP/pm-mRFP ratios are shown

the peaks in (E) (mean ± SEM, n = 3–10 for each condition).

(G) TIRF microscopy images of HeLa cells coexpressing EGFP-E-Syt1 and mRF

(H) Time course of the recruitment of EGFP-E-Syt1 (top) and mRFP-STIM1 (bott

(I) Fura-2 Ca2+-recordings of control and TKD cells. (Left) Time course of the nor

followed by Ca2+ add-back. The first response corresponds to Ca2+ leak from the

medium (SOCE). (Right) SOCE peak values (mean ± SEM; n = 9 (Ctrl) and n = 8

(J) EM micrographs of control and TKD cells expressing HRP-STIM1 (dark stainin

thin lumen. Black arrows indicate ‘‘wide’’ lumen.

(K) Immuno-EM micrographs of TG (2 mM) treated control and TKD cells transfect

PDI (5 nm gold) (black arrows) from the thin ER (delimited by red arrows) that is

(L) The percentages of PM length in EM sections, which is lined by the cortical E

whisker plot (*p < 0.001).

(M) (Left) Pie graphs showing the percentages of the thin and the wide lumen cER

lumen cER is preferentially decreased in TKD cells (*p < 0.001).

See also Figure S6.
E-Syt2 (Figure S6E). At the EM level, ER-PM contacts, visualized

by the electron dense reaction product in the ER of cells trans-

fected with ssHRP-KDEL, decorated about 2% of the PM perim-

eter in control cells but only about 0.5% in TKD cells (Figures 7A

and 7B).

Knockdown of the three E-Syts also impaired the Ca2+-

induced increase of ER-PMappositions. In control cells express-

ing ER-oxGFP and the muscarinic G protein-coupled receptor,

addition of Oxo-M resulted in rapid and transient recruitment

of the ER marker to the cell surface, which was seen as the

appearance of fluorescent puncta visualized by TIRF micro-

scopy. This recruitment was abolished in TKD cells and restored

upon expression of untagged E-Syt1 and E-Syt2 (Figures 7C–

7F). Thus, the E-Syts regulate not only the formation of ER-PM

contacts but also the expansion of these contacts in a cytosolic

Ca2+-regulated way.

E-Syts Knockdown Does Not Affect SOCE
Given the critical role of ER-PM contacts in SOCE mediated by

STIM1-Orai1 (Cahalan, 2009; Hogan et al., 2010), we asked

whether the E-Syts have an impact on this system. In con-

trol conditions, STIM1 is broadly distributed throughout the ER,

and its clustering upon Ca2+ depletion leads to its interaction

with Orai1 in the PM, thus generating cortical ER (Wu et al.,

2006). This cortical ER has a very narrow lumen (‘‘thin’’ ER),

possibly due to aggregation of the lumenal domain of STIM1,

leading to exclusion of other ER proteins (Orci et al., 2009).

In untreated HeLa cells coexpressing mRFP-STIM1 and

EGFP-E-Syt1, only weak E-Syt1 and STIM1 fluorescence was

detectable in the TIRF field. Addition of TG in the presence of

extracellular Ca2+ induced a punctate accumulation of both pro-

teins at the cell cortex. The recruitment of EGFP-E-Syt1 due to

cytosolic Ca2+ elevation occurred with faster kinetics and was

transient, while the recruitment of mRFP-STIM1 due to depletion

of Ca2+ from the ER lumen was slower (most likely reflecting, at
ontacts but Does Not Impair SOCE
NA (Ctrl) or siRNAs against the three E-Syts (TKD). Red arrows indicate ER-PM

ker plot (*p < 0.001).

rom a HeLa cell expressing a lumenal ER marker (ER-oxGFP) and M1R. Oxo-M

TIRF field, in response to Oxo-M, in control or TKD cells coexpressing the PM

istant E-Syt1 and E-Syt2. Representative kymographs of the GFP fluorescence

in (D) and (E), respectively. (F) Quantification of fluorescence corresponding to

P-STIM1 before and after the addition of TG (2 mM).

om) to the PM.

malized F340/F380 ratios of cells exposed to TG (2 mM) in Ca2+-free medium,

ER, while the second response corresponds to Ca2+ entry from the extracellular

(TKD); n.s., not significant).

g) show cER upon treatment with TG (2 mM). Red arrows delimitate cER with a

ed with YFP-STIM1 (anti-GFP, 10 nm gold) (arrowheads). Note the exclusion of

preserved in TKD cells. Scale bar, 250 nm.

R (total) and by the thin and wide portions of such ER, are shown as box and

. (Right) Box and whisker plot showing that the relative proportion of the wide
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least in part, aggregation prior to recruitment) and persistent

(Figures 7G and 7H).

TIRF microscopy-based quantitative analysis of mRFP-STIM1

recruitment to the cell periphery upon TG treatment showed a

reduction (�50%) (Figure S6F) after RNAi-mediated E-Syt TKD,

which could be at least partially explained by a global reduction

in the proximity of the ER to the PM in the absence of the E-Syts

because a large pool of STIM1 remains localized to the noncort-

ical ER, even after ER Ca2+ depletion (Orci et al., 2009; Wu et al.,

2006). However, in TKD cells, robust bright spots of colocalized

mRFP-STIM1 and Orai1-EGFP still occurred in the TIRF field

upon TG-dependent Ca2+ store depletion, although the total

area occupied by these spots, as well as their number, was

reduced (Figures S6G–S6I). Furthermore, no significant changes

in the rise or peak value of SOCE, as detected by Fura-2, were

observed in response to TG treatment in TKD cells (Figure 7I),

indicating that E-Syts are not rate-limiting for this process.

Only the clearance of cytosolic Ca2+ after the peak appeared

to be delayed, a finding that we have not further investigated.

To gain insight into the lack of an impact of E-Syt TKD on

SOCE (at least under the conditions tested), the architecture of

ER-PM contacts sites after TG treatment was examined by

EM. Ultrastructural analysis, including immunogold labeling, of

cells expressing HRP-STIM1 (which broadly labels the ER

lumen, even after a pool of STIM1 has been recruited to ER-

PM contact sites) or yellow fluorescent protein (YFP)-STIM1

confirmed a reduction of cortical ER following TG treatment in

TKD cells (Figures 7J–7L). Importantly, analysis of these samples

revealed that this reduction involved predominantly wide ER

structures, while thin cortical ER, where anti-YFP immunogold

was concentrated and lumenal ER proteins were excluded

(anti-PDI immunogold), was less affected (Figures 7J–7M). The

presence of abundant thin ER, even in E-Syt TKD cells, may

explain the persistence of efficient SOCE.

DISCUSSION

Our results demonstrate that all three E-Syts are resident pro-

teins of the ER and that they function as regulated tethers

between the ER and the PM. The interaction of the E-Syts with

the PM is mediated by their C2 domains and requires PM

PI(4,5)P2, providing another example of the different contexts

in which C2 domains are used to tether proteins or organelles

to the PM (Figure S6J). In the case of E-Syt2 and E-Syt3, strong

binding to the PM occurs at resting Ca2+ levels. In contrast,

E-Syt1 binding to the PM is triggered by elevation of cytosolic

Ca2+, thus mediating or contributing to increased ER-PM appo-

sitions in response to Ca2+ rise. Interestingly, the C2A domain of

E-Syt2 was shown to bind phospholipids in a Ca2+-dependent

way, but this interaction did not require acidic phospholipids

(Min et al., 2007). Perhaps Ca2+ regulates the interaction of this

domain ‘‘in cis’’ to the ER membrane, which is not enriched in

acidic phospholipids. The requirement of PI(4,5)P2 for E-Syts

binding does not rule out additional roles of protein-binding part-

ners in the PM. PI(4,5)P2 may simply act as a critically required

coreceptor, as shown for many other interactions involving

phosphoinositides (Di Paolo and De Camilli, 2006). As the

E-Syts homo- and heteromerize, the different properties of E-
1506 Cell 153, 1494–1509, June 20, 2013 ª2013 Elsevier Inc.
Syts present in heteromeric complexes may regulate and fine-

tune their tethering functions and the functions of the tethers.

The other well-documented housekeeping mechanism re-

sponsible for regulated ER-PM contact formation, the STIM1-

Orai1 system, is also dependent on changes in intracellular

Ca2+. However, STIM1-Orai1 contacts form in response to a

loss of intralumenal Ca2+ in the ER, rather than to an increase

in cytosolic Ca2+ (Cahalan, 2009; Hogan et al., 2010). As we

have shown here, formation of STIM1-Orai1 contacts, corre-

sponding to thin cortical ER in EM sections (Orci et al., 2009),

also occurs in the absence of the E-Syts, although less promi-

nently. Accordingly, robust SOCE occurs also in the absence

of the E-Syts, when the global numbers or ER-PM contacts are

decreased. These results indicate that E-Syts and STIM1-Orai1

represent independent ER-PM crosstalk systems.

Because some ER-PM contacts persist even when the

expression levels of E-Syts are greatly reduced, other in trans in-

teractions between the ER and the PM are expected to occur.

This is consistent with studies in yeast, where the STIM1-Orai1

system is not present and where lack of the tricalbins alone

resulted in a reduction, but not in a complete loss of cortical

ER (Manford et al., 2012).

The localization of the E-Syts in the ER, an organelle that does

not fuse with the plasma membrane, indicates that, although

their overall domain organization is similar to that of the syn-

aptotagmins, their function is fundamentally different. The syn-

aptotagmins are localized in post-Golgi membranes and are

implicated in tethering functions leading to exocytic fusion and

in Ca2+-dependent fusion itself (Südhof, 2012). This difference

is further emphasized by the different topology in the membrane

of the two protein families: synaptotagmins are conventional

type I transmembrane proteins with a single transmembrane

span and the N terminus in the noncytosolic space (Kida et al.,

2005; Matteoli et al., 1992). In contrast, our data show that the

bilayer anchoring stretch of the E-Syts forms a hairpin in the

ERmembrane so that their N terminus, like the bulk of the protein

with the SMP and C2 domains, is in the cytosol. Interestingly,

hairpin insertion in the membrane bilayer has been reported for

several other ER proteins, including receptor expression-

enhancing protein (REEP), the reticulons (Voeltz et al., 2006),

spastin, and atlastins (Park et al., 2010). The previously reported

accessibility of the N terminus of the E-Syt2 and E-Syt3 to the

extracellular space, which had supported their PM localization,

was obtained with cells that were fixed prior to immunostaining

(Min et al., 2007), a condition that can result in loss of integrity

of the PM. Our conclusions are consistent with other data of

the study by Min et al. (2007) such as evidence for the impor-

tance of the C2C domains of E-Syt2 and E-Syt3 for their cortical

targeting.We cannot rule out that a very small pool of E-Sytsmay

end up in the PM, similar to what is the case of the ER protein

STIM1 (Hewavitharana et al., 2008).

In spite of these differences, the property of the E-Syts to

tether an intracellular membrane to the PM via C2-dependent

interactions with acidic phospholipids is reminiscent of the

property of Syt1 to tether secretory vesicles to the PM. Even

in the case of Syt1, Ca2+-independent and Ca2+-dependent in-

teractions cooperate, with Ca2+-dependent interactions playing

a role in Ca2+-triggered secretory vesicle fusion (Chapman,



2008; Südhof, 2002, 2012). The presence in the E-Syts of an

SMP domain, which is predicted to harbor a lipid within a hydro-

phobic grove (Kopec et al., 2010), and the observation, further

supported by this study, that SMP domains are typically found

in protein complexes that tether two membranes (Kornmann

et al., 2009; Michel and Kornmann, 2012; Toulmay and Prinz,

2012) have suggested a role of the E-Syts/tricalbins in lipid trans-

fer between the ER and the PM. If further studies validate this

hypothesis, it will be of interest to determine how this function

is regulated by Ca2+.

In conclusion, our study identifies E-Syts/tricalbins as media-

tors of ER-PM contact sites and reveals mechanistic and

dynamic aspects of these contacts. The conservation of the

E-Syt/tricalbin family from yeast to mammals (Manford et al.,

2012; Toulmay and Prinz, 2012) emphasizes the general impor-

tance of ER-PM contact sites in all eukaryotic cells, irrespective

of the very different architecture of the ER in yeast and in higher

eukaryotes and of the specialized role of a subset of these junc-

tions, such as the ones involved in the control of Ca2+ entry, in

animal cells. The characterization of the tricalbin/E-Syt protein

family represents a starting point for a precise elucidation of

the conserved and most fundamental molecular machinery

that controls the crosstalk between the ER and the PM, onto

which new functions have been superimposed during evolution

to higher eukaryotes.

EXPERIMENTAL PROCEDURES

Full details are provided in the Extended Experimental Procedures.

Cell Culture, Transfection, and RNA Interference

HeLa, COS-7, and SH-SY5Y cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at 37�C
and 5% CO2. Transfection of plasmids and RNAi oligos was carried out with

Lipofectamine 2000 and RNAi MAX (Life Technologies).

Fluorescence Microscopy and Optogenetics

Spinning disc confocal (SDC) and TIRF microscopy were carried out as

described in the Extended Experimental Procedures. For optogenetic control

of PM PI(4,5)P2, cells were transfected with heterodimerization modules that

allow PM recruitment of an inositol-5-phosphatase catalytic domain upon

blue light (488 nm) illumination as in Idevall-Hagren et al. (2012).

Ca2+ Uncaging

COS-7 cells were loaded with 10 mM o-nitrophenyl EGTA-AM (Life Technolo-

gies) in imaging buffer for 30 min at 37�C. Cells were subsequently washed

twice and imaged on a SDC microscope. Photolysis of Ca2+ was achieved

by a 3 s 405 nm light pulse.

Calcium Imaging

HeLa cells were loaded with 5 mMFura-2-AM with Pluronic F127 (Invitrogen) in

Ca2+-containing buffer for 1 hr at room temperature. Cells were then washed

twice and incubated with Ca2+-free buffer before imaging. Thapsigargin

(2 mM) (Life Technologies) was added in Ca2+-free buffer, and Ca2+-containing

buffer was added back after Ca2+ store depletion.

Antibody Accessibility Assays and FPP Assay

To detect cell surface epitopes, live HeLa cells or SH-SY5Y cells cotransfected

with Myc-Syt1 or Myc-E-Syts and mRFP-Sec61b were cooled to 4�C and

incubated at 4�C with anti-Myc antibodies without fixation (nonpermeabilized

conditions). Cells were then washed and fixed with 4% paraformaldehyde

(PFA)/PBS and incubated with Alexa Fluor 488-conjugated anti-rabbit second-

ary antibody. After further washing, cells were examined with a SDC micro-
scope. As a control, standard immunofluorescence of fixed and permeabilized

cells was carried out. To detect cytosolically exposed epitopes on the ER

membrane, live HeLa cells expressing Myc-tagged proteins were washed

with potassium 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid magne-

sium (KHM) buffer, followed by KHMbuffer containing 20 mMdigitonin together

with anti-Myc Alexa Fluor 488-conjugated antibody. Cells were incubated at

room temperature for 5 min, washed with KHM buffer, and fixed with 4%

PFA/KHM before imaging with a SDC microscope. Fluorescent protease

protection (FPP) assay was carried out as described previously (Lorenz

et al., 2006).

Electron Microscopy

Conventional EM, including HRP cytochemistry, and immunogold labeling of

ultrathin frozen sections were performed according to standard procedures

(Giordano et al., 2009). EM sections were observed under a Philips CM10

microscope equipped with a Morada 2k 3 2k charge-coupled device (CCD)

camera (Olympus).

Biochemical Analysis

For immunoprecipitation of GFP-tagged E-Syts, cell lysates were incubated

with Chromotek GFP-trap agarose beads (Allele Biotech), and solubilized

bead-bound material was processed for SDS-PAGE and immunoblotting.

Tandem affinity purification of EGFP-TEV-3xFLAG-E-Syt2 and the cell-free

translation/translocation assay are described in Extended Experimental

Procedures.

Statistical Analysis

Comparisons of data were carried out using Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six

figures, and six movies and can be found with this article online at http://dx.

doi.org/10.1016/j.cell.2013.05.026.
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