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The close apposition between the endoplasmic reticulum (ER) and
the plasma membrane (PM) plays important roles in Ca>* homeo-
stasis, signaling, and lipid metabolism. The extended synaptotag-
mins (E-Syts; tricalbins in yeast) are ER-anchored proteins that
mediate the tethering of the ER to the PM and are thought to
mediate lipid transfer between the two membranes. E-Syt cyto-
plasmic domains comprise a synaptotagmin-like mitochondrial-lipid—
binding protein (SMP) domain followed by five C2 domains in
E-Syt1 and three C2 domains in E-Syt2/3. Here, we used cryo-elec-
tron tomography to study the 3D architecture of E-Syt-mediated
ER-PM contacts at molecular resolution. In vitrified frozen-hydrated
mammalian cells overexpressing individual E-Syts, in which E-Syt—
dependent contacts were by far the predominant contacts, ER-PM
distance (19-22 nm) correlated with the amino acid length of the
cytosolic region of E-Syts (i.e., the number of C2 domains). Eleva-
tion of cytosolic Ca?* shortened the ER-PM distance at E-Syt1-
dependent contacts sites. E-Syt-mediated contacts displayed
a characteristic electron-dense layer between the ER and the PM.
These features were strikingly different from those observed in
cells exposed to conditions that induce contacts mediated by the
stromal interaction molecule 1 (STIM1) and the Ca®>* channel Orai1
as well as store operated Ca®* entry. In these cells the gap be-
tween the ER and the PM was spanned by filamentous structures
perpendicular to the membranes. Our results define specific ultra-
structural features of E-Syt-dependent ER-PM contacts and reveal
their structural plasticity, which may impact on the cross-talk
between the ER and the PM and the functions of E-Syts in lipid
transport between the two bilayers.
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he endoplasmic reticulum (ER) consists of a complex net-
work of tubules and cisternae that extends throughout the
cell and forms close appositions (“contact sites”) with other
membranous organelles and with the plasma membrane (PM)
(1, 2). The best characterized function of ER-PM contacts is in
Ca®* homeostasis, as ER-PM contacts mediate the excitation—
contraction coupling in muscle and store-operated Ca®* entry
(SOCE) in all metazoan cells. In SOCE, upon depletion of Ca**
in the ER, the ER protein stromal interaction molecule 1
(STIM1) oligomerizes, binds, and activates Orail Ca** channels
at the PM to drive influx of extracellular Ca®*, thereby allowing
homeostatic regulation of ER Ca*" levels (3, 4). However,
growing evidence suggests that ER-PM contacts also play more
general roles, including signaling (5, 6) and the regulation of
both lipid metabolism and transport between bilayers (1, 7-17).
We recently have shown that the three mammalian extended
synaptotagmins (E-Syts), homologs of the yeast tricalbins (18,
19), act as ER-PM tethers (20). E-Syts are ER-anchored pro-
teins (via an N-terminal hairpin) containing a synaptotagmin-like
mitochondrial-lipid—binding protein (SMP) domain followed by
five (E-Sytl) or three (E-Syt2/3) C2 domains. SMP domains are
present in proteins that localize at various organelle contact
sites, where they have been implicated in lipid transfer between

E2004-E2013 | PNAS | Published online March 18, 2015

bilayers (19, 21-23). As shown by a recent structural and mass
spectrometry study of E-Syt2, the SMP domain dimerizes to
form a ~90-A-long cylinder traversed by a longitudinally ori-
ented channel lined with hydrophobic residues that harbor
glycerophospholipids (23). C2 domains typically are membrane-
binding modules whose interaction with the bilayer often is po-
tentiated by elevations in cytosolic Ca** and/or facilitated by the
presence of acidic phospholipids. Accordingly, the property of the
E-Syts to tether the ER to the PM is mediated by C2 domain-
dependent interactions with phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P,] in the PM, and in the case of E-Sytl is additionally
regulated by the elevation of cytosolic Ca** (11, 20). Because
E-Syt1 interacts with both E-Syt2 and E-Syt3, E-Sytl acts as a
Ca**-dependent regulator of E-Syt-mediated ER-PM tethering.

The structural features of E-Syt-dependent ER-PM contacts
and how the E-Syts and other contact-resident proteins are or-
ganized between the bilayers remain unknown. Here we have
investigated ER-PM contact architecture in close-to-native
conditions using cryo-electron tomography (cryo-ET), a method
that enables 3D visualization at molecular resolution of fully
hydrated, unstained biological structures in situ, within optimally
preserved vitrified cells (24). ER-PM contacts predominantly
formed and populated by E-Sytl, E-Syt3, or STIM1 were in-
duced by the transient overexpression of these proteins in COS-7
cells coupled to pharmacological treatments. We found that E-Syt—
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Fig. 1. ER morphology at the edge of untransfected COS-7 cells. (A-C) Images at increasing levels of magnification of cells vitrified on an EM grid coated with a holey
carbon support. (B, Inset) Cartoon illustrating the regions of the cell accessible for cryo-ET without need of thinning procedures. (D) Tomographic slice of the region
selected in C. In all images, ER, PM, and MT denote endoplasmic reticulum, plasma membrane, and microtubules, respectively. (D7 and D2) Higher-magnification to-
mographic slices of the regions labeled in D showing narrow ER tubules (white arrowheads). In all figures, the line style of the frame indicates whether the enlarged area in
a subpanel was extracted from the tomographic slice shown in the main panel (solid line) or a different tomographic slice (dotted line). (E) 3D rendering of the tomogram
shown in D. For all renderings, extracellular space (extracell space, white), cytosol (light yellow), PM (gold), ER (pink), ER lumen (light pink), microtubules (MT, light blue)
and ER-bound ribosomes (Rib, green) are indicated. White arrowheads denote narrow ER tubules. (F) Tomographic slice of two cells. The cell on the right (Cell 2) contains
a native ER-PM contact (black arrow). (F7 and F2) Higher-magnification tomographic slices of the ER-PM contact in the region labeled in F. The slices depict the same
region in x and y at different z heights (z= 0 nm and z = —8.1 nm, respectively). Structures tethered to the ER are indicated by yellow arrowheads. (G) 3D rendering of the
tomogram shown in F. D, D1, D2, F, F1, and F2 show 2.7-nm-thick tomographic slices.
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mediated ER-PM contacts show an electron-dense layer between
the two apposed membranes, whereas contacts in which STIM1-
mediated tethering to the PM predominates show filaments linking
the two membranes. At E-Syt-mediated contacts the ER-PM dis-
tance correlates with the length of the cytosolic portion of the
specific overexpressed E-Syt isoform and is regulated further by
cytosolic Ca®* in the case of E-Sytl.

Results

ER Morphology at the Cell Edge. We first characterized peripheral
ER morphology in untransfected COS-7 cells by cryo-ET. Cells
were grown and subsequently vitrified on EM grids coated with
a holey carbon support (Fig. 14), and thin regions at the edge
of the cells were targeted for cryo-ET (Fig. 1 B and C). These
regions often contained ER at a certain distance from the PM
and in most cases associated with microtubules (Fig. 1 D and E).
The ER consisted of irregularly shaped tubular structures, with
larger segments connected to each other by extremely narrow
tubules (~15 nm in diameter, measured between the cytosolic
leaflets of both membranes; white arrowheads in Fig. 1 D1, D2,
E, and G) (25). Similar morphology of the peripheral ER was
observed at the edge of Ptk2 cells (Fig. S1 4 and B), indicating
that this feature is common to other mammalian cells.

Native ER-PM contacts were observed, although only rarely,
at the edge of naive cells (black arrow in Fig. 1 F and G and
Movie S1). They were formed by wide ER compartments con-
nected to the rest of the ER by narrow tubules (white arrow-
heads in Fig. 1G). The ER-PM distance at these sites was 25.4 +
1.6 nm (mean + SEM) measured between the cytosolic leaflet of
the membranes for all contacts within each tomogram (n = 3
tomograms), and electron-dense structures of variable morphol-
ogy were found tethering the two membranes (yellow arrowheads
in Fig. 1 F1 and F2 and Movie S1).

To gain insights into the molecular organization of E-Syt—
dependent ER-PM contacts, we examined COS-7 cells in which
overexpression of Myc-tagged E-Syt constructs had induced
massive formation of such contacts (20). We focused our struc-
tural analysis on E-Sytl and E-Syt3, because, although E-Syt2
and E-Syt3 share similar properties (20), E-Syt2 was less effec-
tive in inducing ER-PM contacts in the thin regions at the edge
of COS-7 cells amenable to direct cryo-ET imaging despite being
expressed at similar levels as E-Syt3 (Fig. S24).

E-Syt3-Mediated ER-PM Contacts. In Myc-E-Syt3—expressing cells
the abundance of contacts was obvious, so Myc-E-Syt3—trans-
fected cells could be distinguished readily in EM micrographs by
the accumulation of ER at the cell edge (black arrows in Fig. 2.4
and B and Movie S2). At such contacts, which are mediated by
the PM binding of the C-terminal C2 (C2C) domain of E-Syt3
(20), the ER-PM distance was 18.8 + 0.4 nm (mean + SEM, n =
8 tomograms) (Fig. 2E), and a prominent electron-dense layer,
significantly denser than the surrounding cytosol and henceforth
referred to as “intermediate density” (red arrowheads in Fig. 2 41
and A42; P < 0.001 by paired ¢ test, Fig. S34), was observed between
the membranes in most of the membrane apposition area. The
intermediate density was located 7.6 + 0.4 nm (mean + SEM) away
from the ER membrane (measured from the cytosolic leaflet of the
ER membrane to the center of the density). A higher-resolution
cryo-ET dataset recorded using a direct electron detector revealed
that the intermediate density consisted of interconnected globular
structures (~5 nm in diameter) (white arrowheads in Fig. 2 C and
D and Movie S3), often linked to the ER and to the PM by fila-
mentous bridges (black arrowheads in Fig. 2 C and D and Movie
S3). A few of these bridges also seemed to be connected to large
extracellular or ER luminal densities (Fig. S1C). Altogether, at
E-Syt3-mediated contacts the distance between the ER and the
PM was spanned by a dense protein array that adopted a well-
defined molecular arrangement.
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Greater ER-PM Distance at E-Syt1-Mediated Contacts. E-Sytl
localizes throughout the entire ER at resting Ca** levels in COS-7
cells, but it concentrates at ER-PM appositions upon the
elevation of cytosolic Ca** (20). Such recruitment critically
requires Ca®* binding by its central C2C domain. Nevertheless,
we observed large ER-PM contacts in some Myc-E-Syl-
expressing cells (Fig. 3 4 and B). At such contacts, the average
ER-PM distance was 21.8 + 1.8 nm (mean + SEM, n = 7
tomograms), significantly greater than at E-Syt3-mediated con-
tacts (P < 0.05 by ¢ test) (Fig. 2E) and substantially more variable
(error bars in Fig. 2E; compare Fig. S3 4 and B), suggesting that
E-Sytl has a higher degree of structural plasticity.

The increased distance of the ER from the PM at Myc-E-Syt1-
mediated contacts could be explained by the additional C2
domains of E-Sytl relative to E-Syt3 (Fig. S2B) if the tethering
function of E-Sytl at resting Ca™ levels was mediated by the
binding to the PM of the C-terminal C2 domain of E-Syt1 (C2E),
which shares strong similarity to the C2C domain of E-Syt2/3.
Like these two other C2 domains, which mediate the binding of
E-Syt2/3 to the PM, it contains a conserved basic patch that is
implicated in binding acidic phospholipids (Fig. S2C). Addi-
tionally, unlike full-length E-Sytl (Fig. S4 A and B and see be-
low), an E-Sytl mutant lacking the C2E domain (E-Sytl AC2E)
failed to translocate to the PM upon increase in cytosolic Ca**
(Fig. S4 C and D). This finding indicates that both the C2C
domain, which is required for Ca**-dependent recruitment to
the PM (20), and the C2E domain cooperate in the formation of
E-Sytl-mediated ER-PM contacts.

Like Myc-E-Syt3—mediated contacts, Myc-E-Sytl-mediated
contacts showed an intermediate density between the ER and
the PM (red arrowheads in Fig. 3 A1, A2, and D) that was sig-
nificantly denser than the surrounding cytosol (P < 0.01 by
paired ¢ test) (Fig. S3B). Both the average distance between this
intermediate density and the ER membrane (Fig. S3 B and G)
and its architecture, as shown by a higher-resolution dataset (Fig.
3 C and G), were similar to that observed in Myc-E-Syt3—
mediated contacts (but note the increased variability in Fig.
S3B). Given that the cytosolic domains of the E-Syts differ in
their C-terminal region but are closely related to each other in
their N-terminal region (Fig. S2B), it is likely that this N-terminal
region, i.e., the SMP domain plus the C2A and C2B domains, is
involved in the formation of the intermediate density.

E-Syt1 Regulates ER-PM Distance in a Ca®*-Dependent Manner.
Elevations in cytosolic Ca®* concentration lead to an increase
in E-Sytl-mediated ER-PM contacts via the Ca*"-dependent
PM binding of the E-Syt1 C2C domain (20). To explore the role
of cytosolic Ca®* in the structural plasticity of E-Sytl-mediated
ER-PM contacts, we stimulated Myc-E-Syt1-transfected COS-7
cells with thapsigargin (TG), a potent sarco/endoplasmic re-
ticulum Ca®*-ATPase (SERCA) inhibitor that activates SOCE
by blocking ER Ca* reuptake and thus inducing Ca** depletion
from the ER. Cells were incubated in Ca**-free buffer contain-
ing 2 M TG for 10 min to induce depletion of Ca** within the
ER, then were switched to Ca**-containing (2 mM) buffer, and
were frozen immediately for cryo-ET analysis. This procedure
resulted in a massive Ca®* influx upon the readdition of ex-
tracellular Ca®* and induced a dramatic synchronized increase
of E-Sytl-mediated ER-PM contacts as monitored by live im-
aging (Fig. S4 A and B) (Olof Idevall-Hagren, personal com-
munication). Even though these conditions also induce the
recruitment of STIM1 to ER-PM contacts (26), overexpressed
E-Syt1 was likely the dominating tether in the absence of STIM1
overexpression. Accordingly, an intermediate density was ob-
served between the ER and the PM (Fig. 3E, Upper, and Fig.
S3C), similar to that observed in the contacts formed upon Myc-E-
Syt3 (Fig. 2 A, C, and D) or Myc-E-Sytl (Fig. 3 A, C, D, and G)
overexpression at resting cytosolic Ca**. However, the ER-PM
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Fig. 2. E-Syt3-mediated ER-PM contacts in COS-7 cells. (A) Tomographic slice of ER-PM contacts (black arrows) in a cell overexpressing Myc-E-Syt3 (E-Syt3 OE).
(AT and A2) Higher-magnification tomographic slices of the ER-PM contact in the regions labeled in A. The intermediate density is indicated by red arrowheads. The
style of the line framing the subpanel indicates whether the enlarged area was extracted from the tomographic slice in the main panel (solid line) or from a dif-
ferent slice (dotted line). (B) 3D rendering of the tomogram shown in A in a top view (Left), an en face view with a semitransparent PM (90° rotation along the y
axis) (Center), and an en face view showing only the ER and all densities present at the ER-PM contacts up to an arbitrary grayscale intensity threshold (dark blue)
(Right). (C) Higher-resolution data recorded with a direct electron detector. The tomographic slices depict the same region in x and y at different z heights [z =0 nm
(Upper) and z = +4.2 nm (Lower)]. Globular densities and bridges between the ER and the PM are indicated by white and black arrowheads, respectively. Vertical
white dotted lines mark the positions in which orthogonal tomographic slices are shown in D, Right. (D, Left) 3D renderings of the area shown in C depicting the
densities (dark blue) present between the ER and the PM up to an arbitrary threshold over 11 tomographic slices (z = —10.5 nm to z = 10.5 nm) in a view per-
pendicular to the membrane (Upper Left) and an en face view of the ER membrane with a 90° rotation along the x axis (Lower Left). (Right) Orthogonal tomo-
graphic slices at the positions marked by white dotted lines in C (90° rotation along the y axis). The tomographic slices depict the same region in y and z at different
X positions [x = 0 nm (Upper) and x = +27.3 nm (Lower)]. A, A1, and A2 show 2.7-nm-thick tomographic slices. C and D show 2.1-nm-thick tomographic slices.
(E) Average ER-PM distances. Error bars indicate SEM. Overexpressed proteins (Overexpr.) are Myc-E-Syt3 (E-Syt3), Myc-E-Syt1 (E-Syt1), and mRFP-STIM1 plus the
muscarinic receptor M1R (STIM1 + M1R). —, no overexpression. Pharmacological treatments (Treat.) are TG and Oxo-M. —, no treatment. The number of tomograms
for each condition (n) is indicated within the bars. *P < 0.05 and **P < 0.01 by Student's t test.

Fernandez-Busnadiego et al. PNAS | Published online March 18, 2015 | E2007

PNAS PLUS

>
3
<
-
=
i}
=
=
[=]
o
w
rr}
©

CELL BIOLOGY



L T

/

1\

=y

distance was reduced significantly, by more than 30%, to 14.8 +
1.1 nm (mean + SEM, n = 13 tomograms; P < 0.01 by ¢ test) (Figs.
2F and 3E) in comparison with untreated Myc-E-Sytl-trans-
fected cells (in which E-Sytl-mediated contacts predominate),
with occasional focal closer contacts below 10 nm (Fig. 3E,
Lower). Although the average distance between the intermediate
density and the ER membrane was unchanged (Fig. 3E, Upper,
and Fig. S3G), this structure became significantly less prominent
on average (P < 0.01 by ¢ test) (Fig. 3F). Interestingly, the vari-
ability in both the distance between the ER and the PM and the
distance between the ER and the intermediate density was re-
duced substantially compared with E-Sytl-mediated contacts at
resting Ca®* levels (Fig. S3C and compare error bars in Fig. 2E).
These data suggest that the elevation in cytosolic Ca** resulted
in a molecular rearrangement of E-Syt1, which in turn led to the
shortening of ER-PM distance, weakening of the intermediate
density, and reduced structural variability.

E-Syt-Mediated ER-PM Contacts Are Structurally Distinct from Those
Mediated by STIM1. We next compared the structure of E-Syt—
dependent contacts with those mediated by STIM1. Upon re-
duction of ER luminal Ca®*, STIM proteins tether the ER to the
PM by interacting with PM Orai Ca®* channels, thereby acti-
vating SOCE (3). Two approaches were used to study STIM1-
Orai contacts in COS-7 cells. First, untransfected cells were in-
cubated with 2 uM TG in Ca**-containing buffer before freezing,
i.., a condition leading to the loss of Ca** from the ER
because of the TG-induced block of the ER SERCA pump. Con-
tacts formed under this condition (Fig. 44) were different from
E-Syt-mediated contacts: The ER-PM distance was 27.1 + 2.8 nm
(mean + SEM, n =5 tomograms) (Fig. 2E), and filaments linked
the ER and the PM (yellow arrowheads in Fig. 447) with no
obvious intermediate density such as observed in E-Syt-transfected
cells (Fig. S3D).

Second, COS-7 cells cotransfected with mRFP-STIM1 and
the muscarinic receptor M1 were stimulated with 10 uM of the
muscarinic receptor agonist oxotremorine M (Oxo-M) for 400 s
before freezing. The activation of the muscarinic receptor stim-
ulates phospholipase C leading to the hydrolysis of PM PI(4, 5)P,
and release of inositol triphosphate (IP3), thus resulting in the
reduction of ER Ca®* stores through the activation of IP3
receptors on the ER (27). In the absence of E-Syt overexpres-
sion, these conditions led to the formation of predominantly
STIM1-mediated ER-PM contacts (Fig. S5). Accordingly, the
intermediate density typical of E-Syt-mediated contacts was not
observed at these ER-PM contacts (Fig. 4 B and C and Fig.
S3E). Instead, the gap between the ER and the PM (21.1 + 1.3 nm;
mean + SEM, n = 5 tomograms) (Fig. 2E) was spanned by nu-
merous filaments roughly perpendicular to the ER and the PM
(yellow arrowheads in Fig. 4 B and B2), similar to the filaments
observed in untransfected cells stimulated with 2 uM TG (see
above). This distance was smaller than that observed in cells in
which STIM1 contacts were generated in TG-treated untrans-
fected cells, but this finding was not investigated further. One
possibility is that the difference may be related to the decrease in
PI(4,5)P, which accompanies the increase in cytosolic Ca®" in
Oxo-M-stimulated cells but not in TG-treated cells.

ER-PM Contacts in Neurons. ER-PM contacts are observed fre-
quently in neurons (25, 28-31). Thus, to complement our over-
expression experiments, we analyzed native ER-PM contacts in
untransfected neurons cultured on EM grids. We focused our
analysis on neuronal processes, which were generally thin
enough for direct cryo-ET imaging. The overall ER morphology
in these regions was comparable to that observed in the pe-
riphery of COS-7 (Fig. 1 D-G) and Ptk2 cells (Fig. S1 4 and B),
with very narrow ER tubules interconnecting wider compart-
ments (white arrowhead in Fig. 5B). However, ER-PM contacts
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were found more frequently in neurons. On average, the ER-PM
distance at the contact sites was 23.3 + 1.2 nm (mean + SEM,
n = 10 tomograms), i.e., in the range of contacts observed in
COS-7 cells (Fig. 2E). In some neuronal ER-PM contacts (black
arrows in Fig. 5 4 and B and Movie S4), an electron-dense layer
was observed ~8 nm away from the ER membrane (red arrow-
heads in Fig. 541), reminiscent to the intermediate density ob-
served upon overexpression of E-Syts in COS-7 cells (compare
with Figs. 2 and 3). In other contacts (black arrow in Fig. 5 C and
D), filamentous structures linked the ER to the PM (yellow
arrowheads in Fig. 5C1), reminiscent of the structures found at
STIM1-mediated ER-PM contacts (Fig. 4). Occasionally, con-
tacts showed both filaments and an intermediate density (Fig. 5
E and F) or tethers of an unidentified nature (green arrowheads
in Fig. 5F). These findings support the existence in neurons of
contacts mediated by the E-Syts and also of some contacts me-
diated by STIM1 but also indicate that additional, structurally
distinct contact architectures coexist.

Discussion

In this study we used cryo-ET to analyze the 3D architecture of
ER-PM contacts within vitrified mammalian cells. Taking ad-
vantage of overexpression and pharmacological treatments, we
visualized in situ ER-PM contacts expected to be mediated
primarily by the E-Syts.

At putative E-Syt-mediated contacts we observed an electron-
dense layer, the intermediate density, ~8 nm away from the ER
membrane (E-Syt conditions in Fig. S6). The similar morphology
of this density in E-Sytl- and E-Syt3—-mediated contacts suggests
that the portions of the cytosolic domains that are most similar in
these two proteins (the SMP and C2A and C2B domains) play
a role in the formation of such density. The intermediate density
was not observed at ER-PM contacts expected to be mediated
primarily by STIM1, which, in agreement with previous struc-
tural models (32), showed filaments linking the ER to the PM
(Fig. S6, Upper Right).

Although E-Sytl recruitment to the PM was shown to be
stimulated by elevations in cytosolic Ca** (20), a finding that we
have confirmed here, we now have observed that some E-Syt1-
dependent contacts occurred even at resting Ca®* levels in our
cells and under our experimental conditions. This result is con-
sistent with the strong similarity of the C2E domain of E-Syt1 to
the C2C domains of E-Syt2 and E-Syt3, which are known to
mediate the constitutive interaction of these two proteins with
the PM. Perhaps the generally low levels of association of E-Syt1
with the PM at resting cytosolic Ca** concentration are caused
by inhibitory interactions that may partially mask the basic patch
of the C2E domain. Furthermore, at resting Ca?* levels, the
distance between the ER and the PM was larger and more var-
iable in contacts mediated by E-Sytl than in those mediated by
E-Syt3 (compare E-Syt3 OE and E-Sytl OE in Fig. S6), in good
agreement with the greater amino acid length of the cytosolic
portion of E-Sytl relative to E-Syt3. In response to strong ele-
vations of cytosolic Ca®", the recruitment of E-Sytl to the cell
cortex correlated with a reduction of the length of E-Sytl-
dependent ER to PM tethers indicating a dynamic conforma-
tional change (shortening) of the cytosolic portion of E-Sytl.
Modulation of ER-PM distance by tethering molecules also was
previously reported by other studies (11, 31). Because we previously
have shown that the C2C domain of E-Sytl is required for the
binding of E-Sytl to the PM in a cytosolic Ca>*-dependent manner
(20), we speculate that the reduction of ER-PM distance in
E-Sytl-mediated contacts upon elevation of cytosolic Ca** could
be accounted by the interaction of its C2C domain with the
PM. This shortening from C2E- to C2C-mediated PM binding
could be consistent with the magnitude of the change in the
ER-PM distance that we quantified.
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Fig. 3. E-Syt1-mediated ER-PM contacts in COS-7 cells. (A) Tomographic slice of ER-PM contacts (black arrows) in a cell overexpressing Myc-E-Syt1 (E-Syt1 OE).
(A7 and A2) Higher-magnification tomographic slices of the ER-PM contact in the boxed regions in A. The intermediate density between the ER and the PM is
indicated by red arrowheads. The style of the line framing the subpanel indicates whether the enlarged area was extracted from the tomographic slice in the
main panel (solid line) or from a different slice (dotted line). (B) 3D rendering of the tomogram shown in A. (C) Higher-resolution tomographic slices from
data recorded with a direct electron detector. The slices depict the same region in x and y at different z heights (z=0 nm, z = +2.1 nm, and z = +4.2 nm).
Globular densities and bridges between the ER and the PM are indicated by white and black arrowheads, respectively. Horizontal white dotted lines mark the
positions in which orthogonal tomographic slices are shown in G. (D) ER-PM contact in a Myc-E-Syt1-transfected cell without further treatments (E-Syt1 OE).
(E) ER-PM contacts in two Myc-E-Syt1-transfected cells treated with TG to elevate cytosolic Ca®* (E-Syt1 OE + TG +Ca®".,,). Note that the distance between
the ER and the PM is shorter than in D. In the lower image, a black arrow points to an area where the ER-PM distance is ~8 nm. (F) Average grayscale intensity
of the intermediate density relative to the ER membrane in Myc-E-Syt1 (E-Syt1)-overexpressing cells (a value of 1 would indicate an intermediate density as
electron dense as the ER membrane). Error bars indicate SEM. Overexpressed protein (Overexpr.): Myc-E-Syt1 (E-Syt1). Pharmacological treatment (Treat.): TG
or no treatment (=). The number of tomograms for each condition (n) is indicated within the bars. Note that the intermediate density was significantly less
pronounced for Myc-E-Syt1-transfected cells treated with TG in the presence of extracellular Ca®*. **P < 0.01 by Student's t test. (G) Orthogonal tomographic
slices at the positions marked by white dotted lines in C (90° rotation along the x axis). The tomographic slices depict the same region in x and z at different
y positions (y = 0 nm and y = +4.2 nm). A, A1, A2, D, and E show 2.7-nm-thick tomographic slices. C and G show 2.1-nm-thick tomographic slices.
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Fig. 4. STIM1-mediated ER-PM contacts in COS-7 cells. (A) Tomographic slice of an ER-PM contact (black arrow) in an untransfected cell treated with 2 pM TG
in Ca®*-containing buffer for 15 min immediately before freezing (TG +Ca®*.). (A7) Higher-magnification tomographic slice of the ER-PM contact in the
region labeled in A. Filaments emanating from the ER and the PM are indicated by yellow arrowheads. (B) Tomographic slice of an ER-PM contact
(black arrow) in a cell cotransfected with mRFP-STIM1 and M1R and treated with 10 pM Oxo-M for 400 s before freezing (STIM1 OE, M1R OE + oxo-M).
(B1 and B2) Higher-magnification tomographic slices of the ER-PM contact in the region labeled in A. Filaments bridging the ER and the PM are
indicated by yellow arrowheads. The dotted lines framing B7 and B2 indicate that the enlarged areas were extracted from tomographic slices other
than that shown in the main panel (z = -97.6 nm and z = —=78.6 nm, taking the slice in the main panel as 0 nm). (C) 3D rendering of the tomogram shown in B.

A, A1, B, B1, and B2, show 2.7-nm-thick tomographic slices.

The property of E-Syts to harbor phospholipids in their SMP
domains (23), the localization of several SMP domain-containing
proteins at membrane contact sites (19), and the similarity of SMP
modules to modules whose known function is to exchange lipids (21,
23) strongly suggest that E-Syts have a role in lipid exchange be-
tween membranes. Furthermore, the peculiar elongated structure of
the 9-nm-long SMP domain obligate dimer, with a deep hydro-
phobic groove that spans the entire domain from tip to tip and nests
the acyl groups of phospholipids, had suggested the possibility that
lipid exchange may be achieved by direct flow of lipids from one
bilayer to the other via the SMP domain bridge [the tunnel model of
lipid exchange (23)]. This model cannot be excluded, because we
observed very few focal contacts with ER-PM distances less than
10 nm. However, the larger ER-PM distances observed at the great
majority of E-Syt-dependent contacts are more consistent with the
shuttle model (23), in which lipids first are extracted by the SMP
domain at one membrane and then are delivered to the other
membrane by a translocation of the SMP domain kept in place by
C2 domain-dependent interactions. Cytosolic Ca** may reg-
ulate such exchanges, because all E-Syts exhibit Ca?*-dependent
properties: Although the ER-PM tethering function is strongly
regulated by Ca”* only in the case of E-Sytl (because the
properties of its C2C domain; see ref. 20), the C2A domains of
all three E-Syts have conserved Ca®*-binding pockets that promote
Ca®*-dependent bilayer binding (33, 34). This property may account
for a conformational change of their cytosolic domains, which
results in phospholipid extraction from membranes and transfer.
The weakening of the intermediate density observed by cryo-ET
after increase of cytosolic Ca** supports a flexible and dynamic
nature of the cytosolic region of E-Sytl.

We complemented our overexpression study with the in-
vestigation of native ER-PM contacts in untransfected neurons.
We found that at least some native ER-PM contacts in neurons
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share key features with the contacts mediated by E-Syts. Some neu-
ronal ER-PM contacts showed an electron-dense layer ~8 nm away
from the ER membrane, similar to E-Syts-mediated contacts (Fig.
S6, Lower Left), whereas others showed filamentous structures rem-
iniscent of STIM1-mediated contacts and/or tethers of unidentified
nature (Fig. S6, Lower Right). These findings suggest that neuronal
ER-PM contacts are dynamic and might be populated by different
molecules, and point to additional tethering molecules beyond E-Syts
and STIM1.

Materials and Methods

Antibodies and Chemicals. Sources of reagents were as follows: anti-E-Syt1
(HPA016858; Sigma-Aldrich); anti-E-Syt2 (HPA002132; Sigma-Aldrich); anti-
E-Syt3 (HPA039200; Sigma-Aldrich); anti-Myc 9E10 (sc-40; Santa Cruz Bio-
technology); and anti-actin (69100; MPBiosciences). Oxo-M and atropine were
obtained from Sigma-Aldrich, and TG was obtained from Life Technologies.

Plasmids. The following reagents were kind gifts: mRFP-Sec61p from
T. Rapoport, Harvard University, Cambridge, MA (35); mRFP-STIM1 from
B. Baird, Cornell University, Ithaca, NY (36); and M1 muscarinic acetylcholine
receptor (M1R) from B. Hille, University of Washington, Seattle (27). The
generation of Myc-E-Syt1, Myc-E-Syt2 (Myc-E-Syt2S was used in this study),
Myc-E-Syt3, and EGFP-E-Syt1 was described in ref. 20.

Cloning of EGFP-E-Syt1AC2E. cDNAs of E-Syt1 were amplified by PCR. In all PCR
reactions, PfuUltra Il DNA polymerase (Agilent) was used. The primers
used were

5’ Sall_E-Syt1: ATTCTGCAGTCGACATGGAGCGATCTCCAGGAGAGGGCCC

3’ Sacll_E-Syt1_C2E_De: GGATCCCGGGCCCGCGGCTAAGGCCCGGCTG-
GAGCCTCAAG

PCR products were ligated between Sall and Sacll in the pEGFP-C1 vector
(Clontech) to generate EGFP-E-Syt1AC2E.
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Fig. 5. Native ER-PM contacts in untransfected DIV13 cultured neurons. (A) Tomographic slice of ER-PM contacts (black arrows) in a cultured neuron.
(A7) Higher-magnification tomographic slice of the ER-PM contact in the region labeled in A. The intermediate density between the ER and the PM is in-
dicated by red arrowheads. (B) 3D rendering of the tomogram shown in A. A narrow ER tubule is indicated by a white arrowhead. (C) Tomographic slice of an
ER-PM contact (black arrow) in another neuron. (C7) Higher-magnification tomographic slice of the ER-PM contact in the region boxed in C. Note that the ER
simultaneously establishes a contact with a neighboring mitochondrion (mit). The ER and the outer mitochondrial membranes are at a distance of ~8 nm
(measured between the cytosolic leaflets of both membranes). The filaments bridging the ER and the PM are indicated by yellow arrowheads. The solid lines
framing the boxed areas in A7 and C7 indicate that the enlarged views were extracted from the same tomographic slice as the corresponding main panels.
(D) 3D rendering of the tomogram shown in C. fil, filopodium. (E and F) Neuronal ER-PM contacts showing filaments (yellow arrowheads), an intermediate
density (red arrowheads), and tethers of different morphology (green arrowheads). The slices depict the same regions in x and y at different z heights
[z=0nm and z=+8.1 (E); z=0 nm and z = +4.2 nm (F)]. A, A1, C, C1, E, and F show 2.7-nm-thick tomographic slices.
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Cell Culture and Transfection. COS-7 cells were cultured in Dulbecco’s modified
essential Eagle medium (DMEM) (Life Technologies) supplemented with
10% (vol/vol) FBS at 37 °C and 5% CO,. Neuronal culture was prepared as
previously described (37). Transfection of plasmids was carried out with
Lipofectamine 2000 (Life Technologies), according to the manufacturer’s
instructions.

Live-Cell Imaging. For imaging experiments, cells were plated on 35-mm glass-
bottomed dishes at low density (MatTek Corp.). Live-cell imaging was carried
out 1 d after transfection. Total internal reflection fluorescence (TIRF) mi-
croscopy was performed on a setup built around a Nikon Ti-E microscope
equipped with a 60x 1.49-NA objective. Excitation light was provided by 488-nm
(for GFP) and 561-nm (mRFP) DPSS lasers coupled to the TIRF illuminator
through an optical fiber. The output from the lasers was controlled by an
acousto-optic tunable filter, and fluorescence was detected with an EM-CCD
camera (Andor DU-887). Acquisition was controlled by Andor iQ software.
Images were sampled at 0.20 Hz with exposure times in the 100- to 500-ms
range. TIRF microscopy was carried out at 37 °C.

To induce SOCE in COS-7 cells expressing either EGFP-E-Syt1 or EGFP-E-Syt1
AC2E, the cells were washed twice and incubated with Ca®*-free buffer
[140 mM NacCl, 5 mM KCl, 1T mM MgClI2, 10 mM Hepes, 10 mM glucose, and
3 mM EGTA, (pH 7.4)] for 10 min in the presence of 2 uM TG, and Ca** buffer
[140 mM NadCl, 5 mM KCl, 1 mM MgClI2, 10 mM Hepes, 10 mM glucose, and
2 mM CaCl2 (pH 7.4)] was added back after ER Ca* store depletion. Cells
were imaged with a TIRF microscope. In a parallel experiment, COS-7 cells
expressing Myc-E-Syt1 were frozen for cryo-ET immediately after Ca®* add-
back with the same protocol.

To induce the formation of STIM1-mediated ER-PM contacts in COS-7 cells
coexpressing mRFP-STIM1 and M1R, the cells incubated in Ca®* buffer were
stimulated with 10 pM Oxo-M. Cells were imaged with a TIRF microscope. In
a parallel experiment, COS-7 cells coexpressing mRFP-STIM1 and M1R were
frozen for cryo-ET 400 s after the addition of 10 uM of Oxo-M.

Biochemical Analysis of E-Syts. COS-7 cells expressing Myc-tagged E-Syts were
lysed in SDS lysis buffer [10 mM Tris-HCl, 150 mM NacCl, 2% SDS (pH 8.0)]. Cell
lysates were incubated at 60 °C for 20 min followed by incubation at 70 °C
for 10 min. Benzonase Nuclease (Novagen) was added, and the samples were
incubated further at room temperature for 20 min. Cell lysates were loaded
and separated in 8% SDS/PAGE gel, and immunoblotting was carried out as
described in ref. 20.

Sequence Analysis. Sequence alignment was carried out by Clustal W2 (EMBL-
EBI). The following protein sequences were used: the C2B domain of Syt1
(amino acids 274-382), the C2E domain of E-Syt1 (amino acids 972-1081), the
C2C domain of E-Syt2 (amino acids 759-868), and the C2C domain of E-Syt3
(amino acids 755-864).

Cell Plating and Vitrification. Holey carbon EM grids (Quantifoil) were in-
cubated with 70% ethanol for 10 min and were washed extensively with
water. Grids were incubated at 37 °C in DMEM supplemented with 10% FBS
for 2-3 h, and then approximately 75,000 COS-7 cells were plated per grid.
Cells were grown for 48 h at 37 °C and 5% CO, before vitrification. Plasmids
were transfected 24 h before vitrification using Lipofectamine 2000 (Life
Technologies). Neuronal cultures were prepared as previously described (37),
and cells were cultured for 13 d before vitrification.

When indicated, 2 uM TG (15-20 min) or 10 pM Oxo-M (400 s) was applied
immediately before vitrification (all at room temperature). Grids were
mounted in a vitrification device (manual plunger, FEI Vitrobot Mark Il or
Leica EM GP). A 3-uL drop of a concentrated solution of 10-nm BSA-gold
tracers (Aurion) resuspended in the solution in which the cells were in-
cubated was deposited on the EM grid and incubated for 10 s. Grids were
blotted with Whatman filter paper (GE Healthcare Life Sciences), plunged
into liquid ethane cooled at liquid nitrogen temperature, and stored in
liquid nitrogen until imaging.
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Cryo-ET. All data except those in Figs. 2 Cand D and 3 C and G and Fig. S1C
were recorded as follows: Vitrified EM grids were mounted on a model 626
specimen transfer holder (Gatan) cooled below —150 °C and inserted into
a Tecnai F20 microscope (FEI). The microscope was equipped with a field-
emission gun operated at 200 kV and a 4 x 4 k CCD camera (Gatan). Tilt
series were collected using SerialEM low-dose acquisition scheme (38), typ-
ically from —60° to 60° with 2° angular increments. Pixel size was 0.9 nm at
the specimen level, and the defocus was set to —8 um. For data in Fig. S1 A
and B, the pixel size at the specimen level was 1.2 nm, and the defocus was
set to —10 pm. The total dose was kept below 150 e-/A2.

The data in Figs. 2 Cand D and 3 C and G and Fig. S1C were recorded as
follows: Vitrified EM grids were inserted into a Polara G2 microscope (FEI)
and kept below —150 °C at all times. The microscope was equipped with
a field-emission gun operated at 300 kV, a postcolumn energy filter, and
a K2 Summit direct electron detector (Gatan). For tilt series, zero-loss images
were recorded in dose fractionation mode using the SerialEM low-dose ac-
quisition scheme (38), typically from —60° to 60° with 2° angular increments.
Pixel size was 0.5 nm at the specimen level, and the defocus was set to -5 pm.
The total dose was kept below 150 e-/A%,

Raw frames from the direct electron detector were aligned using in-house
software. For both microscopes, tilt series were aligned using gold beads as
fiducial markers, reconstructed and denoised by anisotropic nonlinear dif-
fusion filtering using the software package IMOD (39). CCD data were binned
three times (final voxel size, 2.7 nm) and reconstructed by weighted back-
projection with analytical weighting. Data in Fig. S1 A and B were binned
twice for reconstruction (final voxel size, 2.4 nm). For the direct electron
detector, integrated aligned projections were binned four times using an
anti-aliasing filter (final voxel size, 2.1 nm) and reconstructed by simulta-
neous iterative reconstruction. All tomographic images are displayed using
the interpolation tool of IMOD.

Image Segmentation and Statistical Analysis. The ER and PM were manually
segmented in Amira (FEI). In tomograms containing multiple ER-PM contact
sites, all contact sites were pooled for subsequent analysis. For the analysis of
grayscale intensity, in each tomogram the pooled contact was divided into
one-pixel-thick layers parallel to the PM using a previously described Pyto
package (40). For ER-PM distances (Fig. 2E) and grayscale intensity profiles
(Fig. S3), averages were calculated weighting the contribution of each to-
mogram by the size of the ER-PM contacts it contained (ER area at the
contact site). For the quantification of the grayscale intensity of the in-
termediate density relative to the ER membrane (Fig. 3F), the positions of
the ER membrane and the intermediate density were identified in every
tomogram as the first and second minima, respectively, of the average
grayscale intensity profiles (Fig. S3). Then, the ratio of grayscale intensity of
the intermediate density and the ER membrane was calculated for every
tomogram. The average ratios are displayed in Fig. 3F. The dynamic
thresholding module of the Pyto package mentioned above was used to
segment the densities present between the ER and the PM in Fig. 2 B and D,
Left, and Movies S1, S2, and S4. Student’s t test was used for statistical
analysis of these values, which appeared to be normally distributed. The
confidence values are indicated in the graphs: *P < 0.05, **P < 0.01, and
***P < 0.001.
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