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Membrane contact sites are specialized areas where the
membranes of two distinct organelles are physically connected
and allow for the exchange of molecules and for signaling
processes. Understanding the mechanisms whereby proteins
localize to and function in these structures is of special interest;
however, methods allowing for reconstitution of these contact
sites are few and only based on synthetic membranes and re-
combinant proteins. Here, we devised a strategy to create in
situ artificial contact sites between synthetic and endogenous
organelle membranes. Liposomes functionalized with a peptide
containing a two phenylalanines in an acidic tract (FFAT) motif
were added to adherent cells whose plasma membrane was
perforated. Confocal and super-resolution microscopy revealed
that these liposomes associated with the endoplasmic reticu-
lum via the specific interaction of the FFAT motif with endo-
plasmic
protein—associated proteins. This approach allowed for quan-
tification of the attachment properties of peptides corre-
sponding to FFAT motifs derived from distinct proteins and of
a protein construct derived from steroidogenic acute regulatory
protein—related lipid transfer domain-3. Collectively, these
data indicate that the creation of in situ artificial contact sites

reticulum-resident vesicle-associated membrane

represents an efficient approach for studying the membrane-
tethering activity of proteins and for designing membrane
contact site reconstitution assays in cellular contexts.

Membrane contact sites (MCS) correspond to subcellular
sites in which two organelle membranes are in close apposi-
tion, only separated by a distance of 10 to 80 nm (1-3). These
MCS are active regions of lipid and ion exchange, signal
transmission, as well as anchoring points where membrane
remodeling activities, such as organelle biogenesis, positioning,
fission, or autophagy, are controlled. A variety of tether pro-
teins, such as vesicle-associated membrane protein—associated
proteins (VAPs) (4), nonfusogenic SNARE-like syntaxinl
(Stx1) and Sec22b (5), junctophilins (6), or annexin Al (7),
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have been identified to be associated with MCS. They usually
partner with other factors to connect two organelles. Amongst
these tether proteins, VAPs are certainly the most prominent
ones and contribute to the fact that the endoplasmic reticulum
(ER), which constitutes a membrane network spreading
throughout the cell, is highly engaged in contact sites with all
organelles as well as the plasma membrane (PM). These pro-
teins are evolutionary conserved (with VAP-A and VAP-B
expressed in human (8) and Scs2p and Scs22p expressed in
yeast (9, 10)) and consist of an N-terminal major sperm pro-
tein (MSP) domain, a central coiled-coil region, and a C-ter-
minal transmembrane region that is anchored in the ER
membrane (4, 8, 11). The MSP domain is poised with the
ability to recruit different protein partners by recognizing a
stretch of amino acids referred to as two phenylalanines in an
acidic tract (FFAT) motif, with a core sequence EFFDAXE
(using the single-letter amino acid code, where x is any amino
acid) and flanking regions rich in acidic residues D and E. This
motif, later called conventional FFAT (convFFAT) motif, is
notably present in proteins such as oxysterol-binding protein
(OSBP) and many related homologs in human and yeast (10,
12, 13), steroidogenic acute regulatory protein (StAR)-related
lipid transfer domain 11 (STARD11)/ceramide transfer protein
(CERT) (14), and Nir2/3 (15)). Recently, we established that
the sterol transporter STARD3, which is anchored to the
limiting membrane of late endosomes (16), binds to VAP
owing to an unconventional FFAT motif named phospho-
FFAT (17, 18). The phosphorylation of this motif controls
the association of STARD3 with VAP and its sterol-transfer
activity. In addition to their critical function in organizing
lipid fluxes through MCS (18-20), VAPs contribute to other
cellular functions, such as endosome positioning, Ca** ho-
meostasis, autophagosome biogenesis, or ion channel clus-
tering (21, 22), by recruiting diverse types of proteins with
FFAT motifs. In total, convFFAT and nonconventional FFAT
motifs have been identified or predicted in more than 100
proteins (17, 23, 24); for many of these, whether they interact
with VAPs and play a functional role in MCS remain to be
addressed.

J. Biol. Chem. (2022) 298(5) 101780 1

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2022.101780
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-0526-0720
Delta:1_given name
https://orcid.org/0000-0002-1811-5848
Delta:1_surname
mailto:drin@ipmc.cnrs.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2022.101780&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Liposome-organelle hybrid membrane contact sites

In vitro approaches using minimal reconstitution systems
have been instrumental to dissect the function of proteins at
MCS, and in particular, how VAPs and lipid transfer proteins
work together. Notably, spectroscopy approaches combined
with the use of liposomes and recombinant proteins made
possible to establish how OSBP associates not only with VAP
but also with Golgi determinants to create ER—Golgi contacts
and exchange lipids between these two organelles (25).
Using similar approaches, we found how STARD3 forms
ER-endosome contact sites in a VAP-dependent manner and
can therefore transfer cholesterol between these two com-
partments (18). Likewise, the mode of action of other
lipid-transfer proteins, which do not rely on VAPs, such as
E-synaptotagmins/tricalbins or autophagy-related protein 2,
has been established in vitro (26-30). Although these ap-
proaches are instructive as they are based on perfectly
controlled components, they have limits as they cannot faith-
fully mimic what occurs in cellular contexts. Here, we designed
a new strategy to generate in situ artificial contact sites
(ISACS) between synthetic and organelle membranes under
more physiological conditions. This approach relies on a
perforation protocol, which gives access to the cytoplasmic
content of cells in culture (31-33), and on the use of func-
tionalized liposomes. As a proof of concept, we examined
whether chemically defined liposomes decorated with peptides
containing either FFAT motifs of STARD3 and OSBP, or the
cytosolic part of STARD3, formed contact sites with the ER.
Using confocal and stimulated emission depletion (STED)
microscopy combined with semi-automatized image analyses,
we showed that these liposomes were recruited to the ER
through specific interactions with VAPs. Moreover, this
approach allowed quantitative measurement of tethering ac-
tivities at contact sites. Thus, our approach to create ISACS
constitutes a relevant strategy to measure tethering activities
between synthetic and cellular membranes and might be useful
to devise novel functional assays.

Results

Liposomes bearing the FFAT motif of STARD3 associate with
the ER of opened cells

Our aim was to examine whether artificial contact sites could
be generated in the context of a whole cell by exposing the ER to
functionalized liposomes mimicking a second organelle. The
strategy was based on a perforation method that gives access to
the cytoplasmic content of the cells (31). We selected the
STARD3-VAP complex as a model tethering machinery to study
contacts in this hybrid setting. STARD3 comprises a trans-
membrane domain composed of four transmembrane helices,
anchored to the limiting membrane of endosomes followed by a
cytosolic part constituted by a linker and a sterol-transfer domain.
The first part of the linker (20 amino acids) contains a noncon-
ventional FFAT motif, which represents the minimal interacting
region of this protein with the MSP domain of VAPs. Our recent
investigations have defined this motif as a new functional FFAT
motif called phospho-FFAT that requires phosphorylation at the
fourth position of the core sequence (S209 in STARD3) to allow
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association with VAPs (17). Moreover, we found that phos-
phorylation of serine residues flanking this core motif (5203 and
$213) maximizes the affinity of STARD3 for VAP. Therefore, we
used a peptide (CLESGALpSEGQFYpSPPEPSFAG, hereafter
referred to as 3P peptide) corresponding to the phospho-FFAT
motif of STARD3 with three phosphorylated serines. This pep-
tide also contained an extra cysteine residue at its N terminus to
be anchored to liposomes composed of phosphatidylcholine
and doped with thiol-reactive 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine—N-[4-(p-maleimidophenyl) butyramide]
(MPB-PE) lipids (3 mol%). With this strategy, the peptide was
positioned on liposome surface like the corresponding cytosolic
segment of the full-length STARD3 at the surface of endosomes
(Fig. 1A).

Prior to experiments with cells, we ascertained in vitro
whether the peptide can act with VAP as an efficient mem-
brane tether. MPB-PE—containing L, liposomes, extruded
through a filter with pore size of 200 nm, were functionalized
with 3P peptide at a lipid-to-peptide molar ratio of 250 and
diluted in a quartz cuvette to perform dynamic light scattering
(DLS) experiments (total lipids of 50 pM). As estimated by size
distribution analysis (see Experimental procedures section),
the mean hydrodynamic radius (Ry) of these liposomes was
about 100 nm with a small polydispersity (Pp <50 nm)
(Fig. 1B). Then, Lp liposomes including 2 mol% 1,2-di-
(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl]-nitrilotriacetic acid (nickel salt)
(DOGS—-NTA-Ni**), with a mean radius similar to that of L,
liposomes, were added to the sample. After 1 min, VAP, a
recombinant protein in which the C-terminal transmembrane
region of VAP is substituted by a short His tag (25), was
injected; the association of VAPyy; with L liposomes gener-
ated ER-like liposomes (Fig. 1A). An immediate increase in
the mean radius was observed, indicating that the 3P
peptide interacted with VAP to attach the two liposome
populations (Fig. 1A). Size distribution analysis indicated
that aggregates were formed at the expense of free liposomes
(Ry = 872 nm, Pp = 607 nm; Fig. 1B). The mean Ry of
the liposome population estimated at the end of independent
kinetics with a cumulant algorithm was equal to 641.9 +
739 nm (SD, n = 3). No aggregation was seen when this
experiment was repeated with Lp liposomes, exposing a
VAPy;s6 construct unable to recognize an FFAT motif because
of a K94D-M96D double mutation (11). These data indicated
that 3P peptide—functionalized liposomes were efficiently
recruited at the surface of a second membrane covered by
functional VAP and were thus suitable to devise our assay in
cells.

As a next step, we prepared L, liposomes bearing 3P
peptide and doped with 1 mol% rhodamine-1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (Rhod-PE) to have
endosome-like fluorescent liposomes that could be observed
by microscopy. In parallel, HeLa cells were transfected with a
plasmid encoding GFP-VAP-A to visualize the ER. The day of
the experiment, the PM at the top of cells was peeled off using
a nitrocellulose filter according to the procedure described by
Kobayashi and Pagano (31). The cells were incubated for 5 min
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Figure 1. Liposomes decorated with an FFAT-containing 3P peptide associate with the ER of perforated cells. A, L, liposomes (total lipid concen-
tration of 50 uM) bearing 3P peptide (380 nM) were mixed with Ly liposomes (50 pM), covered by wildtype or K94D-M96D mutant VAP (300 nM),
attached to DOGS-NTA-Ni%*. The mean radius (dots) and polydispersity (shaded area) are represented over time. B, Ry distribution determined before (gray
bars) and after a representative aggregation experiment (blue or black bars, n = 3). The mean Ry and polydispersity of the liposome population are given.
C, schematic representation of the liposomes applied onto the opened cells. D, principle of our approach to create ISACS. Hela cells were transfected with
GFP-VAP-A or GFP-Sec61, in order to visualize the ER, and were opened with a nitrocellulose filter, which gave access to their internal content. Then, the
cells were incubated with Rhod-PE-containing liposomes covered by 3P peptide, washed, fixed, and observed by confocal microscopy. E, DOPC liposomes
(total lipid of 125 pM), doped with 1 mol% Rhod-PE, covered by 3P peptide (at lipid/peptide molar ratio = 250) via covalent attachment to MPB-PE lipid
(3 mol%), were incubated at room temperature for 5 min with perforated cells prior to washing and fixation. DIC microscopy allows detecting perforated
cells (indicated by asterisks) in which the nuclear envelope and the nucleolus were brighter than in nonperforated cells. Dots (red channel) were observed by
confocal microscopy at the top of perforated cells, colocalizing with GFP-VAP-A (green channel). Objective 63%. The scale bar represents 20 pm.
F, quantification of the Rhod-PE fluorescence in intact and opened cells incubated with Rhod-PE-containing liposomes covered with 3P peptide (each dot
represents one cell; intact cells, n = 95; opened cells; n = 125, from three independent experiments, mean + SD are represented). G, colocalization analysis.
Pictures corresponding to one plane in which Rhod-PE-containing liposomes covered with 3P peptide colocalize with the ER labeled with GFP-VAP-A. The
scale bar represents 5 um. Inset magnification panel, a line-scan analysis shows that liposomes (magenta line) colocalized with the ER membrane (green line).
The scale bar represents 1 um. DIC, differential interference contrast; DOGS-NTA-Ni“*, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl]-nitrilotriacetic acid (nickel salt); DOPC, 1,2-dioleoyl-sn- glycero -3-phosphocholine; ER, endoplasmic reticulum; FFAT, two phe-
nylalanines in an acidic tract; ISACS, in situ artificial contact sites; MPB-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)
butyramide]; Rhod-PE, rhodamine-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; VAP, vesicle-associated membrane protein-associated protein.

with the functionalized Rhod-PE-containing liposomes,
washed, and fixed prior to imaging by microscopy (Fig. 1, C
and D). Using differential interference contrast (DIC) micro-
scopy, we were able to recognize opened cells, as their nuclear
envelope and nucleolus were brighter than those of unperfo-
rated cells (Fig. 1E). From one experiment to the other, the
percentage of perforated cells ranged from 30 to 60%.
Remarkably, under epifluorescence, we observed that many
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fluorescent dots corresponding to liposomes were associated
with opened cells but almost none with intact cells. A quan-
tification of Rhod—PE fluorescence associated with intact and
opened cells confirmed that liposomes were specifically
attached to opened cells (Fig. 1F). Then, by examining the
localization of the fluorescent dots relative to that of GFP-
VAP-A, we noticed that the liposomes were clustered in the
upper region of the perforated cells, whose thickness was
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11.1 £+ 1.4 pm (SD, Fig. S1A) and associated with the VAP
signal (Figs. 1G and S1, B-D). Besides, we noted that the
tubular structure of the ER was slightly altered as we observed
a predominance of rounded structures labeled with GFP-VAP-
A, probably a consequence of the perforation process and the
loss of cytosolic content. The average diameter of these
structures was 0.72 + 0.27 pm (SD) (Fig. S2, A-D). Line-scan
analyses of confocal Z-stack images revealed a partial coloc-
alization between the ER and liposomes with a juxtaposition as
well as a superimposition of rhodamine and GFP signals
(Figs. 1G and S2E). Collectively, these data suggest that lipo-
somes bearing an FFAT peptide were recruited onto the ER
membrane of opened cells.

Attachment of individual liposomes with the ER was observed
by STED microscopy

Next, we adapted our protocol for STED microscopy to
visualize the association of liposomes with the ER at
higher resolution. To this end, liposomes were doped with
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-ATTO647N
(ATTO647N-PE) (at 0.5 mol%) instead of Rhod-PE as
ATTOG647N is a dye suitable for the depletion procedure.
These liposomes were functionalized with the 3P peptide and
added to opened cells expressing the ER marker mCherry-
Sec61, which is suitable for STED microscopy. Cells were
then washed, fixed, and mounted in a medium adapted for
STED microscopy prior to imaging. We built 3D-STED stacks
of images followed by deconvolution to obtain tridimensional
views with a pixel size of 30 nm. As shown in Figure 2A, the
super-resolution mode clearly revealed that individual lipo-
somes were in contact with the ER (the organelle being

A

mCherry-Sec61

ATTO647N-PE

observed in a standard confocal mode). An image analysis
procedure was used to determine the volume and thus the
radius of liposomes associated with the cell. The radius dis-
tribution of this liposome population, measured in five
different opened cells, was centered around a mean radius of
102.2 + 7.1 nm (SD) and remarkably close to the distribution
measured for the same liposome population in vitro by DLS,
characterized by a mean Ry of 107 nm (Fig. 2B). Collectively,
these data confirm that liposomes functionalized with 3P
peptides and added to opened cells individually associated with
the ER, and thus that our procedure could generate ISACS
between synthetic and organelle membranes.

The association of functionalized liposomes with the ER
depends on the 3P peptide-VAP interaction

Since L, liposomes were functionalized with an FFAT motif
that is recognized by the MSP domains of VAPs, we then
studied the specificity of the observed attachment by
measuring how liposomes that do not bear the 3P peptide
associated with opened cells compared with liposomes func-
tionalized with this peptide. We imaged large fields of view
(40x objective) in 3D and quantified the fluorescent dots,
which corresponded to liposomes associated with opened cells,
using a novel image analysis procedure (Fig. S3 and
Experimental procedures section). Faint fluorescent dots,
outside the cells, likely corresponding to liposomes bound in a
nonspecific manner to the dish surface and resistant to
washing, were automatically excluded from the counting.
Based on their appearance in DIC, opened cells were manually
counted, and the mean number of fluorescent dots per opened
cell was determined (Fig. S3). We determined that liposomes
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Figure 2. Association of individual liposomes with the ER observed by STED microscopy. A, top view of a tridimensional reconstruction of an opened
cell decorated with liposomes bearing 3P peptide and doped with 0.5 mol% ATTO647N-PE (cyan labeling). mCherry-Sec61 was expressed to visualize the ER.
Objective 63x. The scale bar represents 10 um. The three bottom images correspond to higher magnification (3.85%) images of the areas outlined in white.
The scale bar represents 1 um. B, top panel, size distribution of ATTO647N-PE-containing liposomes associated with the opened cells (one profile per cell;
number of cells, n = 5; average number of liposomes per cell, n = 1781 + 444 [SD]). The average radius of the liposome population associated with the ER
was equal to 102.2 £ 7.1 nm (SD). Bottom panel, size distribution of ATTO647N-PE-containing liposomes measured by DLS. Mean Ry = 107 nm. ATTO647N-
PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-ATTO647N; DLS, dynamic light scattering; ER, endoplasmic reticulum; STED, stimulated emission

depletion.
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covered with the 3P peptide were significantly associated with
opened cells compared with naked liposomes, which were
barely detectable (Fig. 3, A and B). This suggests that lipo-
somes functionalized with 3P associate with cells owing to a
specific interaction with VAP.

To further support this conclusion, we conducted experi-
ments in which liposomes functionalized with the 3P peptide
were added to VAP-depleted cells. The expression of VAP-A
and VAP-B was reduced by 60% 2 days after transfection of
anti-VAP-A and anti-VAP-B siRNAs (Fig. 3C). Using our

quantification procedure, we determined that the number of
attached liposomes was reduced by 64% in VAP-silenced
perforated cells compared with perforated cells treated with
control siRNAs (Fig. 3, D and E). This further indicated that
the localization of FFAT-functionalized liposomes at the ER
was dependent on the presence of VAPs.

We then performed the reciprocal experiment by deter-
mining the amount of endosome-like liposomes recruited to
the ER under conditions of VAP overexpression. To do so, we
quantified the Rhod-PE and GFP-VAP-A fluorescence in
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Figure 3. Attachment of liposomes to the ER depends on their functionalization with 3P peptide and on the ER-resident VAP protein. A, repre-
sentative images of perforated cells incubated with liposomes functionalized or not with 3P peptide. Objective 63x. The scale bar represents 30 pm.
B, quantification of dots per opened cell indicating that the association of liposomes with the ER depends on their functionalization with 3P peptide. Each
data point corresponds to a unique microscopy field (number of fields; 3P, n = 25 [488 cells in total]; no peptide, n = 25 [752 cells in total], from three
independent experiments). Means and error bars (SD) are shown. (Mann-Whitney test: ****p < 0.0001). C, quantification of VAP-A and VAP-B expression
levels in Hela cells transfected with control siRNA control or siRNA targeting VAP-A and VAP-B by immunoblotting. *aspecific band. A representative
experiment is shown. D, Hela cells were transfected with a pool of control siRNA (siControl) or a pool of siRNA targeting VAP-A and VAP-B (siVAP-A/VAP-B)
2 days prior to the perforation of cells and their incubation with liposomes covered by 3P peptide. Representative images of perforated cells incubated with
liposomes in the two siRNA conditions. Objective 63x. The scale bar represents 30 um. E, quantification of dots per opened cell indicating that the as-
sociation of liposomes with the ER was strongly inhibited when VAP-A and VAP-B were silenced. The ER was visualized using the GFP-Sec61 marker (not
shown). Each data point corresponds to a unique microscopy field (number of fields; siControl, n = 22 [146 cells in total]; siVAP-A/VAP-B, n = 19 [204 cells in
total], from three independent experiments). Means and error bars (SD) are shown. (Mann-Whitney test: ****p < 0.0001). F, tridimensional view of
perforated and nonperforated cells overexpressing GFP-VAP-A and of Rhod-PE-containing liposomes, exposing 3P peptide at their surface, attached to
perforated cells. The overexpression of GFP-VAP-A in the two cells present in the center of the image (white asterisks) did not promote any extra recruitment
of liposomes on the ER compared with a nontransfected cell (white arrows) (images scale: each square of the grid is a 13.45 x 13.45 pm? square).
G, fluorescence intensity in green and red channels (GFP-VAP-A and Rhod-PE liposomes, respectively) associated with transfected cells perforated and
incubated with liposomes covered by 3P peptide. Each dot corresponds to a single cell (n = 91 cells, from three independent experiments). ER, endoplasmic
reticulum; Rhod-PE, rhodamine-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; VAP, vesicle-associated membrane protein-associated protein.
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opened cells expressing different levels of GFP-VAP-A
(Fig. 3F) and represented the Rhod-PE signal as a function
of the GFP signal (Fig. 3G). As we found no correlation be-
tween the two signals, we concluded that the overexpression of
the GFP-VAP-A protein did not promote extra attachment of
liposomes to the ER. Of note, VAP-A and to a lesser extent
VAP-B are quite abundant proteins in HeLa cell (34). There-
fore, it is quite likely that the level of endogenous VAP was not
limiting for the formation of ISACS. Thus, we conclude that
the labeling of liposomes functionalized with FFAT-mimicking
peptide is dependent on the presence of their receptors on the
ER, that is, the VAP-A and VAP-B proteins. Moreover, we
conclude that the endogenous amounts of VAPs are not
limiting for the creation of ISACS.

Finally, we examined the intracellular localization of func-
tionalized liposomes using costaining with a series of organelle
markers to ask whether they were specifically associated with
the ER. Line-scan analyses indicated that the liposome signal
overlapped predominantly with the ER using GFP-VAP and
GFP-Sec61 signals as readout (Fig. 44). In contrast, almost no
overlap was seen between liposomes and signals from markers
of major organelles, such as the Golgi apparatus (GalNAcT2,

Rhod-PE overlay,

A [EN

GFP-Sec61

cis-Golgi; Rab6A, trans-Golgi) and mitochondrion (Mit).
Signal quantifications showed that liposomes were significantly
and predominantly associated with VAP-A (Fig. 4B). A sig-
nificant yet lower association was measured between lipo-
somes and the second ER marker Sec61. In contrast, a much
lower or almost null degree of colocalization was found be-
tween liposomes and markers of mitochondria and Golgi
apparatus. Overall, these data indicated that liposomes are
predominantly engaged with ER regions where VAP is present,
in agreement with the idea that liposomes specifically associate
with this protein. Thus, our strategy seemed relevant to
measure a specific protein—protein interaction mediating the
formation of MCS.

In situ quantification of the membrane-tethering ability of
FFAT-containing peptides

We then examined whether the ISACS strategy could pro-
vide evidence that structural determinants can fine-tune con-
tact site formation. To this end, we studied the phospho-FFAT
motif of STARD3 as a model for a regulatable attachment
motif as its association with VAP is conditioned to the pres-
ence of a phosphorylation on serine 5209 in the core sequence
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Figure 4. Colocalization of liposomes bearing 3P peptide with VAP and other organelle markers. Hela cells expressing GFP-VAP-A (ER), GFP-Sec61
(ER), GalNACT2-GFP (cis-Golgi), Rab6A-GFP (trans-Golgi), or Mit-GFP (mitochondrion) were perforated, incubated with liposomes covered by 3P peptide,
washed, and fixed. Image stacks of opened cells labeled with liposomes were acquired by confocal microscopy. A, for each condition, a single Z-section of a
representative image stack as well as a representative profile from line-scan analyses are shown (liposome, magenta line, organelle marker, green line). The
scale bar represents 10 um. B, Manders's correlation coefficient M2, expressing the fraction of Rhod-PE signal overlapping with GFP signal, was determined
from image stacks for each marker. Each dot represents a single cell (number of cells: GFP-VAP-A/liposome: 71; GFP-Sec61/liposome: 41; GalNACT2-GFP/
liposome: 36; Rab6A-GFP/liposome: 25; GFP-Mit/liposome: 36, from at least three independent experiments). Means and error bars (SD) are shown. (Kruskal-
Wallis test with Dunn’s multiple comparison: **p < 0.001, ****p < 0.0001). ER, endoplasmic reticulum; Rhod-PE, rhodamine-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; VAP, vesicle-associated membrane protein-associated protein.
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and modulated by the phosphorylation of flanking serine res-
idues S203 and S213 (17). Therefore, we compared the ability
of peptides corresponding to the phospho-FFAT motif of
STARD3 in its unphosphorylated form (CLFSGALSEGQ-
FYSPPESFAG, nonP), with a single phosphorylation on 5209
residue (CLFSGALSEGQFYpSPPESFAG, pS209), and having
three phosphorylations on S203, S209, and S213 residues (3P
peptide) to create ISACS in opened cells. We also tested a
peptide in which the S209 residue was phosphorylated and
S203 and S213 were replaced by aspartate residues to mimic
the presence of phosphorylated serines (CLFSGALDEGQ-
FYpSPPEDFAG, pS209-2D).

First, we measured using DLS the tethering activity of each
peptide in a complete reconstituted system (Fig. 5, A and B).

Liposome-organelle hybrid membrane contact sites

L, liposomes, functionalized with a given peptide, were mixed
with Lp liposomes and VAP As previously observed
(Fig. 1A), a rapid increase in the initial mean Ry was observed
with liposomes bearing the 3P peptide. Its values, estimated by
a cumulant analysis, shifted from 92.7 + 4.5 nm (SD, n = 9) to
831 + 135 nm within 20 min, indicative of a massive aggre-
gation process. Size distribution analysis at the end of the ki-
netics indicated that large liposome aggregates were formed at
the expense of free liposomes (Fig. 54, lower panel). Aggre-
gation also occurred with liposomes decorated by pS209 and
pS209-2D peptide, but at a slightly lesser extent (final mean:
Ry = 6239 £ 117.6 nm and 639.3 £ 178.9 nm, respectively;
Fig. 5, A and B). Finally, in those conditions, almost no ag-
gregation occurred with liposomes covered by the nonP
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Figure 5. In situ determination of the tethering ability of FFAT peptides with different phosphorylation status. A, DLS experiments. Representative
agzgregatlon kinetics measured with L, liposomes bearing nonP, pS209, pS209-2D, or 3P peptide (380 nM) mixed with Lg liposomes containing DOGS-NTA-

* lipids and VAPy;s6 (300 nM). Upper panels, mean radius (dots) and polydispersity (shaded area) over time. Lower panels, Ry distribution before (gray bars)
and after the reaction (colored bars). B, average Ry measured at the beginning (I: initial Ry) and the end (F: final Ry) of independent kinetic measurements
(nonP, n = 10; pS209, pS209-2D, and 3P, n = 9). Means and error bars (SD) are shown. (Kruskal-Wallis test with Dunn’s multiple comparison: *p < 0.05, **p <
0.01, ****p < 0.0001). C, representative images (Z-projection of image stacks, red channel) of perforated cells incubated with liposomes decorated with nonP,
pS209, pS209-2D, or 3P peptide. Images were acquired by confocal microscopy with a 40x objective. The scale bar represents 30 um. D, quantification of
liposomes attached to the ER by different peptides. Each dot corresponds to a unique microscopy field (number of fields; 3P, n = 42 [499 cells in total], from
seven independent experiments; nonP, n= 17 [531 cells]; pS209, n = 17 [415 cells]; pS209-2D, n = 33 [302 cells], from four independent experiments). Means
and error bars (SD) are shown (Kruskal-Wallis test with Dunn’s multiple comparison: *p < 0.05, ***p < 0.001, and ****p < 0.0001). DLS, dynamic light
scattering; DOGS-NTA- Ni%*, 1,2-di-(9Z- -octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]-nitrilotriacetic acid (nickel
salt); ER, endoplasmic reticulum; FFAT, two phenylalanines in an acidic tract; VAP, vesicle-associated membrane protein-associated protein.
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peptide. These data confirmed that additional phosphorylation
in the STARD3 FFAT region modulated its capacity to bind to
VAP and thus to drive membrane tethering.

Second, we quantified the ability of each peptide to connect
liposomes to the ER of opened cells (Fig. 5, C and D). When
covered by nonP peptide, liposomes were not recruited onto
the ER, whereas a slight recruitment was seen with liposomes
functionalized with pS209 peptide. In contrast, as observed
before, a strong recruitment of liposomes was observed if they
were decorated with 3P peptide (Fig. 5, C and D). Quantifi-
cation indicated that the binding to the ER was 10.2-fold
higher than with liposomes covered by nonP peptide. An in-
termediate degree of association was observed with the pS209-
2D peptide (5.7-fold higher compared with the nonP peptide).
Finally, a 4.3-fold increase in association was seen with lipo-
somes bearing pS209 peptide compared with the nonP peptide.
We concluded that our in situ approach and quantification
procedure were robust enough to provide quantitative data on
a given interaction leading to the formation of contact sites.

Third, we tested whether ISACS could be generated with
liposomes bearing a convFFAT motif. MPB—PE-containing
liposomes were functionalized with a peptide named con-
VFFAT corresponding to the FFAT motif of OSBP (WCSG
KGDMSDEDDENEFFDAPEIITMPENLGH with an extra
N-terminal WC motif for covalent binding to MPB-PE and
determination of the peptide concentration by spectropho-
tometry). As before, the attachment was done at a lipid-to-
peptide molar ratio of 250. We observed that the incubation
of peptide-functionalized liposomes with liposomes decorated
with VAPs induced a strong aggregation at a degree similar to
aggregations observed with the 3P peptide (Fig. 6A). Next, we
observed in confocal microscopy that numerous Rhod-PE—
containing liposomes bearing the convFFAT peptide were
attached to the ER, labeled with GFP-VAP-A, of opened cells
(Fig. 6B). We confirmed this observation using 3D-STED mi-
croscopy, which allows distinguishing individual liposomes
associated with the ER membrane (Fig. 6C). Our quantification
procedure indicated that the peptide with a convFFAT motif
guaranteed, like the 3P peptide, the association of a large
number of liposomes with the ER (Fig. 6, D and E). All these
data indicated that our approach could be used to generate
ISACS with the ER with peptide encompassing nonconven-
tional FFAT or convFFAT motif. Moreover, our strategy was
sensitive enough to highlight subtle attachment characteristics
as observed in vitro in a pure controlled system.

STARD3 tethers liposomes to the ER via its cytosolic FFAT-
containing region

Once we demonstrated the feasibility of our approach to
create ISACS using liposomes functionalized with peptides, we
examined whether it could be used using liposomes bearing an
FFAT-containing protein construct. Again, as a proof of
principle, we analyzed whether STARD3 might connect lipo-
somes to the ER. Because STARD3 is a transmembrane pro-
tein, we used its cytosolic part thereafter named cSTD3, which
contains the lipid transfer StAR-related lipid transfer domain
and a phospho-FFAT motif. Because it is not possible to obtain
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high yields of the recombinant ¢STD3 in a phosphorylated
form, we replaced its FFAT sequence by the convFFAT of
OSBP. In parallel, we used a mutant protein devoid of the
FFAT motif called cSTD3-7G where the FFAT motif was
replaced by a stretch of seven glycine residues (18). A cysteine
was present at the N-terminal end of these proteins to cova-
lently attach them to MPB-PE-containing liposomes
(Fig. 7A).

We prepared liposomes covered with ¢STD3 or ¢STD3-7G
by incubating each construct with MPB—PE—containing lipo-
somes at different lipid-to-protein (L/P) ratios (250, 500, 750,
and 1000). We measured the size of these liposomes and found
that their average radius was higher (Ry; from 111 + 49 nm to
131 + 70 nm) for L/P ratio that decreased from 1000 to 500. At
L/P = 250, two populations were detected (106 + 31 nm and
1176 + 318 nm; Fig. S4A), the one with the largest radius likely
corresponding to liposomes that were self-aggregated. Similar
data were obtained with ¢STD3-7G (Fig. S44). This suggested
that liposomes covered by cSTD3 construct were prone to self-
aggregate when the protein density at the membrane surface
was too high. To perform in situ experiments and unambig-
uously analyze the obtained results, we incubated perforated
cells with liposomes onto which ¢STD3 or cSTD3-7G was
anchored at L/P = 1000, a ratio preventing self-aggregation.
We observed that liposomes bearing ¢STD3 were bound to
opened cells, whereas little binding was observed with the
FFAT-less mutant ¢STD3-7G (Fig. 7B). Our quantification
procedure indicated that the binding of liposomes bearing
¢STD3 to cells was on average 14.3-fold higher than that of
liposomes decorated with ¢STD3-7G (Fig. 7C). When similar
experiments were performed with liposomes decorated with a
higher amount of ¢STD3 (L/P = 500 or 750), the labeling
differed from the one observed at L/P = 1000, with red lipo-
somes forming a thicker layer around the ER, likely because of
their ability to self-aggregate in addition to being attached to
the organelle surface (Fig. S4B). A similar labeling was seen
with ¢STD3-7G, yet at a lesser degree. These observations
were more difficult to interpret but still suggested that lipo-
somes covered by cSTD3 were more prone to bind to the ER
than liposomes bearing cSTD3-7G. This showed that an
FFAT-containing protein can tether liposomes to the ER and
that the presence of a functional FFAT motif is mandatory for
this process to occur.

Discussion

Here, we devised an approach to create ISACS between
synthetic and organelle membranes. It differs from existing
methods that are either completely in vivo or in vitro. To
establish a proof of principle, we based our strategy on a
characterized endosome—ER tethering complex formed by
FFAT-containing proteins and VAPs. We adapted our proto-
col from previous studies showing that small liposomes incu-
bated with perforated cells associate with the Golgi surface
(31), likely as they are recruited by Golgi microtubule—
associated protein 210, a peripheral protein whose function
is to trap transport vesicles with similar radius (32). We
modified this methodology by functionalizing the liposome
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Figure 6. Efficient attachment of liposomes bearing a conventional FFAT-containing peptide with the ER. A, DLS experiments. L liposomes bearing
convFFAT peptide were mixed with Lg liposomes containing DOGS-NTA-Ni** lipids to which VAP, was anchored. Upper panels, mean radius (dots) and
polydispersity (shaded area) over time. Lower panels, size distribution before (gray bars) and after the reaction (red bars) of a representative kinetic mea-
surement (n = 3). Ry and polydispersity are given. B, perforated cells were incubated with liposomes functionalized with convFFAT peptide and doped with
Rhod-PE. DIC microscopy allows detecting perforated cells (indicated by black asterisks). Dots (red channel) were observed by confocal microscopy
colocalizing with GFP-VAP-A (green channel). The scale bar represents 20 um. C, STED microscopy. Top view of a tridimensional reconstruction of an opened
cell decorated with liposomes bearing convFFAT peptide and doped with 0.5 mol% ATTO647N-PE (cyan labeling). mCherry-Sec61 was expressed to visualize
the ER (red). The scale bars represent 10 um. The right images correspond to higher magnification (5.3x) image of the areas outlined in white. The scale bar
represents 1 um. D, representative images (Z-projection of stacks) of perforated cells incubated with liposomes decorated with 3P or convFFAT peptide.
Images were acquired in the red channel by confocal microscopy. Objective 40x. The scale bar represents 30 um. E, quantification of liposomes attached to
the ER by 3P and convFFAT peptide. Each dot corresponds to a unique microscopy field (3P, n = 38 fields [387 cells in total], from six independent
experiments; convFFAT, n = 13 fields [336 cells], from three independent experiments). Means and error bars (SD) are shown (Mann-Whitney test: ns p =
0.0615). ATTO647N-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-ATTO647N; convFFAT, conventional FFAT; DIC, differential interference contrast;
DLS, dynamic light scattering; DOGS-NTA-Ni**, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]-nitrilotri-
acetic acid (nickel salt); ER, endoplasmic reticulum; FFAT, two phenylalanines in an acidic tract; ns, not significant; Rhod-PE, rhodamine-1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine; STED, stimulated emission depletion; VAP, vesicle-associated membrane protein-associated protein.

surface with purified peptides or proteins containing an FFAT
motif. Thus, instead of using naked liposomes as done previ-
ously, we engineered organelle-like liposomes mimicking the
membrane composition of a given organelle and exposing at
its surface a functional tether. Alongside, we developed a
sensitive and semiquantitative analytical method to quantify
the association of these liposomes to endomembranes, as a
readout for the formation of artificial contact sites. This
approach offers a way to examine in situ key protein—protein
interactions responsible for the building of MCS and opens

SASBMB

the way for further experimental setup, as the composition of
liposome and the nature of lipid-anchored proteins can be
easily modified.

We observed by confocal microscopy that fluorescent red
liposomes covered by peptide corresponding to a triphos-
phorylated form of the phospho-FFAT motif of STARD3, and
able to firmly bind to VAP (17), associated with the ER
network of opened cells. The labeling was granular as the ER
adopted a more rounded morphology and formed digitations
that were surrounded by a layer of fluorescent liposomes.
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Figure 7. Liposomes decorated by the cytosolic part of STARD3 are
recruited onto the ER. A, experimental strategy. L liposomes containing
Rhod-PE and MPB-PE lipids, to which was attached ¢STD3 construct, were
incubated with perforated cells. B, representative images of perforated HelLa
cells incubated with liposomes covered with cSTD3 or ¢STD3-7G at L/P = 1000
(Rhod-PE: Z-projection of rhodamine labeling of a representative image stack,
GFP-VAP-A: corresponding labeling of the ER by GFP-VAP-A [one plane]).
Objective 63%. The scale bar represents 10 um. C, quantification of the associ-
ation of liposomes, covered at L/P = 1000 with cSTD3 protein, with opened Hela
cells. Each dot corresponds to a unique microscopy field (number of fields:
cSTD3: 6 [22 cells], cSTD3-7G: 6 [25 cells], from two independent experiments).
Means and error bars (SD) are shown. (Mann-Whitney test: **p = 0.0022). ER,
endoplasmic reticulum; L/P, lipid-to-protein; MPB-PE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl)  butyramide]; Rhod-PE,
rhodamine-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; STARD3, ste-
roidogenic acute regulatory protein-related lipid transfer domain 3.

Quite powerfully, STED microscopy allowed to visualize the
association of individual liposomes with the ER. When lipo-
somes were not functionalized or when the expression of
endogenous VAP-A and VAP-B was silenced, this association
was abrogated. We also observed that liposomes colocalized
predominantly with VAP and the ER; little association was
seen with other organelles. Moreover, we showed that a pep-
tide with the convFFAT motif of OSBP promoted a robust
recruitment of liposomes to the ER, showing that our protocol
can be used to test other FFAT motifs. Finally, we showed that
protein domains too could be used to functionalize liposomes
to be tested for their ability to create contact sites. Importantly,
the observations and measurements made with ISACS were
consistent with in vitro results showing that the recruitment of
the FFAT motif by VAP was modulated by subtle structural
determinants (phosphorylation). Jointly, these data show that
our strategy allows detecting quantitatively and in situ a
recruitment of liposomes with the ER that relies on a specific
interaction with VAP.

Liposomes were found to be attached to the ER only in the
upper region of opened HelLa cells, which was ~11 um thick
and represented approximately half of the average height of
these cells. In contrast, the ER region that is underneath the
nucleus and near the bottom of the cell was never labeled.
That liposomes were absent from the lowest half of cells might
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be due to a number of factors. First, there are likely enough
anchoring points at the surface of the ER network present in
the top region of the cell (i.e., VAP copies) to retain liposomes
and thereby act as a barrier. As a confirmation, we found that
overexpressing GFP-VAP did not increase the number of li-
posomes that could be recruited. Moreover, the presence of
other organelles and the viscosity of the cytoplasm presumably
limit the diffusion of liposomes inside opened cells. As
mentioned before, the ER underwent slight morphological
changes, shifting from a tubular to a rounded aspect, and
formed digitations, as a result of the perforation process,
presumably because of the loss of soluble factors and proteins
along with the rupture of contacts with other organelles (e.g,
between the ER and the PM). Nevertheless, this morphological
change did not impede the recognition of FFAT-containing
peptides and proteins by membrane-embedded VAPs.

The procedure that we developed to quantify the liposome
attachment to the opened cells is based on the Z-projection of
all the slices of confocal image stacks. We noted that the dy-
namic range of signal was between 1 and 14 between two
extreme conditions, one obtained with a cSTD3 construct with
no FFAT motif, and one obtained with a cSTD3 construct that
interacts with VAP (Fig. 7), meaning that our quantification
procedure should allow the ranking of series of proteins or
peptides on the basis of their ability to form ISACS. This
procedure cannot be entirely automatized because of the low
contrast of DIC images that are acquired to identify and count
opened cells. We also noted that the fraction of the cells that
were opened during the peeling step cannot exceed more than
60% because of the uneven geometry of these cells in culture.
Flat cells, which are more abundant when cells are just at
confluence, seem more prone to be opened. Moreover, the
degree of opening can vary from cell to cell, and sometimes,
only a small part of the PM is peeled out. The variability in cell
geometry can thus constitute an inherent limit to our strategy
that can, however, be overcome by the analysis of a large
number of cells.

A main asset of our strategy is its versatility; on the one
hand, liposomes of distinct composition can be engineered
and, on the other hand, the cell context can be modified.
Indeed, it is easy to change the lipid composition, diameter,
color, and brightness of liposomes as well as the nature of
proteins or peptides that they display, in a very controlled
manner. The features and quality of liposome sample can be
verified, and the surface density of peptides or proteins can be
adjusted. Of note, using STED microscopy, we can double-
check in situ the size distribution of liposomes that have
been added to the opened cells. This capacity to prepare well-
defined liposomes with pure peptide allowed us to precisely
quantify how the phosphorylation degree of the FFAT motif of
STARD3 governed its interaction with endogenous VAP and
thereby its membrane-tethering ability. In the future, our
approach could be useful, using series of peptides, to define
precisely whether different proteins with putative FFAT,
phospho-FFAT (17, 23) or the recently described two phe-
nylalanines in a neutral tract motifs (35) interact with not only
ER-resident VAPs but also other MSP-containing proteins,
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such as motile sperm domain—containing protein 2 (34, 35) to
form MCS. Furthermore, because of its versatility, the ISACS
approach might serve to examine the role of other trans-
membrane and peripheral proteins, which do not necessarily
interact with VAPs, in the formation of MCS. Both the nature
and specificity of the interaction between liposomes and
endomembrane components could be assessed by silencing the
cellular receptors by siRNAs, as done here to silence VAPs, or
by other approaches (CRISPR—Cas9, shRNA viruses). One can
also envision incubating several populations of liposomes, each
with a specific color and functionalized with a given peptide or
protein, with opened cells to determine how proteins compete
for binding a common organelle adaptor. This might allow
defining the respective ability of diverse proteins to populate a
particular type of MCS, which is a piece of information that is
otherwise difficult to obtain.

Importantly, several cell types in culture have been suc-
cessfully opened with the perforation protocols (31, 32). This
means that the ISACS approach should be tractable to
compare how functionalized liposomes associate with the
endomembrane of diverse cell types, either primary cell lines
or transformed cell lines. This might serve to quantitatively
define whether cells, depending on their type, harbor a
particular number of MCS or different subsets of MCS that are
linked to specific requirements in terms of interorganelle
communication. It is well appreciated that a strong interplay
exists between the function of MCS, notably lipid transfer, and
lipid metabolism and that the lipid composition of organelle
membrane regulates in turn the formation of MCS (36). This
aspect might also be interrogated by ISACS by precisely
changing the composition of liposomes and/or by modifying
the lipid content of organelles via specific diet or the silencing
of given lipid-synthesizing or lipid-modifying enzymes.
Furthermore, our approach might be also useful to gain more
insights into the role of MCS not only in the response to
different cellular stress including nutrient, oxidative, and ER
stress (2, 37) but also in aging and disease (38, 39) by working
with cell lines subjected to particular conditions or with cells
engaged in disease-related dysfunctions. Finally, the ISACS
approach might serve as the basis for the design of more
complex functional assays aiming to examine processes such
as lipid and Ca** transfer at MCS. We conclude that the
creation of artificial contact sites between liposomes and
cellular membranes in situ might represent a potent strategy to
study the molecular basis of membrane-tethering events in
different cellular contexts and might be useful to devise novel
functional assays.

Experimental procedures
Cell culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum and 1% ZellShield
(Minerva Biolabs) in a 5% humidified CO, incubator at 37 °C
in T-75 cell culture plastic flasks (Gibco Thermo Fisher
Scientific).
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Lipids

1,2-dioleoyl-su-glycero-3-phosphocholine (DOPC), DOGS-
NTA-Ni**, Rhod-PE, and MPB-PE were purchased from
Avanti Polar Lipids. ATTO647N-PE was purchased from
ATTO-TEC.

Peptides

The synthesis of peptides was done using an Applied Bio-
systems 433A peptide synthesizer using standard Fmoc
chemistry. Peptides were subsequently purified by reverse-
phase HPLC using a preparative scale column (Phenomenex;
Kinetex EVO C18, 100 A, 5 um, 250 x 21.2 mm). Molecular
weight and purity of the peptides were confirmed by mass
spectrometry.

Protein expression and purification

Glutathione-S-transferase (GST)-cSTD3 and GST-cSTD3-
7G were expressed in Escherichia coli at 37 °C for 4 h upon
induction with 1 mM IPTG at an absorbance equal to 0.6 at
A = 600 nm. All purification steps were carried out using a
50 mM Tris, pH 7.4, 150 mM NaCl (TN) buffer containing
2 mM DTT. The buffer was supplemented during the first
purification steps with 1 mM PMSEF, 10 uM bestatin, 1 uM
pepstatin, and EDTA-free protease inhibitor tablets (Roche).
Bacteria were lysed using a Cell Disrupter (TS Series; Constant
Systems Ltd), and the lysate was centrifuged at 40,000¢ for
90 min. Then, the supernatant was applied to Glutathione
Sepharose 4B beads (Cytiva Sweden AB). After three washing
steps with TN buffer containing 2 mM DTT, the beads were
incubated with thrombin at 4 °C overnight to cleave off cSTD3
from the GST tag. The protein was recovered in the super-
natant by three successive washing of the beads with TN buffer
followed by centrifugation. The fractions were pooled,
concentrated, flash-frozen in liquid nitrogen, and stored at —80
°C with 10% (v/v) glycerol. Concentration of protein stocks
was estimated using a bicinchoninic acid assay (Thermo Fisher
Scientific). VAP-A[8-212]y;46 (called VAPy;e6) and its K94D—
M96D version were expressed in E. coli at 37 °C for 3 h upon
induction with 1 mM IPTG (at an absorbance at 600 nm =
0.6). Bacteria cells were harvested and resuspended in buffer
containing 50 mM Tris, pH 7.5, 300 mM NaCl, 5 mM imid-
azole supplemented with 1 mM PMSF, 10 uM bestatin, 1 uM
pepstatin, 10 uM phosphoramidon, and protease inhibitor
tablets (Roche). Bacteria cells were lysed using a French press,
and the lysate was centrifuged at 200,000¢ for 1 h. Then, the
supernatant was mixed with NTA-Ni** agarose beads (QIA-
GEN). After three washing steps, the proteins were eluted from
the beads with buffer containing first 250 mM and then
500 mM imidazole.

Liposome preparation

Lipids, stored in stock solutions in CHCl3, were mixed at the
desired molar ratio in a glass flask. The flask was connected to
a rotary evaporator, and the solvent was removed under vac-
uum. The lipid mixtures containing DOGS-NTA-Ni** or
MPB-PE were prewarmed to 33 °C for 5 min before creating
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the vacuum. Once dry, the lipids were resuspended in TN
buffer to obtain a suspension of multilamellar liposomes.
These liposomes were subsequently extruded through poly-
carbonate filters of 0.2 pm pore size using a mini-extruder
(Avanti Polar Lipids). Liposomes were stored at 4 °C and in the
dark when containing light-sensitive lipids (Rhod-PE and
ATTO647N-PE) and used within 2 days.

Preparation of functionalized liposomes for cell experiments

Peptides corresponding to the FFAT motif of STARD3 and
OSBP, with an N-terminal cysteine, stored in powder, were
resuspended in distilled water or TN buffer, freshly degassed,
and their concentration was determined by UV spectroscopy
at A = 280 nm. Each peptide was covalently attached to lipo-
somes containing 96 mol% DOPC, 3 mol% MPB-PE, and
1 mol% Rhod-PE, extruded through polycarbonate filters of
0.2 pm pore size, with a lipid-to-peptide molar ratio of 250.
The attachment was performed by mixing liposomes (total
lipids of 500 uM) and peptide (2 pM) in 100 pl of freshly
degassed TN buffer during 5 min at 850 rpm at 37 °C in a
thermomixer. Afterward, a volume of 300 pl of perforation
buffer (25 mM Hepes-KOH, pH 7.2, 115 mM KCl, and
2.5 mM MgCl,) supplemented with 1 mM DTT was added to
the mix to block any potential reaction between MPB-PE and
free cysteines during experiments with perforated cells. In
order to covalently attach ¢STD3 to MPB-PE-containing li-
posomes, 100 pl of a stock solution of protein was applied onto
an illustra NAP-5 column (Cytiva Sweden AB) and eluted with
freshly degassed TN buffer according to manufacturer’s in-
dications to remove DTT. The concentration of the proteins
was then determined by UV spectroscopy at A = 280 nm using
an extinction coefficient of 28,420 M~' cm™'. The attachment
of the proteins was performed by extemporaneously mixing
c¢STD3 or cSTD3-7G (0.5, 0.66, 1, or 2 pM for L/P ratio equal
to 1000, 750, 500, and 250, respectively) with liposomes (total
lipids of 500 uM) in 100 pl of freshly degassed TN buffer
during 5 min at 850 rpm at 37 °C in a thermomixer. Then, a
volume of 300 pl of perforation buffer supplemented with
1 mM DTT was added to the mix.

Cell perforation and incubation with liposomes

The attachment of liposomes to endomembranes in situ was
observed by harnessing a method to perforate the cells in culture
(31, 33). Briefly, HeLa cells were seeded (1.1 x 10° cells per
condition) in Ibidi-treated p-Dish 35 mm (Ibidi) precoated with
collagen I (Corning) and used at day 4 once confluence was
reached. To visualize the ER, the cells were transfected at day 3
with a plasmid that encodes GFP-VAP-A or at day 2 with a
plasmid that encodes GFP-Sec61, using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer’s in-
structions. To visualize other compartments, the cells were
transfected at day 3 with plasmid that either encodes Gal-
NACcT2-GFP (cis-Golgi marker, gift from F. Perez), Rab6 A-GFP
(trans-Golgi marker, gift from B. Goud), or Mit-GFP (mito-
chondrion marker, gift from M. Chami). The day of the exper-
iment, the cells were washed once with 1 ml of DMEM devoid of
phenol red (Gibco Thermo Fisher Scientific). Then, the excess of
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moisture was aspirated with a Pasteur pipette. A filter of 25 mm
diameter (HATF; 0.45 pm pore size; Millipore) was recut to
reduce its diameter down to 20 mm and soaked in perforation
buffer (25 mM Hepes—KOH, pH 7.2, 115 mM KCl, and 2.5 mM
MgCl,), blotted against a filter paper, and positioned on the top
of cells in the pt-Dish 35 mm. After 1 min in contact with the cells
at room temperature, the filter was slowly peeled off from them.
Next, the cells were incubated for 5 min at room temperature
with 400 ul of a suspension of functionalized liposomes covered
by peptide or protein in perforation buffer supplemented with
1 mM DTT. Thereafter, cells were washed twice with 1 ml of
phenol red—free DMEM and fixed with 3% paraformaldehyde
and 0.5% glutaraldehyde in PBS for 15 min. The fixation solution
was removed and replaced by PBS. The samples were stored at
4 °C before imaging.

Visualization and quantification of liposomes associated with
perforated cells

The attachment of liposomes to cells was visualized using a
confocal microscope LSM780 Zeiss driven by the Zen software
(Zeiss). First, an image in the DIC mode was recorded to
identify the cells that were perforated. Then, image stacks were
acquired to visualize the Rhod-PE—containing liposomes in
the red channel and to visualize GFP-Sec61 or GFP-VAP-A
and thereby see the limit of the ER network, in the green
channel, using a 63x or a 40x objective. Each image of the
stack corresponds to an optical slice of 280 nm thickness; a
sufficient number of slices were recorded to acquire the to-
tality of the Rhod-PE signal per cell. Tridimensional views
were built from these image stacks using the Volocity software
(PerkinElmer). The thickness (along z-axis) of the cellular re-
gion in which red granules were observed was measured using
the Volocity software. To quantify the degree of association of
liposomes with endomembranes, the images were analyzed
using a home-made ImageJ (NIH, 40) macro to determine the
total number of dots per cell in a microscopy field. First, for
each field, the number of perforated cells per image was
manually counted in DIC images based on the specific visual
appearance of nuclei and nucleoli. Then, an image stack was
acquired in the red channel. The images of the stack were
projected onto a unique XY plan to sum the signal, followed by
a filtering procedure (“bandpass” type) in the frequency
domain to bring out the granules from the background. Next,
these granules were detected and counted by applying a
recursive “Find maxima” function with user-defined tolerance
intervals (commonly 10 intervals from 50 to 500) in order to
optimize the detection. A tolerance interval value of 250 was
set for the detection of dots in all the images as, for this value,
the number of dots that were detected outside the cells was
minimal, and the background noise was suppressed. The re-
sults were expressed in term of dots per opened cell by
dividing the total number of dots present in the field by the
number of opened cells.

STED microscopy

All the samples were mounted in Abberior MOUNT
SOLID Antifade medium (Abberior GmbH). STED images
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were acquired using a Leica SP8 STED 3x (Leica Micro-
systems) equipped with a pulsed white light laser as an
excitation source and a 775 nm pulsed laser as depletion
light source. All images were acquired at 400 Hz through a
100x/1.4 numerical aperture oil objective using the LAS X
software (Leica Microsystems). mCherry-Sec61 was imaged
in a confocal mode using an excitation wavelength at
561 nm. Liposomes doped with 0.5 mol% ATTO647N-PE
were imaged using an excitation wavelength at 633 nm.
The pixel resolution is 17 and 30 nm for dimensional and
tridimensional STED images, respectively. All images were
subjected to deconvolution using the Huygens Core, version
21.04/Huygens Remote Manager, version 3.7 (Scientific
Volume Imaging; http://svi.nl/), using the classic maximum
likelihood estimation algorithm, with 40 iterations to achieve
a resolution with a signal-to-noise ratio equal to 20 for the
confocal mode and five iterations to reach a resolution with
a signal-to-noise ratio equal to 100 for the STED mode.
Imaris Cell Imaging software (Oxford Instruments) was used
to create tridimensional views from STED images and to
measure liposome volume.

Colocalization of liposomes with organelle markers in
perforated cells

To quantify the colocalization between liposomes and
diverse organelle markers in opened cells, image stacks in
green and red channels were acquired with an SP8 STED 3X
TCS SP8 confocal using a 63x objective. The fraction of
liposome colocalizing with organelle markers in opened cells
was estimated with the Manders’s correlation coefficient M2,
which corresponds to the fraction of red fluorescence having a
counterpart in the green channel, using the Volocity software
with an autothresholding performed using the Costes method
(41).

Anti-VAP-A and VAP-B siRNA

HeLa cells were seeded and transfected 2 days after with
ON-TARGETplus human VAP-A (9218) and human VAP-B
(9217) siRNA SMARTpools (Dharmacon) to conjointly
silence VAP-A and VAP-B expression. Each siRNA pool
(20 pmol) was transfected with RNAiMax Lipofectamine
(Invitrogen). A pEGFP or pEGFP-Sec61 plasmid was
cotransfected in order to verify the efficiency of the trans-
fection. As a negative control, cells were transfected by
ON-TARGETplus nontargeting pool. Cells were used for
experiments 48 h after transfection.

Quantification of endogenous VAP proteins by Western blot

In silencing experiments, the VAP-A and VAP-B expression
levels were individually analyzed by immunodetection using an
anti-VAP-A antibody (rabbit polyclonal H-40; sc-98890; Santa
Cruz) and an anti-VAP-B antibody (rabbit polyclonal antibody,
gift from L. Dupuis (42)). GAPDH level, detected by an anti-
GAPDH polyclonal antibody (1:2500 dilution, rabbit; ab9485
from Abcam) was measured for each lane to ascertain that an
equivalent amount of sample was loaded into each well.
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Immobilon Western Chemiluminescent horseradish peroxi-
dase substrate (Millipore) was used for the revelation. The
band intensities were quantified with the AIDA software
(Elysia-raytest, version 4.27.039).

DLS

DLS experiments were performed at 25 °C in a Dynapro
apparatus (Protein Solutions). Peptides corresponding to the
FFAT motif of STARD3 or OSBP were resuspended in TN
buffer, and their concentration was determined by UV
spectroscopy at A = 280 nm. Each peptide was covalently
attached to L, liposomes containing 96 mol% DOPC, 3 mol
% MPB-PE, extruded through polycarbonate filters of
0.2 pm pore size. The attachment was performed by mixing
liposomes (total lipids of 50 uM) with peptide (420 nM) in
200 pl of freshly degassed buffer during 30 min at 900 rpm
at 25 °C. Then, a final concentration of 1 mM DTT was
added to each mix to block any potential reaction between
MPB-PE and free cysteines. A volume of functionalized li-
posomes (18 pl) was added to the quartz cuvette. A first set
of 12 autocorrelation curves was acquired to measure the
initial size distribution of liposomes in the suspension. Then,
1 ul of a Lp liposome suspension (90 mol% DOPC and
10 mol% DOGS-NTA-Ni**, 50 uM total lipid final con-
centration) was added and mixed thoroughly. After an in-
cubation of 1 min, 1 ul of a stock solution of VAP or
VAP(K94D-M96D)yy;6 was subsequently added to the
sample (final concentration of 300 nM). The aggregation
kinetics was measured by acquiring one autocorrelation
curve every 10 s. At the end of each kinetics, a set of 12
autocorrelation functions was also acquired. The data were
analyzed using two distinct algorithms implemented in the
Dynamics, version 6.1, software (Protein Solutions). During
the kinetics, the autocorrelation functions were fitted
assuming that the size distribution is a simple Gaussian
function. This mode, referred to as the cumulant analysis,
provides the mean Ry and the Pp of the liposome suspen-
sion. The Pp can reach very large values because of the
concomitant presence of free liposomes and liposome ag-
gregates of various sizes. The set of autocorrelation curves
acquired before and after the aggregation process was also
fitted using a more refined algorithm, referred as a regula-
rization algorithm, which gives size distribution. This
algorithm is able to detect the existence of several particle
populations, whose mean size is different, such as free
liposomes and liposome aggregates. For the experiments
with ¢STD3 constructs, each protein was first mixed with
MPB-PE—containing liposomes at L/P = 250, 500, 750, or
1000 in 100 pl of freshly TN buffer during 10 min at
850 rpm at 37 °C in a thermomixer. Afterward, 50 pl of this
liposome suspension was mixed with 150 pl of perforation
buffer (25 mM Hepes—-KOH, pH 7.2, 115 mM KCI, and
2.5 mM MgCl,) supplemented with 1 mM DTT. Next, 8 pl
of this mixture was added to 12 pl of perforation buffer in
the cuvette for the DLS measurement. A set of 12 auto-
correlation functions was also acquired and analyzed using
the regularization algorithm.
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