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Abstract

Interorganelle membrane contact sites are subcellular structures that favor exchange and communication inside the cell.
Such microdomains are built by molecular bridges that create a physical connection between two distinct organelles. The
field of contact sites is now flourishing with discoveries of new tethering molecules. In that context, we identified by an
unbiased proteomic approach a novel scaffold protein named MOtile SPerm Domain-containing protein 2 (MOSPD2).
MOSPD?2 is an endoplasmic reticulum (ER)-resident protein that is able to interact with several organelle-bound proteins
that possess a small motif, named FFAT (two phenylalanines in an acidic tract). Consequently, we showed that MOSPD2 and
its protein partners build contacts between the ER and endosomes, mitochondria, or Golgi. These findings highlight a new

way for docking organelles on the ER.
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Eukaryotic cells are compartmentalized in distinct
organelles associated with specialized functions.
Interestingly, organelles do not float independently in
the cytoplasm but rather interact with each other to
form an interdependent network. Interorganelle mem-
brane contact sites (MCSs) are now recognized as plat-
forms involved in the exchange of material, organelle
fission and positioning, and communication. MCSs are
specific subcellular regions where heterologous mem-
branes from two distinct organelles are in close apposi-
tion (Levine, 2004). In this network, the endoplasmic
reticulum (ER)—composed of tubes and perinuclear
sheets—distinguishes itself by spreading throughout the
entire cytoplasm and making multiple contacts with
most organelles. The ER plays a central role in interor-
ganelle cooperation (Gatta & Levine, 2017; Phillips &
Voeltz, 2015).

At the molecular level, the formation of MCSs
requires protein—protein or protein—membrane interac-
tions at the interface between the organelles involved
(Eisenberg-Bord, Shai, Schuldiner, & Bohnert, 2016;
Helle et al., 2013). Identifying complexes contributing

to organelle tethering is essential to understand the func-
tion of these microdomains. Of note, vesicle-associated
membrane protein-associated proteins (VAP-A and B in
humans) were identified as major tethering components
in molecular bridges between the ER and other organ-
elles (Loewen and Levine, 2003; Murphy & Levine,
2016). VAPs are ER-anchored proteins containing a
major sperm protein (MSP) domain exposed to the cyto-
plasm. This domain acts as a molecular hook by inter-
acting with small linear motifs named FFAT (two
phenylalanines in an acidic tract) that are present in a
wide variety of proteins either cytoplasmic or associated
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with organelles such as mitochondria, endosomes, Golgi,
peroxisomes, and the plasma membrane (Loewen and
Levine, 2003; Mikitova & Levine, 2012). Diverse biolog-
ical functions have recently been associated with VAP-
containing MCSs, such as calcium homeostasis, lipid
transport, endosome positioning, and autophagy (De
Vos et al., 2012; Dong et al., 2016; Gomez-Suaga
et al., 2017; Hamasaki et al., 2013; Kawano, Kumagai,
Nishijima, & Hanada, 2006; Nascimbeni et al., 2017;
Rocha et al., 2009; Vihervaara et al., 2011; Wijdeven
et al., 2016; Wilhelm et al., 2017).

Noteworthy, despite the central position of VAP pro-
teins in ER—organelle contacts, their knockdown does
not affect cell viability, and contacts are still observed
between the ER and other organelles, meaning that
VAPs are not the exclusive players for ER contact sites
(Dong et al., 2016; Eden et al., 2016; Stoica et al., 2014).
These observations support the notion that other con-
tacts exist independently from VAP proteins. Several
other tethering complexes, such as STIM1-ORAII and
VDAC-GRP75-1P3R, which mediate ER—plasma mem-
brane and ER—mitochondria contacts, respectively, sup-
port this idea (Liou et al., 2005; Szabadkai et al., 2006).
Alternatively, there may be a functional redundancy
concerning VAPs, implicating the presence of compen-
satory mechanisms that are able to connect the ER with
organelles harboring FFAT-proteins on their surface. As
no surrogate for VAPs had yet been described, we
explored this idea. We reasoned that proteins other
than VAPs might bind FFAT motif-containing partners.
Therefore, we set up an FFAT-pull down assay using a
consensus FFAT motif (from oxysterol-binding protein-
related protein 1 [ORPI1L]) as bait to selectively purify
FFAT-bound proteins. The FFAT peptide and a control
peptide were immobilized on a solid support and further
mixed with HeLa cell protein extracts. Specific FFAT-
bound proteins were identified by tandem mass spec-
trometry. Besides VAP-A and VAP-B, the MOtile
SPerm Domain-containing protein 2 (MOSPD?2) protein
was identified as a new FFAT motif-interacting protein
(Di Mattia et al., 2018).

By its structure, MOSPD2 belongs to the VAP pro-
tein family, as it contains an MSP domain located in the
middle of the protein. In human, six distinct genes
encode MSP-containing proteins, namely, VAP-A,
VAP-B, MOSPDI1, MOSPD2, MOSPD3, and CFAP65
(Cilia- and flagella-associated protein 65 also known as
coiled-coil domain-containing protein 108; CCDCI108).
Interestingly, the primary sequence analysis of the MSP
domain led Loewen and Levine (2005) to predict in 2005
that MOSPD2 would likely bind the FFAT motif, sim-
ilar to VAP-A and VAP-B, while the other members of
this family would not. Moreover, three-dimensional-
structure analysis confirmed that, despite sharing limited
sequence homology, critical residues for FFAT binding

are conserved in the MSP domains of MOSPD2 and
VAPs, supporting the notion that they share the same
mode of FFAT motif recognition. This idea was sup-
ported by in vitro structure-function experiments.
Eventually, we showed that the MSP domain of
MOSPD?2 is a bona fide FFAT-interacting domain shar-
ing similar in vitro binding properties as VAP protein
MSP domains (Di Mattia et al., 2018).

Next, we addressed whether VAPs and MOSPD2
shared the same partners in vivo. To this aim, we per-
formed coimmunoprecipitation studies  between
MOSPD?2 and five well-characterized organelle-bound
FFAT-containing proteins from endosomes (STARD3
[StAR-related lipid transfer domain (START) protein
3], STARD3NL [STARD3 N-terminal-like protein],
and ORPIL), mitochondria (PTPIP51 [protein tyrosine
phosphatase-interacting protein-51]), and the Golgi
apparatus (STARDI1 [StAR-related lipid transfer
domain protein 11]) which were cooverexpressed in
HeLa cells. We showed that MOSPD2 interacts with
the FFAT motifs present in these four proteins thanks
to its MSP domain.

Like VAPs, MOSPD?2 is anchored at the ER surface
by a carboxyl-terminal transmembrane domain. We
observed that MOSPD2 was enriched in ER domains
involved in MCSs generated by FFAT motif-
containing proteins. More precisely, the forced expres-
sion of any partner tested, including the endosomal
(STARD3, STARD3NL, and ORPIL), mitochondrial
(PTPIPS1), and Golgi (STARDI1) proteins, caused a
predominant recruitment of MOSPD2 around endo-
somes, mitochondria, and Golgi, respectively.

This study showed that MOSPD?2 is a novel VAP
homologue anchored in the ER. MOSPD2 displays
structural and functional features shared with VAP pro-
teins, notably: an MSP domain that is able to recognize
FFAT motifs and bind FFAT-containing proteins, an
anchor on the ER by a C-terminal transmembrane
domain, and the ability to build MCSs (Figure 1).
In addition, at the resolution scale of light microscopy
(~200 nm), we observed that both VAPs and MOSPD2
are localized in same subdomains of the ER engaged in a
contact with a distinct organelle. We can speculate that
VAP-A, VAP-B, and MOSPD?2 act as ER receptors for
FFAT-containing proteins and generate a binding
platform for organelle docking. However, the mode of
formation and the regulation of this kind of platform
remain unknown.

Finally, the physiological function of MOSPD2 on
interorganelle contact formation was investigated at
the ultrastructural level wusing a loss-of-function
approach. Interestingly, we observed a significant reduc-
tion in ER—endosome contacts, in MOSPD2, and in
MOSPD?2- and VAP-A- and VAP-B-deficient cells but
not in cells deficient for VAP-A and VAP-B only.
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Figure |I. MOSPD2 builds ER-organelle contact sites, a shared function with VAP proteins. MOSPD?2 is an ER-resident protein able to
bind organelle-bound FFAT-containing proteins by its MSP domain. As illustrated here, similarly to VAP-A and VAP-B proteins, MOSPD2
builds ER—endosome contacts by interacting with STARD3; besides, MOSPD2 can build ER-mitochondria contacts, as it can interact
with mitochondria PTPIP51. Electron micrographs illustrate contacts existing between the ER (purple) and endosomes (top; blue), or
mitochondria (bottom; yellow). TM = transmembrane domain; CC = coiled-coil domain; MSP = major sperm protein domain; CRAL-
TRIO = cellular retinaldehyde-binding protein and triple functional domain protein domain; ER = endoplasmic reticulum; VAP = vehicle-
associated membrane protein-associated proteins; MOSPD2 = MOtile SPerm Domain-containing protein 2; STARD3 = StAR-related lipid-
transfer domain protein 3; FFAT = two phenylalanines in an acidic tract; PTPIP5| = protein tyrosine phosphatase-interacting protein-51.

Concomitantly, we observed an increase in endosome-—
endosome contacts upon MOSPD?2 depletion. This phe-
notype might be linked to the previously established role
of ER—endosome contacts on the dynamics and matura-
tion of the endosomal system (Rowland, Chitwood,
Phillips, & Voeltz, 2014). These results support the
notion that, despite having similar tethering functions,
the physiological roles of VAPs and MOSPD?2 on inter-
organelle contacts are either distinct or partially redun-
dant. Further work is necessary to clarify this issue.
However, at the structural level, MOSPD2 distinguishes
itself from VAP proteins by the presence of an additional
protein domain located at the amino-terminal end,
named CRAL-TRIO (cellular retinaldehyde-binding
protein and triple functional domain protein).
Moreover, in terms of evolution, MOSPD2 appeared
later than the VAP proteins; VAPs are found in animals,
fungi, and plants, while MOSPD?2 is only present in ani-
mals. The CRAL-TRIO domain is present in many pro-
teins implicated in lipid transport and in several
kingdoms including fungi. The most described CRAL-
TRIO-containing protein is the Saccharomyces cerevisiae
Secl4p protein. This protein is able to counterexchange
phosphatidylinositol (PI) and phosphatidylcholine

between membranes (Sha, Phillips, Bankaitis, & Luo,
1998). Thus, the presence of this domain potentially
involved in lipid transport distinguishes MOSPD?2
from VAPs as a unique tether at the ER surface.
Moreover, MOSPD2 can be in complex with an
FFAT-motif-containing protein partner having its own
lipid-transfer domain, such as some members of the
oxysterol-binding protein (ORP) and START families.
It implies that a single-protein complex could integrate
two distinct lipid-transfer activities. We foresee that by
combining a variety of partners, MOSPD2-containing
complexes might counterexchange two, three, or even
more lipid species at ER-organelle contacts. In the case
of ORPs, the ability of the CRAL-TRIO domain of
MOSPD?2 to transfer PI would be particularly beneficial.
Indeed, ORPs were shown to counterexchange
phosphatidylinositol-4-phosphate (PI4P) and their spe-
cific ligand (sterol for the Oxysterol binding protein
[OSBP], for instance; Moser von Filseck, Vanni,
Mesmin, Antonny, & Drin, 2015). PI4P is synthetized
from PI in one membrane and degraded into PI in the
other membrane; this cycle fuels energy to allow the
transport of the ORP-specific ligand against its concen-
tration gradient. Interestingly, MOSPD2 could recycle
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PI and thus close the cycle of PI or PI4P transport
involved in the functioning of ORPs. Our further studies
will clarify the implication of the CRAL-TRIO domain
in contact sites formation and the physiological role
of MOSPD2.

The discovery of MOSPD?2 as a new ER-resident pro-
tein able to recognize FFAT motifs gives another dimen-
sion to VAP-related investigations. As MOSPD?2 binds
established VAP partners, it changes the molecular land-
scape of previously studied VAP-associated contact
sites. However, how the balance between MCS forma-
tion involving VAP or MOSPD?2 is regulated remains
unclear. The fact that the MSP domain structure and
the affinity for the FFAT motif are similar in VAP
and MOSPD2 argues against specificities for a given
partner. In contrast, their differential level of expression
might provide some specificity. Indeed, the quantifica-
tion of VAP proteins and MOSPD2 in HeLa cells
showed that VAP-A and VAP-B are more abundant
than MOSPD2 by 200 and 7 folds, respectively. It is
likely that the ratio between these related proteins
is cell- and context-specific. Their respective abundance
is probably key to govern their specific function in a
given cell or state. Further work is needed to fully appre-
hend the molecular organization of interorganelle con-
tacts scaffolded by VAP-A, VAP-B, or MOSPD2 and
their numerous functions in the cell physiology.
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