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Lysosomes andmitochondria occupy a central stage in themaintenance of cellular homeostasis, by playing comple-
mentary roles in nutrient sensing and energy metabolism. Specifically, these organelles function as signaling hubs
that integrate environmental and endogenous stimuli with specific metabolic responses. In particular, they control
various lipid biosynthetic and degradative pipelines, either directly or indirectly, by regulating major cellular meta-
bolic pathways, and by physical and functional connections established with each other and with other organelles.
Membrane contact sites allow the exchange of ions andmolecules between organelles, evenwithoutmembrane fu-
sion, and are privileged routes for lipid transfer among different membrane compartments. These inter-organellar
connections typically involve the endoplasmic reticulum. Direct membrane contacts have now been described
also between lysosomes, autophagosomes, lipid droplets, and mitochondria. This review focuses on these recently
identified membrane contact sites, and on their role in lipid biosynthesis, exchange, turnover and catabolism. This
article is part of a Special Issue entitled: The cellular lipid landscape edited by Tim P. Levine and Anant K. Menon.
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1. Introduction

Cellular metabolism is tightly regulated and compartmentalized in
space and time within distinct subcellular organelles. Lysosomes and
mitochondria occupy a central stage in these processes. Indeed, they
play overlapping and complementary roles in nutrient sensing and en-
ergy metabolism, and operate as dynamic signaling hubs, which
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generate coordinated metabolic responses to environmental and en-
dogenous cues (Fig. 1A). Lysosomes act as sensors of amino acid, glucose
and growth factors, by directly controlling the activity of the nutrient-
sensing mammalian target of rapamycin complex 1 (mTORC1) [1].
They also impact energy metabolism, thanks to their general degradative
functions,which include key direct and indirect roles inmultiple lipid cat-
abolic pathways. Indeed, lysosomes execute the hydrolysis of neutral
lipids and lipophagy, and stimulate the β-oxidation of fatty acids in mito-
chondria and peroxisomes, byway of the transcription factor TFEB and its
target genes [2]. Mitochondria act as sensors of Ca2+ signaling, oxidative
stress and nutrient availability. In addition, they impact energy metabo-
lism by the progressive oxidation of substrates – chiefly fatty acids during
starvation –with ensuing generation of ATP, and in turn direct control of
the energy-sensing AMP-activated protein kinase (AMPK) [3]. These inte-
grated processes require reciprocal physical and functional interaction
among lysosomes, mitochondria, and additional organelles implicated in
lipid biosynthesis, recycling and catabolism, including endoplasmic retic-
ulum (ER), peroxisomes, autophagosomes and lipid droplets (LDs).

The synthesis of cellular lipids takes place primarily in the ER. Specif-
ic biosynthetic reactions, however, occur in other organelles, such as the
Golgi apparatus and mitochondria [4,5]. Thus, to appropriately distrib-
ute and exchange lipids among the various subcellular compartments,
both vesicular and non-vesicular transport mechanisms are necessary.
Non-vesicular transport is essential for organelles that are not directly
connected to the secretory pathway, such as mitochondria. Further-
more, thanks to its fast mode of action, it can play a corrective role on
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Fig. 1.Major metabolic interactions between lysosomes and mitochondria. (A) Lysosomes and mitochondria share overlapping and complementary roles in cell metabolism, including
nutrient sensing, lipid degradation, energy metabolism and inverse regulation of mTORC1 and AMPK signaling in response to nutrient and energy availability. A more specific list of
organelle functions is provided below. (B) Schematic representation of the inverse regulation of mTORC1 and AMPK. mTORC1 is a primary sensor of nutrient and growth factor
availability, promoting anabolic programs and cell proliferation. AMPK is a primary energy sensor, promoting cell catabolism in response to increased AMP/ATP ratio. These two
kinases are inversely regulated by nutrient availability and ATP levels. They also regulate each other by multiple mechanisms involving lysosomes and mitochondria. (1) In fed
conditions, the Ragulator–Rag complex recruits mTORC1 to the lysosomal surface, where it is activated by Rheb [21]. (2) The lysosomal localization and obligate dimerization of
mTORC1, required for its activation, are also controlled by the ATP-dependent TTT-RUVBL1/2 complex, independently on AMPK [48]. (3) During energy stress conditions, AMPK is
allosterically stimulated by AMP. (4) AMPK activation also requires interaction with the v-ATPase–Ragulator complex on the lysosomal membrane [22]. In this system, Ragulator
appears to work as an alternative adaptor for either mTORC1 or AMPK on the lysosomal membranes, and hence as switch between anabolism and catabolism. Activated AMPK in turn
inhibits mTORC1 by phosphorylating TSC2 (tuberous sclerosis complex 2) [46] and Raptor (regulatory-associated protein of mTOR, complex 1) [47]. Thus, ATP production by
mitochondria impacts on mTORC1 function by multiple AMPK-dependent and independent mechanisms. Here, we specifically focused on the mammalian system. Several aspects of
TORC1 regulation and signaling, including lysosomal (vacuole) localization, sensitivity to amino acids and cross-talk with AMPK, are also conserved in yeast.
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the bulk transport operatedbyvesicular traffic [6]. In recent years, a grow-
ing number of membrane contact sites (MCSs) between different organ-
elles has been identified, revealing novel important mechanisms of
inter-organelle communication and exchange [7,8]. MCSs are regions
where the membranes of two organelles become closely juxtaposed
(10–30 nm) without fusing. These structures are formed by a variety
of multiprotein tethering complexes, which consist of both integral
and membrane associated proteins, as well as specific lipids such as
phosphoinositides. Physical inter-organellar connections are involved in
multiple fundamental processes, including Ca2+ signaling, organelle dy-
namics andmaturation, and lipid transfer andmetabolism.MCSs between
ER and Golgi, ER and mitochondria, and ER and plasma membrane have
been unambiguously established as a critical way to transfer lipids be-
tweendifferentmembrane compartments, bymeans of lipid transfer pro-
teins (LTPs). Similar structural and functional connections are now
beginning to emerge among lysosomes, mitochondria, and functionally
related organelles. In most cases, however, the detailed molecular mech-
anisms are still unknown. This review focuses on the recently identified
inter-organelle connections, implicated in lipid exchange, turnover and
catabolism, between lysosomes, autophagosomes, lipid droplets, and mi-
tochondria (Fig. 2). For lipid exchange at ER–endosome and lysosome–
peroxisome MCSs, the reader is invited to refer to recent comprehensive
reviews (see this issue and Refs. [9,10]).
For the sake of clarity and completeness, we will start with a general
overview of lysosomal and mitochondrial functions, with particular at-
tention to their roles in metabolic homeostasis. Moreover, we have in-
cluded four explanatory Boxes, dedicated to LTP families operating at
MCSs discussed in this review, containing conserved ORD (Box 1),
START (Box 2A), START-like/VASt (Box 2B), and SMP (Box 3) lipid-
binding domains. In fact, these protein families are emerging as recur-
rent tethers and/or lipid sensors or transporters at multiple inter-
organelle connections, thus representing potential candidates for mem-
brane contacts that at the moment are little characterized. The ORD,
START and SMP families share similar domain architectures. In addition
to the core lipid-binding domain, they contain other lipid-bindingmod-
ules, allowing them to interact with proteins or lipids on opposing
membranes of MCSs. These modules include (i) transmembrane do-
mains, typically responsible for ER-anchoring; (ii) the FFAT motif (two
phenylalanines in an acid tract), which interacts with ER-resident
vesicle-associated membrane protein (VAMP)-associated proteins
(VAPs); (iii) pleckstrin homology (PH) or C2 domains, which interact
with phosphoinositides. Other protein families involved in lipid trans-
port at contact sites, not specifically discussed in this review, include
the phosphatidylinositol transfer proteins (PITP) and the glycolipid
transfer proteins (GLTP). For information about these LTP families, the
reader is invited to refer to recent reviews [11,12]. Finally, we will
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Fig. 2. Lipid flux among lysosomes, mitochondria, endoplasmic reticulum, lipid droplets
and phagophores. Main biosynthetic, metabolic and degradative lipid routes involving
membrane contact sites and other mechanisms are schematically illustrated. (1) In
yeast, lysosomes/vacuoles and mitochondria exchange lipids, by means of a MCS
(vCLAMP) that can partly compensate for ERMES. In mammals, a lipid transfer role may
be played by the MCSs between LROs (melanosomes) and mitochondria. (2) Lysosomes
receive lipids from the ER via the secretory pathway, and may exchange lipids with the
ER directly by MCSs, or indirectly via intermediate steps (peroxisomes? cytosolic LTPs?).
(3) Mitochondria bidirectionally exchange lipids with the ER by MCSs. The ER also
supplies lipids (4) to phagophores at MAMs, and (5) to LDs by membrane continuity.
(6) LDs receive lipids derived from LDLs or autophagy from lysosomes, as free fatty
acids or by means of cytosolic LTPs. In turn, LDs supply lipids (7) for mitochondrial
respiration and (8) for phagophore biogenesis, presumably through MCSs. Finally,
during their formation, the phagophores receive lipids (4) from ER and mitochondria at
MAMs, and (8) possibly directly from LDs. (9) Upon autophagosome maturation,
phagophores convey their content, including other engulfed organelles, to lysosomes by
membrane fusion. Except for vCLAMP (1), the lipid fluxes described in the scheme
illustrated here occur in the mammalian system. In most cases, however, similar
pipelines, including those mediated by ER–mitochondria or ER–LD connections, have
been described in yeast.
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consider that late endosomes (LEs) and lysosomes, distinguished by
their physical properties and ultrastructure, share functional features
and protein constituents, including commonly used markers such as
Lamp-1 or Rab7 [13]. For the purpose of this review, unless otherwise
specified, we will jointly refer to them as LEs/lysosomes, or simply
lysosomes.
2. Lysosomes: functions and membrane contacts with the ER

Lysosomes (vacuoles in yeast) represent the most important cata-
bolic compartment of eukaryotic cells, containing a wide set of acidic
hydrolases able to digest not only macromolecules (such as proteins,
lipids, sugars, nucleic acids), but also entire organelles and pathogenic
organisms [14,15]. A continuous flux of membrane and protein constit-
uents reaches the lysosomes through the secretory and endocytic
pathways, while extracellular and intracellular substrates destined to
degradation and reprocessing are delivered to the organelles mainly
by endocytosis and autophagy, respectively. Lysosomes are also
implicated in intracellular signaling, since they are considered acidic,
non-canonical-calcium stores. Upon different stimuli, lysosomes have
been shown to release Ca2+ by means of Ca2+ permeable channels,
such as mucolipins (TRPML) and two-pore channels (TPC) [16]. This
in turn can evoke and/or amplify ER-dependent Ca2+ release at MCSs
between the two organelles, modulating Ca2+ fluxes and/or signaling
[17,18]. Furthermore, not only secretory lysosomes, specialized organ-
elles of hematopoietic cells, but also conventional lysosomes in many
cell types are sensitive to elevation of intracellular Ca2+, and can be se-
creted to promote repair of plasma membrane wounds [19,20].

Recently, lysosomes have been recognized as key signaling hubs
necessary on the one hand for mTORC1 activation by nutrients and
growth factors [1,21], and on the other for AMPK activation in response
to glucose starvation. The mechanism responsible for the inverse regu-
lation of these two kinases appears to be their reciprocally exclusive
binding to the same adaptor/activator complex (Ragulator) on the lyso-
somal membranes [22] (Fig. 1B). Furthermore, lysosomes were shown
to regulate their own biogenesis and function, autophagy and lipid ca-
tabolism by β-oxidation in mitochondria and peroxisomes, by means
of an autoregulatory loop generated by the transcription factor TFEB.
In normal fed conditions, mTORC1 activation on lysosomes phosphory-
lates and inactivates TFEB [23]. Vice versa upon starvation, lysosomal
Ca2+ release through mucolipin 1 (TRPML1) generates an elevated
Ca2+ microdomain, responsible for the activation of the protein phos-
phatase calcineurin, which in turn dephosphorylates TFEB and pro-
motes its nuclear translocation [24]. Once in nucleus, TFEB stimulates
its own transcription, aswell as the expression of target genes, including
the peroxisome proliferator-activated receptor-α (PPARα) and the
PPARγ co-activator 1α (PGC1α) [2]. It is therefore not surprising that,
in addition to classical lysosomal storage diseases, disfuction of lyso-
somal–autophagic pathways has been associated to a variety of other
disease conditions, including metabolic, infectious, immune and com-
mon neurodegenerative disorders (i.e. Parkinson, Alzheimer, and Hun-
tington disease) [25].

The ER forms MCSs with the majority of membrane compartments,
including LEs and lysosomes [8]. In mammals, contacts between ER
and LEs/lysosomes are implicated in the regulation of signaling process-
es [26], in organelle maturation and dynamics [27,28] and possibly also
in lipid exchange. In fact, LEs/lysosomes represent the main source of
extracellular-derived cholesterol (mainly in the form of low-density li-
poproteins, LDLs),whichneeds to be transferred to other compartments
for recycling, or storage. Consistently, lipid-binding proteins of the ORD
and START families (see Boxes 1 and 2A) have been associated to MCSs
between ER and LEs/lysosomes [28–31]. However, the roles of these
LTPs remain controversial, since they appear to function as lipid sensors
and molecular tethers, rather than lipid transporters, coordinating
membrane lipid content with organelle dynamics. The Rab7 effector
and cholesterol sensor ORPL1 functions on LEs to promote dynein activ-
ity. On the contrary, in low cholesterol conditions, it undergoes a confor-
mational change that induces ER–LE MCSs, with consequent
displacement of the dynein–dynactin complex and peripheral distribu-
tion of the organelles [28,32]. The two sterol-binding proteins STARD3
and STARD3NL are known to participate in the MCS between LEs and
the ER, and to regulate endosome morphology and dynamics. Thanks
to cooperation between their MENTAL and START domains, they may
also possibly contribute to cholesterol export from late endosomal com-
partments towards the ER [30,33,34]. Finally, the ER-anchored protein
ORP5was shown to interactwithNPC1 and to be involved in cholesterol
exit from endosomes/lysosomes, since its knock-down caused choles-
terol accumulation in the lysosomal membrane [29]. However, the
latter phenotype might represent an indirect effect, since recent
findings indicated that ORP5 (and its yeast homolog Osh6) does not
bind cholesterol in appreciable amounts and it is rather implicated in
phosphatidylserine (PS)-phosphatidylinositol-4-phosphate (PI4P)
counter-transport at the ER–plasma membrane boundary [35,36].

In yeast, the connection between the nuclear ER and the vacuole
(nuclear–vacuolar junction, NVJ) probably represents the simplest
MCS, formed by only two tethering proteins, Nvj1 on the nuclear mem-
brane and Vac8 on the vacuolemembrane [37]. The function of this con-
tact mainly concerns the piecemeal microautophagy of the nucleus
(PMN) during nutrient starvation, although it is also implicated in
sphingolipid biosynthesis and may represent a “backup” mechanism,
an alternative route for lipid transport and homeostasis (see below). In-
terestingly, among the proteins recruited at NVJ and involved in the
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Box 1
Protein families involved in lipid transport at membrane contacts: architecture of ORD containing proteins.

The founder member of this family is the Oxysterol-binding protein (OSBP). OSBP and OSBP-related proteins (ORPs) in mammals, designated
OSBP homolog (Osh) proteins in yeast, share a structural feature, namely the OSBP-related domain (ORD) at their C-terminus, encompassing
about 400 amino acids. This domain is built around a central 19-strand antiparallel β-sheet, which folds into a β barrel-like structure with a lip-
id-accommodating pocket, covered by a flexible α-helical lid,which shields the bound sterol from the aqueous phase [124,125]. ORPs arewide-
spread among eukaryotic species and have been shown to sense, bind and actively counter-transport lipids across organelles at MCSs, in
particular sterols or PS with PI4P, thus controlling membrane lipid composition and metabolism [35,36,126–129].
Proteins belonging to the ORP family contain multiple domains for membrane targeting, including transmembrane (TM), PH and FFAT domains,
and can be subdivided into different subgroups according to their architecture, as follows.

1) Osh1, Osh2 and ORP1L comprise ankyrin repeats at their N-termini, which have been reported to mediate protein–protein interactions.
2) Osh3, OSBP, ORP3a,ORP4a,ORP6a,ORP7, andORP9f contain both a PH domain, responsible for the interactionwith phosphoinositides

(such as PI4P at the Golgi or plasmamembrane), and a FFATmotif, which is recognized by VAPs (ER integral membrane proteins). Osh3
also contains a Golgi localization domain (GOLD).

3) ORP5a and ORP8a host both a PH domain for PI4P binding at the plasma membrane, and an ER-anchoring hydrophobic tail sequence at
their C-terminus.

4) ORP10 and ORP11 display only a PH domain, for phosphoinositide binding.
5) ORP2, and ORP9a contain a FFAT motif, which is recognized by VAPs (ER integral membrane proteins).
6) Osh4, Osh5, Osh6, Osh7, ORP1S and ORP4g display no additional motifs to the ORD.
Osh1 andORP1L localize at ER-lysosome/vacuoleMCSs, Osh4 andOSBP localize at ER-GolgiMCSs, andOsh3, Osh6, ORP5a andORP8a localize
at ER-plasma membrane MCSs. Amino acid length of individual proteins is given in brackets. Since many isoforms, resulting from different
transcripts variants, are known for some of these proteins, when applicable the name of the specific isoforms (such as “S” or “L”, “a”, “g”, or
“f”) is indicated.
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PMN, there are lipid modifying enzymes and putative LTPs. These in-
clude the enoyl-CoA reductase Tsc13, required for the biosynthesis of
very-long-chain fatty acids [38], together with the ORP Osh1 [39] and
the SMP-containing Nvj2 [40] (see Box 3), presumably implicated in
lipid exchange. Most recently, novel conserved inter-organelle tether-
ing proteins were identified, possibly implicated in lipid metabolism
at the ER–vacuole interface. Mdm1 localizes at the NVJ and contains
an uncharacterized PXA domain [41], while Lam6/Ltc1 localizes to mul-
tiple MCSs, including the NVJ via interaction with Vac8, and contains a
START-like/VASt domain (see below and Box 2B) [42]. Whether all of
these mammalian and yeast LTPs actually mediate lipid transfer be-
tween ER and lysosomes is still unknown.

3. Mitochondria: functions and membrane contacts with the ER

Mitochondria are endosymbiotic organelles, containing their own
genome and protein synthesis apparatus, and acting as the primary
site of energy production in eukaryotic cells. In addition, they are re-
quired for a plethora of other essential functions, including biosynthesis
and degradation of lipids, Ca2+ buffering and signaling, regulation of



Box 2A
Protein families involved in lipid transport at membrane contacts: architecture of START containing proteins.

The foundermember of this family is the steroidogenic acute regulatory protein (StAR). The StAR-related lipid transfer (START) domain, approx-
imately 210 amino acid long, adopts a ‘helix-grip’ fold, in which a central nine-strands antiparallel β-sheet is gripped by N-terminal and C-termi-
nal α-helices. The structure forms an amphiphilic inner cavitywith a narrowopening, so that it becomes accessible to the ligand,most likely by a
major structural rearrangement of the domain, possibly involving the C-terminal α helix acting as a lid. The canonical START domain is con-
served in plants and animals, but not in budding yeast. In mammals it is common to a family of 15 proteins, designated STARD1-15, which
are found in a variety of subcellular localizations, in particular atMCSs, and bind glycerolipids, sphingolipids and sterols, functioning as lipid sen-
sors or transporters [34].
Proteins belonging to the STARD family differ considerably in their domain architecture, as follows.

1) STARD1/StAR has a mitochondrial targeting signal at its N-terminus.
2) STARD3/MLN64 hosts MENTAL (MLN64 N-terminal domain), a four transmembrane-spanning domain, responsible for late endosomal

targeting, homo and hetero-oligomerization and cholesterol-binding. The MENTAL domain also holds a FFAT-like motif at its C-terminus,
for VAP binding on the ER.

3) STARD2, 4, 5, 6, 7, and 10 only show the START domain.
4) STARD9 is a unique, very large (500 kDa) member of the family, with an N-terminal kinesin motor domain and an FHA phosphoprotein

binding domain.
5) STARD11/CERT contains both a PH domain, responsible for the interaction with phosphoinositides on the Golgi complex, and a FFAT

motif, which is recognized by VAPs on the ER.
6) STARD8, 12 and 13display a RhoGAP domain, which stimulates theGTPase activity of small GTPases belonging to the Rho family. They

also comprise a SAM (sterile α motif) domain that is a putative protein–protein interaction module.
7) STARD14 and 15 comprise two acyl–CoA hydrolase domains.
Amino acid length of individual proteins is given in brackets. Sincemany isoforms, resulting fromdifferent transcripts variants, are known for
some of these proteins, only the amino acid length of the main isoform (typically named “a” or “1”) is reported.
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apoptosis and autophagy. This multiplicity of roles, highly relevant for
cell survival and activity, are accomplished by mitochondria thanks to
their ability to appropriately trigger and process cellular signals, includ-
ing those induced by nutrient availability. Indeed, mitochondria can
modify their dynamics upon starvation, by elongating in order to
avoid degradation by autophagy [43,44], and by adapting their motility
to the variable extracellular glucose concentration [45].Moreover,mito-
chondria control their own biogenesis and function, thanks to an
autoregulatory feedback loop mediated by the AMPK signaling cascade.
Upon energy deprivation, AMPK activates PGC1α, a co-activator that
enhances the activity of nuclear transcription factors promoting the ex-
pression of mitochondrial genes. In turn, this mechanism induces both
the oxidation of glucose and fatty acids, and mitochondrial biogenesis
[3]. Finally, the function of mitochondria impacts profoundly on the
overall cellular metabolism. In fact, in addition to AMPK, it also controls
themTORC1 pathway, in both AMPK-dependent and independentways
[46–48] (Fig. 1B).

Essential to mitochondrial functions and quality control is the dy-
namic shape and distribution of the mitochondrial network, constantly
fusing and dividing, thanks to pro-fusion and pro-fission machineries
[49]. These morphology and positioning features are adapted in a pre-
cise space and time-controlled fashion, and with respect to other cellu-
lar structures or organelles. For example, mitochondrial distribution to
neuronal and immunological synapses is essential for the proper devel-
opment and function of neurons and lymphocytes, respectively [50–53].
Furthermore,mitochondria are physically and functionally connected to
the ER by well-known juxtapositions of major physiopathological rele-
vance (for extensive recent reviews see [54,55]). MCSs between the
ER andmitochondria are also defined asmitochondria-associatedmem-
branes (MAMs) and consist of ER membrane areas that are reversibly



Box 2B
Protein families involved in lipid transport at membrane contacts: architecture of START-like/VASt containing proteins.

Although budding yeast has no canonical START proteins, a conserved family of eukaryotic proteins containing a distantly related, START-like
domainwas recently identified [42,76,130]. This domain, also called VASt domain (VAD1Analog of StAR-related lipid transfer), is poorly con-
served in terms of primary sequence, but is predicted to form a hydrophobic pocket for lipid binding similar to the canonical START domain
[130]. The START-like/VASt domain is present in six yeast proteins, which bind sterols and are implicated in lipid transport at MCSs
[42,75,76], and in three human proteins of uncharacterized function.
Proteins belonging to the START-like/VASt family also share GRAMdomains, belonging to the PH domain superfamily, and transmembrane do-
mains (typically for ER-anchoring). Yeast members of the family contain additional domains, as follows.

1) Ysp1 and Sip3 present, at their N-terminus, a BAR (Bin–Amphiphysin–Rvs) domain,which is a protein dimerizationmotif able to sense or
induce membrane curvature and thus regulating membrane binding.

2) Ysp2/Ltc4 and Lam4/Ltc3 host coiled-coil motifs.
Ysp1 and Sip3, and Ysp2 and Lam4 localize at ER–plasmamembrane contact sites, while Lam5 and Lam6 showmultiple localizations (ER–vac-
uole, ER–mitochondria, vacuole–mitochondria contact sites). Amino acid length of individual proteins is given in brackets.
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tethered to themitochondria. These structures are implicated in several
functions, including regulation of Ca2+ buffering and signaling, lipid
biosynthesis and transfer, mitochondrial dynamics, and cell survival.
In fact, MAMs are fundamental to sense and regulate Ca2+ release
from the ER, since they form cytosolic microdomains where sufficiently
high Ca2+ concentrations are achieved to activate the low affinity mito-
chondrial Ca2+ uniporter [56,57].

MAMs are also involved in the transfer of lipids between ER andmito-
chondria, a process necessary for the maintenance of mitochondrial
membrane composition and for proper phospholipid biosynthesis in the
whole cell. In fact, mitochondria are capable to perform only a subset of
phospholipid synthesis reactions and need to import from the ER numer-
ous phospholipids: phosphatidic acid (PA), phosphatidylserine (PS),
phosphatidylcholine (PC), phosphatidylinositol (PI), and sphingolipids
[5,58]. They also import from the ER the small amount of cholesterol
present in their outer membrane, needed, in specialized steroidogenic
cells, for the synthesis of steroid hormones [59]. On the other hand, mi-
tochondria synthesize their specific phospholipid cardiolipin (CL) and,
most importantly, the majority of phosphatidylethanolamine (PE) re-
quired by cell membranes, by converting ER-derived PA and PS, respec-
tively. Part of PE is then transported back to the ER, where it is used to
generate PC. Therefore, a large, bidirectional lipid flux exists between
ER and mitochondria [5].

Lipid-synthesizing enzymes are enriched at MAMs, suggesting
that high local concentration of lipids could favor LTP-mediated
transfer between membranes and subsequent enzymatic reactions.
Despite the strong evidence for lipid exchange at MAMs, most mech-
anistic details are still discussed. A number of ER–mitochondria
established or postulated tethering complexes have been identified
in yeast and metazoans. In mammalian cells the following protein
complexes have been described:

(1) the inositol triphosphate receptor (IP3R)–cytosolic glucose regu-
lated protein 75 (GRP75)–mitochondrial voltage dependent
anion channel (VDAC) complex [60];

(2) the Mitofusin 2 (Mfn2) homo or heterotypic complexes, al-
though at the moment it is unclear whether Mfn2 acts as a mo-
lecular tether [61], or a tethering antagonist [62,63];

(3) the B cell receptor-associated protein 31 (Bap31)–mitochondrial
Fission 1 homolog (Fis1) complex [64];

(4) the ER vesicle-associated membrane protein-associated pro-
tein B (VAPB)–mitochondrial protein tyrosine phosphatase
interacting protein 51 (PTPIP51) complex [65,66].

Several different protein complexes have been identified in yeast
cells as well:

(1) the ER–mitochondria encounter structure (ERMES) [67];
(2) the mitochondrial myosin 2 receptor 1 (Mmr1) containing com-

plex [68];
(3) the ER membrane protein complex (EMC)–mitochondrial

translocase of the outer membrane (TOM) complex [69];
(4) the ER-associated sterol transporter Lam6/Ltc1–Tom70/71 com-

plex [42].

Some of these tethering complexes, necessary for normal phospho-
lipid biosynthesis and composition of mitochondrial membranes, have



Box 3
Protein families involved in lipid transport at membrane contacts: architecture of SMP containing proteins.

The SMP (synaptotagmin-like mitochondrial lipid-binding protein) domain derives its name from the heterogeneous features of the group of pro-
teins that contain it. It comprises a β helix followed by four β strands and another α helix, with an overall length of about 200 amino acids [131].
More recently, the SMP family has been structurally correlated to the TULIP (tubular lipid-binding proteins) superfamily of proteins, displaying
the ability to bind lipids and/or other hydrophobic ligands. Members of this superfamily show little sequence identity, but share a common tu-
bular fold, forming a central cavity resembling a hydrophobic tunnel, which would facilitate the transfer of lipids between adjacent membranes
[132]. Indeed, some SMP domains, namely those of Mmm1 and Mdm12, and of E-Syt2, were demonstrated to bind phospholipids [70,133].
The SMP domain is common to a family of membrane-associated proteins, widespread among eukaryotic species and characterized by their
exclusive localization atMCSs [40]. Proteins containing SMPdomainsmediate inter-organelle tethering atMCSs and are likely implicated in lipid
exchange and metabolism [40,67,70,133–135].
Proteins belonging to the SMP family also contain one or more transmembrane (TM) or hairpin domains for membrane anchoring (typically ER)
and can be subdivided into four categories according to their domain architecture, as follows [131].

1) Tricalbins (Tcb1-3) and extended-synaptotagmins (E-Syt1-3) are synaptotagmin-like proteins, containing C2 domains,which bind anion-
ic lipids (PI4,5P2 at the plasmamembrane) in a Ca2+ dependent manner. They hold an N-terminal hairpin region that anchors them to the
cytoplasmic leaflet of the ER without spanning the bilayer.

2) Nvj2 and HT008/TEX (testis-expressed protein 2) contain a PH domain, responsible for the interaction with phosphoinositides.
3) PDZK8 hosts both a PDZ domain, which is a protein–protein interaction domain, and a C1 domain, which binds diacylglycerol.
4) Mmm1, Mdm12 and Mdm34 are three (out of four) subunits of the ERMES complex, responsible for the best known ER–mitochondria

contact site in yeast.
Amino acid length of individual proteins is given in brackets.
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been directly implicated in lipid exchange [42,67,69]. Among them,
however, only the ERMES complex contains subunits carrying putative
phospholipid binding domains. Indeed, out of four ERMES subunits,
three contain SMP domains (see Box 3), and two of them (Mdm12
and Mmm1) have been demonstrated by computational modeling and
electron microscopy (EM) analysis to assemble in a tubular structure
traversed by a hydrophobic tunnel [70]. These two SMP domains bind
phospholipids, particularly PC, supporting the direct involvement of
ERMES in phospholipid exchange at MAMs [70]. Remarkably, ERMES
is not conserved in metazoans.

4. Membrane contacts between mitochondria and
lysosomes/vacuoles

4.1. Identification of the vacuole andmitochondria patch (vCLAMP) in yeast
cells

While the presence of MCSs between either LEs/lysosomes, or mito-
chondria, and the ER is documented by extensive evidence, direct
interaction of lysosomes/vacuoles (or lysosome-related organelles,
LROs) with mitochondria emerged only recently in yeast and mammals
[71–73]. In yeast, two papers reported the identification of a novel phys-
ical contact, named vCLAMP, between the lysosome-like vacuole and
mitochondria, dynamically regulated bynutrient stimuli [71,72]. Different
approaches by the two groups led to the identification of the same impli-
cated protein, Vps39 (also known as Vam6), a component of homotypic
fusion andvacuole protein sorting (HOPS) tethering complex [74]. Optical
and EM analyses revealed that Vps39, possibly acting as a tether, localizes
to the newly identified vacuole–mitochondria contacts, and that the pro-
tein, together with its vacuolar binding partner, the Rab7-like GTPase
Ypt7, is the only HOPS component necessary and sufficient for vCLAMP
formation. In fact, Vps39 over-expression leads to a massive increase of
vacuole–mitochondria contacts, which otherwise are rarely observed,
while Vps39 mutations cause loss of vCLAMPs [71,72].

The initial drive of these studies was the surprising observation that,
in yeast, the best known candidate for lipid exchange between ER and
mitochondria, i.e. the ERMES complex, can be mutated without a dra-
matic phenotype. Indeed, although ERMES mutants cannot grow in
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media requiring respiration, they are viable in regular fermentable
conditions [67]. The mutation of ERMES clearly leads to abnormalities
in the rate of phospholipid biosynthesis, but at steady-state only the
mitochondria-specific phospholipid CL shows a significant reduction,
suggesting the presence of compensatorymechanisms [67]. Interesting-
ly, ERMES and vCLAMP appear coregulated, possibly carrying partially
redundant functions, one compensating for the other, bothupongenetic
and metabolic perturbations of the system (Fig. 3) [71,72]. Indeed,
Vps39 mutations cause both a loss of vCLAMPs and an increase of
ERMES-mediated contact sites. Vice versa, mutation of ERMES causes a
dramatic increase of vCLAMPs, and Vps39 over-expression is sufficient
to almost completely rescue the defective phenotype of ERMES mu-
tants, allowing them to grow even in respiratory media. Moreover,
coregulation of the two mitochondrial membrane contacts is evident
under different growth conditions, either promoting or repressingmito-
chondrial respiration. In cells grown in glycerol as the only carbon
source (promoting respiration), the number of ERMES sites is strongly
increased (concomitantly with expansion of the mitochondrial net-
work), while vCLAMPs are reduced via Vps39 phosphorylation. Instead,
opposite effects are observed when the cells are grown in the presence
of glucose (promoting fermentation) [71]. Finally, althoughmutation of
both complexes is lethal, a conditional knockout strategy revealed that
at least one of the functions of this novel contact site concerns phospho-
lipid transport. Combined mutation of ERMES and vCLAMP severely af-
fects the exchange and synthesis of phospholipids, in both the ER and
mitochondria. While PS and PI accumulate, the amounts of PE, PC and
CL decrease dramatically, suggesting that both these MCSs facilitate
phospholipid exchange with mitochondria [72].

4.2. Regulatory players of the ERMES–vCLAMP cross-talk in yeast cells

The findings described above underline the concept that contact
sites are dynamic and can change in size in response to genetic pertur-
bations or environmental stimuli. How this is regulated, however, re-
mains unclear. Subsequent work by the Nunnari and Schuldiner
groups addressed this issue by searching for physical interactors of the
ERMES complex, which could justify how the cross-talk of ERMES and
vCLAMP is accomplished in a dynamic and reciprocal way [42,75].
Both research groups identified Lam6/Ltc1, an ER integral membrane
protein belonging to a conserved protein family, containing a START-
like/VASt domain, and capable to bind sterols [42,76]. Lam6/Ltc1 associ-
ates to multiple MCSs, including the NVJ (and possibly other non-NVJ
ER–vacuole contacts), and the ER–mitochondria juxtaposition, likely
via binding partners such as the vacuolar protein Vac8 and the mito-
chondrial import receptors Tom70/71, but it is also localized to vCLAMP
[42,75,76]. While Lam6/Ltc1 is not required for contact formation, it is
necessary for the reciprocal coordination and compensatory role of
ERMES and vCLAMP (Fig. 4). Indeed, Lam6/Ltc1 is sufficient to increase
the size of ERMES, vCLAMP and NVJ upon over-expression, and it is
needed for the expansion of ERMES in the absence of vCLAMP, or vice
versa for the expansion of vCLAMP under conditions of compromised
ERMES [75]. In contrast, Lam6/Ltc1 mutation leads to a sick/lethal phe-
notype in the presence of ERMES loss of function [42,75]. Which is the
molecular function of Lam6/Ltc1? This protein was shown to selectively
exchange cholesterol between liposomes in vitro, suggesting that it
could operate as a sterol transfer or sensor in vivo [42]. Its ability to par-
ticipate in the functional compensation by ERMES for vCLAMP, and vice
versa,may imply alternative or additional roles, either as a tether, or as a
phospholipid transporter. At variance with ERMES, Lam6/Ltc1 belongs
to a family of highly conserved proteins, from yeast to mammals.
Fig. 3. ERMES and vCLAMP membrane contacts are dynamically coordinated in yeast
cells.(A) Schematic representation of MCSs, connecting nuclear membrane (nuclear ER),
ER, vacuole and mitochondria: the NVJ, composed by Nvj1 (on the nuclear ER) and Vac8
(on the vacuole); ERMES, comprising Mmm1 (on the ER), and Mdm10, Mdm12 and
Mdm34 (on mitochondria); vCLAMP, connecting the ER and the vacuole, and comprising
the cytosolic protein Vps39 (also part of the HOPS complex, not shown). Upon genetic or
environmental perturbations, ERMES and vCLAMP are dynamically coregulated. (B) In
Vps39 mutants, the ERMES complex expands to compensate. (C) In ERMES mutants,
vCLAMP expands to compensate. In addition, Vps39 over-expression rescues almost
completely the ERMES-mutant phenotype, while combined mutation of both ERMES
and Vps39 is lethal (similarly to ERMES and EMCmutants; not shown). Finally, whenwild
type cells are grown in non-fermentable medium (glycerol, promoting respiration) rather
than in regular medium (glucose), vCLAMP is repressed and ERMES expands, similarly to
the situation shown in panel B. Consistently, ERMESmutants do not grow innon-ferment-
able media.
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Fig. 4. Lam6/Ltc1 regulates the cross-talk among membrane contacts in yeast cells.
(A) Schematic representation of MCSs, connecting nuclear membrane (nuclear ER), ER,
vacuole and mitochondria (NVJ, ERMES, vCLAMP), and of their regulatory partner Lam6/
Ltc1. Lam6/Ltc1 is an integral membrane protein, which binds ERMES, Vac8 (on the
vacuole), and TOM70/71 (on the mitochondria). At steady state it is mainly localized at
ERMES contacts, but also at NVJ and vCLAMP. (B, C) Lam6/Ltc1 is necessary for the
cross-talk between ERMES and vCLAMP, since expansion of ERMES in Vps39 mutants, or
expansion of vCLAMP upon ERMES down-regulation, require an intact Lam6/Ltc1
function. Lam6/Ltc1 over-expression does not rescue the ERMES-mutant phenotype, but
combined mutation of both ERMES and Lam6/Ltc1 is lethal (while mutation of Lam6/
Ltc1 and Vps39 is not; not shown).
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Therefore, its identification opens promising perspectives for the under-
standing of general molecular mechanisms operating at contact sites.

An additional regulatory player of the ERMES–vCLAMP cross-talk is
the vacuolar protein sorting 13 (Vps13), a large protein of unknown
molecular function peripherally associated to endosomes, very well
conserved up to metazoans [77]. Similarly to Vps39, point mutations
of Vps13, presumably leading to gain-of-function, are sufficient to res-
cue all consequences of ERMES deficiency, while combined loss of
Vps13 and ERMES is lethal. Vps13 localizes to vacuoles at contacts
with mitochondria and the nucleus, suggesting that it is part of vCLAMP
and NVJ, depending on the growth conditions. In particular, when the
formation of vCLAMP is repressed by growing the cells in non-
fermentable carbon sources (glycerol), Vps13 is dynamically and re-
versibly relocalized to theNVJ (Fig. 5). The ability of this protein to com-
pensate for ERMES deficiency and redistribute to vCLAMPs or NVJs
further suggests that these contacts function coordinately in redundant
pathways [77]. Altogether, these studies indicate that the function of
ERMES can be at least partly bypassed by the function of otherMCSs, in-
cluding vCLAMPs, NVJ and possibly EMC, which establish a redundant
and coordinated organelle network, and ensure alternative routes for
lipid transport to mitochondria. In this scenario, both Lam6/Ltc1 and
Vps13 might play a key regulatory role, by redistributing to distinct
MCSs and promoting their physical and functional expansion, depend-
ing on genetic alterations and/or growth conditions.

The sensitivity to nutrients in the growth medium raises the ques-
tion whether this MCS network functionally communicates with one
of the main nutrient sensitive pathway, i.e. TORC1. In addition to
being a component of the HOPS complex and vCLAMP contact, Vps39
acts as a nucleotide exchange factor (GEF) for the Rag GTPase Gtr1, a
subunit of the vacuolar-membrane-associated EGO complex, which in
yeast links nutrient sensing with TORC1 activity [78,79]. Despite a few
differences between the two systems, the EGO complex represents the
yeast functional counterpart of the Ragulator–Rags machinery, which
in mammals recruits and activates mTORC1 on the lysosomal mem-
brane. This process, which occurs in response to amino acids, ultimately
stimulates cell growth [21]. Interestingly, the proteomic analysis of
Lam6/Ltc1 immunoprecipitates identified the TORC1 subunit Kog1
and the down-stream TORC1 target Npr1 as putative vacuolar
interactors [42]. It is conceivable that, in addition or connected to their
role in contact formation at the vacuole/mitochondrial boundary,
Vps39 and Lam6/Ltc1 also cooperate in the regulation of TORC1 activity,
to integrate energy signals from mitochondria to nutrient signals from
the vacuole.

5. Membrane contacts betweenmitochondria and lysosome-related
organelles

In mammalian cells, the presence of physical connections between
mitochondria and the endolysosomal system has also been observed,
in particular with LROs [73,80]. LROs comprise various cell type-
specific organelles, including melanosomes in melanocytes, platelet
dense granules, and secretory lysosomes in hematopoietic cells. These
organelles share features of conventional lysosomes, yet are character-
ized by unique morphological and biochemical characteristics, consis-
tent with their specialized functions [81]. The biogenesis of LRO is a
sophisticated process requiring the intervention of dedicated pathways
and effectors. Melanosomes are devoted to the synthesis, distribution
and transfer of melanin pigments. They originate from endosomal pre-
cursors and subsequently undergo a series ofmaturation stages, charac-
terized by a precise timing of protein delivery, progressive melanin
deposition and organelle growth, and maturation-dependent transport
towards the cell periphery [82,83]. These events require an intense bio-
synthetic effort and the availability of energy at precise time points and
subcellular locations.

Electron tomography studies in mouse melanocytes showed that
during their biogenesis melanosomes establish tight physical contacts
with mitochondria. These connections do not evolve into continuities
of the melanosomal lumen and mitochondrial inner compartments.
Rather, the twomembranes remain connected by electron-dense fibril-
lar bridges, 20–30 nm long, resembling the protein tethers linking

Image of Fig. 4


Fig. 5. Vps13 regulates the cross-talk among membrane contacts in yeast cells.
(A) Schematic representation of MCSs, connecting nuclear membrane (nuclear ER), ER,
vacuole and mitochondria (NVJ, ERMES, vCLAMP), and of their regulatory partner
Vps13. Vps13 is a peripheral membrane protein of endosomes, which binds Vps39. At
steady state in regular medium (glucose), it is mainly localized at vCLAMP. (B) During
growth in non-fermentable medium (glycerol), vCLAMP is repressed and Vps13
translocates to the NVJ. Gain-of-function mutations of Vps13 completely rescue the
ERMES-mutant phenotype, while combined mutation of both ERMES and Vps13 is lethal
(not shown). During growth in non-fermentable medium, respiration is promoted and
the mitochondrial network is expanded.

889T. Daniele, M.V. Schiaffino / Biochimica et Biophysica Acta 1861 (2016) 880–894
mitochondria to the ER [73]. Quantitative EM analysis showed that me-
lanosome–mitochondrion contacts are relatively rare in resting cells.
Nevertheless, they are substantially more frequent with early organ-
elles, particularly when melanogenesis is actively stimulated, involving
up to 17–28% of immature melanosomes. In fact, melanosome–mito-
chondrion contacts are significantlymore abundant around the nucleus,
the area where new melanosomes are generated. Moreover, their fre-
quency and length increase whenmelanosome biogenesis is stimulated
by exogenous expression of OA1, a G protein-coupled receptor implicat-
ed in ocular albinismandorganellogenesis, in Oa1-KOmelanocytes [84–
86]. By contrast, contacts are reduced in conditions of abnormal mela-
nosome biogenesis, due to a primary melanosomal defect (Oa1-KOme-
lanocytes), or to a primary mitochondrial dysfunction (Mfn2 silencing
or inhibition of ATP synthase) [73].
The information summarized here suggests thatmelanosome–mito-
chondrion contacts, which display a dynamic, organelle maturation-
dependent behavior, play a role in themelanogenesis process, in partic-
ular in the proper maturation of the organelles. The molecular tethers
and function of these inter-organellar connections remain unknown.
The only available information concerns Mfn2. Immunogold analysis
in melanocytes showed that this protein specifically localizes not only
to mitochondrial outer membranes and ER–mitochondria contacts, as
expected, but also to contacts betweenmelanosomes andmitochondria.
In addition, the melanosome–mitochondrion juxtaposition is signifi-
cantly reduced upon Mfn2 knock-down by siRNAs, suggesting the in-
volvement of the protein in the formation of these connections [73].
Nevertheless, while the role of Mfn2 as a profusion mitochondrial pro-
tein is established, its precise role in both the ER–mitochondria and
the melanosome–mitochondrion contacts remains to be clarified [61–
63,73]. Another potential tethering candidate, the OA1 receptor, is sug-
gested by the increased frequency of contacts established by OA1-
positive melanosomes compared to OA1-negative organelles. More-
over, in OA1-overexpressing cells, 20% of the contacts showed a long,
unusual extension, with striking images of melanosomes strictly adher-
ent or “embraced” bymitochondria [73] (Fig. 6). However, the length of
melanosome–mitochondrion contacts does not correlate with the OA1
labeling density. Therefore, it is unlikely that OA1 functions as a true
tether. Rather the effects of OA1 could depend on its ability to stimulate
melanogenesis, further supporting the idea that the inter-organellar
connections are relevant during the organellogenesis process.

The function of melanosome–mitochondrion contacts may be relat-
ed to several aspects of organelle biogenesis. Since the pharmacological
inhibition of mitochondrial ATP synthesis severely reduced contact for-
mation and impaired melanosome biogenesis, by affecting in particular
the developing organelles, it is possible that closemitochondria are nec-
essary to provide melanosomes with the ATP necessary for their matu-
ration and/or transport. Given thatmelanosomes contain Ca2+ [87–89],
release of the ion might be the signal to activate the mitochondrial me-
tabolism, with ensuing increased ATP production in the vicinity of ma-
turing organelles. Maturation is also characterized by a progressive
increase in the size of melanosomes. Although the new membrane re-
quired formelanosomegrowth is probably delivered by vesicular traffic,
together with the melanogenic enzymes [83], a possible role of lipid
transfer at melanosome–mitochondrion contacts cannot be excluded
[80].

6. Membrane contacts between mitochondria and autophagosomes

During starvation, a highly conserved process termed macro-
autophagy (or simply autophagy, literally “self eating”) is activated,
allowing the cells to retrieve nutrients via degradation of their own intra-
cellular components. Cytosolic macromolecules and entire organelles are
first engulfed within double-membrane vacuoles, measuring 0.5–1.5 μm
in diameter and named autophagosomes, and then are delivered to lyso-
somes for degradation. The process proceeds by threemain steps, the for-
mation of the so called “isolation membrane” (or phagophore), the
closure of the isolationmembrane around the cytosolic content to gener-
ate the autophagosome, and the fusion of the autophagosomewith the ly-
sosome/vacuole to produce the autolysosome. Autophagy can be non-
selective, when induced by nutrient deprivation and/or TORC1 inhibition,
or can be substrate-specific, when single damaged organelles or cytosolic
components are involved. In the latter case, the targets of the autophagic
process are labeled by specific signals (such as ubiquitination) recognized
by cytosolic receptors. However, the subsequent steps are in common
with bulk autophagy [90,91].

6.1. Properties of the autophagosomal membranes

Compared to other organelles, the peculiarity of autophagosomes is
that upon induction of autophagy they form rapidly (in a few minutes)

Image of Fig. 5


Fig. 6. Membrane contacts between melanosomes and mitochondria are enhanced by
OA1. Representative EM images of long contacts between mitochondria and
melanosomes in Oa1-KO melanocytes transiently transfected with a plasmid expressing
wild type OA1. In these conditions melanosome biogenesis is actively stimulated and
results in a significant increase in the frequency and length of inter-organellar contacts.
However, a clear correlation between the length of contacts and the labeling for OA1
(represented by the gold particles) is lacking, suggesting that the protein does not
function as a real tether. (A) Long contacts weakly labeled for OA1 (T.D. and M.V.S.
unpublished results). (B) Long contacts strongly labeled for OA1 (Reprinted from
Current Biology, Vol 24, Pages 393–403; Authors: Daniele T., Hurbain I., Vago R., Casari G.,
Raposo G., Tacchetti C., and Schiaffino M.V.; Title: Mitochondria and melanosomes
establish physical contacts modulated by Mfn2 and involved in organelle biogenesis;
Copyright 2014, with permission from Elsevier). Mito, mitochondria; I–IV, melanosomal
maturation stages I (immature) to IV (mature, fully melanized organelles).

890 T. Daniele, M.V. Schiaffino / Biochimica et Biophysica Acta 1861 (2016) 880–894
anddenovo. Especially during starvation, thenumber of autophagosomes
increases dramatically. In order to cope with this task, therefore, the cells
must have the capacity to rapidly generate and/or mobilize a substantial
amount ofmembranes. The discovery in yeast andmammals of the highly
conserved group of autophagy-related (ATG) genes has advanced sub-
stantially our understanding of the molecular mechanisms underlying
autophagosome biogenesis. However, the origin and composition of the
autophagosome membranes remains a matter of debate [91]. In yeast
cells subjected to nutrient deprivation, the isolationmembrane originates
from a single peri-vacuolar site, named pre-autophagosomal structure
(PAS), where most early ATG proteins are transiently localized [92,93].
In mammalian cells in starvation conditions, the phagophore nucleates
from multiple membrane structures, named omegasomes, similar to the
Greek letter omega in EM images [94–96]. Omegasomes exhibit a cup-
shaped structure in continuity with the ER, as shown by electron tomog-
raphy analyses [95,96]. They can be envisaged as specialized PI3P-
enriched EM subdomains, where the hierarchical assembly of ATG
proteins promotes the formation of the isolation membrane [90]. One of
the most striking features of the omegasomes, compared to the ER
cisternae that surround them, is the very dark appearance of their
membrane upon osmium staining. This property confirms the
unique composition of omegasomes, highly enriched in lipids com-
pared to other cell membranes.

These considerations are in agreement with initial freeze-fracture
EM studies on early autophagosomes, which revealed the poor protein
content of both autophagosomal membranes [97–99]. The freeze-
fracture technique splits biological membranes, visualizing transmem-
brane proteins as intramembrane particles of size proportional to the
number of membrane-spanning α helixes. Studies performed both on
mouse and yeast cells [97,98], and on isolated rat organelles [99]
uncovered a surprising smoothness of the outer and inner
autophagosomal membranes, with intramembrane particles up to 100
times less numerous than in typical ER, Golgi, plasma membrane, lyso-
somal, and mitochondrial membranes [99]. These findings indicated
that a unique primary property of early autophagic vacuoles is the al-
most complete lack of transmembrane proteins. The resulting idea
was that the autophagosomal membranes are specialized just for deliv-
ering cytosolic components to degradation. In any instance, the possible
derivation of these membranes from other organelles would require an
intense remodeling, necessary for the observed very low level of trans-
membrane proteins [97–99].

6.2. Origins of the autophagosomal membranes

Despite our poor knowledge about the exact lipid/protein composi-
tion of the isolation membrane, it is generally agreed that in mammals
it nucleates from the omegasome, and is subsequently expanded, thanks
to lipid contributions from several sources to become an autophagosome.
The lipid sources involved could be, via vesicular transport or non-
vesicular membrane flow at MCSs, other pre-existing cytoplasmic
organelles, includingGolgi, endosomes, plasmamembrane, LDs andmito-
chondria [100–103]. However, live cell imaging analyses in starvedmam-
malian cells showed that the membranes contributing to the very initial
stages of phagophore formation are themitochondrial outer membranes.
In fact, both early and late autophagosomalmarkers, Atg5 and LC3 respec-
tively, appear as transient punctae onmitochondria [101]. In addition, the
transfer to autophagosomes of fluorescently-labeled mitochondrial outer
membrane proteins and lipids (NBD-PS, converted to NBD-PE in mito-
chondria) reveals the existence of transient membrane continuity be-
tween the two organelles. This continuity, however, does not allow the
transfer of proteins spanning the two leaflets of the mitochondrial outer
membrane. These results suggest the existence of a diffusion barrier
that prevents the delivery to autophagosomes ofmostmitochondrial pro-
teins, but not of mitochondrial lipids [101]. Overall, these findings sup-
ported the idea that the membrane source to forming autophagosomes
is provided by mitochondria, rather than the ER.

These contrasting views were eventually combined into a single
model, based on the discovery that, in starved mammalian cells, the or-
igin and initial growth of the isolation membrane occurs at ER–mito-
chondria contacts [104]. By optical and EM analyses, as well as by
subcellular fractionation, the early autophagosome markers Atg5 and
Atg14L were shown to localize at MAMs. Live cell imaging showed
that Atg5 localization remained at both organelles throughout
autophagosome formation, but with different dynamics. Atg5 displays
stable association with the ER, consistent with the role of this organelle
as the platform of autophagosome formation. In contrast, the association
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with mitochondria exhibits oscillations, suggesting that the role of the
latter consists in the systematic supply of further components [104].
The physical and functional integrity of MAMs is necessary for
autophagosome biogenesis. In fact, knock-out or knock-down of either
Mnf2 or phosphofurin acidic cluster sorting protein-2 (PACS-2), a cyto-
solic protein implicated in ER–mitochondria communication [105], se-
verely affects the overall process [101,104]. Finally, upon starvation the
ER integral membrane protein syntaxin 17 is relocated to MAMs, behav-
ing as an up-stream signal for the specific re-localization of the early au-
tophagy marker Atg14. In the absence of syntaxin 17, the maturation of
phagophores to form autophagosomes and subsequently autolysosomes
is severely impaired, suggesting a critical role of MAM localization for
proper phagophore maturation [104].

Results analogous to those obtained in mammals were obtained in
yeast, in relation to a selective type of autophagy, namely the selective
removal of mitochondria (mitophagy) [106]. When yeast cells are cul-
tured in nutrient limiting conditions (or in the presence of the TORC1
inhibitor rapamycin), multiple autophagic pathways are activated.
First, the isolation membrane devoted to general autophagy nucleates
at the PAS structure, near the vacuole [92]. Concomitantly, the NVJ
grows progressively and eventually invaginates into the vacuole, lead-
ing to the special type of autophagy PMN, whereby bits of the nucleus
become digested. In these conditions, mitophagy is also activated to
eliminate damaged or unnecessary mitochondria, by promoting their
recruitment to the PAS, by means of the Atg32 receptor and the Atg11
scaffold [107,108].

Several mitophagy-defective strains were identified, including mu-
tants for all of the ERMES subunits, by the use of a special screening
strategy for genes implicated in the induction of mitophagy upon star-
vation [106]. The results showed that the phenotype of ERMESmutants
is limited to mitophagy and does not depend on respiratory deficiency,
nor on abnormal mitochondrial morphology, but can be complemented
by artificial ER–mitochondrial tethering (except for the ERMES subunit
Mdm12). ERMES localizes to sites of autophagosome formation and
PAS, but appears specifically restricted to the border of the forming
phagophore, opposite to the vacuolarmembrane. Fluorescence comple-
mentation assays showed that ERMES interacts with Atg8 (homologous
to the LC3 family in mammals), but not with mitophagy specific effec-
tors Atg32/11. Moreover, the morphological analysis of ATG proteins
in ERMESmutants showed alterations concerning only the late autoph-
agy markers. These results support the concept that ERMES is required
at a relatively late step of mitophagy, specifically at the expansion of
the isolation membrane, possibly thanks to its role in promoting lipid
exchange between membranes, or in maintaining the integrity of the
ER–mitochondria connection [106]. At variance with mammals, in
yeast mitophagy is induced by nutrient starvation concomitantly with
non-selective autophagy and most of the known molecular processes
of mitophagy are the same of non-selective autophagy. Thus, the results
of these findings could possibly be of relevance for general autophagy as
well [106,109].

Overall, the current evidence supports a model in which the isola-
tionmembrane emerges fromMAMs,where ER andmitochondria likely
cooperate to supply the necessary amounts of lipids to the growing
phagophore. Subsequently, other organelles contribute to the matura-
tion of the autophagosome, mainly by vesicular traffic mechanisms
[90]. Once initiated, the expansion of the phagophore membrane pro-
ceeds at a rapid rate and with peculiar protein-poor features, different
from both the ER and mitochondrial membranes, as revealed by
freeze-fracture EM [97–99]. How are these characteristics achieved? It
is likely that de novo lipid synthesis and exchange are needed. MAMs
are enriched in lipid synthesizing enzymes, and while the ER is the
main site for lipid biosynthesis, mitochondria are required to generate
PE, a phospholipid present throughout cellular membranes and
enriched in autophagosomes. Although themechanisms and LTPsmedi-
ating lipid exchange at MAMs are not yet understood, it is tempting to
speculate that the isolation membrane might be (at least partly)
generated by direct lipid insertion, which could justify the loss of inte-
gral proteins from the contributing membranes.

7. Membrane contacts between mitochondria and lipid droplets

LDs are present in all cells and play critical roles in lipid metabolism,
representing themain cellular storage for neutral lipids, primarily triac-
ylglycerols and steryl esters. At variance with all other compartments,
they are surrounded by a lipid monolayer, composed of phospholipids
and free cholesterol, facing the cytosol with their polar heads. The sur-
face includes also several proteins, with structural (perilipin), enzymat-
ic (lipases, lipid synthases) ormembrane traffic functions [110]. In order
to accumulate and release lipids, LDs are physically and/or functionally
interconnected to several organelles, including ER, lysosomes, mito-
chondria, peroxisomes and other LDs [111]. De novo LD biogenesis oc-
curs by budding from the ER, thanks to a conserved family of fat
storage-inducing transmembrane (FIT) proteins [112]. Subsequently,
the two compartments remain in contact, with the ER supplying LDs
with newly synthetized molecules, most likely by membrane conduits
that connect the two membranes and ensure both lipid and protein
transfer [113,114]. Other LD connections are less characterized. Close
association between LDs and mitochondria in mammals (or LDs and
peroxisomes in yeast) is a commonfinding inmany cell types, especially
in highly oxidative tissues [115,116] and during nutrient starvation
[117]. In fact, in order to support oxidative respiration and produce
ATP, the cells adapt their metabolism from glycolysis to β-oxidation of
fatty acids inmitochondria. To this end, fatty acids aremobilized and re-
leased from LDs, either by lipolysis or lipophagy, and transferred to mi-
tochondria. Although Perilipin 5 has been proposed as a possible
mediator of LD–mitochondria contacts [116], the responsible machin-
ery has not been established.

The actual route by which fatty acids, which are toxic to cells, travel
from LDs tomitochondria has been recently investigated in livingmam-
malian cells by using a fluorescent fatty acid probe (BODIPY-tagged 12-
carbon saturated fatty acid) [117]. Rambold et al. showed that, under
serum and amino acid starvation, lipolysis represents the main mecha-
nism of fatty acid transfer to mitochondria. To operate, this transfer re-
quires inter-organelle proximity and mitochondrial fusion. Down-
regulation or inhibition of cytoplasmic neutral lipases is sufficient to
completely block fatty acid transfer tomitochondria and to reducemito-
chondrial respiration, causing enlarged LDs, during both short and long
times of starvation. Lipophagy and in general autophagy are critical to
replenish LDswith new fatty acids, which then can be transferred tomi-
tochondria upon lipolysis. Autophagy, however, is relevant only upon
prolonged starvation. In fact, at short time points, inhibition of autoph-
agy does not interfere with fatty acid redistribution and oxygen con-
sumption by mitochondria. By contrast, upon prolonged starvation,
the inhibition of autophagy depresses mitochondrial respiration. In
these conditions, independently on lipophagy, the general autophagic
process, involving digestion of other organelles, plays the most relevant
role, since it is responsible for themaintenance and replenishment of LD
stores. In addition, during starvation mitochondria appear highly fused,
a morphological property that is required to homogeneously distribute
the fatty acids transferred from LDs, and tomaintain mitochondrial res-
piration over time [117]. Indeed, defectivemitochondrial fusion (andβ-
oxidation) leads to re-export of fatty acids or to their accumulation into
LDs, which increase in size and number. Eventually, the excess of fatty
acids can be discharged in the extracellular space by a lipase-mediated
mechanism. Overall, this coordinated three-organelle mechanism, in-
volving autophagosomes, LDs and mitochondria, ensures a rapid avail-
ability of fatty acids to mitochondria, without a concomitant excess of
free fatty acids in the cytosol. In other words, at least during amino
acid and serum starvation, LDs appear to function as conduits of fatty
acids destined to mitochondria.

On the other side, the cross-talk between mitochondria, LDs and
autophagosomes probably depends on starvation/stress conditions
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and cell type. In starved mammalian cells, LDs have been also shown to
provide lipid precursors to nascent autophagosomes, thus contributing
to autophagic membrane formation [103]. These findings were further
supported by studies in yeast, where the biogenesis of LDs, the mobili-
zation of neutral lipids by lipolysis, and MCSs between ER and LDs
were all shown to be important for the autophagic process [118].
These findings support the possibility that under nitrogen starvation,
yeast cells use lipids of LDs, derived from lipolysis, to provide the ER
with precursors for phospholipid synthesis, necessary to properly ac-
complish the formation and elongation of the phagophore. Due to
their characteristics, LDs can donate lipids to other organelles for vari-
ous processes, including membrane assembly and energy production,
and are strictly connected to the ER and mitochondria. While all three
organelles clearly contribute to the autophagic process, the detailed
clarification of the role of LDs and the route followed by LD-derived
lipids will require further investigation.
8. Conclusions

In recent years, we have witnessed the identification of several new
MCSs, bridging together different organelles in a physical and functional
manner. These inter-organellar connections are critical for lipid biosyn-
thesis, transport and metabolism, generating intracellular routes for
lipids that are equivalent to (or more extensive than) the routes
established by the secretory pathway for proteins. Compared to pro-
teins, however, the study of lipids requires different approaches and
techniques thatmakepossible their labeling and biochemicalmanipula-
tions. At themoment, these techniques are still under development. De-
spite these difficulties, we begin to appreciate novel concepts and the
general scenario, related to lipid and organelle homeostasis. First, or-
ganelles are most often juxtaposed by means of multiple and dynamic
tethering/transport complexes, as observed not only between ER and
mitochondria, but also between ER and plasma membrane [119].
These different MCSs may carry out unique functions, and in addition
they are capable to partially compensate for each other, providing sup-
plementary pathways that allow cell adaptation under various genetic
or environmental perturbations.

Furthermore, lipid transport, together with Ca2+ signaling, can in-
volve several membrane compartments, which cooperate with each
other to accomplish coordinated functions. For example, the formation
of the phagofore, which requires contributions from both the ER and
mitochondrial membranes, might also involve LDs [90,118]. Likewise,
mitochondrial lipid biosynthesis in yeast involves, in a partially redun-
dant way, the ERMES, EMC, vCLAMP and NVJ contacts [67,69,71,72],
and cholesterol export from lysosomes towards the plasma membrane
or the ER involves peroxisomes [120]. Therefore, it is likely that different
subcellular organelles integrate their “independent”, compartmental-
ized activities in programs much more coordinated than previously
thought, to generate networks of greater structural and functional com-
plexity. An outstanding example of how different subcellular organelles
can cooperate to generate qualitatively superior functions has been re-
cently provided by the characterization of the “ocelloid” ofmonocellular
dinoflagellates. This eye-like structure, so complex that it was initially
mistaken for a multicellular eye, is in fact built from pre-existing organ-
elles, including mitochondria, plastids and LDs, which assemble in a
subcellular “organ” analogous to the cornea, lens, iris and retina found
in animal eyes [121].

Finally,MCSs are highly relevant for biomedical research and human
pathology, since they are revealing various roles or connections
previously attributed to single organelles. For instance, lysosome–per-
oxisomemembrane contacts have been shown to play a key role in cho-
lesterol transport, and are necessary to avoid cholesterol accumulation
within lysosomes. Thismechanism could account for the clinical pheno-
type observed in genetic peroxisomal diseases [120]. Similarly, abnor-
mal function or expansion of MAMs has been implicated in the
pathogenesis of metabolic syndrome and other diseases, with significant
pathogenetic and possibly therapeutical implications [54,55,122,123].
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