1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2023 November 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Rev Mol Cell Biol. 2020 January ; 21(1): 7-24. doi:10.1038/s41580-019-0180-9.

The functional universe of membrane contact sites

William A. Prinl”, Alexandre Toulmay?, Tamas Balla?

INational Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD, USA.

2National Institute of Child Health and Human Development, National Institutes of Health,
Bethesda, MD, USA.

Abstract

Organelles compartmentalize eukaryotic cells, enhancing their ability to respond to environmental
and developmental changes. One way in which organelles communicate and integrate their
activities is by forming close contacts, often called ‘membrane contact sites’ (MCSs). Interest

in MCSs has grown dramatically in the past decade as it is has become clear that they are
ubiquitous and have a much broader range of critical roles in cells than was initially thought.
Indeed, functions for MCSs in intracellular signalling (particularly calcium signalling, reactive
oxygen species signalling and lipid signalling), autophagy, lipid metabolism, membrane dynamics,
cellular stress responses and organelle trafficking and biogenesis have now been reported.

The exchange of signals and metabolites between cellular compartments was thought

to occur primarily by two broad mechanisms: diffusion or active transport through the
cytoplasm, and vesicular trafficking. A third mechanism, the exchange of signals and
metabolites at regions where organelles are in direct contact, was thought to be limited

to contacts between the endoplasmic reticulum (ER) and the plasma membrane or contacts
between the ER and the mitochondria, both of which have roles in calcium signalling
and lipid trafficking. However, discoveries in the past decade have revealed that the roles
of regions at which organelles interact are markedly more widespread in cell physiology
and cellular stress responses than had been appreciated. It is now clear that interorganelle
contacts are ubiquitous; every organelle forms functional contacts with at least one other
organelle and often with more than onel-2,

Regions of close contact between organelles have been termed ‘membrane contact sites’
(MCSs) and, as the study of MCSs matures, the focus is shifting from cataloguing MCSs
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and tethers to understanding their functions. With this shift in mind, this Review focuses on
our emerging understanding of the functions of MCSs, starting with a brief discussion of
MCS formation and membrane tethering at contacts before discussing the various functions
of MCSs (FIG. 1). Although MCSs have been defined in previous reviews3-5, here we define
MCSs as regions at which two organelles physically interact, resulting in the function of
either organelle or both organelles being affected. We use the term “membrane contact sites’
in this Review because it is widely used, but it should be noted that similar contacts also
form between membraneless organelles (called ‘biomolecular condensates’) and membrane-
bound organelles’.

Types of MCSs and their tethering

Identifying and quantifying MCSs is complex because distinguishing functional MCSs from
non-functional, stochastic interactions between compartments is technically challenging; the
challenges of, and methods for, visualizing MCSs are discussed in Supplementary Box 1 and
have been comprehensively reviewed®. While MCSs have long been noted in studies of cell
architecture using electron microscopy, more recent systematic characterizations of MCSs
in live cells using fluorescence microscopy have revealed that all organelles form contacts
with other compartments:2. MCS-like contacts are also likely to exist between membranes
within organelles that have internal membranes, such as mitochondria, chloroplasts, and
multivesicular bodies (MVBs). These intraorganelle MCSs probably play critical roles in
the exchange of proteins, lipids and signals within mitochondria® and other organelles with
internal membranes.

Diversity of MCSs

There is considerable diversity in the shape and composition of MCSs. For example, the
distance between organelles at MCSs can be fixed or variable. Indeed, the distance between
the ER and the plasma membrane at MCSs in some mammalian cells is 19-22 nm®, while
the range between these organelles is broader in Saccharomyces cerevisiae (17-57 nm)10,
The stability of contact sites also differs, with some MCSs lasting less than 1 s and others,
such as the specialized contacts in muscle cells, persisting for the lifetime of the cell11.12,
These muscle MCSs, which were the first to be characterized at a molecular level, form
between invaginations of the plasma membrane and the ER and are essential for coupling
muscle excitation and contraction!112,

MCSs can have different primary functions, and organelles can form more than one type

of functionally distinct MCS. There are also a growing number of instances in which two
organelles are connected simultaneously by two functionally different types of MCSs. For
example, there are probably two types of ER—mitochondria and ER—endosome contacts,
namely those that mediate organelle fission and those that serve as sites of signalling and
lipid exchange!3:14. Similarly, there are contacts between the ER and the plasma membrane
that may be sites of cholesterol exchange between these organelles and that are functionally
distinct from those that facilitate store-operated calcium entry>. Two functionally distinct
types of vacuole-mitochondria contacts also exist in yeast!®; their functions are not known
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but they may facilitate the exchange of different lipids or other hydrophobic metabolites
between these organelles.

Another type of MCS, intraorganelle contact sites, forms between two regions of the same
organelle, for example between different parts of the ER? or between two compartments of
the same organelle, which has been found for mitochondrial®-20 (FIG. 2Aa). Lipid droplets
can also form a unique type of MCS with the ER, which we call “‘bridging contacts’, that
may be stabilized by the ER protein seipin?! (FIG. 2Ab). Specifically, lipid droplets have

a core of storage lipids surrounded by a phospholipid monolayer that can be continuous
with the outer leaflet of the ER bilayer. These structures are considered MCSs because the
organelles remain distinct but closely apposed despite sharing a membrane. Lipid droplets
also form standard MCSs with the ER, some mediated by a Ras-related protein Rab18
(RAB18)-containing tether?? (FIG. 2Ab).

Finally, some MCSs appear to form between three organelles. For example, the ER is
present at contacts between mitochondria and the plasma membrane in yeast?3. There

are also three-way contacts between the ER, lipid droplets and vacuoles in yeast, and

it has been proposed that the structural yeast protein Mdm1, which resides in the ER,

can simultaneously interact with vacuoles and lipid droplets24 (FIG. 2Ac). Similar three-
way junctions have been observed between Rab5-positive early endosomes, mitochondria
and the ER25; lipid droplets, peroxisomes and the ER25; mitochondria, chloroplasts and
peroxisomes?’; and the ER, lipid droplets and the Golgi complex in primary human
hepatocytes infected with hepatitis C virus28.

Tethers at MCSs

Tethers maintain MCSs, but there has been some controversy over which proteins should
count as bona fide tethers29. We think that any protein or complex of proteins that increases
the affinity of one organelle for another should be considered a tether, and we use this
definition for tethers throughout this article. As the list of MCS tethers has increased,

three trends have emerged with important implications for the study of contact sites. First,
almost all tethering proteins have functions at MCSs in addition to tethering. For example,
oxysterol-binding protein both tethers the ER to the Golgi complex and transfers lipids
between these organelles30. Distinguishing the role of a protein in tethering from its other
functions at MCSs can therefore be complex. Second, most MCSs are probably maintained
by multiple tethers. For example, a recent study showed that in yeast at least seven proteins
or complexes mediate ER—plasma membrane tethering®L. Third, a growing number of
tethers can localize to multiple MCSs, and some tethers transfer between MCSs during
stress or nutritional change. For example, the membrane-anchored lipid-binding proteins
(Lams; also known as Ltc proteins) in yeast32 and vacuolar protein sorting-associated
protein 13A (VPS13A) and VPS13C in mammalian cells33:34 localize to multiple MCSs,
and yeast nucleus—vacuolar junction protein 2 (Nvj2) relocalizes from nucleus—vacuole
contacts to ER-Golgi complex contacts in S. cerevisiae during ceramide-induced ER stress3®
(FIG. 2B). Together, these developments reveal that many tethers are mobile and that most
MCSs are probably maintained by multiple tethers. The remainder of this Review describes
the main cellular functions of MCSs.
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Roles in lipid exchange

Non-vesicular lipid transport is facilitated by lipid transport proteins (LTPs), which have
domains that can bind one or more lipid monomers in hydrophobic pockets or grooves

and transfer the lipids between membranes. Although most LTPs are soluble, some have
transmembrane domains and many bind MCS-localized membrane proteins such as vesicle-
associated membrane protein (VAMP)-associated proteins (VAPS) in the ER. Thus, MCSs
play important roles in intracellular lipid trafficking by serving as sites of non-vesicular

lipid exchange between organelles. Indeed, LTPs from numerous families are enriched at
MCSs and, because their roles in non-vesicular lipid trafficking at MCSs have been reviewed
recently38, we focus on providing an overview of this topic.

Although the mechanism and functions of lipid exchange at MCSs remain poorly
understood, five functions of lipid transfer at MCSs have been proposed. First, lipid

transfer at MCSs may regulate lipid-based signalling pathways, particularly those pathways
modulated by phosphoinositide levels (see later). Second, it may alter the organization of
lipids in membranes. For example, the sterol-transporting LTP Lamé (also known as Ltc1)
operates at contacts between the ER and the vacuole in yeast and is necessary to generate
sterol-enriched domains in the vacuole, probably by transferring sterols to the vacuole

from the ER32. A third role for lipid exchange at MCSs is to channel lipids to specific
compartments, such as mitochondria3’ (discussed in the following section). Fourth, lipid
exchange at MCSs may allow lipids to be transferred between organelles when vesicular
trafficking is compromised. For example, ceramides are transferred from the ER to the Golgi
complex by both vesicular and non-vesicular mechanisms, and both yeast and mammalian
cells upregulate non-vesicular transport when vesicular transport is blocked38:39, probably at
ER-Golgi complex MCSs®. Indeed, it has been proposed that lipid exchange at MCSs may
be an evolutionarily ancient mechanism of lipid exchange between organelles that preceded
vesicular transport40. Finally, it has been proposed that lipid transport at MCSs provides
lipids for the biogenesis of mitochondria and chloroplast membranes; these organelles
probably obtain most lipids by non-vesicular transport pathways that operate at MCSs.
Although the mechanism of this transport is not well understood, it seems to occur via
redundant pathways in yeast, which may transfer lipids to mitochondria via mitochondria—
ER and mitochondria—vacuole MCSs*1-44,

The transport of lipids against a concentration gradient at some MCSs may be driven by
LTPs that use the difference in phosphatidylinositol 4-phosphate (P14P) concentration in the
two membranes at an MCS to drive the transport of a second lipid. This mechanism was
shown for oxysterol-binding protein (FIG. 3), which can exchange cholesterol and PI4P at
MCSs between the ER and the trans-Golgi network3°. It was subsequently shown for other
lipids and LTPs, including oxysterol-binding protein-related protein 5 (ORP5) and ORPS,
which exchange P14P and phosphatidylserine at the plasma membrane, and Nir2, which may
exchange phosphatidic acid and phosphatidylinositol at the plasma membrane#>-0 (FIG. 3).
This form of lipid exchange at MCSs, sometimes called ‘countertransport’, may consume a
large fraction of P14P in cells to drive lipid transport®L.
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Although it is widely assumed that the enrichment of soluble LTPs at MCSs increases
transport efficiency by reducing the time it takes for LTPs to diffuse between organelles,
this may not always be true. A recent study in yeast investigated the role of ER—plasma
membrane MCSs in facilitating sterol transport from the ER to the plasma membrane using
a strain in which the size of these MCSs was markedly reduced3!. Remarkably, the rate of
ER—plasma membrane sterol transport was not decreased in this strain, suggesting that, at
least in some cases, MCSs may not increase non-vesicular lipid transport rates. Whether this
is true for other types of lipids and MCSs remains to be determined.

Metabolic channelling at MCSs

MCSs allow metabolites to be efficiently transferred between cellular compartments.
Although this transfer has been best characterized for Ca2*, the metabolism of lipids and
other hydrophobic metabolites at MCSs may allow a form of substrate channelling that
occurs when metabolites are passed directly between enzymes. Channelling can increase
reactions rates by reducing the time it takes metabolites to move from one enzyme to the
next. It can also prevent metabolites from being consumed by off-pathway reactions. Lipid
exchange at MCSs can also channel lipids to particular organelles or enzymes.

Calcium channelling

Ca?* entry into cells through the plasma membrane is regulated by the Ca%* concentration
of the ER lumen and, hence, is named ‘store-operated Ca2* entry’33. This process requires
the interaction of stromal interaction molecule 1 (STIM1), a Ca2* sensor in the ER, and the
plasma membrane channel calcium release-activated calcium channel protein 1 (ORAI1)%2,
When Ca2* levels decrease in the ER, Ca?* dissociates from the luminal domain of STIM1,
which is likely to be dimeric in resting cells, and the protein forms multimeric clusters

that activate ORAI1 channels®? at the plasma membrane; activated ORAI1 channels allow
the CaZ* pump sarcoplasmic reticulum/ER Ca%*-ATPase (SERCA) in the ER to take Ca2*
into the ER (FIG. 4a). The channelling of Ca2* via this mechanism, which involves plasma
membrane-ER MCSs, allows the Ca2* to directly enter the ER without increasing the

Ca?* concentration in the cytoplasm outside the MCS. Some cell types, namely pancreatic
acinar cells and oocytes, can also channel Ca2* directly from the ER lumen out of cells at
ER-plasma membrane contacts, allowing a form of Ca2* channelling across cells termed
‘tunnelling’4. Ca2* channelling also occurs at ER-mitochondria MCSs (see later).

STIML1 is thought to be constitutively enriched at ER—plasma membrane MCSs owing

to its interaction with the microtubule positive end-tracking protein EBZ1, which positions
STIM1 at the tip of ER tubules in the cell periphery®>:56, Activated STIM1 clusters appear
at MCSs marked by the known ER—plasma membrane tethers extended synaptotagmin 2
(E-Syt2) and E-Syt3 (referred to here as E-Syt2/3) and GRAM domain-containing protein
2A (GRAMD2A)15, However, cells lacking all three E-Syt proteins do not show impaired
store-operated Ca2* entry®’, indicating that there are additional ER—plasma membrane
tethers. Phosphoinositides are also critical for the formation of ER—plasma membrane
contacts and their regulation. Specifically, E-Syts interact with the plasma membrane via C2
domains that interact with phosphoinositides, mainly phosphatidylinositol 4,5-bisphosphate
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(P1(4,5)P,)>". This binding occurs at resting cytoplasmic Ca2* concentrations (for E-Syt2/3)
and is enhanced at elevated Ca2* concentrations, particularly for E-Syt1 (REFs57:58),

Channelling lipids and other metabolites

The channelling of lipids at MCSs can be driven by lipid consumption. For example,

the non-vesicular transport of ceramide from the ER (where it is produced) to the Golgi
complex at MCSs does not require energy but is driven by the conversion of ceramide

into sphingomyelin in the Golgi complex®®. There is growing evidence that channelling

can also be driven by lipid production at MCSs. This phenomenon has been shown for
phosphatidylserine, which is produced in the ER at ER—-mitochondria MCSs and channelled
to mitochondriaf. Channelling at ER—plasma membrane MCSs also ensures that there is
sufficient phosphatidylinositol (produced in portions of the ER that contact the plasma
membrane) for phosphatidylinositol kinases in the plasma membrane to produce P14P%L. In
both cases where lipid production at MCSs drives channelling, the channelling is likely to be
driven by the enrichment of the transported lipid at the MCSs.

Channelling can also occur when an LTP is enriched at an MCS. For example, relocalizing
oxysterol-binding protein homologue 6 (Osh6), the LTP that transports phosphatidylserine,
to ER-vacuole MCSs, channels phosphatidylserine from the ER to the vacuole in S.
cerevisiaé®?. Similarly, artificially relocalizing CERT, the mammalian LTP that transports
ceramide, to ER-mitochondria MCSs in mammalian cells promotes the transfer of ceramide
from the ER to mitochondria, where it induces apoptosis*C.

Other lipids produced at MCSs are likely to be channelled between organelles. Indeed,

the production of fatty acids and fatty acyl-CoA molecules at MCSs, including lipid
droplet—peroxisome MCSs83, lipid droplet-mitochondria MCSs®4, MCSs between the inner
membrane and the outer membrane of mitochondria and ER—plastid MCSs8%:66  is thought
to promote their transfer at these sites in yeast, mammalian cells and plant cells. It has

also been suggested that the products of fatty acid B-oxidation in yeast peroxisomes are
channelled to mitochondria at MCSs between these organelles, where they are degraded

by the Krebs cycle?. It is also likely that small molecules other than lipids and calcium

are exchanged at MCSs. For example, evidence suggests that iron is directly transferred
between mitochondria and endosomes at transient contacts formed between these organelles
in erythroid cells67:68,

MCSs and cell signalling

MCSs play multiple roles in signalling. One is to serve as signalling hubs that assemble
proteins in response to stress and altered nutritional status, particularly at ER-mitochondria
contacts. The roles of MCSs in cellular stress responses are discussed later. MCSs also
facilitate signalling by allowing the targeted, interorganelle exchange of Ca2*, reactive
oxygen species (ROS), lipids and possibly other signalling molecules. MCSs also enable
signalling enzymes in one compartment to interact directly with substrates in a second
compartment. Finally, MCSs facilitate signalling by maintaining phosphoinositide levels at
those required for signalling events that may occur at these sites or outside them.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2023 November 01.
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Ca?* signalling at ER—mitochondria MCSs

Mitochondrial Ca2* levels control many aspects of mitochondrial function, including
oxidative phosphorylation, ROS generation and signalling, and apoptosis. ER—-mitochondria
MCSs play a central role in regulating mitochondrial Ca2* levels by modulating Ca2*
movement between the ER and mitochondria. The efficient ER—mitochondria transfer of
Ca?* requires the enrichment of ER Ca2* channels called ‘inositol 1,4,5-trisphosphate
receptors (IP3Rs)’ at ER-mitochondria MCSs®9 and creates Ca?* concentrations at MCSs
that are much higher than those in the surrounding cytoplasm’® (FIG. 4a). Ca2* exchange
between the ER and mitochondria is facilitated by an ER-mitochondria tether formed by
voltage-dependent anion-selective channel protein (VDAC) in mitochondria, IP3Rs in the
ER and the chaperone 75-kDa glucose-regulated protein (GRP75; also known as stress-70
protein, mitochondrial)’L. Furthermore, in muscle cells, the ryanodine receptor, a calcium
channel in the ER, also allows calcium signalling between the ER and mitochondria

at MCSs in addition to its well-established role in calcium channelling at ER—plasma
membrane contacts’2.

There is growing evidence that CaZ* signalling at ER-mitochondria MCSs is linked to

ROS signalling at these sites. For example, recent work suggests that Ca2* signalling

at these MCSs helps to regulate a signalling pathway mediated by the ROS-regulated
oxidoreductases thioredoxin-related transmembrane protein 1 (TMX1) and TMX3, which in
turn controls a signalling pathway that regulates nuclear factor of activated T cells (NFAT1),
a transcription factor involved in the proliferation of melanoma cell lines’3. Studies also
suggest a link between Ca2* signalling at ER-mitochondria MCSs and the metabolism of
cholesterol and other lipids’4, although the underlying mechanisms are not well understood.
Ca?* signalling at these junctions also promotes apoptosis and has been linked to diseases,
including neurodegenerative diseases, cancers and type 2 diabetes; these aspects of Ca*
signalling at ER-mitochondria MCSs are discussed in the section ‘MCSs and stress’.

A number of ER—mitochondria tethers, in addition to the VDAC-GRP75-IP3R tether that
affects mitochondrial Ca2* uptake through ER-mitochondria MCSs in mammalian cells,
have been identified or proposed?®, but the full repertoire remains to be determined.

The most recent tethering protein to be described is PDZ domain-containing protein 8
(PDZD8)’6. PDZD8 is homologous to Mmm1, one of four proteins in an ER-mitochondria
tethering complex in S. cerevisiae, called the ER—mitochondria encounter structure
(ERMES)’7, which was not thought to be present in mammals.

ROS signalling at ER—-mitochondria MCSs

ROS are formed by oxidative metabolism and by environmental stresses such as the
exposure of cells to oxidants or ultraviolet light. ROS can reversibly modify proteins and
alter their function, similarly to phosphorylation. In many cases, ROS modify the oxidation
state of cysteine residues in proteins or cause them to form thiol adducts. Recently, ER-
mitochondria MCSs were shown to be periodically exposed to the ROS H,0, produced

by mitochondria; fluctuations in the levels of this H,O, pool are induced by, and increase,
Ca?* signalling at ER—-mitochondria contacts’8. ROS modulate a number of proteins that
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mediate or regulate Ca2* signalling at ER-mitochondria MCSs, including the Ca2* channels
IP3Rs’®. ROS signalling at ER-mitochondria MCSs has been well reviewed80:81,

Phosphoinositide-based signalling

Phosphoinositide-based signalling occurs throughout the cell82. Although
phosphatidylinositol is synthesized in the ER, the kinases that convert it into
phosphoinositides are not83. Therefore, maintaining phosphoinositide levels throughout the
cell requires phosphatidylinositol transport from the ER to other compartments, transport
that often occurs at MCSs; the products of phosphoinositide breakdown can also be
returned to the ER at these sites83. For example, plasma membrane phosphoinositides

are critical components of the signalling cascades that are initiated by activation of cell
surface receptors, such as receptor tyrosine kinases, which generate Ca* signals through
the activation of phospholipase C. The products of phospholipase C-mediated P1(4,5)P,
hydrolysis, namely inositol 1,4,5-trisphosphate and diacylglyceride (DAG), serve as second
messengers by releasing intracellular Ca2* via IP3Rs and activating protein kinase C
enzymes, respectively®4. P1(4,5)P, also promotes the activity of ion channels at the plasma
membrane and promotes endocytosis8®. Therefore, restoring levels of PI(4,5)P, in the
plasma membrane and removing DAG are essential for maintaining and regulating these
signalling pathways. Here we discuss two examples of how MCSs help maintain levels of
phosphopinositides and DAG.

Maintenance of plasma membrane PI(4,5)P,.—To replenish PI(4,5)P5 pools in

the plasma membrane, phosphatidylinositol has to be transferred from the ER to the

plasma membrane, where it is sequentially phosphorylated by phosphatidylinositol 4-kinases
and phosphatidylinositol 4-phosphate 5-kinases (FIG. 3). Although the mechanism of
phosphatidylinositol transfer from the ER to the plasma membrane is not well understood, in
mammalian cells NIR2 operating at ER—-mitochondria MCSs delivers phosphatidylinositol
from the ER to the plasma membrane8® and phosphatidic acid from the plasma membrane

to the ER87. Phospholipid transfer protein C2CD2L (also known as TMEM24) can also
transfer phosphatidylinositol from the ER to the plasma membrane to replenish P1(4,5)P,

in pancreatic p-cells stimulated with elevated levels of glucose88. DAG generated by
phospholipase C-mediated P1(4,5)P, hydrolysis at the plasma membrane can be transported
by E-Syts to the ER (FIG. 4a), where it is used to synthesize other lipids8%20. DAG transport
out of the plasma membrane may also attenuate DAG-mediated signalling.

P1(4,5)P, metabolism and PI4P transport.—In mammalian cells, the LTPs ORP5 and
ORPS8 use the P14P gradient between the plasma membrane and the ER (high PI4P level

in the plasma membrane and low level in the ER) to transport phosphatidylserine from the
ER to the plasma membrane at contacts between these organelles using the countertransport
mechanism described in the section ‘Roles in lipid exchange’*’ (FIG. 3). Osh6 and Osh7
perform the same function in yeast#8. This finding raises the question of how cells direct
P14P to the plasma membrane to maintain the P14P gradient, since PI14P in the plasma
membrane is converted into P1(4,5)P and transported out of the plasma membrane to

the ER, where it is dephosphorylated by the ER-localized phosphoinositide phosphatase
Sacl. This question was addressed in two studies that found that when P14P or P1(4,5)P,

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2023 November 01.
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levels in the plasma membrane are low, ORP5 and ORP8 disengage from the plasma
membrane and stop transporting P14P out of it. In addition, ORP8 also prevents the over-
accumulation of P1(4,5)P, in the plasma membrane by decreasing the availability of P14P
for phosphatidylinositol 4-phosphate 5-kinases®!, and by directly transporting P1(4,5)P, out
of the plasma membrane®C. Sac1 may also decrease PI4P levels in the plasma membrane by
hydrolysing it at ER—plasma membrane MCSs (discussed in the next section).

Signalling by enzymes working in trans

Some signalling at MCSs is not mediated by the exchange of small molecules but instead
occurs when an enzyme in one organelle acts on a substrate in a second organelle,

also called ‘working in trans’ (FIG. 4b). One example of working in trans is the
dephosphorylation of several tyrosine kinase receptors by ER-localized protein-tyrosine
phosphatase 1B (PTP1B)%2. Dephosphorylation of these receptors, which is critical for
limiting their signalling functions, occurs at MCSs at which the ER-localized phosphatase
acts in trans to dephosphorylate receptors in the plasma membrane or in endosomes after
internalization®3. It is unclear which endocytic compartment is the most important target of
PTP1B, but the endocytosis of tyrosine kinase receptors has a major role in their exposure to
the phosphatase®.

In yeast, Sacl, which is located in the ER, may control plasma membrane PI14P levels

by in trans dephosphorylation (FIG. 4b). Indeed, Sac1 can dephosphorylate PI4P in the
plasma membrane to phosphatidylinositol in trans in cells and Sacl in ER-derived vesicles
can dephosphorylate PI4P in liposomes in trans®4. Sacl may also operate in trans at ER—
trans-Golgi network MCSs, and its activity is enhanced by interacting with the adaptor
protein FAPP1 (also known as pleckstrin homology domain-containing family A member
3) at these junctions®®. However, the idea that Sacl operates in trans at MCSs has been
questioned because the in trans activity seems too low to be physiologically relevant30:96.

Regulation of membrane dynamics

MCSs generate subdomains within organelle membranes that regulate many membrane-
based processes in cells and affect the physical properties and shapes of membranes, as well
as the trafficking, intracellular positioning and function of organelles.

Organelle fission and fusion

Mitochondria continuously undergo fission and fusion, which helps optimize

their function®”. ER-mitochondria MCSs regulate mitochondrial fission!3. Preceding
mitochondrial fission, the ER wraps around mitochondria at future division sites in yeast
and mammalian cells!3, where it is likely to have both regulatory and mechanical roles. A
regulatory role is suggested by the finding that after the ER wraps around mitochondria,
inner membrane scission precedes outer membrane scission% and mitochondrial nucleoids
accumulate and replicate at MCSs before fission11:99, In mammalian cells, the ER also

has a role in actin-dependent mitochondrial constriction during division, which is probably
a mechanical process. Actin-myosin complexes assemble at ER—-mitochondria contacts, a
process that requires inverted formin 2 and spire 1c, actin nucleating proteins that localize
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to ER-mitochondria MCSs190:101 Subsequently, dynamin-related protein 1 (DRP1) and
other adaptor proteins are recruited to contact sites to further constrict mitochondria and
complete fission102-106 ER_mitochondria contacts have recently been associated with sites
of mitochondrial fusion, but whether MCSs play a direct role in fusion remains to be
determined?07.

ER-endosome contacts also mediate endosome fission. ER tubules wrap around the base of
budding regions of endosomes and determine the timing and location of fission108. These
contacts have important roles in protein sorting in endosomal compartments (see later).

Establishing diffusion barriers

MCSs can affect the diffusion of proteins and lipids in contacting organelles. In budding
yeast, specialized ER—plasma membrane MCSs form an ER diffusion barrier in the bud
neck that connects mother and daughter cells1%9. The barrier helps regulate the asymmetric
inheritance of cellular components, promoting the retention of ageing factors in the mother
cell. There is evidence that barrier formation requires sphingolipids, the GTPase Bud1 (also
known as Ras-related protein Rsrl) and plasma membrane-associated cytoskeletal structures
formed by septins!19.111 The binding of septins by the yeast homologue of VAP, VAMP-
associated protein Scs2, is necessary for the formation of the diffusion barrier!12, and septins
may specifically slow the diffusion of proteins that localize to ER—plasma membrane MCSs
but not that of other ER or plasma membrane proteins!13: however, it is possible that septins
could play similar roles at other MCSs.

Contacts between the ER and the plasma membrane also restrict protein diffusion in
plasmodesmata, narrow channels that link adjacent cells in plants14115 Cells connected
by plasmodesmata have a single ER tubule that runs through each plasmodesma, linking
the ERs in connected cells. The ER tubule in plasmodesmata forms extensive contacts with
the plasma membrane that restrict the diffusion of ER and cytoplasmic proteins between
cells16,

A diffusion barrier, termed the ‘nucleus—vacuolar junction’ (NVJ), is also present at MCSs
between the vacuole and the nucleus in yeast. This MCS forms a barrier in the vacuole
membrane that excludes the vacuolar ATPase complex and may have a lipid composition
that affects diffusion!17:118, The functional role of this diffusion barrier remains unknown.

Autophagosome formation

Autophagy is a process of regulated degradation that eliminates damaged or unnecessary
cellular components by transporting them to lysosomes, where they are destroyed (FIG. 5).
In multicellular organisms, the formation of autophagosomes (organelles that first engulf
material targeted for degradation) requires the generation of MCSs between a subdomain
of the ER, termed the ‘omegasome’, and a cup-shaped membrane, known as the isolation
membrane or phagophore, that expands and eventually closes to form the autophagosome
(FIG. 5a). Analogous MCSs form in yeast between growing autophagosomes and
specialized subdomains of the ER called ‘ER exit sites’, where vesicles in the secretory
pathway also form119.120,
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Where autophagosomes initially form, and the source of the proteins and lipids needed

for autophagosome expansion, remains controversial®121, In mammals, autophagosome
nucleation may occur at ER-mitochondria MCSs122 and ER—plasma membrane

MCSs123, E-Syt2 and E-Syt3 at ER—plasma membrane contacts may help generate the
phosphatidylinositol 3-phosphate (P13P) needed for autophagosome formation by recruiting
the P13P-synthesizing phosphatidylinositol 3-kinase catalytic class 3 complex123,

A number of proteins localize to contacts between the ER and the forming autophagosomes.
The ER proteins VAPA and VAPB bind the serine/threonine-protein kinase ULK1 and

focal adhesion kinase family kinase-interacting protein of 200 kDa (FIP200) on forming
autophagosomes and are required for proper autophagosome biogenesis!?4; ULK1 forms a
complex with FIP200 (together with autophagy-related protein 13 (ATG13) and ATG101)
that regulates autophagosome formation!25. ULK1 and FIP200 differ considerably from
most other proteins that interact with VAPs, which often bind lipids. VMP1 is another ER
protein that is present at ER—autophagosome contacts. The role of VMP1 at MCSs is not
clear, but the number of ER-autophagosome contacts increases in cells depleted of this
proteinl26, This increase may occur because VMP1 promotes SERCA activity, but how
changes in ER calcium levels affect ER-autophagosome MCS formation is not known. It has
also been suggested that VMP1 modulates lipid metabolism in cells27, which may affect
ER-autophagosome MCS formation.

Phosphatidylinositol synthase is also enriched at ER—autophagosome contact sites

and may be required to generate a pool of PI3P necessary for autophagosome
biogenesis!28. Phosphatidylinositols and other lipids are probably transferred from the ER
to autophagosomes at MCSs by the LTP ATG2 (REF.129). Lipids could also be transferred
from the ER to autophagosomes via thin membranous tubules that may connect these
organelles at MCSs, but the nature of these tubules remains to be determined?30:131,

Although ER-autophagosome MCSs may play a primary role in autophagosome biogenesis,
many studies suggest that growing autophagosomes simultaneously contact other organelles,
including mitochondria, endosomes, the Golgi complex and lysosomes (in mammalian cells)
or vacuoles (in yeast)119.132: autophagosomes may acquire lipids via these MCSs.

Endosomal cargo sorting

There is growing evidence that MCSs help sort cargo proteins into transport vesicles in
endosomal trafficking pathways, which connects endocytic vesicles with the trans-Golgi
network and lysosomes; MVBs are part of these trafficking pathways33. Membrane proteins
on the surface of MVBs can be recycled to the trans-Golgi network or transferred into
intralumenal vesicles (ILVs) within the MVB. These vesicles and their contents are degraded
when MVBs fuse with lysosomes. ER-MVB contacts help sort epidermal growth factor
receptors from the surface of MVBs into ILVs; the ER-localized PTP1B interacts with
epidermal growth factor on the surface of MVBs at MCSs and is necessary for sorting the
receptor into ILVs34. PTP1B is also necessary for the formation of ILVs, which is initiated
by a member of the endosomal sorting complexes required for transport (ESCRT) family,
ESCRT-0. PTP1B probably regulates ILV formation by dephosphorylating components of
ESCRT-0, namely hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and
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signal transducing adapter molecule 2 (STAMZ2), on the surface of MVBs at ER-MVB
contact sites3%,

ER-endosome MCSs also have roles in cargo sorting in the endosome-to-Golgi retrieval
pathway, which returns proteins to the trans-Golgi network from endosomes. The retromer
complex, which sits on the surface of endosomes, has a central role in cargo sorting into the
retrieval pathway, as VAPs in the ER bind the retromer component sorting nexin 2 (SNX2),
forming MCSs that regulate the sorting of trans-Golgi network proteins into the retrieval
pathway136,

ER-endosome contacts also regulate the sorting of cargo, such as mannose 6-phosphate
receptor, into endosomal transport vesicles that are formed by scission of budding domains
in endosomes198, Spastin on the surface of the ER binds the ESCRT-III protein IST1
homologue at ER—endosome contacts and drives endosomal tubule fission by an unknown
mechanism37. Since mutations in the gene that encodes spastin cause the neurodegenerative
disease hereditary spastic paraplegia, this study suggests that ER—endosome contacts and the
proper sorting of cargo into endosomal transport compartments may play a role in the axonal
degradation that occurs in this disease.

Finally, it has been shown that the ER membrane protein transmembrane and coiled-coil
domains protein 1 (TMCC1), which has a central role in forming ER—endosome MCSs, is
required for the ER-driven fission of endosome budding; this fission is necessary for the
sorting of mannose 6-phosphate receptor into transport vesicles!?.

Organelle trafficking and positioning

Time-lapse imaging of multiple organelles simultaneously suggests that MCSs affect the
transport and positioning of many organelles at oncel:197. In some cases, the motor-based
transport of one organelle will move organelles that are connected to it by MCSs. For
example, in Aspergillus nidulans, the endosome-associated protein PxdA binds peroxisomes,
generating MCSs that allow the peroxisomes to hitchhike on endosomes as they are

moved by the microtubule-based motors dynein 1 and kinesins!38. ER—endosome and
ER-mitochondria MCSs are also maintained during the trafficking of organelles along
microtubules, allowing these organelles to be transported together'3®, In other cases, MCSs
can prevent vesicles from being transported by anchoring them to an immobile organelle;
for example, the ER-localized protein E3 ubiquitin-protein ligase RNF26 forms a complex
that binds proteins on endosomal compartments, preventing these endosomes from being
transported140. Proteins that determine whether organelles are attached to motor proteins

or to other organelles via MCSs have been identified. For example, the cholesterol sensor
ORP1L determines whether endosomes form MCSs with the ER or interact with motor
proteins!41, ORP1L links endosomes to dynactin motor complexes and, in response to lower
cellular cholesterol levels, undergoes a conformational change that causes it to disengage
from dynactin and interact with VAPs in the ER, forming ER-endosome MCSs. Similarly,
the ER protein protrudin, which is necessary for neurite outgrowth, forms ER-late endosome
contacts that facilitate the transfer of kinesin 1, a microtubule motor, from protrudin to
FYVE and coiled-coil domain-containing protein 1 (FYCO1) on late endosomes42.
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Finally, in budding yeast, the inheritance of mitochondria, lipid droplets and peroxisomes

is regulated by MCSs. Some peroxisomes and lipid droplets are transferred into daughter
cells by the motor myosin 2 (Myo2), while others are retained in the mother by contact
with the ER, ensuring that some are retained by the mothers43.144, Similarly, mitochondrial
inheritance is regulated by at least three mitochondrial MCSs with the ER and plasma
membrane that are mediated by tethers that contain mitochondrial Myo2 receptor-related
protein 1 (Mmr1)145, the nuclear migration protein Num1 (REF.23) or the mitochondrial F-
box protein Mfb1 (REF.146). These tethers ensure that functional mitochondria are inherited
by both cells.

Organelle subpopulations

Evidence also indicates that MCSs can establish functionally distinct subpopulations of
organelles. In yeast, a subpopulation of functionally distinct lipid droplets, which may
mobilize stored lipids in response to environmental cues, is formed by specialized MCSs
with the ER that are absent from other lipid droplets'#47:148, Similarly, in interscapular brown
adipose tissue, mitochondria that form MCSs with lipid droplets are functionally distinct
from mitochondria that are not in contact with lipid dropletsl4®. Mitochondria associated
with lipid droplets have a distinct protein and lipid composition and exhibit increased ATP
synthesis and reduced B-oxidation of fatty acids compared with mitochondria that do not
make these contacts. Lipid droplet-mitochondria association also increases the production
of triacylglycerides, lipids that are stored in lipid droplets. It seems likely that many other
examples of organelle subpopulations that are generated by MCSs will be identified in

the future. The creation of MCS-mediated subpopulations might also be a mechanism for
segregating functional organelles from non-functional organelles.

MCSs in stress

Much of the work on MCSs has focused on the ways in which they help cells adapt

to cellular stress responses, including by facilitating the integration of stress responses in
two compartments that are connected by MCSs. For example, ER-mitochondria contact
increases in response to ER stress'50. During stress, chaperones in the ER increase

Ca?* signalling at ER-mitochondria MCSs, which stimulates oxidative phosphorylation in
mitochondria and, if the ER stress is prolonged, leads to apoptosis'>. MCSs also alleviate
stress caused by a build-up of toxic lipids in an organelle by facilitating lipid movement
between, and coordinating nutrient sensing pathways that respond to changes in lipid
levels within, organelles connected by MCSs. MCSs also have important but still poorly
understood roles in autophagosomal-based degradation pathways, which help cells adapt to
changing environments (FIG. 6).

Lipid stress

Cellular lipid stress occurs when lipids accumulate to toxic levels or when environmental
changes require substantial changes in lipid metabolism. For example, during

phosphate starvation in plants, most of the phospholipids in cells are converted into
galactoglycerolipids!®2. This conversion requires substantial non-vesicular lipid movement
between the ER, mitochondria and chloroplasts, which probably occurs at MCSs; phosphate
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starvation increases the size of contacts between pairs of these organelles, which probably

facilitates lipid transport®:153, In this and the other cases discussed here, lipid stress seems
to change or enhance existing contacts rather than result in the generation of new contacts.
However, contacts generated solely to alleviate lipid stress may be discovered.

Some lipid intermediates, such as DAG, fatty acids and ceramide, are essential building
blocks for other membrane lipids but become toxic when overabundant. To prevent this
toxicity, cells store excess lipids in lipid droplets1®4-156_ Lipid droplets make extensive
contacts with the ER and with other organelles, including lysosomes (or vacuoles in yeast),
mitochondria and peroxisomes, which probably facilitates interorganelle lipid movement!6,
Indeed, three-way contacts between the ER, lipid droplets and vacuoles in yeast are
important in preventing fatty acid stress24157:158_ The yeast protein Mdm1 (FIG. 2Ac) is
enriched at these contacts and helps prevent the accumulation of DAG by facilitating the
formation of triacylglycerol by interacting with a fatty acid acyl-CoA synthase that produces
a triacylglycerol precursor?4. Lipid storage in lipid droplets also prevents toxic fatty acid
accumulation during starvation-induced autophagy. Indeed, the autophagic degradation of
membranous organelles generates fatty acids that are stored in lipid droplets before being
delivered to mitochondria at lipid droplet—mitochondria MCSs159,

Also in yeast, ER-Golgi complex MCSs help prevent ceramide accumulation in the ER (the
formation of these contacts requires Nvj2 (FIG. 2B)), which may directly transfer ceramides
and other lipids from the ER to the Golgi complex3°. Other MCSs in yeast may sense

and respond to stress caused by changes in the lipid composition of the plasma membrane.
Specifically, changes in sterol homeostasis that perturb the function of the plasma membrane
activate the target of rapamycin complex 2 (TORC2)-regulated kinase Ypk1 (REF.160);
Ypk1 phosphorylates sterol-transporting proteins at ER—plasma membrane MCSs, allowing
them to restore sterol homeostasis in the plasma membrane. TORC2 and Ypkl are probably
not enriched at ER—plasma membrane MCSs, although some of their targets are. There is
also evidence that phosphatidylinositol kinase-mediated signalling at ER—plasma membrane
MCSs activates a TORC2-AKT signalling cascade during membrane stress, allowing Ca2*-
regulated lipid biogenesis in the ER to counterbalance changes in plasma membrane lipid
composition to maintain membrane integrity261,

Mechanical stress

In Arabidopsis thaliana, the ER—plasma membrane MCS-localized protein synaptotagmin
1 (SYT1; also known as SYTA), an orthologue of the E-Syts, is induced in leaf cells
undergoing mechanical stress, where it is enriched162. Cells lacking SYT1 are more
sensitive to mechanical stress1®2. SYT1 at MCSs may help stabilize cortical microtubules
and actin filaments near the plasma membrane, making the membrane resistant to
mechanical deformation. SYT1 also helps cells resist other stresses that disturb the plasma
membrane, including freezing and ionic stress163-165,

Nutrient stress

MCSs have roles in some forms of selective autophagy that are induced by nutritional stress
in yeast. For example, in S. cerevisiae, the ERMES tether is required for mitophagy, a type
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of selective autophagy by which mitochondria are degraded in yeast subjected to nitrogen
starvationl66, The role of ERMES-mediated ER-mitochondria contacts in mitophagy is tied
to their role in mitochondrial fission, which precedes mitophagy; mitochondria must be
separated before their engulfment by the isolation membrane. The ability of the ERMES

to transfer lipids between the ER and mitochondrial®7 is also likely to contribute to its

role in mitophagy. In mammalian cells, FUN14 domain-containing protein 1 (encoded

by FUNDCYI) is thought be enriched at ER-mitochondria MCSs and to be required for
mitochondrial fission in response to hypoxic stress1®. The tumour suppressor promyelocytic
leukaemia protein (PML) is also enriched at these contact sites in normal cells, where it
represses autophagy; loss of the protein from MCSs in response to hypoxia and nutrient
deprivation promotes autophagy, suggesting a connection between mitophagy regulation and
cancer development169,

ER-mitochondria contacts have also been suggested to play a role in pexophagy, the
degradation of peroxisomes by autophagy, which can be induced in yeast by nitrogen
starvation70. This study found that pexophagy is dependent on an interaction of the
peroxisomal membrane protein Pex11 with the ER-mitochondria tether ERMES!/1, ER-
mitochondria contacts may be important for positioning peroxisomes so that they can
interact with the autophagosomal machinery.

Another form of selective autophagy in yeast occurs at the NVJ. Carbon and nitrogen
starvation induce a process termed ‘piecemeal microautophagy of the nucleus’ (FIG. 5b).
This process, which is initiated at the NVJ and activated by the target of rapamycin kinase
nutrient-sensing pathway, causes parts of the nuclear membrane that are in contact with the
vacuole to be pinched off and internalized into the vacuole for degradationl’2,

The NVJ plays additional roles in the cellular response to changes in nutritional status. It
expands when yeast cells are grown with a non-fermentable carbon source or subjected to
ER stress, and it is also a site of lipid droplet growth>7. This growth requires Mdm1, which
mediates MCS formation and facilitates triacylglycerol production at regions where lipid
droplets make contact with the NVJ and may help coordinate lipid droplet biogenesis with
cellular nutritional status?4. The Mdm1 homologue sorting nexin 14 (encoded by SN.X14)
has a similar function in higher eukaryotes’3,

Finally, in yeast, ER—plasma membrane and ER—vacuole MCSs play important roles in
regulating the target of rapamycin pathway. Sterol transport proteins at these junctions create
membrane domains in the plasma membrane and vacuole that regulate TORC1 and TORC2
signalling, allowing the coordination of stress response pathways and sterol homeostasis!’4.

Oxidative stress

ROS are generated by oxidative processes that occur naturally, primarily in mitochondria,
the ER and peroxisomes. Although there are numerous pathways for reducing the level

of ROS, excessive levels that damage proteins and lipids can occur. The roles of ER-
mitochondria MCSs in responding to ROS have been extensively studied and reviewed?2:80,
ROS-mediated ER stress at ER-mitochondria contacts seems to require protein kinase
RNA-like ER kinase (PERK), an important regulator of the unfolded protein responsel’>176,
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A number of redox-active proteins are enriched at ER-mitochondria contacts in mammalian
cells and are regulated by ROS, including the oxidoreductases TMX1 and ERO1-like
protein-a. (ERO1a), and SERCAL7-179 Elevated ROS levels at these contacts activate
mitogen-activated protein kinase signalling and decrease mitochondrial motility, which

is important for proper mitochondrial inheritance and quality control by reducing the
inheritance of damaged mitochondrial8%. An overabundance of ER-mitochondria MCSs and
impaired ROS metabolism at these sites have been linked to the mitochondrial dysfunction
that occurs in obesity18L.

The roles of other MCSs in the cellular response to oxidative stress are less well understood,
but a recent study found that peroxisome—lipid droplet contacts are positively regulated by
oxidative stress®3. Contacts between mitochondria and endosomes also form in response to
oxidative stress, and it has been suggested that defects in the formation of such contacts
could impair mitochondrial quality control during the onset of amyotrophic lateral sclerosis
by an unknown mechanism?>.

ER-mitochondria contacts may also help coordinate lipid metabolism in the ER with the
synthesis of the ubiquitous lipid antioxidant coenzyme Q in mitochondria, where this lipid
is required for oxidative phosphorylation. Two studies found that coenzyme Q biosynthesis
occurs at ER—-mitochondria MCSs in yeast, and in mammals the mitochondrial fusogen
mitofusin 2 is required to maintain coenzyme Q levels182-184 These findings suggest that
coenzyme Q biosynthesis may be coordinated with ER lipid or redox metabolism, but this
remains to be determined.

The roles of ER-mitochondria contacts in the cellular response to ER stress and apoptosis
have been extensively studied and recently reviewed!8°. Ca2* release from the ER and
uptake by mitochondria, a process that occurs at ER—-mitochondria MCSs, can initiate
apoptosis18. Ca2* exchange between the ER and mitochondria is facilitated by the VDAC-
GRP75-1P3R tethers’! described earlier. Numerous proteins regulate Ca2* signalling in
mitochondria, and hence apoptosis, by modulating the activity of the Ca2* channels in these
tethers or by regulating other ER-mitochondria tethers and proteins that regulate ER Ca2*
levels, such as SERCA. For example, in response to ER stress, ER-resident chaperones,
including calnexin, calreticulin and heat shock protein 70 family protein 5 (often called
BiP) and redox-modulated proteins, such as TMX1 and ERO1a (see the previous section),
increase Ca2* flux at these junctions; this Ca2* signalling induces oxidative phosphorylation
and, if prolonged, apoptosis51:177.187,

A number of apoptosis-regulating proteins modulate Ca2* signalling at ER-mitochondria
MCSs. For example, B cell lymphoma 2 (BCL-2) and other related antiapoptotic

proteins bind and inhibit IP3Rs, reducing Ca2* signalling at ER—mitochondria MCSs, and
overexpression of BCL-2 can increase the number of ER—mitochondria contacts and reduce
Ca?* exchange, inhibiting apoptosis88.189, Induction of the expression of BCL-2-interacting
killer (BIK) disrupts BCL-2—IP3R interactions, increasing calcium transfer to mitochondria,
which promotes apoptosis; it also increases the number of contacts190.
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The tumour suppressor p53 (cellular tumour antigen p53) becomes enriched at ER—
mitochondria contacts during ER stress, where it is thought to promote calcium influx into
mitochondria by binding and stimulating SERCA, which promotes apoptosis'91. Another
role for p53 at ER—mitochondria MCSs is to negatively regulate PML enrichment at these
sites; PML increases Ca2* exchange between the ER and mitochondria, which promotes
apoptosis192 or autophagy®® during ER stress. Fetal and adult testis-expressed transcript
protein (encoded by FATEI) also localizes to, and disrupts, ER—mitochondria MCSs,
reducing the sensitivity of mitochondria to proapoptotic signals'93. ER stress-dependent
activation of PERK at ER-mitochondria contacts increases contact and Ca2* exchange
between these organelles and induces apoptosis, although the mechanism remains to be
determined175:176.194 pERK also regulates ER—plasma membrane contacts and calcium
signalling at these contacts during ER stress; it increases these MCSs by promoting the
enrichment of the ER—plasma membrane tethers STIM1 and E-Syt1 at these MCSs19®,

In summary, MCSs allow cells to integrate signalling events and the cellular stress response
in different cellular compartments. Much of the work on MCSs and stress has focused on the
regulation of Ca2* signalling at ER-mitochondria contacts, but the study of MCSs and the
stress response is expanding to other MCSs and signalling pathways.

Conclusions and perspectives

As the field has matured beyond describing new MCSs and tethers and begins to unravel

the function of MCSs beyond facilitating lipid exchange and calcium signalling, including
enabling cells to adapt to stress, the study of MCSs has moved to centre stage in cell
biology. Much of the early work on MCSs focused on ER—plasma membrane and ER-
mitochondria contacts, in part because of the availability of methods to study calcium
signalling at these sites. New tools for visualizing and studying MCSs, including electron
tomography, probes that fluoresce when they interact at contact sites and advanced
techniques in super-resolution microscopy® (Supplementary Box 1), have revealed that
MCSs are ubiquitous and that organelles can work together to respond to stress in surprising
ways. For example, MCSs between the ER and various compartments in the endosomal
system appear to have unexpected, important roles in membrane trafficking, metabolism
and signalling in endosomal compartments%8, We have only just begun to understand how
MCSs modulate membrane remodelling events, and they may play a bigger role in vesicular
trafficking than is currently realized. How MCSs function as signalling and metabolic hubs,
integrate signals, allow the propagation of information and facilitate cell adaptation to stress
is also unclear. Finally, as MCSs play critical roles in intracellular Ca?* homeostasis, they
may play equally important roles in the intracellular channelling of other important metals,
such as zinc and iron196.197,

Progress in the study of MCSs has bought new challenges for the field. For example,
because most MCSs are below the limit of resolution of light microscopy, visualizing

them in live cells and measuring dynamics remain challenging and are likely to require
advances in super-resolution microscopy. There is also a pressing need for standardized
ways to quantify contacts and to understand how metabolite channelling and cell signalling
is affected by membranes in close apposition at contact sites, which will require the
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reconstitution of MCSs in vitro. Understanding the structure and function of contacts with
more than two organelles is also of interest.

It also seems likely that MCS dysfunction plays important roles in a number of diseases,
especially in those that are characterized by defects in metabolism, but the underlying details
remain to be determined. To date, most investigations into the roles of MCS dysfunction

in disease have focused on ER—mitochondria contacts, which are thought to have important
roles in diabetes, cancer and neurodegenerative disorders. A list of MCS-enriched proteins
that are thought to directly alter MCS function in disease is given in TABLE 1. Given the
ubiquity of MCSs and the growing evidence that they have numerous functions in cells,

it is surprising that defects in MCSs other than ER—-mitochondria contacts have not been
implicated in diseases. This fact is probably because we know much less about most MCSs
than we do about ER—-mitochondria contacts, owing to the need to develop tools to visualize
and manipulate other MCSs. As we learn more about the functions of MCSs in metabolism
and signalling, it seems likely we will discover that they play important roles in many
metabolic disorders.

Pathogen-driven diseases can also be promoted by MCSs because some pathogens exploit
host MCSs. For example, proteins from human herpesvirus and a hepacivirus may travel
from the ER to mitochondria via MCSs19. Furthermore, a number of plant viruses alter
ER-plasma membrane contacts at plasmodesmata to facilitate viral transfer between cells.
Specifically, viral proteins called ‘movement proteins’, which make possible viral transfer
between cells, interact with SYT1 at ER—plasma membrane contacts in plasmodesmata
and promote the formation of viral replication sites adjacent to these structures162.199,
Some pathogens propagate in membranous compartments and generate MCSs with the
compartments to acquire host lipids. For example, Chlamydia trachomatis is an obligate
intracellular bacterial pathogen that resides in a membrane-bound structure called an
‘inclusion’. MCSs form between the inclusion and the ER, and the MCSs have proteins
from the host (including the VVAPs and ceramide-transporting LTP CERT) as well as the
pathogen (the protein IncD)200.201,

In short, as we learn more about each MCS, in the next few years, we are likely to
witness many exciting discoveries regarding how MCSs function in cells to respond to
environmental challenges and how they are dysregulated in disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Multivesicular bodies (MVBSs)
Endocytic compartments containing internal luminal vesicles
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Store-operated calcium entry
The regulated entry of Ca2* into cells in response to the depletion of Ca2* in the
endoplasmic reticulum

ER stress
An accumulation of unfolded proteins in the endoplasmic reticulum (ER) that affects ER
function

Ceramides
Lipids used to generate complex sphingolipids, one of the major types of lipid in cellular
membranes

Phosphatidylinositol kinases
Kinases that phosphorylate phosphatidylinositol on the inositol moiety

Inositol 1,4,5-trisphosphate receptors (IP3Rs)
Endoplasmic Ca2* channels activated by inositol 1,4,5-trisphosphate, an important signalling
molecule formed by the cleavage of phosphatidylinositol 4,5-bisphosphate

ER-mitochondria encounter structure (ERMES)
An endoplasmic reticulum (ER)-mitochondrial tethering complex found in yeasts

Sphingolipids
A major type of lipids found in cellular membranes

Septins
A group of GTP-binding proteins that can assemble into cytoskeletal-like structures

Interscapular
The region between the shoulder blades

Brown adipose tissue
A type of adipose tissue that serves as a site of thermogenesis

Galactoglycerolipids
A family of glycerolipids that contain one or more sugars linked directly to the glycerol
moiety

Selective autophagy
A degradative pathway in which particular organelles or aggregates are degraded in
lysosomes and vacuoles in development and in response to nutrient stress

Unfolded protein response
stress response pathways induced by endoplasmic reticulum stress

TDP-43
TAR DNA-binding protein 43 (TDP-43) is a 43-kDa RNA and DNA-binding protein that is
pathologically linked to amyotrophic lateral sclerosis and frontotemporal dementia
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Presenilin
A membrane protein thought to contribute to the development of Alzheimer disease

Chorea-acanthocytosis
A rare neurological disorder that affects body movement

a-Synuclein
A protein predominantly expressed in neurons that can cluster into insoluble aggregates in
Parkinson disease and other neurogenerative disorders
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Fig. 1 |. Functions of membrane contact sites.
The different functions of membrane contact sites are each depicted by a representative

image, with functions grouped into the four broad categories of signalling (pink circles),
regulation of organelle membrane dynamics (blue circles), lipid transport (orange circle) and
metabolic channelling (green circle). In some cases, specific examples of the function are
shown, but for lipid transport, metabolic channelling and calcium signalling, a depiction

of the general principle is given. ATG2, autophagy-related protein 2; DAG, diacylglycerol;
ER, endoplasmic reticulum; GRP75, 75-kDa glucose-regulated protein; InsP3, inositol 1,4,5-
trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; MCU, mitochondrial calcium
uniporter protein; P, phosphate group; P, phosphatidylinositol; P14P, phosphatidylinositol
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4-phosphate; P1(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PTP1B, protein-tyrosine

phosphatase 1B; ROS, reactive oxygen species; RTK, receptor tyrosine kinase; VDAC,
voltage-dependent anion-selective channel proteins.
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Fig. 2 |. Diversity of membrane contact sites.
A | Types of unusual membrane contact sites (MCSs). Aa | Intraorganelle MCSs can form

between two regions or compartments of the same organelle; an endoplasmic reticulum
(ER)-ER contact, formed by atlastin, dynamin-like GTPases, is depicted. Ab | Lipid droplets
form two types of contacts: bridging contacts, where the phospholipid monolayer on the
surface of the droplet is continuous with the cytoplasmic leaflet of the ER, and standard lipid
droplet—ER contacts. Bridging contacts are marked, and may be stabilized by the ER protein
seipin. Standard ER-lipid droplet contacts can be formed by the Rab18-dependent tether
NRZ (a complex of NAG, RINT1 and ZW10; known as the Dpll complex in Saccharomyces
cerevisiag), which binds to Rab18 on the surface of lipid droplets and to Q-type soluble
N-ethylmaleimide-sensitive factor attachment protein receptors in the ER. Ac | Three-way
contacts can form between organelles; a contact between a lipid droplet, the ER and a
vacuole in yeast is shown here. This contact is mediated by Mdm1, which contains a
phosphoinositide-binding domain (PX) that binds the vacuole and a domain associated

with PX domains (PXA) that binds the lipid droplet. B | Some tethering proteins move
between MCSs in response to environmental stresses or changes in nutritional status. For
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example, in yeast, during ER stress or when ceramides accumulate in the ER, Nvj2 moves
from its primary location at the nucleus—vacuole junction to ER-Golgi complex contacts,
increasing the number of these contacts. Nvj2 harbours a pleckstrin homology (PH) domain,
which binds phosphoinositides, and a synaptotagmin-like mitochondrial lipid-binding (SMP)
domain. SMP domains can transfer lipids between membranes at MCSs.
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Fig. 3 |. Phosphoinositide metabolism at membrane contact sites.
The role of membrane contact sites (MCSs) in phosphoinositide-based signalling is to

generate or deplete phosphoinositides required for signalling. This regulation has been best
characterized at endoplasmic reticulum (ER)—plasma membrane and ER-Golgi complex
MCSs, shown here, and probably also occurs at MCSs between the ER and endosomes.

For example, phosphatidylinositol (PI) is generated in the ER and transported to the

plasma membrane or Golgi complex, where it is converted into phosphatidylinositol 4-
phosphate (P14P) by the enzymes phosphatidylinositol 4-kinase-a. (P14KA) on the plasma
membrane and phosphatidylinositol 4-kinase-p (P14KB) on the Golgi complex in mammals.
PI transport is mediated by lipid transport proteins, including Nir2 and Sec14 in yeast.
Some of these proteins use countertransport, in which they move PI14P from the plasma
membrane or Golgi complex to the ER and move a second lipid, such as phosphatidylserine
(PS) or cholesterol, respectively, in the other direction. When P14P reaches the ER it

can be hydrolysed by the phosphatidylinositide phosphatase Sac1, which converts P14P
into PI. Sacl may also hydrolyse PI4P in the plasma membrane or Golgi complex; this

has been termed ‘working in trans’, since Sacl is in the ER but acting on a substrate

in another membrane at an MCS. On the plasma membrane, PI14P can be converted

into phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2) by the enzyme phosphatidylinositol
4-phosphate 5-kinase (P14P5K). Oxysterol-binding protein-related protein 5/8 (ORP5/8)
may also be able to travel from the plasma membrane to the ER. Enzymes are highlighted
in blue. CDS1/2, cytidine diphosphate diacylglycerol synthase 1 and 2; C2CD2L, an
ER-resident lipid transport protein (also known as TMEM?24); OSBP, oxysterol-binding
protein; PA, phosphatidic acid; PIS, phosphatidylinositol synthase; SMP, synaptotagmin-like
mitochondrial lipid-binding domain; VAP, vesicle-associated membrane protein-associated
protein.
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Fig. 4 |. Calcium signalling and signalling in trans at membrane contact sites.
a | Examples of Ca?* signalling between the plasma membrane and endoplasmic reticulum

(ER) and between the ER and mitochondria. Stromal interaction molecule 1 (STIM1) senses
the Ca?* concentration in the ER lumen. In the resting condition, STIM1 binds Ca?* and is
not enriched at ER—plasma membrane membrane contact sites (MCSs) (far left). However,
when the Ca2* concentration in the ER decreases, STIM1 accumulates at these contact sites,
where it undergoes a conformational change and activates the Ca2* channel calcium release-
activated calcium channel protein 1 (ORAI1) in the plasma membrane. This activation
causes Ca%* entry at MCSs, which increases the local concentration of Ca2*, activating the
sarcoplasmic reticulum/ER Ca2*-ATPase (SERCA) Ca?* channel in the ER. Thus, Ca2*

is channelled from outside the cell to the ER lumen at ER—plasma membrane MCSs in
response to ER Ca?* levels, a process known as store-operated calcium entry (SOCE).
Other proteins at SOCE-mediating MCSs include the three extended synaptotagmins (E-
Syt1-3) and GRAM-containing protein 2A (GRAMD?2A). These proteins reside in the

ER and bind the plasma membrane via C2 or GRAM domains, respectively. The E-Syts
have synaptotagmin-like mitochondrial lipid-binding (SMP) domains that can transfer
diacylglycerol (DAG) from the plasma membrane to the ER. The DAG is derived from
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P5), which is hydrolysed by phospholipase

C (PLC) when PLC is activated during SOCE. Hydrolysis also yields inositol 1,4,5-
trisphosphate (InsP3), which activates InsP3 receptors (IP3Rs; Ca2* channels in the ER).
Ca?" is channelled from the ER lumen to mitochondria, via an ER-mitochondria tether
formed by voltage-dependent anion-selective channel protein (VDAC) in mitochondria, the
ER Ca2* channel IP3R and the chaperone 75-kDa glucose-regulated protein (GRP75). This
tether allows Ca?* entry into the space between the outer mitochondrial membrane and

the inner mitochondrial membrane. The mitochondrial calcium uniporter (MCU) complex
in the mitochondrial inner membrane allows Ca2* entry into the mitochondrial matrix. b

| Two examples of signalling in trans at MCSs, which occurs when an enzyme in one
compartment operates on substrates in a second, are shown. Protein-tyrosine phosphatase
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1B (PTP1B), which is in the ER, can dephosphorylate receptor tyrosine kinases (RTKS) in
other organelles at ER—plasma membrane and ER—endosome MCSs. The phosphoinositide
phosphatase Sacl is a phosphatase in the ER but it can hydrolyse phosphatidylinositol
4-phosphate (P14P) to phosphatidylinositol (PI) in the plasma membrane or Golgi complex
at MCSs. In the Golgi complex, it is activated by P14P adaptor protein 1 (FAPP1).
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Fig. 5|. Examples of autophagy at membrane contact sites.

a | Autophagosomes form at specialized domains of the endoplasmic reticulum (ER)

called ‘omegasomes’ in mammalian cells and at analogous sites near ER exit sites in

yeast. These specialized domains form a membrane contact site (MCS) with a nascent
autophagosome, called an isolation membrane (IM). Lipid synthesis in the ER at these
MCSs seems to play an important role in autophagosome growth, and lipid-synthesizing
enzymes, such as phosphatidylinositol synthase (P1S), are enriched at these sites. This
enzyme converts phosphatidic acid (PA) into phosphatidylinositol (PI), which is in turn used
to produce phosphatidylinositol 3-phosphate (P13P), which is required for autophagosome
formation. The lipids may be transferred from the ER to the nascent autophagosomes

by autophagy-related protein 2 (ATG2). Autophagosome formation is also facilitated by

an ER-autophagosome tether formed by vesicle-associated membrane protein-associated
proteins (VAPs), Unc-51-like autophagy activating kinase 1 (ULK1) and focal adhesion
kinase family kinase-interacting protein of 200 kDa (FIP200). Vacuole membrane protein

1 (VMP1) is also enriched at these MCSs, where it seems to promote the activity of
sarcoplasmic reticulum/ER Ca2*-ATPase (SERCA) and may regulate lipid metabolism at
these sites. b | During starvation in Saccharomyces cerevisiae a specialized form of selective
mitophagy, called ‘piecemeal microautophagy of the nucleus’ (PMN), degrades parts of the
nuclear membrane. Pieces of the nuclear membrane are removed and internalized into the
vacuole (the equivalent organelle to the mammalian lysosome), where they are degraded.
The process occurs at MCSs between the nucleus and the vacuole termed the ‘nucleus—
vacuolar junction” (NVJ).
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Fig. 6 |. Roles of membrane contact sites in cellular stress responses.
Membrane contact sites (MCSs) play roles in the cellular response to stress, as depicted for

the main stresses discussed in this Review. Examples of the roles of MCSs for each type of
stress are shown. a | Lipid stress. When ceramides accumulate in the endoplasmic reticulum
(ER) of Saccharomyces cerevisiae, MCSs between the ER and the Golgi complex increase.
The formation of these MCSs, which facilitate the non-vesicular movement of ceramide
out of the ER to alleviate stress, requires nucleus—vacuole junction protein 2 (Nvj2), an
ER-resident protein that binds the Golgi membrane via a pleckstrin homology (PH) domain.
Nvj2 also contains a synaptotagmin-like mitochondrial lipid-binding (SMP) domain that
may facilitate ceramide transport from the ER to the Golgi complex. b | Mechanical stress.
In plants, synaptotagmin 1 (SYT1) and microtubules at ER—plasma membrane MCSs help
stabilize the plasma membrane (mechanical resistance). During mechanical stress, SYT1
forms aggregates in leaf cells. In the absence of SYT1, microtubules fail to form and the
plasma membrane is more susceptible to mechanical stress and rupture. ¢ | Nutrient stress.
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In S. cerevisiae, the ER—mitochondria encounter structure (ERMES) tethers the ER and
mitochondria. During nutrient stress such as nitrogen starvation, some mitochondria are
degraded by a form of selective autophagy known as mitophagy. An isolation membrane
grows from sites near the ERMES, perhaps in the ER, that will eventually engulf the
mitochondria and then fuse with vacuoles (the equivalent of lysosomes in yeast), where

the mitochondria will be degraded. A similar process occurs in mammalian cells, although
they lack the ERMES. d | ER stress, oxidative stress and apoptosis. During reactive oxygen
species (ROS)-mediated ER stress, MCSs between the ER and mitochondria are increased,
the protein composition of contacts changes, and a number of signalling pathways and
stress response proteins are induced at these MCSs. One protein that becomes enriched

at these sites is protein kinase RNA-like ER kinase (PERK), which reduces mitochondrial
motility (left panels). When stress is prolonged, unfolded proteins in the ER and other
signals increase Ca2* entry into mitochondria at ER—mitochondria MCSs, promoting
apoptosis (right panels). CaZ* entry requires a tether composed of the ER Ca2* channels,
inositol 1,4,5-trisphosphate receptors (IP3Rs), voltage-dependent anion-selective channel
protein (VDAC) in the mitochondrial outer membrane and 75-kDa glucose-regulated protein
(GRP75). The mitochondrial calcium uniporter (MCU) in the mitochondrial inner membrane
allows Ca2* entry into the mitochondrial matrix. In unstressed cells, antiapoptotic proteins
such as B cell lymphoma 2 (BCL-2) bind and inhibit IP3Rs, reducing Ca?* signalling.
Removal of BCL-2 increases Ca2* entry into mitochondria, promoting apoptosis. During ER
stress, ER chaperones such as heat shock protein 70 family protein 5 (BiP) bind unfolded
proteins and stimulate IP3Rs, increasing Ca%* signalling.
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