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Abstract

Maintaining the proper lipid composition of cellular membranes is critical for numerous cellular
processes but mechanisms of membrane lipid homeostasis are not well understood. There is
growing evidence that membrane contact sites (MCSs), regions where two organelles come in
close proximity to one another, play major roles in the regulation of intracellular lipid composition
and distribution. MCSs are thought to mediate the exchange of lipids and signals between
organelles. In this review, we discuss how lipid exchange occurs at MCSs and evidence for roles
of MCSs in regulating lipid synthesis and degradation. We also discuss how networks of
organelles connected by MCSs may modulate cellular lipid homeostasis and help determine
organelle lipid composition.

Lipids are fundamental components of cellular membranes. Most eukaryatic cells contain
complex mixtures of hundreds and often thousands of different lipid species [1]. The
distribution of lipids among cellular compartments is tightly controlled. The lipid
compositions of organelles vary dramatically. In addition, many organelles have asymmetric
distributions of lipid across the two leaflets of their bilayers and lipids are often organized
into domains within membranes [2]. How cells sense and regulate the complex mix and
distribution of lipids in organelles is, therefore, an important and challenging question.
Answering this question requires knowledge of how lipids are synthesized and degraded,
how lipids traffic between cellular compartments, and how these processes are regulated.

Intracellular lipid trafficking occurs by both vesicular and nonvesicular mechanisms. There
has been a growing interest in nonvesicular pathways, which are particularly important for
mitochondria, plastids, and lipid droplets since they receive little or no lipid by vesicular
trafficking. It is becoming increasingly clear that regions of close apposition of organelle
membranes, often called membrane contact sites (MCSs), play critical roles in nonvesicular
lipid trafficking [3, 4]. These zones, where organelles typically come within 30 nm of one
another, are not only important for lipid trafficking but have long been known to play
important roles in calcium and other signaling events. Recent findings have revealed
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additional functions of MCSs in organelle inheritance [5, 6], organelles division [7, 8] and
autophagy [9, 10].

Here, we will focus on how MCSs affect cellular lipid homeostasis. First, we will discuss
how lipid transfer at MCSs plays roles in lipid metabolism. Next, we will describe how lipid
synthesis and degradation are regulated at MCSs. Finally, we will focus on lipid trafficking
at MCSs between mitochondria and a variety of other organelles since recent findings
suggest important new ways to think about how MCSs may participate in lipid homeostasis
throughout the cell.

Lipid exchange at MCSs

The majority of nonvesicular lipid exchange between organelles probably occurs at MCSs.
How might this lipid transfer occur and how would MCSs facilitated it? Lipid monomers
can spontaneously move from one membrane bilayer to a second by desorbing from the first
membrane, diffusing through the aqueous phase, and inserting into the second membrane.
For most classes of lipids, however, the rates of spontaneous lipid exchange between
membranes are much too slow to be physiologically relevant [11]. The rate-limiting step of
this process is desorption of a lipid monomer from a bilayer. Lipid transport proteins (LTPs)
facilitate lipid exchange between membranes in vitro by increasing rates of lipid desorption
from membranes. LTPs have hydrophobic pockets or clefts that bind a lipid and often have
lid-like domains that shield the bound lipid from the aqueous phase. Most lipid exchange at
MCSs is probably facilitated by LTPs [12, 13].

There are a number of families of LTPs in cells. Most bind a single lipid monomer.
However, it is possible that some LTPs bind more than one lipid at once. The
synaptotagmin-like mitochondrial-lipid-binding protein (SMP) domain, which is found in a
number of potential LTPs localized in different MCSs [14, 15], can bind two
glycerolphospholipids simultaneously [+16]. The specificity of lipid binding by LTPs varies
widely; some bind only a few similar lipid species while others appear to bind
promiscuously to many types of lipids [13].

LTPs probably transfer lipids between membranes most efficiently at MCSs, where they
have to diffuse only small distances between membranes or may even be able to transport
lipids while interacting with both membranes simultaneously. Most LTPs contain at least
two domains in addition to their core lipid-binding domain. These additional domains allow
LTPs to interact with either proteins or lipids on the two membranes at MCSs. For example,
some LTPs contain a FFAT (two phenylalanine in acid tract) motif that interacts with ER-
resident proteins called VAPs (vesicle-associated membrane protein (VAMP)-associated
proteins). Other LTPs are anchored in the ER by transmembrane domains. Binding of LTPs
to the second organelle in a MCS is often mediated by membrane binding domains in the
LTP, such as pleckstrin homology (PH) or C2 domains, or by the LTP interacting with
proteins in the second membrane [17, 18]. It is likely that other targeting domains in LTPs
remain to be discovered. The targeting domains of LTPs specify the MCSs where they will
transfer lipids or perform other functions.

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lahiri et al.

Page 3

LTPs do not require energy to facilitate lipid exchange in vitro and presumably equilibrate
the lipids they bind between the two membranes at MCSs [13]. This raises the question of
how differences in lipid composition between the two membranes connected by MCSs could
be maintained. One mechanism is trapping, in which a lipid is retained in one of the two
membranes connected by MCSs (Figure 1). A lipid could be trapped when it is modified
(metabolic trapping) or if the lipid has high affinity for a protein or another lipid in the
membrane (thermodynamic trapping) [19]. For example, the movement of ceramide from
the ER to the Golgi complex by ceramide transport protein (CERT) at contact sites is
directional because ceramide is converted to sphingomyelin after it reaches the Golgi [17].
This is an example of metabolic trapping. Thermodynamic trapping probably maintains the
high concentration of phosphatidylserine (PS) the inner leaflet of the plasma membrane.
After PS is synthesized in the ER and transferred to the plasma membrane at MCSs by the
LTPs Osh6 and Osh7 [20], it is probably held in the PM by interacting with charged proteins
there.

Recent evidence suggests another mechanism by which lipid exchange by LTPs at MCSs
might be directional. A number of LTPs have the ability to sequentially bind either of two
lipids in their hydrophobic pockets and could exchange the two lipids in opposite directions
across a MCS [21-+23]. In this case, a difference in the concentrations of one of the lipids in
the two membranes could drive the directional transport of the second lipid. For example, it
has been proposed that oxysterol-binding protein (OSBP) facilitates the movement of
cholesterol from the ER to the Golgi complex and phosphatidylinositol-4-phophate (P14P) in
the opposite direction at contact sites between these two organelles; the net transfer of
cholesterol is driven by the high concentration of the PI4P in the Golgi complex and low
concentration of PI4P in the ER [+23].

There is still much to learn about how lipids are exchanged at MCSs and how the specificity
and directionality of lipid transfer at MCSs is regulated.

Role of MCSs in lipid modification and sensing

In addition to their roles in lipid trafficking, MCSs also have important functions in lipid
metabolism. Although most lipid synthesis occurs in the ER, some lipid- modifying
enzymes reside in other compartments [2]. As a result, the amount of lipid exchange
between the ER and other organelles at MCSs could significantly affect lipid homeostasis by
regulating the rate at which a lipid substrate synthesized in the ER reaches an enzyme in
another compartment. An example is provided in studies on ER-plasma membrane contacts
and their role in restoring phosphoinositide (PIP) levels in the plasma membrane following
calcium signaling. Phosphatidylinositol (PI) is synthesized in the ER and can be converted
to phosphoinositides (PIPs) in the plasma membrane. It has been found that calcium
signaling induces contacts between the ER and plasma membrane, which may promote
phosphatidylinositol (PI) transfer to the plasma membrane at these MCSs [24, 25]. Once the
PI reaches the plasma membrane, it can be converted to PIPs. Thus, the formation of ER-
plasma membrane contacts and the transfer of PI at these sites may regulate the rate of PIP
formation in the plasma membrane.
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Lipid synthesis at MCSs probably also has a significant effect on lipid homeostasis. Multiple
studies have shown that various lipid-synthesizing enzymes are enriched at MCSs. For
example PS synthase, Pl synthase, and diacylglycerol cholinephosphotransferase are
enriched in regions of the ER that are closely apposed to mitochondria or the plasma
membrane [26-28]. Lipids produced at MCSs may be present at high concentrations at these
sites, increasing the likelihood that the lipid will be transferred by an LTP to the apposing
membrane (Figure 1). Indeed, it has been shown that newly synthesized PS is preferentially
transferred from the ER to mitochondria where it is converted to phosphatidylethanolamine
(PE) [29]. It may also be possible that lipid-synthesizing enzymes at MCSs hand lipids
directly to LTPs, facilitating lipid transfer. Thus, there could be some form of substrate
channeling from lipid synthesizing enzymes to LTPs at contact sites. Substrate channeling is
the process by which the product of one enzyme is passed directly to a second enzyme.

Recent studies have revealed another way that lipid metabolism occurs at MCSs; enzymes
located in the ER can modify lipids in the plasma membrane at regions of close contact
between these organelles. In one report, the ER resident phosphatase Sacl was found to
dephosphorylate PIPs localized in the PM in yeast [30]. A second study suggested that Opi3,
an enzyme in the ER that forms phosphatidylcholine (PC) from PE, can use PE in the
plasma membrane as a substrate [31]. Remarkably, lipid-binding proteins localized at ER-
plasma membrane MCSs regulate the activity of Sacl and Opi3. Thus lipid sensing at MCSs
may regulate plasma membrane lipid composition.

MCSs and lipid transfer to mitochondria

Mitochondria are thought to be endosymbiotic organelles that have evolved such that they
retain the ability to synthesize some of the components necessary for their biogenesis but
require the import of others from their “host” cells. Thus mitochondria have retained the
ability to synthesize some lipids required for membrane biogenesis but other lipids must be
imported from the rest of the cell; these include PI, PS, PC, and phosphatidic acid (Figure
2). The membrane lipids that are synthesized in mitochondria are PE, CDP-diacylglycerol,
phosphatidylglycerol, and cardiolipin (CL) [32]. Some lipids synthesized in mitochondria
are also transferred out of mitochondria to other organelles. For example, mitochondria are
important sites of PE synthesis and this PE can be moved to the ER where it is converted to
PC (Figure 2). It is thought that lipid exchange between the mitochondria and other
organelles occurs at MCSs, particularly those between mitochondria and the ER, where most
lipid biosynthesis occurs.

ER-mitochondria junctions are thought to be the major gateway for lipid exchange between
mitochondria and the rest of the cell. We are still just beginning to understand how these
close-contacts are established. A number of ER-mitochondria tethering complexes have
been identified in mammalian cells but it is not currently known if they are required for lipid
exchange between these organelles. An important breakthrough in our understanding of ER-
mitochondrial tethering and lipid trafficking was the discovery of the ER-mitochondria
encounter structure (ERMES), a complex that localizes to junctions between the ER and
mitochondria [33]. ERMES is found in yeast but not in higher eukaryotes [34]. Interestingly,
three of the proteins in ERMES contain lipid-binding SMP domains and thus could facilitate
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lipid exchange between the ER and mitochondria. Consistent with this possibility, cells
lacking ERMES have reduced ER-mitochondria contacts [¢+¢35] and mitochondria from these
cells have altered phospholipid composition including significantly reduced levels of PE and
CL [33, 36-39]. It may be that the ERMES complex is involved in moving lipids in specific
conditions, such as during mitochondrial division or mitophagy, in which the ERMES
complex has been found to be involved [9, 40]. Alternatively, ERMES may not directly
facilitate lipid exchange. In either case, it is clear that other complexes that tether the ER and
mitochondria and facilitate lipid exchange remain to be identified.

A recent study from our group has indeed identified a second ER-mitochondria tethering
complex in yeast [*#35]. Mutants lacking this conserved complex, called the ER-membrane
protein complex or EMC, were found in a genetic screen for strains with defects in
mitochondrial PE synthesis. The EMC resides in the ER and tethers it to mitochondria by
interacting with the Tom (translocase of the outer membrane) complex in the mitochondrial
outer membrane. EMC mutants were also found to have reduced contact between the ER
and mitochondria, altered mitochondrial lipid composition, and reduced rates of PS transfer
from the ER to mitochondria. Interestingly, cells missing both the ERMES and EMC
complexes were not viable and had a dramatic decrease in PS transfer to mitochondria. Both
these defects were completely corrected by expressing an artificial ER-mitochondrial tether,
indicating that both the ERMES and EMC together tether ER and mitochondria and mediate
lipid trafficking between these organelles. How lipid exchange occurs at ER-mitochondrial
junctions remains an interesting question for the future. Another important question is why
multiple tethering complexes maintain ER-mitochondria contacts. Notably, work in yeast
has indicated that multiple tethers also maintain ER-PM junctions [14], suggesting that
multiple tethering complexes may be a common feature of many MCSs. These complexes
probably have different functions, some of which may be unrelated to lipid transfer.
Multiple tethers at MCSs may function like Velcro and maintain contacts by numerous weak
interactions that can be rapidly formed and broken.

The finding that ER-mitochondria tethering is required for cell viability and necessary for
efficient PS transfer from the ER to mitochondria is consistent with the long-held belief that
lipid transfer occurs exclusively at ER-mitochondria junctions. However, this view has been
challenged by two recent studies [*+41, ¢#42]. They suggest that MCSs formed between
mitochondria and vacuoles may form an alternative route for lipid transport to mitochondria.
A complex named VCLAMP (vacuole and mitochondria patch) was found to tether
mitochondria and vacuoles. Remarkably a mutant of missing both ERMES and VCLAMP is
not viable and has a significant defect in PE and PC synthesis, suggesting that both ER-
mitochondria and vacuole-mitochondria MCSs facilitate phospholipid transport to the
mitochondria [++41]. As the ERMES and vCLAMP are synthetically lethal one can speculate
a similar phenotype for the deletion of both EMC and vCLAMP complex as well, but this
remains to be tested.

These findings raise the interesting possibility that mitochondria may exchange lipids with a
number of organelles and that lipid trafficking pathways to mitochondria are redundant

(Figure 3). Since mitochondria form MCSs not only with the ER and vacuole but the plasma
membrane, the Golgi complex, and melanosomes [6, *#41-44], it seems possible that there is
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a complex network of inter-organelle lipid transfer pathways. This may well be true of other
organelles as well.

Conclusions and future directions

A number of new components of MCSs have been identified in the last few years. However,
we still lack mechanistic details about how lipids are transferred at MCSs and the roles of
LTPs in these processes. It is also becoming clear that MCSs have a greater role in lipid
homeostasis than simply being sites of lipid exchange. Understanding how MCSs function
will require reconstitution of these sites in vitro, which will be a challenging task. Better
methods of visualizing MCSs are also necessary, both for identifying new MCS components
and for better understanding the regulation of MCS formation.

One of the most interesting discoveries in the last few years is that mitochondria obtain lipid
not only from the ER but also from contacts with the vacuole and perhaps other organelles
as well. This suggests that there may a complex network of connections between organelles
by MCSs. Understanding how this network is formed and regulated will be an exciting
direction for future studies.
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Figure 1. Model of directional lipid exchange at an MCS
A lipid synthase (red) localizes to an MCS where it produces a lipid (lipid with green

headgroup). The enrichment of the lipid at MCS increases the likelihood that the lipid is
transferred by an LTP at the MCSs. Alternatively, the synthase may hand the lipid directly
to the LTP. Once the lipid reaches the second membrane it could be trapped there because of
its affinity for a protein or lipid (thermodynamic trap) or by being modified (converted to a
purple headgroup lipid; metabolic trap).
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Figure 2. Lipid movement at the ER-mitochondria contacts
Lipids that move from ER to mitochondria (green arrows) or from mitochondria to the ER

(red arrows) are shown. Black arrows indicate conversion of one lipid to another. PA =
phosphatidic acid; CDP-DAG = cytidine diphosphate diacylglycerol; PS =
phosphatidylserine; PE = phosphatidylethanolamine; PC = phosphatidylcholine; CL =

cardiolipin.
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Figure 3. Mitochondria centered interorganelle network in yeast

MCSs formed between mitochondria and other organelles in yeast and the protein
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complexes found at these MCSs. Some of these complexes are described in the text. The
other complexes are thought to tether mitochondria to various organelles but have not yet
shown to mediate lipid exchange. Tthe mitochondria ER cortex anchored (MECA) complex
tethers mitochondrial, plasma membrane, and the ER [6]. A complex containing Mmrl and

other unknown proteins tethers mitochondria to the ER [45].
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