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Abstract

Cellular homeostasis depends on the precisely coordinated use of lipids as
fuels for energy production, building blocks for membrane biogenesis or
chemical signals for intra and inter-cellular communication. Lipid droplets
(LDs) are universally conserved dynamic organelles that can store and
mobilize fatty acids and other lipid species for their multiple cellular roles.
Increasing evidence suggests that contact zones between LDs and other
organelles play important roles in the trafficking of lipids and in the regulation
of lipid metabolism. Here we review recent advances regarding the nature and
functional relevance of interactions between LDs and other organelles -
particularly the endoplasmic reticulum (ER), LDs, mitochondria and vacuoles
— that highlight their importance for lipid metabolism.

Introduction

Cells have the ability to store metabolic energy in the form of nonpolar or
“neutral” lipids in ubiquitous organelles, lipid droplets (LDs). Unlike other
organelles, LDs exhibit a unique topology consisting of a hydrophobic core,
predominantly of triacylglycerol (TAG) and steryl esters (SE), and coated by a
phospholipid monolayer, which solubilizes the LD in the cytoplasm and a set
of proteins involved in LD function. In response to metabolic signals,
mobilized fatty acids (FAs) and other precursors derived from stored neutral
lipids are used for a striking variety of functions, including energy production
via B-oxidation, membrane biogenesis for cell growth, protein modification,
signalling, and even secretion within lipoproteins. Growth and consumption of
LDs can occur via multiple pathways but ultimately both processes depend on
the regulated exchange of lipid content between LDs and other organelles
within an agueous cytoplasm. Because LDs are not directly connected to the
vesicular transport pathways, the neutral lipids and phospholipids required for
their biogenesis must be generated either in situ or arrive from other
organelles through physical interactions. Here we discuss recent advances
and highlight open questions on how contacts between LDs and other
organelles are established and how they regulate lipid metabolism. LD
biogenesis will not be discussed in detail as it has been comprehensively
reviewed elsewhere [1-5].
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LD-ER contact sites

While it is widely thought that LDs emerge from the ER membrane, the
mechanisms responsible for the initial stages of their formation are not well
understood. A popular model proposes that accumulation of neutral lipids
between the leaflets of the ER bilayer forms an oil droplet or “lens” that
eventually buds towards the cytoplasm [6], although there is still little direct
evidence to support it. Whether this budding process is spontaneous or
assisted by ER proteins is also not clear [7]. Subsequent growth of LDs may
take place by neutral lipid synthesis either on the LD surface or at the ER, or
by a “fusion” mechanism that transfers lipid during homotypic LD-LD
interaction. Regardless of the pathway, neutral lipid addition to the LD core
must be coupled with addition and remodelling of phospholipids, mostly
phosphatidylcholine (PC), at the LD surface to enable the coordinated
expansion of the organelle.

The close apposition of LDs with the ER is conserved from yeasts to
mammals (Figure 2) but the exact nature of this association remains poorly
defined. LDs between the two leaflets of the ER have been visualized in cells
with defects in apolipoprotein B processing [8], which would be consistent with
a physical continuity between the two organelles. A different arrangement was
seen by freeze-fracture analysis where both leaflets of the ER bilayer were
observed external to the LD and enclosed it tightly [9]. More recently, the
existence of ER-LD conduits was supported by high-pressure freezing
electron microscopy and tomography analyses depicting direct connections
between the LD phospholipid monolayer and the adjacent ER in mammalian
cells “loaded” with excess fatty acids [10*,11*]. Generating such a connection
is likely to depend upon the generation of negative membrane curvature at the
ER-LD interface; the role of specific lipids or proteins has yet to be
established, although a role for diacylglycerol (DAG) has been proposed [12].
In yeast where LDs predominantly appear to remain in contact with the ER
[13, 14*, 15], protein machinery may be required to stabilize the ER-LD
association.

There is increasing evidence in recent years suggesting that ER-LD contacts
provide a conduit for the transport of proteins with metabolic or signalling
functions on LDs (Figure 1). Such compartmentalization may increase the
efficiency of metabolic inter-conversions and limit the diffusion of bioactive
lipids within the ER membrane. Early biochemical studies in yeast provided
evidence that enzymes involved in neutral lipid synthesis show a dual LD-ER
localization [16, 17]. Indeed, some of the best-studied examples include TAG
biosynthetic enzymes. TAG synthesis is initiated by two sequential FA
acylation reactions on glycerol-3-phosphate, catalysed by GPAT and AGPAT
enzymes respectively. The resulting phosphatidate (PA) is dephosphorylated
by PA phosphatase (PAP) to DAG, which is then converted by DGATs to
TAG. Notably, with the exception of PAP, these enzymes are ER membrane-
bound but move to LDs during conditions of increased TAG synthesis. For
example, in mammalian cells DGAT2 [18, 19] and acyl-CoA synthetase 3
[11*] target LDs following the addition of FAs. In yeast, re-localization of the
DGAT Dgal enzyme in response to transcriptional induction of TAG
synthesis, is energy- and temperature- independent, supporting a diffusion-



based transport mechanism through an ER-LD membrane continuity [14*]. FA
loading of Drosophila cells results in the targeting of all four TAG biosynthetic
enzymes onto a subpopulation of LDs that expand, while a second class of
LDs lacking the enzymes remains constant in size [10*]. Other enzymes that
play key roles in LD homeostasis, like the lipases Tgl1l and Tgl3 in yeast [14%,
20] or the mammalian lyso-PC acytransferases LPCAT 1 and 2 that remodel
PC on LDs [21], also partition between ER and LDs.

Because these enzymes behave biochemically like integral membrane
proteins, their transport from the ER poses the challenge of moving from a
phospholipid bilayer with an aqueous lumen (ER) to a monolayer with a
hydrophobic lumen (LD). It was proposed that the presence in the enzymes of
long hydrophobic domains with a kink, inserted in a hairpin fashion that does
not span the entire ER membrane, would allow such a transition [22] (Fig. 1).
Consistently, modifying the hydrophobic domains of LD proteins to disrupt
their hairpin structure blocks their translocation from the ER [10*, 23, 24]. This
mechanism may explain the remarkable conservation of LD targeting between
species despite the lack of apparent linear LD-localization signals [25, 26].
However, several proteomic and imaging approaches have now identified
additional LD proteins with longer membrane-spanning domains, although
their topology in most cases has not been experimentally determined.
Whether these proteins are actually resident in an ER domain that
contaminates LDs during analysis, or whether other mechanisms to
accommodate membrane proteins on LDs exist, remains to be determined.

Another open question is whether phospholipids are also transferred at ER-
LD contact sites to support LD surface expansion. The phosphocholine
cytidylyltransferase a (CCTa) catalyzes the rate-limiting step in the Kennedy
pathway of PC synthesis and targets LDs during FA loading in fly and
mammalian cells, although the final step of PC production takes place in the
ER [27]. Another pathway that remodels PC acyl chains through LPCAT1 and
2, the Lands cycle, is also active on LDs, but the primary source of the PC
substrate may be also derived from the ER [21, 28]. Thus, LD growth probably
depends on a phospholipid transport step, which could take place either
through lateral diffusion from the ER-LD connections, or via phospholipid
transport proteins at the zones of ER-LD proximity. However the specific
mechanisms remain largely mysterious. Evidence for a further role of
phospholipid metabolism in LD growth has been also provided by genetic
studies in yeast [29].

A model for the formation of ER-LD contacts has been recently proposed,
based on a mechanism requiring the GTPase Arfl and the COPI coat
complex. These have canonical functions in Golgi to ER retrograde
membrane and protein trafficking and previous studies have also documented
a role for Arfl/COPI in the LD targeting of adipose triglyceride lipase (ATGL)
[30, 31] and TAG biosynthetic enzymes from the ER membrane [32*]. A pool
of Arfl/COPI localizes on the LD surface and buds micro-droplets from either
artificial or purified cellular LDs [32*, 33*]. Because this process removes
phospholipids from the LD monolayer that solubilize the TAG core, it was
suggested that the resulting increase in LD surface tension drives the



formation of membrane contacts with the adjacent ER, enabling protein
transport to the LD [32*]. Thus, Arf1/COPI may act by modifying the physical
properties of the LD.

Additional pathways for ER-LD contact formation are likely to exist, at least in
yeast, where COPI mutations do not block the transport of Dgal to LDs [14*].
Another way in which ER-LD contacts could be regulated is by the assembly
of protein-protein complexes at the interface between the two organelles. This
has been suggested by studies in C.elegans where the DAG acyltransferase
DGAT2 on LDs was shown to bind the ER-localized acyl-CoA synthetase
FATP1 that generates the FA substrate of DGAT2 [34]. There is growing
evidence that neutral lipid biosynthetic enzymes can form complexes to
facilitate substrate channeling, although evidence for a general role of protein-
protein interactions in tethering LDs to the ER is currently missing.

LD-LD contact sites

LDs tend to cluster together under certain conditions or when specific proteins
are over-expressed [35-39]. However, for the most part these observations of
changes in LD proximity do not conclusively document direct contact sites
between adjacent LDs. Furthermore, the biological importance of this
proximity to one another remains largely unknown; one notable exception is
the role of Fsp27 (fat specific protein of 27 kDa, also known as Cidec) in
mediating formation of the large unilocular LDs present in vertebrate
adipocytes (Figure 1). In this case, cellular knockdown studies [40], mouse
knockout models [41-43] and a human with biallelic loss-of-function mutations
in CIDEC [44], clearly indicate that Fsp27 is required for the formation of a
unilocular LD and that, in its absence, adipocytes accumulate smaller
multiloculated LDs which permit higher rates of lipolytic fatty acid release
(presumably due, at least in part, to the relative increase in LD surface area
and hence access of lipases to the LD). This ultimately limits the maximal lipid
storage in adipose tissue in vivo; instead lipid accumulates in the liver and
induces insulin resistance in the absence of Fsp27 [43, 45].

Gong et al [46*] were the first to show that Fsp27 localises to membrane
contact sites between abutting LDs, where it appears to form stable ‘contacts’
between the LDs. This enables net unidirectional transfer of neutral lipid from
the smaller to the larger LD via a slow (typically over hours) transfer process,
for which the term ‘permeation’ has been suggested [2]. The internal pressure
difference (which is higher in the smaller LD) provides the ‘driving force’ for
this neutral lipid transfer. This process is thought to be distinct from much
faster LD coalescence events which have been observed in vitro and the in
vivo relevance of which are still debated; current consensus suggests that
coalescence probably does not occur in vivo, although depleting surface PC
or the addition of certain pharmacological agents can destabilise LDs and
promote this type of rapid fusion [47, 48]. LD permeation has also been
observed using CARS imaging in differentiating adipocytes, where it was
possible to precisely document the additive effect of several ‘permeation’
events on LD volume and measure factors influencing the rate of lipid transfer
between LDs [49, 50*]. The latter suggests that this depends primarily on the
volume of the smaller LD. Recent studies have suggested that several



additional proteins, including perilipin 1 [51] and Rab8 [52] enhance the rate of
lipid transfer mediated by Fsp27, although the mechanistic basis underlying
these observations is still unknown. It also remains unclear at this stage
whether Fsp27 is involved in the formation of a channel or ‘pore’ between the
LDs, or facilitates lipid transfer by another mechanism.

LD-Mitochondria/peroxisome interactions

Catabolism of LD-derived fatty acids through B-oxidation takes place in
mitochondria in metazoans, or peroxisomes in yeasts and plants. Extensive
fatty acid trafficking is therefore likely to take place between LDs and these
organelles (Figure 1). Increased fatty acid flux from LDs induces mitochondrial
biogenesis, highlighting the close interplay between the two organelles [53].
Close association of LDs with mitochondria, or peroxisomes, has previously
been described in many cell types. For example, a fluorescence
complementation assay in yeast described protein interactions between LDs
and mitochondria or peroxisomes [54]. Moreover, in yeast cells using oleate
as a carbon source, LDs develop stable contacts with peroxisomes, termed
“‘pexopodia”, that were proposed to facilitate peroxisomal fatty acid import and
contain several B-oxidation enzymes [55]. In mammalian oxidative tissues that
require high fatty acid fluxes for their energy demands, LDs often localize near
mitochondria [56]. High levels of perilipin 5, which is most highly expressed in
oxidative tissues, result in clustering of mitochondria around LDs in skeletal
and heart muscle [57-59]. Close LD-mitochondrial association and proper
mitochondrial fusion are required for the distribution and oxidation of
lipolytically released fatty acids within the mitochondrial network during
starvation [60*]. These observations imply a role of LD-mitochondrial contacts
in the channelling of mobilized fatty acids although it is also possible that both
organelles contact a common ER subdomain through which fatty acids and
other lipids traffic. Protein machinery mediating LD-mitochondrial contacts
has, to date, not been described.

Lipid transport between LDs and mitochondria is likely to be bidirectional. In
cell types such as adipocytes, hepatocytes or yeast, PC can be synthesized
by either the Kennedy pathway or by the methylation of mitochondrial-derived
phosphatidylethanolamine (PE), catalysed by PEMT [61]. PEMT localizes to
the mitochondrial-associated ER membrane (MAM). In adipocytes, PEMT is
found in close proximity to LDs and may use mitochondrial PE for the
synthesis of PC on LDs [62]. How these two biosynthetic processes could be
coupled remains unknown. An analogous communication may also take place
between LDs and peroxisomes as the latter are the sites of ether-linked lipids,
which are also present in LDs [63].

LD-Vacuole/lysosome interactions

In addition to the activity of cytosolic lipases, fatty acids can be mobilized from
LDs through macroautophagy in mammalian cells. This process is known as
lipophagy and involves the sequestration of small, or portions of larger, LDs in
the autophagosome [64]. Genetic and pharmacological inhibition of autophagy
leads to accumulation of LDs in different cell types. Therefore, proteins that
control autophagic flux and are also associated with LDs may specifically
control lipophagy. The small GTPase Rab7, whose activity is required for



autolysosome formation, associates with LDs and is required for lipophagy.
This association increases during B-adrenergic receptor stimulation and is
inhibited by perilipin 1 on the surface of LDs under basal conditions [65].
Moreover, Rab7 activation during nutrient stress also increases the
association of Rab7-positive compartments with LDs [66]. Similarly,
chromosome 19 open reading frame 80 (C190rf80) associates with LDs
during thyroid hormone stimulation and mediates lipophagy in human
hepatoma cell lines [67].

In budding yeast, LDs associate with the vacuolar membrane and are
incorporated into the vacuole through microautophagy, which requires the
core machinery of autophagy [68, 69]. Although both nitrogen starvation and
stationary phase induce lipophagy in yeast, vacuolar incorporation of LDs may
proceed through different mechanisms. In fact, stationary phase induces the
formation of liquid disordered and sterol-rich liquid ordered microdomains on
the vacuolar membrane, which are not formed during nitrogen starvation [70].
During stationary phase-induced lipophagy, LDs associate with the sterol-rich
liquid-ordered microdomains, which mediate the vacuolar internalization of
LDs [69]. Interestingly, lipophagy is required for maintenance of these
vacuolar microdomains, probably by providing the sterols stored in LDs [69].

LDs may also contribute to the initiation of autophagy. Recent work in
mammalian cells provides evidence that LDs interact with autophagosomes
during starvation and TAG is mobilized by the neutral lipase PNPLAS5 that
localizes on LDs [71]. The resulting DAG is converted into PC via the
Kennedy pathway, suggesting a role for TAG in the formation of membrane
phospholipids required for autophagosome biogenesis [71]. TAG is also
required for autophagosome formation in budding yeast, although the
underlying mechanisms remain currently unknown [72].

Conclusion and perspective

Lipid synthesis is highly compartmentalized in eukaryotic cells and therefore
regulated contacts between LDs and other organelles are likely to be critical
for cellular homeostasis. LD tethering to organelles may result in more
efficient channeling of lipid intermediates from LDs explaining, perhaps, why
lipolysis-derived FAs are used by cells more efficiently over other sources of
FAs. How LD-organelle contacts are established, maintained and regulated in
response to metabolic cues remains poorly understood. The unique topology
of LDs may dictate novel modes of membrane interactions and the function of
specific lipid and protein components awaits further investigation. Moreover,
the spatial organization of LDs, and the role of the ER network that contacts
most other organelles, in controlling LD-organelle interactions is also not well
understood. Although we focused here on LD contacts with four organelles,
LDs apparently manifest a much broader repertoire of interactions including
caveolae, components of the endocytic machinery and pathogens such as
viruses or bacteria. It is likely that future studies on the regulation of LD
contacts will lead to a better understanding of lipid metabolism, with important
implications for prevalent human diseases such as obesity, diabetes, fatty
liver and cancer.



Acknowledgements
This work was supported by an MRC Senior Non-Clinical Fellowship (to SS)
and a Wellcome Trust Senior Clinical Fellowship (to DBS). We thank Roger
Schneiter and Alison Schuldt for critically reading the manuscript and Robert
Parton, Charles Ferguson, Sepp Kohlwein and Maja Radulovic for providing
electron micrographs.

References
1. Brasaemle DL, Wolins NE: Packaging of fat: an evolving model of lipid
droplet assembly and expansion. J Biol Chem 2012, 287:2273-2279.

2. Thiam AR, Farese RV Jr, Walther TC: The biophysics and cell biology of
lipid droplets. Nat Rev Mol Cell Biol 2013, 14:775-86.

3. Kohlwein SD, Veenhuis M, van der Klei 1J: Lipid droplets and
peroxisomes: key players in cellular lipid homeostasis or a matter of fat-
-store 'em up or burn 'em down. Genetics 2013, 193:1-50.

4. Pol A, Gross SP, Parton RG: Biogenesis of the multifunctional lipid
droplet: lipids, proteins, and sites. J Cell Biol 2014, 204:635-646.

5. Ohsaki Y, Suzuki M, Fujimoto T: Open questions in lipid droplet biology.
Chem Biol 2014, 21:86-96.

6. Murphy DJ, Vance J: Mechanisms of lipid-body formation. Trends
Biochem Sci 1999, 24:109-115.

7. Sturley SL, Hussain MM: Lipid droplet formation on opposing sides of
the endoplasmic reticulum. J Lipid Res 2012, 53:1800-1810.

8. Ohsaki Y, Cheng J, Suzuki M, Fujita A, Fujimoto T: Lipid droplets are
arrested in the ER membrane by tight binding of lipidated apolipoprotein
B-100. J Cell Sci 2008, 121:2415-2422.

9. Robenek H, Hofnagel O, Buers |, Robenek MJ, Troyer D, Severs NJ:
Adipophilin-enriched domains in the ER membrane are sites of lipid
droplet biogenesis. J Cell Sci 2006, 119:4215-4224.

10. Wilfling F, Wang H, Haas JT, Krahmer N, Gould TJ, Uchida A, Cheng JX,
Graham M, Christiano R, Frohlich F, Liu X, Buhman KK, Coleman RA,
Bewersdorf J, Farese RV Jr, Walther TC: Triacylglycerol synthesis
enzymes mediate lipid droplet growth by relocalizing from the ER to
lipid droplets. Dev Cell 2013, 24:384-399.

* Fatty acid loading in Drosophila and mouse cells leads to the relocalization
of GPAT4 and other TAG biosynthetic enzymes from the ER to a subset of
LDs where they are required for LD expansion. Membranous bridges
connecting LDs with the ER could be visualized by electron microscopy.



11. Kassan A, Herms A, Fernandez-Vidal A, Bosch M, Schieber NL, Reddy
BJ, Fajardo A, Gelabert-Baldrich M, Tebar F, Enrich C, Gross SP, Parton RG,
Pol A: Acyl-CoA synthetase 3 promotes lipid droplet biogenesis in ER
microdomains. J Cell Biol 2013, 203:985-1001.

*By using artificial LD-targeting reporters and fatty acid loading of mammalian
cells in culture, the authors demonstrate the appearance of emerging LDs in a
limiting number of ER microdomains and the presence of ER-LD membrane
connections by electron microscopy.

12. Adeyo O, Horn PJ, Lee S, Binns DD, Chandrahas A, Chapman KD,
Goodman JM: The yeast lipin orthologue Pahlp is important for
biogenesis of lipid droplets. J Cell Biol 2011, 192:1043-1055.

13. Wolinski H, Kolb D, Hermann S, Koning RI, Kohlwein SD: A role for
seipin in lipid droplet dynamics and inheritance in yeast. J Cell Sci 2011,
124:3894-3904.

14. Jacquier N, Choudhary V, Mari M, Toulmay A, Reggiori F, Schneiter R:
Lipid droplets are functionally connected to the endoplasmic reticulum
in Saccharomyces cerevisiae. J Cell Sci 2011, 124:2424-2437.

* Using a transcriptional induction system of LD biogenesis in yeast, the
authors show that ER membrane proteins involved in TAG metabolism can
translocate onto LDs in a temperature- and energy-independent manner,
supporting a diffusion-based partitioning pathway between the ER membrane
and LDs.

15. Knoblach B, Rachubinski RA: Transport and retention mechanisms
govern lipid droplet inheritance in Saccharomyces cerevisiae. Traffic
2015, 16:298-309.

16. Athenstaedt K, Daum G: Biosynthesis of phosphatidic acid in lipid
particles and endoplasmic reticulum of Saccharomyces cerevisiae. J
Bacteriol 1997, 179:7611-7616.

17. Leber R, Landl K, Zinser E, Ahorn H, Spok A, Kohlwein SD, Turnowsky F,
Daum G: Dual localization of squalene epoxidase, Erglp, in yeast
reflects a relationship between the endoplasmic reticulum and lipid
particles. Mol Biol Cell 1998, 9:375-386.

18. Kuerschner L, Moessinger C, Thiele C: Imaging of lipid biosynthesis:
how a neutral lipid enters lipid droplets. Traffic 2008, 9:338-352.

19. Stone SJ, Levin MC, Zhou P, Han J, Walther TC, Farese RV Jr: The
endoplasmic reticulum enzyme DGAT2 is found in mitochondria-
associated membranes and has a mitochondrial targeting signal that
promotes its association with mitochondria. J Biol Chem 2009, 284:5352-
5361.



20. Schmidt C, Athenstaedt K, Koch B, Ploier B, Daum G: Regulation of the
yeast triacylglycerol lipase TGI3p by formation of nonpolar lipids. J Biol
Chem 2013, 288:19939-19948.

21. Moessinger C, Kuerschner L, Spand| J, Shevchenko A, Thiele C: Human
lysophosphatidylcholine acyltransferases 1 and 2 are located in lipid
droplets where they catalyze the formation of phosphatidylcholine. J Biol
Chem 2011, 286:21330-21339.

22. Thiele C, Spandl J: Cell biology of lipid droplets. Curr Opin Cell Biol
2008, 20: 378-385.

23. Stevanovic A, Thiele C: Monotopic topology is required for lipid
droplet targeting of ancient ubiquitous protein 1. J Lipid Res 2013,
54:503-513.

24. McFie PJ, Jin Y, Banman SL, Beauchamp E, Berthiaume LG, Stone SJ:
Characterization of the interaction of diacylglycerol acyltransferase-2
with the endoplasmic reticulum and lipid droplets. Biochim Biophys Acta
2014, 1841:1318-1328.

25. Kurat CF, Natter K, Petschnigg J, Wolinski H, Scheuringer K, Scholz H,
Zimmermann R, Leber R, Zechner R, Kohlwein SD: Obese yeast:
triglyceride lipolysis is functionally conserved from mammals to yeast. J
Biol Chem 2006, 281:491-500.

26. Jacquier N, Mishra S, Choudhary V, Schneiter R: Expression of oleosin
and perilipins in yeast promotes formation of lipid droplets from the
endoplasmic reticulum. J Cell Sci 2013, 126:5198-52009.

27. Krahmer N, Guo Y, Wilfling F, Hilger M, Lingrell S, Heger K, Newman HW,
Schmidt-Supprian M, Vance DE, Mann M, et al: Phosphatidylcholine
synthesis for lipid droplet expansion is mediated by localized activation
of CTP:phosphocholine cytidylyltransferase. Cell Metab 2011, 14:504-
515.

28. Penno A, Hackenbroich G, Thiele C: Phospholipids and lipid droplets.
Biochim Biophys Acta 2013, 1831:589-594.

29. Fei W, Shui G, Zhang Y, Krahmer N, Ferguson C, Kapterian TS, Lin RC,
Dawes IW, Brown AJ, Li P, et al: A role for phosphatidic acid in the
formation of "supersized” lipid droplets. PLoS Genet 2011, 7:€1002201.

30. Beller M, Sztalryd C, Southall N, Bell M, Jackle H, Auld DS, Oliver B:
COPI complex is a regulator of lipid homeostasis. PLoS Biol 2008,
6:€292.

31. Soni KG, Mardones GA, Sougrat R, Smirnova E, Jackson CL, Bonifacino
JS: Coatomer-dependent protein delivery to lipid droplets. J Cell Sci
2009, 122:1834-1841.



32. Wilfling F, Thiam AR, Olarte MJ, Wang J, Beck R, Gould TJ, Allgeyer ES,
Pincet F, Bewersdorf J, Farese RV Jr, Walther TC: Arfl/COPI machinery
acts directly on lipid droplets and enables their connection to the ER for
protein targeting. Elife 2014, 3:e01607.

* Together with [33], these studies show that Arfl/COP1 can bud
nanodroplets from artificial TAG LD surfaces [33] or cellular LDs [32]. The
authors show that this process decreases phospholipid packing on mother
LDs, increases surface tension and controls the ability of cells to establish
ER-LD connections.

33. Thiam AR, Antonny B, Wang J, Delacotte J, Wilfling F, Walther TC, Beck
R, Rothman JE, Pincet F: COPI buds 60-nm lipid droplets from
reconstituted water-phospholipid-triacylglyceride interfaces, suggesting
a tension clamp function. Proc Natl Acad Sci U S A 2013, 110:13244-
13249.

* See [32]

34. Xu N, Zhang SO, Cole RA, McKinney SA, Guo F, Haas JT, Bobba S,
Farese RV Jr, Mak HY: The FATP1-DGAT2 complex facilitates lipid
droplet expansion at the ER-lipid droplet interface. J Cell Biol 2012,
198:895-911.

35. Marcinkiewicz A, Gauthier D, Garcia A, Brasaemle DL: The
phosphorylation of serine 492 of perilipin a directs lipid droplet
fragmentation and dispersion. J Biol Chem 2006, 281:11901-11909.

36. Boulant S, Douglas MW, Moody L, Budkowska A, Targett-Adams P,
McLauchlan J: Hepatitis C virus core protein induces lipid droplet
redistribution in a microtubule- and dynein-dependent manner. Traffic
2008, 9:1268-1282.

37. Orlicky DJ, Monks J, Stefanski AL, McManaman JL: Dynamics and
molecular determinants of cytoplasmic lipid droplet clustering and
dispersion. PLoS One 2013, 8:66837.

38. Lohmann D, Spandl J, Stevanovic A, Schoene M, Philippou-Massier J,
Thiele C: Monoubiquitination of ancient ubiquitous protein 1 promotes
lipid droplet clustering. PLoS One 2013, 8:e72453.

39. Lucken-Ardjomande Hasler S, Vallis Y, Jolin HE, McKenzie AN, McMahon
HT: GRAFla is a brain-specific protein that promotes lipid droplet
clustering and growth, and is enriched at lipid droplet junctions. J Cell
Sci 2014, 127:4602-4619.

40. Keller P, Petrie JT, De Rose P, Gerin I, Wright WS, Chiang SH, Nielsen
AR, Fischer CP, Pedersen BK, MacDougald OA: Fat-specific protein 27
regulates storage of triacylglycerol. J Biol Chem 2008, 283:14355-14365.



41. Nishino N, Tamori Y, Tateya S, Kawaguchi T, Shibakusa T, Mizunoya W,
Inoue K, Kitazawa R, Kitazawa S, Matsuki Y, et al: FSP27 contributes to
efficient energy storage in murine white adipocytes by promoting the
formation of unilocular lipid droplets. J Clin Invest 2008, 118:2808-2821.

42. Toh SY, Gong J, Du G, Li JZ, Yang S, Ye J, Yao H, Zhang Y, Xue B, Li Q,
et al: Up-regulation of mitochondrial activity and acquirement of brown
adipose tissue-like property in the white adipose tissue of fsp27
deficient mice. PLoS One 2008, 3:e2890.

43. Zhou L, Park S, Xu L, Xia X, Ye J, Su L, Jeong K, Hur JH, Oh H, Tamori
Y, et al: Insulin resistance and white adipose tissue inflammation are
uncoupled in energetically challenged Fsp27-deficient mice. Nat
Commun 2015, 6:5949.

44. Rubio-Cabezas O, Puri V, Murano |, Saudek V, Semple RK, Dash S,
Hyden CS, Bottomley W, Vigouroux C, Magré J, et al: Partial lipodystrophy
and insulin resistant diabetes in a patient with a homozygous nonsense
mutation in CIDEC. EMBO Mol Med 2009, 1:280-287.

45. Tanaka N, Takahashi S, Matusbara T, Jiang C, Sakamoto W, Chanturiya
T, Teng R, Gavrilova O, Gonzalez FJ: Adipocyte-specific disruption of fat-
specific protein 27 causes hepatosteatosis and Insulin Resistance in
high-fat diet-fed mice. J Biol Chem 2014, pii: jbc.M114.605980.

46. Gong J, Sun Z, Wu L, Xu W, Schieber N, Xu D, Shui G, Yang H, Parton
RG, Li P: Fsp27 promotes lipid droplet growth by lipid exchange and
transfer at lipid droplet contact sites. J Cell Biol 2011, 195:953-963.

* FSP27 was shown to stably aggregate at contact sites between adjacent
lipid droplets, where it facilitates net unidirectional transfer of neutral lipid from
smaller to larger LDs.

47. Guo Y, Walther TC, Rao M, Stuurman N, Goshima G, Terayama K, Wong
JS, Vale RD, Walter P, Farese RV: Functional genomic screen reveals
genes involved in lipid-droplet formation and utilization. Nature 2008,
453:657-661.

48. Murphy S, Martin S, Parton RG: Quantitative analysis of lipid droplet
fusion: inefficient steady state fusion but rapid stimulation by chemical
fusogens. PLoS One 2010, 5:e15030.

49. Paar M, Jungst C, Steiner NA, Magnes C, Sinner F, Kolb D, Lass A,
Zimmermann R, Zumbusch A, Kohlwein SD, et al: Remodeling of lipid
droplets during lipolysis and growth in adipocytes. J Biol Chem 2012,
287,11164-11173.



50. Jingst C, Klein M, Zumbusch A: Long-term live cell microscopy
studies of lipid droplet fusion dynamics in adipocytes. J Lipid Res 2013,
54:3419-3429.

* Live-cell CARS imaging was used to demonstrate and evaluate the
dynamics of neutral lipid transfer between LDs in adipocytes.

51. Sun Z, Gong J, Wu H, Xu W, Wu L, Xu D, Gao J, Wu JW, Yang H, Yang
M, et al: Perilipinl promotes unilocular lipid droplet formation through
the activation of Fsp27 in adipocytes. Nat Commun 2013, 4:1594.

52. Wu L, Xu D, Zhou L, Xie B, Yu L, Yang H, Huang L, Ye J, Deng H, Yuan
YA, et al: Rab8a-AS160-MSS4 regulatory circuit controls lipid droplet
fusion and growth. Dev Cell 2014, 30:378-393.

53. Haemmerle G, Moustafa T, Woelkart G, Bittner S, Schmidt A, van de
Weijer T, Hesselink M, Jaeger D, Kienesberger PC, Zierler K, et al: ATGL-
mediated fat catabolism regulates cardiac mitochondrial function via
PPAR-a and PGC-1. Nat Med 2011, 17:1076-1085.

54. Pu J, Ha CW, Zhang S, Jung JP, Huh WK, Liu P: Interactomic study on
interaction between lipid droplets and mitochondria. Protein Cell 2011,
2:487-496.

55. Binns D, Januszewski T, Chen Y, Hill J, Markin VS, Zhao Y, Gilpin C,
Chapman KD, Anderson RG, Goodman JM: An intimate collaboration
between peroxisomes and lipid bodies. J Cell Biol 2006, 173:719-731.

56. Shaw CS, Jones DA, Wagenmakers AJ: Network distribution of
mitochondria and lipid droplets in human muscle fibres. Histochem Cell
Biol 2008, 129:65-72.

57. Wang H, Sreenivasan U, Hu H, Saladino A, Polster BM, Lund LM, Gong
DW, Stanley WC, Sztalryd C: Perilipin 5, a lipid droplet-associated protein,
provides physical and metabolic linkage to mitochondria. J Lipid Res
2011, 52:2159-2168.

58. Bosma M, Minnaard R, Sparks LM, Schaart G, Losen M, de Baets MH,
Duimel H, Kersten S, Bickel PE, Schrauwen P, et al: The lipid droplet coat
protein perilipin 5 also localizes to muscle mitochondria. Histochem Cell
Biol 2012, 137:205-216.

59. Wang H, Sreenivasan U, Gong DW, O'Connell KA, Dabkowski ER,
Hecker PA, lonica N, Konig M, Mahurkar A, Sun Y, et al: Cardiomyocyte-
specific perilipin 5 overexpression leads to myocardial steatosis and
modest cardiac dysfunction. J Lipid Res 2013, 54:953-965.

60. Rambold AS, Cohen S, Lippincott-Schwartz J: Fatty Acid trafficking in
starved cells: regulation by lipid droplet lipolysis, autophagy, and
mitochondrial fusion dynamics. Dev Cell 2015, 32:678-692.



*By following trafficking of a fluorescent fatty acid analog in live cells during
starvation, the authors demonstrate that lipolysis-derived fatty acids are
transferred from LDs to the mitochondrial network and that this depends on
functional mitochondrial fusion. Autophagy is required to replenish the fatty
acid pool of LDs.

61. Vance DE: Phospholipid methylation in mammals: from biochemistry
to physiological function. Biochim Biophys Acta 2014, 1838:1477-1487.

62. Horl G, Wagner A, Cole LK, Malli R, Reicher H, Kotzbeck P, Kofeler H,
Hofler G, Frank S, Bogner-Strauss JG, et al: Sequential synthesis and
methylation of phosphatidylethanolamine promote lipid droplet
biosynthesis and stability in tissue culture and in vivo. J Biol Chem 2011,
286:17338-17350.

63. Bartz R, Li WH, Venables B, Zehmer JK, Roth MR, Welti R, Anderson RG,
Liu P, Chapman KD: Lipidomics reveals that adiposomes store ether
lipids and mediate phospholipid traffic. J Lipid Res 2007, 48:837-847.

64. Singh R, Kaushik S, Wang Y, Xiang Y, Novak |, Komatsu M, Tanaka K,
Cuervo AM, Czaja MJ: Autophagy regulates lipid metabolism. Nature
2009, 458:1131-1135.

65. Lizaso A, Tan KT, Lee YH: B-adrenergic receptor-stimulated lipolysis
requires the RAB7-mediated autolysosomal lipid degradation. Autophagy
2013, 9:1228-1243.

66. Schroeder B, Schulze RJ, Weller SG, Sletten AC, Casey CA, McNiven
MA: The Small GTPase Rab7 as a central regulator of hepatocellular
lipophagy. Hepatology 2015 Jan 6. doi: 10.1002/hep.27667

67. Tseng YH, Ke PY, Liao CJ, Wu SM, Chi HC, Tsai CY, Chen CY, Lin YH,
Lin KH: Chromosome 19 open reading frame 80 is upregulated by thyroid
hormone and modulates autophagy and lipid metabolism. Autophagy
2014, 10:20-31.

68. van Zutphen T, Todde V, de Boer R, Kreim M, Hofbauer HF, Wolinski H,
Veenhuis M, van der Klei IJ, Kohlwein SD: Lipid droplet autophagy in the
yeast Saccharomyces cerevisiae. Mol Biol Cell 2014, 25:290-301.

69. Wang CW, Miao YH, Chang YS: A sterol-enriched vacuolar
microdomain mediates stationary phase lipophagy in budding yeast. J
Cell Biol 2014, 206:357-366.

70. Toulmay A, Prinz WA: Direct imaging reveals stable, micrometer-scale
lipid domains that segregate proteins in live cells. J Cell Biol 2013,
202:35-44.



71. Dupont N, Chauhan S, Arko-Mensah J, Castillo EF, Masedunskas A,
Weigert R, Robenek H, Proikas-Cezanne T, Deretic V: Neutral lipid stores
and lipase PNPLA5S contribute to autophagosome biogenesis. Curr Biol
2014, 24:609-620.

72. Li D, Song JZ, Li H, Shan MH, Liang Y, Zhu J, Xie Z: Storage lipid
synthesis is necessary for autophagy induced by nitrogen starvation.
FEBS Lett 2015, 589:269-276.

Figure legends

Figure 1. Topology and roles of key LD-organelle contact sites in lipid
metabolism. (a) LD-ER interaction zones. Selective partitioning of lipid
metabolic enzymes (in blue) from the ER to the LD phospholipid monolayer
through ER-LD membrane “bridges” controls LD homeostasis. These include
enzymes of the de novo TAG biosynthetic pathway, phospholipid remodelling,
TAG mobilization or other. TAG may be also channelled to LDs from the ER
via these LD-ER contacts though poorly characterized mechanisms (dashed
arrow). Phosphatidylcholine (PC, in green) from the adjacent ER can be
added during LD growth via lipid transport proteins or lateral diffusion. (b) LD-
LD contact sites are established by CIDE-proteins (e.g. Fsp27) and mediate
directional neutral lipid exchange from the smaller to the larger LD. (c)
Mitochondrial-LD contacts are thought to channel lipolytically-derived fatty
acids (FAs) destined for B-oxidation but their molecular basis remains elusive.
Such contacts may also provide mitochondrial-derived
phosphatidylethanolamine (PE) for the synthesis of PC destined to coat LDs.
MAM: Mitochondrial associated membrane.

Figure 2. Morphology of LD-organelle interactions as visualized by light and
electron microscopy. (a) Organelle-LD interactions in budding yeast as
visualized by electron tomography of cryofixed/freeze substituted samples.
ER, Endoplasmic reticulum; LD, Lipid droplet; M, Mitochondria; N, Nucleus;
SV, Secretory vesicles; V, Vacuole. Bar, 100 nm. (b) Electron microscopy of
LD-ER contacts in Vero cells. Bar, 1000 nm. (c) LD-ER association as
visualized by fluorescence microscopy in budding yeast; LDs, seen in red,
localize primarily in contact with the cortical and nuclear ER, in green. Bar, 5
um. (c) Electron microscopy of LD-mitochondrial contacts in Vero cells. Bar,
1000 nm. Image (a), courtesy of Maja Radulovic and Sepp D. Kohlwein
(University of Graz) and Yannick Schwab (EMBL); images (b) and (d),
courtesy of Charles Ferguson and Robert Parton (University of Queensland).
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