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Lipid droplets (LDs) store neutral lipids in their core as an energy source when nutrients are scarce.

The center of an LD is hydrophobic, and hence it is surrounded by a phospholipid monolayer, unlike other organelles that have an aqueous interior and are bounded by a phospholipid bilayer. LDs arise from the ER, where neutral lipid synthesis enzymes are localized. A combination of biophysical analysis and modeling, in vitro reconstitution and cell biological analyses has provided a great deal of information over the past few years on the process of LD biogenesis from the ER. In addition to lipid composition, four protein families (seipin proteins, perilipins, FIT proteins and ER shaping proteins) are crucial for LD biogenesis. Recent studies have shown that LDs preferentially arise, along with peroxisomes, at special ER sites marked by the reticulon-like Pex30/MCTP2 protein. New functions for perilipins and FIT family proteins have been uncovered, and the cryo-electron microscopy structure of seipin coupled with high resolution imaging in cells has provided a more comprehensive picture of its function in LD biogenesis. Seipin, along with other proteins such as Rab18 and its effector NRZ, have been shown to carry out their functions at least in part through formation of ER-LD contact sites, whose establishment and maintenance have emerged as an essential component of LD biogenesis and maturation.

Introduction

Lipid droplets are cellular organelles that store neutral lipids such as triacylglycerols (TAG) and sterol esters in their core [START_REF] Cohen | Lipid Droplets as Organelles[END_REF][START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF]. The most efficient way to store energy is in fat, and essentially all organisms, including bacteria [START_REF] Zhang | Bacterial lipid droplets bind to DNA via an intermediary protein that enhances survival under stress[END_REF], archaea [START_REF] Nagy | Lipoprotein-like particles in a prokaryote: quinone droplets of Thermoplasma acidophilum[END_REF] and eukaryotes [START_REF] Murphy | The dynamic roles of intracellular lipid droplets: from archaea to mammals[END_REF], use lipid-filled droplets for this purpose. Because the interior of an LD is hydrophobic, it is surrounded by a phospholipid monolayer, with the hydrophobic acyl chains of the phospholipids in contact with the core neutral lipids and the polar head groups facing the aqueous cytosol. This organization is quite different than that of other organelles, which have an aqueous interior and therefore are bounded by a phospholipid bilayer. Lipid droplets are formed in the endoplasmic reticulum (ER) membrane, and there has been a great deal of progress in our understanding of their biogenesis over the past couple of years. Defects in LD biogenesis lead to lipodsystrophies (insufficient storage) or to obesity (excess storage), which significantly impact human health. This review will provide an update on advances in the fundamental and more evolutionarily conserved principles of lipid droplet biogenesis in eukaryotic cells. A number of excellent reviews cover the entire process in more depth [START_REF] Cohen | Lipid Droplets as Organelles[END_REF][START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF][START_REF] Olzmann | Dynamics and functions of lipid droplets[END_REF][START_REF] Pol | Review: biogenesis of the multifunctional lipid droplet: lipids, proteins, and sites[END_REF][START_REF] Zhang | The lipid droplet: A conserved cellular organelle[END_REF], or address disease-related aspects and processes specific to professional fat storage cells [START_REF] Bozza | Lipid droplets in inflammation and cancer[END_REF][START_REF] De La | Regulation of lipid droplet-associated proteins by peroxisome proliferator-activated receptors[END_REF][START_REF] Gluchowski | Lipid droplets and liver disease: from basic biology to clinical implications[END_REF][START_REF] Lodhi | Peroxisomes: a nexus for lipid metabolism and cellular signaling[END_REF][START_REF] Qi | Lipid droplet growth and adipocyte development: mechanistically distinct processes connected by phospholipids[END_REF].

Models of LD Biogenesis

The most widely accepted model for lipid droplet formation is outlined in Figure 1, and has received the most experimental support [START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF][START_REF] Kohlwein | Lipid droplets and peroxisomes: key players in cellular lipid homeostasis or a matter of fat--store 'em up or burn 'em down[END_REF], although others have been proposed [START_REF] Ploegh | A lipid-based model for the creation of an escape hatch from the endoplasmic reticulum[END_REF]. This model is based on early studies of LD structure [START_REF] Blanchette-Mackie | Perilipin is located on the surface layer of intracellular lipid droplets in adipocytes[END_REF][START_REF] Tauchi-Sato | The surface of lipid droplets is a phospholipid monolayer with a unique Fatty Acid composition[END_REF], and has recently taken into consideration biophysical principles [START_REF] Khandelia | Triglyceride blisters in lipid bilayers: implications for lipid droplet biogenesis and the mobile lipid signal in cancer cell membranes[END_REF][START_REF] Thiam | The biophysics and cell biology of lipid droplets[END_REF][START_REF] Thiam | The physics of lipid droplet nucleation, growth and budding[END_REF]. This model comprises several discrete steps in LD formation, starting with the accumulation of neutral lipids (most commonly TAG and sterol esters) between the bilayers of the ER membrane. Next, coalescence (likely due to phase separation) of the neutral lipids into a lens and then a sphere is postulated, wrapping of the sphere of lipids by the cytosolic phospholipid monolayer of the ER, and finally budding of the nascent LD into the cytoplasm (Figure 1). EM approaches have provided evidence for the formation of a lens of lipids within the ER bilayer in yeast, supporting this model [22].

The surface of an LD has unique properties compared to a lipid bilayer [23]. For example, large lipid packing defects can form on the LD surface, making it promiscuous for binding of amphipathic helix-containing proteins [24,25]. When the surface tension of the LD monolayer is high compared to that of the ER bilayer, a neutral lipid lens will spontaneously transform into a spherical LD [26].

Modeling, in vitro analysis and experiments in cells support the idea that the phospholipid composition of the ER membrane and its tension are important for regulating TAG coalescence in the ER membrane, and for LD emergence into the cytosol [27,28].

Proteins involved in LD biogenesis

The enzymes that produce the neutral lipids making up the core of LDs are essential for their formation, as demonstrated in yeast by the observation that a quadruple mutant lacking the four enzymes catalyzing the final steps of neutral lipid synthesis is completely devoid of LDs [29,30]. The corresponding enzymes in mammalian cells, including GPAT4 and DGAT1 and 2, are subject to multiple levels of regulation to control LD biogenesis and growth [START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF]. Phospholipid biosynthesis is also essential for LD formation. Cells lacking the rate limiting step in phosphatidylcholine (PC) synthesis, CCTα [31], have only very large LDs, lacking a sufficient level of phospholipids to cover the surface of many small LDs [32].

In addition to neutral lipid and phospholipid synthesis enzymes, other proteins with crucial roles in LD formation have been identified. The best-studied are seipin, perilipins, FIT proteins, and ER shaping proteins (eg. reticulons, atlastin). The Fat storage-Inducing Transmembrane (FIT) proteins are necessary for neutral lipid storage in a wide range of eukaryotes including yeast and mammals [START_REF] Kohlwein | Lipid droplets and peroxisomes: key players in cellular lipid homeostasis or a matter of fat--store 'em up or burn 'em down[END_REF]22,33]. A recent study has shown that FIT proteins are ancient, very likely present in the last eukaryotic common ancestor, and have sequence features characteristic of lipid phosphatase/phosphotransferase (LPT) enzymes [33]. Mutagenesis studies support the conclusion that the FIT proteins are active LPT enzymes, thus providing important insight into their molecular function in LD biogenesis [33].

New insights into seipin function

Seipin is an evolutionarily conserved protein required for lipid storage in most if not all eukaryotes, including yeast, plants and humans [START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF]34]. The product of the BSCL2 gene, seipin became a focus of intense study when mutations in BSCL2 were linked to a severe form of Berardinelli-Seip Congenital Lipodystrophy [35]. Seipin depletion in various organisms and cell types causes defects in LD morphology, with accumulation of many small LDs of heterogeneous size and in some cases of shape, along with super-sized LDs [START_REF] Henne | The assembly of lipid droplets and their roles in challenged cells[END_REF][START_REF] Walther | Lipid Droplet Biogenesis[END_REF]. How all of these phenotypes could arise from loss of function of this single protein has been a mystery. Recent cell biological and structural studies have provided significant new insights. Both newly formed LDs and seipin structures move rapidly throughout the ER until they encounter each other, at which time their movement slows and they form a stable ER-LD contact site [36,37]. Once seipin has engaged in this way with a nascent LD, growth ensues. There is evidence that seipin coordinates both neutral lipid and phospholipid (PL) synthesis to control LD expansion, since seipin-depleted and mutant cells synthesize TAG at a higher rate, and the LDs formed have a higher TAG:PL ratio [37,38]. The reduced level of phospholipids to cover the rapidly expanding neutral lipid core explains the accumulation of super-sized LDs.

Further insight into seipin's function has come from the structure of the seipin protein complex, which forms a large ring [39,40] (Figure 2A). The exact number of monomers can vary, as the Drosophila complex has 12 seipin molecules [39], whereas the human seipin ring has only 11 [40]. The luminal portion of seipin consists of a hydrophobic α-helix, oriented towards the membrane, and a barrel-shaped structure composed of two β-sheets, each containing four antiparallel β strands. A low but significant similarity was found to the lipid binding domain of Niemann-Pick type C2 protein, as well as to the C2 domains of PKCα and synaptotagmin 1 [39,40] (Figure 2B). Seipin has been shown to bind to phosphatidic acid (PA) in vitro [40], and to function in ER-LD lipid transfer in cells [36],

suggesting that seipin might function in LD growth by directly transferring lipids from the ER to LDs Seipin has one N-terminal and one luminal hydrophobic α-helix (HH), each able to bind LDs on its own in cells, and to bind preferably to a phospholipid monolayer in vitro [37,39]. The N-terminal seipin HH is on the cytosolic side of the ER membrane, whereas the downstream HH is on the opposite, luminal, side. The presence of these two HHs that detect lipid packing defects on opposite sides of the membrane provides a simple mechanism to ensure that seipin specifically targets a lipid lens forming in the ER bilayer. Together these results support the following model. Seipin forms oligomeric ring-like structures, which rapidly move in the ER membrane until they encounter an accumulation of neutral lipids, through sensing of the neutral lipid lens by the HH regions of the protein. By stabilizing contact between the ER and the nascent LDs, seipin would prevent premature scission, and be positioned to coordinate TAG and phospholipid transfer to the maturing LD, possibly by transfer of lipids through its β-sandwich domain [39,40] (Figure 2C).

ER-shaping proteins and specialized sites of LD biogenesis

ER shaping proteins, including reticulons, atlastin and REEPs, have been implicated in LD biogenesis [41,42]. LDs would be favored to form at sites of high membrane curvature, as the nucleation energy is predicted to be lower in regions of the membrane with high curvature stress [START_REF] Thiam | The physics of lipid droplet nucleation, growth and budding[END_REF] (Figure 1). Two recent papers demonstrate that at least one class of LDs arise from regions of the ER enriched in the ER-shaping protein Pex30/MCTP2 [43,44]. Both yeast Pex30 and MCTP2 contain a reticulon homology domain (RHD), which inserts into the ER membrane and causes it to bend, thus localizing to ER tubules and the edges of ER sheets [45]. Pex30 functions with seipin at sites in the ER that give rise to LDs [43,44].

Interestingly, both studies show that Pex30 cooperates with seipin to generate not only LDs, but also peroxisomes, from the same ER regions. Peroxisomes and LDs have interrelated functions in lipid metabolism [START_REF] Cohen | Lipid Droplets as Organelles[END_REF][START_REF] Lodhi | Peroxisomes: a nexus for lipid metabolism and cellular signaling[END_REF][START_REF] Kohlwein | Lipid droplets and peroxisomes: key players in cellular lipid homeostasis or a matter of fat--store 'em up or burn 'em down[END_REF]46], and it was previously shown that Pex19 and Pex3, known for their function in peroxisome biogenesis, are essential for LD biogenesis [47]. Hence, not only are LDs and peroxisomes induced by similar conditions, they also arise at the same sites within the ER.

Perilipins in LD biogenesis

Perilipins are among the best-studied LD-associated proteins [48]. In humans, there are five perilipins (Plin1-5), Drosophila has two (plin1 and plin2) [START_REF] Walther | Lipid Droplet Biogenesis[END_REF]49,50] 

Role of ER-LD contact and vesicular trafficking components in LD biogenesis

The ER extends throughout cells, making direct contact with numerous organelles, including LDs [START_REF] Cohen | Interacting organelles[END_REF][START_REF] Wu | The importance of ER membrane contact sites[END_REF]. In addition to seipin, described above, a number of other ER-LD contact proteins have been identified (see [START_REF] Salo | Moving out but keeping in touch: contacts between endoplasmic reticulum and lipid droplets[END_REF] for a recent compilation and excellent review on this topic, as well as previous reviews [START_REF] Cohen | Lipid Droplets as Organelles[END_REF][START_REF] Olzmann | Dynamics and functions of lipid droplets[END_REF][START_REF] Barbosa | Function of lipid droplet-organelle interactions in lipid homeostasis[END_REF][START_REF] Schuldiner | A different kind of love -lipid droplet contact sites[END_REF]). In the complete absence of seipin, LDs are able to form and reach a size of around 200 nm, and these nascent LDs make visible and sometimes extensive contact with the ER [36,37],

indicating that other tethering complexes function at early stages in LD formation. Rab18 and its major effector NAG-RINT1-ZW10 (NRZ) have recently been shown to mediate ER-LD contact early in LD biogenesis in adipocytes [START_REF] Xu | Rab18 promotes lipid droplet (LD) growth by tethering the ER to LDs through SNARE and NRZ interactions[END_REF]. NRZ was identified as the major effector of Rab18 in a comprehensive screen for Rab effectors [START_REF] Gillingham | Toward a comprehensive map of the effectors of rab GTPases[END_REF]. Rab18 localizes to LDs [START_REF] Martin | Regulated localization of Rab18 to lipid droplets: effects of lipolytic stimulation and inhibition of lipid droplet catabolism[END_REF][START_REF] Ozeki | Rab18 localizes to lipid droplets and induces their close apposition to the endoplasmic reticulum-derived membrane[END_REF], and NRZ is anchored to the ER through interaction with transmembrane ER SNARE proteins [START_REF] Tagaya | Moonlighting functions of the NRZ (mammalian Dsl1) complex[END_REF]. In yeast, functional and physical interactions between LD-associated proteins and the yeast orthologue of NRZ, the Dsl1 complex, have been identified [START_REF] Ueno | Lipid droplet proteins, Lds1p, Lds2p, and Rrt8p, are implicated in membrane protein transport associated with ergosterol[END_REF]. Depletion of Rab18, or of the major NRZ component NAG, leads to a phenotype similar to that of seipin depletion, except that the size of nascent LDs accumulated in these cells are smaller than those in seipin-depleted cells [START_REF] Xu | Rab18 promotes lipid droplet (LD) growth by tethering the ER to LDs through SNARE and NRZ interactions[END_REF]. Hence Rab18 might function earlier than seipin in LD maturation. However, it is likely that other ER-LD tethering proteins are involved in early stages of LD formation, especially in light of the fact that Rab18 appears to be dispensable for LD maturation and function in several cell lines examined, including HeLa, Cos7, HEK293 [START_REF] Xu | Rab18 promotes lipid droplet (LD) growth by tethering the ER to LDs through SNARE and NRZ interactions[END_REF] and a human mammary carcinoma cell line [START_REF] Jayson | Walther TC: Rab18 is not necessary for lipid droplet biogenesis or turnover in human mammary carcinoma cells[END_REF].

Rab18 is activated on LDs by TRAPPII [START_REF] Li | COPI-TRAPPII activates Rab18 and regulates its lipid droplet association[END_REF], a well-known Rab1 guanine nucleotide exchange factor [START_REF] Barrowman | TRAPP complexes in membrane traffic: convergence through a common Rab[END_REF]. TRAPPII interacts with COPI, and this interaction is required for activation of Rab18 and its recruitment to LDs [START_REF] Li | COPI-TRAPPII activates Rab18 and regulates its lipid droplet association[END_REF]. Interestingly, NRZ and Dsl1 are COPI receptors on the ER [START_REF] Tagaya | Moonlighting functions of the NRZ (mammalian Dsl1) complex[END_REF][START_REF] Ren | A structure-based mechanism for vesicle capture by the multisubunit tethering complex Dsl1[END_REF]. Arf1 and COPI have been shown to promote physical conduits between the ER and LDs that allow membrane-anchored proteins to move from the ER to the LD surface [START_REF] Thiam | COPI buds 60-nm lipid droplets from reconstituted water-phospholipidtriacylglyceride interfaces, suggesting a tension clamp function[END_REF][START_REF] Wilfling | Arf1/COPI machinery acts directly on lipid droplets and enables their connection to the ER for protein targeting[END_REF]. It is possible that one aspect of establishing these conduits might be via formation of initial ER-LD apposition mediated by interaction of COPI on the LD surface with NRZ on the ER, which then promote formation of a phospholipid monolayer "bridge" between the two organelles. Further work is required to understand fully the functions of COPI, TRAPP, Rab18 and NRZ in LD function.

In addition to Rab18 and Arf1-COPI, other proteins involved in membrane trafficking have been identified as LD-associated proteins [START_REF] Walther | Lipid Droplet Biogenesis[END_REF][START_REF] Yang | The proteomics of lipid droplets: structure, dynamics, and functions of the organelle conserved from bacteria to humans[END_REF]. Using a proximity labeling approach, a recent study identifies with high confidence the LD proteome, and remarkably, half of Rab proteins were found in this set of LD-associated proteins [START_REF] Bersuker | A Proximity Labeling Strategy Provides Insights into the Composition and Dynamics of Lipid Droplet Proteomes[END_REF]. Arf1 was also identified, along with other members of the Arf family (Arf4, Arf5, Arl1, Arl8A), as well as regulators of these GTPases, the SNARE proteins Ykt6 and SNAP29, caveolin and NBAS/NAG [START_REF] Bersuker | A Proximity Labeling Strategy Provides Insights into the Composition and Dynamics of Lipid Droplet Proteomes[END_REF]. These results suggest an important link between vesicular trafficking and LD biogenesis and function. However, as described above, NBAS/NAG is a component of the NRZ complex that forms contacts between the ER and LDs, so caution is warranted, as some of the proteins in the LD proteome might be part of ER-LD contact sites.

Nuclear LD Biogenesis and Regulation

Upon nutrient starvation, lipid metabolism is redirected from phospholipid production to TAG synthesis [START_REF] Kohlwein | Lipid droplets and peroxisomes: key players in cellular lipid homeostasis or a matter of fat--store 'em up or burn 'em down[END_REF]. A critical control point in this switch is the metabolism of PA, a precursor of all membrane phospholipids and TAG. There is one PA phosphatase in yeast, Pah1, and three in mammalian cells, lipin1, lipin2 and lipin3. Pah1 and lipins are localized both to the nucleus and cytoplasm, and are involved in transcriptional regulation of lipid metabolism genes [START_REF] Siniossoglou | Phospholipid metabolism and nuclear function: roles of the lipin family of phosphatidic acid phosphatases[END_REF], and in nuclear envelope breakdown and reassembly during cell division [START_REF] Makarova | Temporal Regulation of Lipin Activity Diverged to Account for Differences in Mitotic Programs[END_REF]. During nutrient starvation, Pah1 is targeted to a subdomain of the NE, where it promotes LD production [START_REF] Barbosa | Lipid partitioning at the nuclear envelope controls membrane biogenesis[END_REF]. LDs formed at the NE as a result of Pah1 recruitment then supply fatty acids for phospholipid synthesis upon shift to nutrient-rich conditions, when cells re-enter the cell cycle and require nuclear envelope growth [START_REF] Barbosa | Lipid partitioning at the nuclear envelope controls membrane biogenesis[END_REF]. In a related process, ER-vacuole contact sites (NVJs) are formed between the yeast vacuole and the outer nuclear envelope and are activated to produce LDs under stress conditions [START_REF] Hariri | Lipid droplet biogenesis is spatially coordinated at ER-vacuole contacts under nutritional stress[END_REF].

In the regulatory pathways described above, it is the outer nuclear envelope that produces cytosolic LDs. However, there is evidence that LDs are also present within the nucleus [START_REF] Ohsaki | PML isoform II plays a critical role in nuclear lipid droplet formation[END_REF]. Recently it has been shown that the inner nuclear envelope can recruit LD biogenesis proteins, and produce LDs directly [START_REF] Romanauska | The Inner Nuclear Membrane Is a Metabolically Active Territory that Generates Nuclear Lipid Droplets[END_REF]. Production of LDs from this site is regulated by nutrients and the master lipid regulator in yeast, Opi1 [START_REF] Romanauska | The Inner Nuclear Membrane Is a Metabolically Active Territory that Generates Nuclear Lipid Droplets[END_REF]. Whether this process occurs in other eukaryotes is now an important question, and has implications for regulation of gene expression in lipid metabolism and LD biogenesis. Interestingly, the chromatin remodeling protein NURF has been shown to regulate expression of LD associated proteins such as plin1 in Drosophila, which in turn controls LD size [84]. The best-studied transcription factors regulating lipid droplet biogenesis and breakdown are the peroxisome proliferator-activated receptors (PPAR) [START_REF] De La | Regulation of lipid droplet-associated proteins by peroxisome proliferator-activated receptors[END_REF][START_REF] Lodhi | Peroxisomes: a nexus for lipid metabolism and cellular signaling[END_REF]. Recently, a new master regulator of LD biogenesis has been discovered, the TFAP2 transcription factor, acting in the Wnt signaling pathway [85]. How these new pathways are coordinated to promote LD biogenesis is an important question for future research.

Concluding remarks

In the last few years, new insight into the functions of the major families of LD biogenesis proteins has significantly advanced our understanding of this process. In addition, biophysical analyses in conjunction with in vitro studies have refined models for LD biogenesis. More sophisticated approaches to identifying LD-specific proteins have provided new candidates for the machinery involved in LD formation and maturation. Long known from EM studies, the extensive contact between the ER and LDs is now yielding to molecular analyses, revealing key roles in LD biogenesis.

ER-LD contacts are established early in LD formation, by as yet unidentified tethering proteins, then are stabilized by seipin, which coordinates neutral lipid and phospholipid transfer to the maturing LDs.

The mechanism by which Rab18 maintains ER-LD contacts, possibly earlier in LD formation than seipin, involves Rab18 on LDs interacting with its major effector the NRZ complex on the ER. A novel function for perilipins has been discovered, with the demonstration that the extensive Plin4 amphipathic helix can bind directly to TAG in the core of LDs, replacing phospholipids on the LD surface. Finally, the discovery that LDs can bud from the inner nuclear envelope opens up a new area of exploration in LD biogenesis and regulation, and could provide new mechanisms for transcriptional regulation of lipid metabolism in cells. The pace of new discoveries in the field of LD biogenesis holds promise for rapid progress in deepening our understanding of this process, and eventually leading to new therapeutic approaches to diseases of lipid storage. 2. Growth. In addition to the obvious growth caused by continued synthesis of neutral lipids close to an enlarging LD (right), one lipid lens can grow at the expense of a smaller one due to Ostwald ripening, which favors transfer of lipids from the smaller to the larger structure (left).

3. Budding. A lens of neutral lipids will spontaneously transform into a spherical LD surrounded by one monolayer of the ER bilayer (left), eventually undergoing scission and release from the ER (right).

Adapted from [START_REF] Thiam | The physics of lipid droplet nucleation, growth and budding[END_REF]. This study shows that the phospholipid composition of the ER membrane determines whether nascent LDs remain embedded in the membrane or bud outwards into the cytoplasm, using modeling, in vitro and cellular approaches. The authors show that the FIT protein Fit2 in yeast is enriched at sites of LD biogenesis, and that DAG is also present at these sites. Depletion of Fit2 prevents outward budding of nascent LDs, probably because of accumulation of DAG, a lipid that inhibits LD budding. These authors used high resolution live cell imaging to show that two populations of LDs were formed upon lipid loading of cells, a fast-moving population not associated with seipin, and a second colocalizing with a single seipin puncta and showing low mobility. Immuno-EM analysis indicated that wild type seipin was localized to the contact site between an LD and the ER, but a mutant versions of seipin failed to localize to these contact sites. 3D EM approaches revealed that in seipin-depleted or mutant cells, LDs of approximately 200 nm in diameter accumulated rapidly after lipid feeding, and were separated from the ER, but were in close contact with it. In some cases, extensive contacts were visible, with mutant cells showing much more variability in contact extent and morphology than cells expressing wild type seipin. These results indicate that nascent LDs travel rapidly throughout the ER until they encounter seipin, at which point their mobility is decreased, contact with seipin structures is established, and LD growth ensues. Using a sensitive probe capable of detecting small lipid droplets, these authors showed that small nascent LDs (undetectable using BODIPY) formed early after lipid feeding at sites throughout the ER, and moved very rapidly along ER elements. At later time points, these puncta became large enough to label with BODIPY, colocalized with seipin, and became much less mobile. Within minutes after lipid feeding, seipin formed many puncta within the ER, which were highly mobile until they colocalized with a nascent LD, at which point both became much less mobile. 3D EM approaches revealed that in seipin-depleted or mutant cells, LDs of approximately 200 nm in diameter accumulated rapidly after lipid feeding, and were separated from the ER, but were in close contact with it. These results indicate that seipin structures and nascent LDs travel rapidly throughout the ER until they meet, where they then establish contact, leading to LD growth. This paper describes the mechanism by which Plin4 is targeted to the LD surface. Plin4 has a remarkably long amphipathic helix (AH). Here the authors show that the Plin 4 AH is capable of binding directly to triglycerides in the core of lipid droplets. In vitro and in vivo experiments show that Plin4 can act as a surfactant, replacing the surface phospholipids on lipid droplets. This property not only explains the specific targeting of Plin4 to LDs, but also suggests a possible role in LD biogenesis of covering the surface of a growing LD when neutral lipid production outpaces phospholipid synthesis.

Grippa

This study shows that Rab18 and its major effector NRZ mediate ER-LD contact early in LD biogenesis in adipocytes, through interaction of Rab18 on LDs, and NRZ on the ER. NRZ is anchored to the ER through interaction with transmembrane ER SNARE proteins. Depletion of Rab18 in 3T3-L1 adipocytes resulted in failure of LDs to mature and in decreased lipid storage.

The first study to demonstrate that the inner nuclear envelope produces LDs. The authors developed DAG and PA sensors with NLS sequences to target them to the inside of the nucleus. Under conditions that promote lipid storage, DAG was found to be enriched in the inner NE, and LDs accumulated within the nucleus. These intranuclear LDs had both PA and DAG on their surfaces. Lipid synthesis enzymes were also detected on the INM under conditions promoting lipid storage, and the nuclear LDs were shown to arise directly from the INM. 

  , and recently it has been shown that yeast has a distant orthologue as well (Pet10, recently renamed Pln1) [51]. Perilipin 1 (or Plin1) was originally identified in adipocytes [52], and like Plin4 is largely LD-specific [48,53]. Plin5 is present in adipocytes, but also in other cell types such as muscle (Gemmink et al. 2018), whereas Plin2 and Plin3 are ubiquitous [48,50]. There is evidence that Plin3 and Plin4 play a particularly important role early in LD formation [54,55]. It has been proposed that perilipins induce LD formation [56], perhaps through insertion of their lipid-binding AH regions into the membrane to cause deformation [51,57]. The AH region of mammalian perilipins all have 11-mer repeats, which are predicted to form a 3-11 helix like that of αsynuclein [24]. Plin4 has an extensive AH region, extending to almost 1000 amino acids, which has been shown to bind directly to triglyerides in vitro [58]. In cells, Plin4 was shown to coat the LD surface, and to rescue the defect in LD morphology caused by limiting amounts of phospholipids in cells depleted of the rate-limiting enzyme in PC biogenesis, CCTα [58]. These results together led to the proposal that Plin4 binds to the neutral lipid core of LDs directly, in place of phospholipids, thus acting as an alternative surfactant to coat the LD surface in cells. Hence an alternative model for perilipin function in LD biogenesis is that perilipin AH regions bind directly to the core neutral lipids of a nascent LD [58]. This function could be particularly important during times when neutral lipid synthesis outpaces phospholipid availability.
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 11 Figure 1. Model for LD biogenesis showing the major steps in LD formation. 1. Two situations favoring LD nucleation are shown. Membrane deformation can favor LD nucleation by lowering LD nucleation energy (upper panel). A local increase in TG density near its site of synthesis site will force separation of the bilayers and nucleation of an LD (lower panel).

Figure 2 .

 2 Figure 2. Structure of seipin and model of its function. A) The cryo-EM structure of the seipin oligomer from Drosophila melanogaster. View from the top, looking down on the ER membrane (left panel), and view from the side (right panel). B) Ribbon diagram of one human seipin monomer, and comparison to related structures Niemann-Pick type C2 protein (NPC2) and cytosolic PLA2 C2 domain (cPLA2-C2). C) Model for seipin function. In step 1, seipin oligomers move rapidly through the ER membrane until they encounter a lens of neutral lipids within the ER bilayer. The lipid packing defects on both sides of the bilayer are sensed by the hydrophobic α-helices of seipin located on the luminal and cytoplasmic sides of the membrane. In step 2, the seipin ring surrounds the neck of the forming LD, stabilizing the structure while neutral lipids are channeled into the nascent LD core and phospholipids are supplied from the cytosolic leaflet of the ER membrane. TAG, triacylglycerol; PL, phospholipid. Parts A and C reprinted from [39] ©2018 Sui et al. Originally published in J Cell Biol https://doi.org 10.1083/jcb.201809067. Part B reprinted from [40], with permission from Elsevier.
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