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The Collaborative Work of Droplet Assembly
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Cytoplasmic lipid droplets are now established as bona fide organelles, nearly ubiquitous in
eukaryotic and some prokaryotic cells, with several known functions besides storage of fat
(see other articles in this issue). Their importance has drawn attention to their assembly.
Neutral lipid are produced in the endoplasmic reticulum, which has the capacity to store a
small amount of it among the acyl chains of the bilayer. Beyond some threshold, however,
neutral lipids will destabilize the bilayer. If unregulated, emulsion chemistry dictates that the
neutral lipid, surrounded by an ER-derived phospholipid monolayer, will bleb off from the
ER compartment [1].

However, mechanisms have evolved in nature to control this process, both to prevent excess
neutral lipid accumulating in the ER where it might destabilize membrane functions, and to
ensure that droplets of proper lipid and protein composition are assembled. In addition,
proteins likely maintain connections between droplets and the ER, although the specific
roles of these synapses are poorly understood. The frequency to which droplets separate
from the ER is still unclear; in yeast they remain attached based on proximity from
fluorescent live cell imaging [2], while lack of access of GPAT4 from the ER to a subset of
droplets implies separation [3].

This review describes what we know of the roles of three proteins and one lipid in regulating
droplet assembly. Proteins that synthesize or metabolize neutral lipids, or those which likely
function indirectly from the ER, such as atlastin, ERAD proteins, or those involved in the
ER stress response, are not discussed. There is now evidence in yeast for the collaboration of
three of these proteins, seipin, perilipin, and Fit2 in droplet formation, and the review ends
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with a discussion of how they work together. The mechanisms by which cells control droplet
formation is slowly becoming better understood, but there will undoubtedly be more twists
and turns in this evolving story.

Congenital generalized lipodystrophy, the absence of normal adipose tissue throughout the
body, was first described in young children in Norway by Martin Seip and in Brazil by
Waldemar Berardinelli in the 1950s [4-6]. The firsts genes responsible for the syndrome,
known as Berardinelli-Seip Congenital Lipodystrophy (BSCL), or as it is better known now,
Congenital Generalized Lipodystrophy (CGL), were discovered to code for
acylglycerolphosphate acyltransferase (AGPAT) 2 (patients were termed to have BSCL1
disease) [7] and a gene coding for another protein in BSCL2 patients, named seipin to honor
the Norwegian pediatrician [8]. Lipodystrophy is caused by loss-of-function of the
corresponding proteins, with loss of seipin causing the more severe disease. Seipin contains
a site for asparagine-linked glycosylation, and mutations in the site interfere with protein
folding, manifest in patients as neuropathies, or “seipinopathies” [9].

Seipin is an ER protein, found in animals, plants, and fungi, that concentrates at lipid
droplet/ER junctions [2, 10]. The protein spans the membrane twice, with both termini
facing the cytosolic side. The membrane spans and intervening “loop” are evolutionarily
conserved, while both termini vary widely in size and sequence among organisms [6].
Different mRNA splice forms and two translational start sites exist in mammals yielding
proteins with extended amino and/or carboxy sequences.

Seipin self-associates, as demonstrated by co-immunoprecipations [11, 12]. In yeast,
detergent-solubilized seipin (Seilp) behaves as toroidal homo-nonamers (9-mers), as
determined by hydrodynamics, gel exclusion chromatography, and EM negative staining
[13]. Correspondingly, the human form exists as homo-dodecamers (12-mers) which are
visualized by atomic force microscopy [14]. Seipin can also associate with other partners. In
yeast, the product of the LDB16 gene is an important binding partner. This protein, of
previous unknown function (the gene name refers to low dye binding to cell walls of the
corresponding deletion strain), has two predicted transmembrane segments and no known
homologs in high eukaryotes. Together with Seilp (formerly Fld1p), they comprise core
seipin [15]. Deletions of either, or both in combination, have a similar phenotype, and the
double deletion is complemented by heterologous expression of human seipin. Ldb16p is
stabilized by Seilp. While these observations suggest that the two proteins operate as a unit,
they do not always colocalize [15]. Overexpression of Ldb16p in the absence of Seilp
results in an increase in TG compared to the double deletion [16], suggesting a discrete
function of that subunit.

Besides yeast Ldb16p, six other seipin-binding partners have been identified, three of which
catalyze successive steps in glycerolipid synthesis: glycerophosphate acyltransferase (GPAT)
[17], AGPAT2 [18], and the phosphatidate phosphatase, lipin [19]. Binding of seipin to both
lipin and AGPAT is not mutually exclusive [18]. Binding of AGPAT2 to seipin, detected by
co-1P, was independently confirmed by bimolecular fluorescence in HEK-293 and 3T3-L1
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cells [18]. In addition, seipin localizes with stearoyl-CoA desaturase 1, SCD1 [20], and it is
pulled down with the SERCA transporter [12]. Finally, seipin binds to 14-3-3p, a scaffolding
protein with many known binding partners [21, 22]. These associations have been pursued to
various extents to determine seipin function, leading to hypotheses discussed below.

of seipin knockout/knockdown and overexpression

Besides obtaining hints from binding partners, phenotypes resulting from knockdown/
knockout and overexpression studies have proven valuable in suggesting seipin function.

The most obvious phenotype in seipin lipodystrophy patients is a near absence of white
adipose tissue. The cause is a defective adipogenesis program. Central in this transcriptional
cascade, which proceeds lipogenesis, is PPARYy. Early cell-culture studies have shown that
seipin is crucial for white fat cell development by activating or maintaining this central
transcription factor [23, 24].

Seipin patients also suffer from hepatic steatosis and hepatomegaly, as well as fat deposits in
muscle, a result of both the absent capacity of adipose storage and possible cell autonomous
effects on ectopic fat storage, based on studies in Drosophila [25]. Many patients have
metabolic syndrome and diabetes. A subset of patients suffer from cardiomyopathy, which
may be related more to hyperglycemia and mitochondrial defects than to fat storage [26].
Patients also display deficiencies in other systems, including nervous and reproductive. A
depressionlike phenotype in knockout mice has been attributed to low levels of PPARy and
an inhibition of neural stem cell proliferation. Proliferation and the mental state can be
ameliorated by the PPARy agonist rosiglitazone [27]. Consistent with high levels of seipin
MRNA in testes [8], the absence of this protein causes teratozoospermia [28].

SEIPIN (BSCL2) has been knocked out in several animal species including flies, mouse, and
rat [25, 29-32]. In general, these animals phenocopy the human disease in the lack of white
adipose tissue, although the degree of lipodystrophy is less severe than in humans. In
mammals brown adipose is less severely affected, and recent studies indicate that the
developmental pathway is near normal; rather, seipin-deficient animals prematurely activate
PKA-dependent lipolysis, display apoptosis and atrophy of the tissue, and have defects in
acclimation to cold temperatures under certain circumstances [33, 34].

While adipose tissue development is blocked in the absence of seipin, the absence or
overexpression of seipin has varying effects on fat accumulation in non-adipose cells.
Several cultured cell lines gain neutral lipids upon seipin gene disruption, and lose fat upon
seipin overexpression [11]. Overexpression of plant seipins results in an increase in
triacylglycerol (TG), while knockdown of Arabidopsis SEIPIN1 causes less fat to
accumulate in seeds where this gene is normally expressed [35]. Even in yeast, SE/1
knockout increases TG in some background strains but decreases it in others [10, 16]. Seipin
deficiency causes ER stress in liver cells, as manifest by increased levels of CHOP, Grp78,
ARTF4, and PERK [20], and N88S, a seipinopathy allele, is well known to induce this
protective response as well in neurons [9, 36]. It is important to note that ER stress activates
many lipogenic genes including ACC, FAS, SCD1, and SREBP-1c [20, 37] and leads to an
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increase in droplets [38]. Thus, is seems likely that an increase in TG in non-adipose tissue
in the absence of seipin is due, at least in part, to the ER stress response.

There are changes in other lipids in SEIPIN-deleted cells. Degree of saturation of TG acyl
groups (more saturated) and chain length of phospholipids (longer to shorter) accompany
seipin loss-of-function [10, 39]. Several groups have found an increase in phosphatidic acid
(PA) in seipin-deficient cells and the presence of “PA puncta” at droplet/ER junctions [10,
16, 40, 41]. PA puncta are normally not seen in wild type cells.

TG is stored in lipid droplets, but the phenotype of lipid droplets in seipin-deficient cells is
due to more than would be expected from increased or decreased TG. Lipid droplet size is
much more heterogeneous in knockout cells. In yeast, deletion of SE/I results in clusters of
small droplets often tangled in the ER, as well as “supersized droplets” [2, 10]. Deletion of
its partner LDBI16 has a similar phenotype [15]. The supersized droplets are suppressed in
cells cultured in high inositol, a condition that stimulates phospholipid synthesis. Multiple
small droplets are also seen in fibroblasts from BSCL2 patients [2, 42]. The droplets
generated in the absence of seipin are not fully functional. In yeast, they cannot segregate
well into budding cells, and do not contain a full set of droplet proteins: the lipase Tgl3p in
yeast, and AGPAT2 and ASCL3 in mammalian cells, do not traffic well to droplets
generated in the absence of seipin [42, 43]. Droplets in the mutant detach from the ER and
can accumulate in the nucleus [40, 44].

The assembly of droplets is delayed in cells lacking seipin, as seen in a yeast system in
which neutral lipid synthesis is turned on by culturing cells in galactose medium [44, 45]. In
this situation cells lack the enzymes to generate TG and steryl ester, although the expression
of one of these proteins is driven by the GAL I promoter. Shortly after diacylglycerol
acyltransferase Dgalp (for example) is expressed, droplets developed. Although expression
of Dgalp was not affected by seipin, droplets were slow to develop in its absence, and
instead accumulated in the ER. When droplets became apparent in the seipin-null strain,
they had abnormal morphology, appearing dimmer with indistinct borders by fluorescence
microscopy, revealed by electron microscopy to be a large collection of microdroplets with
accompanying membrane fragments [44], as if these structures were a result of uncontrolled
destabilization of the ER by neutral lipid.

The rate of droplet initiation events can be slowed by removing the amino-terminal 14 amino
acids from yeast seipin. With fewer droplets formed without affecting lipid accumulation,
each is larger but otherwise of normal morphology, suggesting the importance of the amino
terminus in an early event in assembly [44]. Similarly, the amino terminus of Arabidopsis
seipin controls droplet size and number [35].

Delay in droplet assembly in the absence of seipin has also been seen in Drosophila S2 cells
[46]. A probe, termed LiveDrop, consisting of the droplet-associating domain of GPAT4
linked to Cherry, was developed. Upon incubation of cells with oleic acid-containing
medium, LiveDrop formed puncta even before BODIPY spots became visible. The
LiveDrop puncta were initially mobile in the ER. The authors showed that fluorescently-
tagged seipin stabilized these puncta and allowed droplets to form. In the absence of seipin
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the LiveDrop puncta not stained with BODIPY proliferated and remained mobile. More
mobile nascent droplets in the absence of seipin was also recently observed for human cells
[42]. Similar to yeast, new droplets in the knockout detach from the ER, behavior not seen in
wild type controls.

Besides indicating an important role in droplet assembly, phenotypes of seipin null strains
suggest a role in droplet maintenance. Junctions normally had similar morphology, with a
small “footprint” of ER making a synapse with a droplet. These footprints were much more
irregular in the absence of seipin [42]. While a probe for protein targeting to droplets, HPos,
could sort to droplets during their formation, it was only slowly and inefficiently targeted to
pre-exisiting droplets in the absence of seipin. Interestingly, while alkyne-tagged oleic acid
could be assimilated into TG and localized to newly forming droplets, these processes were
inhibited in the absence of seipin, indicating that TG formation and assembly is coupled
[42].

Based largely on the identification of binding partners and the phenotypes associated with
changes in seipin expression as outlined above, several hypotheses of seipin function have
been forwarded. They are far from mutually exclusive, each may all be true to some extent,
but none to date yet fully explains the roles of seipin in both adipogenesis and lipid droplet
biology.

(1) Seipin as a docking nexus—Based on the ability for seipin to bind simultaneously
to two successive enzymes in the lipogenic pathway, AGPAT and PA phosphohydrolase
(lipin), seipin may promote lipogenesis. The oligomeric nature of seipin would allow
multiple copies of these enzymes to bind to a single oligomer. In this regard seipin would act
stoichometrically rather than catalytically. The localization of seipin to sites of lipid droplet
synthesis suggests that seipin provides enzymes in TG synthesis at the site of droplet
synthesis. As it has been shown that both AGPAT and lipin are required for PPARy
activation [47, 48], and that overexpression of AGPAT and seipin causes increased
expression of PPAR~y [18], this model explains both the role of seipin in adipogenesis as
well as droplet formation. However attractive this model, more data are required to show that
such interactions are of physiological importance.

(2) Regulation of glycerol phosphate acyltransferases (GPAT)—GPAT, the rate
limiting step in TAG synthesis, was recently described as a seipin-binding protein in yeast,
Drosophila, and mammalian cells [17]. The absence of seipin resulted in higher GPAT
activity but not protein levels, indicating that seipin negatively regulates its activity. This
would explain the increase in TG levels in the absence of seipin. The authors also showed
that overexpression of GPAT can phenocopy a seipin knockout, while inhibiting GPAT
expression can rescue a seipin knockout in the 3T3-L1 system of adipogenesis. These results
are indeed intriguing. The next step will be to determine whether inhibition of GPAT activity
is directly an effect of seipin binding, and to confirm that the effect on PPARy is due to an
increase of a metabolite of GPAT such as PA. While this hypothesis elegantly links the
supersized phenotype of droplets with a defect in adipogenesis, it does not explain the effect
of seipin on the aberrant morphology of droplets such as the heterogeneity in size, ER
tangles, or budding of droplets into the nucleus.
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(3) Regulation of PKA-dependent lipolysis—The PKA-dependent phosphorylation of
cAMP response element binding protein (CREB) is essential for initiation of adipogenesis
[49]. However, Chen et al. reported that MEFs from seipin-knockout mice had
hyperactivated hormone-sensitive lipase [31]. Blocking lipase activity with the drug E600
caused a rescue of the adipogenic pathway in these cells. The authors hypothesized that
lipolysis and loss of TAG and droplets short-circuited differentiation to adipocytes, leading
to lipodystrophy in the animals. This is supported by older data that chronic activation of
cAMP/PKA negatively regulates adipogenesis [50]. This is an attractive model to explain the
defect in adipogenesis in CGL2 but does not address changes in droplet morphology.

(4) Sensing lipids and regulation of cytoskeleton—Seipin was reported to interact
with the scaffolding protein 14-3-3f. The seipin carboxy-terminus was sufficient for
binding, although the amino-terminus may also play a role [21]. Knockdown of 14-3-3p
attenuated lipid storage during lipogenesis (about 30%) in the 3T3-L1 model, implicating
this protein as an intermediate in seipin action. The 14-3-3p protein then binds to cofilin-1 (a
known binding partner) through phosphorylation, and the binding of these two proteins
increased during adipogenesis in this model. Moreover, cofilin-1, an actin-remodeling
protein, was determined to be important for adipogenesis. The authors hypothesized that
during adipogenesis there is influx of excess lipids that seipin can detect. It then uses
14-3-3p to activate cofilin which in turn modifies actin filiaments from stress fibers to
cortical actin, which they show accompanies adipogenesis. Although not stated, the “excess
lipids” could be a result of insulin-mediated adipogenesis, which would cause glucose influx
and lipogenesis. While this is an attractive hypothesis to explain the role of seipin in
adipogenesis, it does not address the issue of lipid droplet synthesis.

(5) Regulation of ER calcium flux—Seipin immunoprecipates contain the sarco/ER
calcium-ATPase (SERCA) influx pump [12], suggesting that the functions of seipin and the
ER calcium flux are related. Two main observations are consistent with this hypothesis: (1)
Similar to many seipin KO cells, knockdown of SERCA resulted in increased TG levels. (2)
SERCA activity was decreased about 30% in animals lacking seipin, and these animals had
lower ER calcium stored. Interestingly, reducing calcium release from the ER by knockdown
of the ryanodine receptor rescued the seipin phenotype. The authors speculated that seipin
controls lipogenesis through maintaining ER calcium homeostasis [12]. This is an attractive
hypothesis. Consistent with this is the downregulation of SERCA upon knockdown of
lipin-1 or its activator, NEP1-R1 [51]. Reduction of SERCA would tend to counteract the
decrease in TG produced by low lipin levels. However, the knockdown of both SERCA and
seipin had an additive effect on lipogenesis, suggesting that there may be some independent
contributions to a common pathway. Reduction of either SERCA or seipin causes ER stress
[12, 20], and it is also possible that ER stress, known to upregulate lipogenesis [38], may be
driving the increase in droplets seen with either the seipin or SERCA down-regulation.

(6) Biogenesis of lipid droplets—As noted earlier, droplet formation is retarded
without seipin, and droplets, when they are generated, can be either much smaller than
normal, often enwrapped in the ER, or supersized [2, 10]. Facilitation may involve
interfering with the leaflet, such as creating a bend or kink to allow neutral lipid to flow
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outward, generating a nascent bud. At the same time, seipin uncouples phospholipid
synthesis from droplet size, such that an increase in phospholipid synthesis does not result in
smaller droplets [52]. It must tightly control the amount of phospholipid that accompanies
the neutral lipid into the bud, perhaps by sensing and regulating the surface tension at the
droplet face of the ER/droplet junction, a property dependent on phospholipid packing [1].
Perhaps this sensing involves communication with other ER or droplet factors. Seipin also
influences the droplet proteome, but whether this is a direct or indirect effect (through the
surface properties of the droplet bud) is another unresolved question.

(7) Maintaining existing droplets—Seipin is found at virtually all ER/droplet junctions
in yeast, suggesting it plays a role throughout the life of the organelle [2]. Indeed, seipin has
been shown to be important for maintaining the segregation between droplet and ER
components [41]. In the absence of seipin yeast droplets can separate from the ER, which
normally doesn’t occur in these cells [2, 44]. When connected, knock-out cells have broader
ER/droplet junctions, suggesting either that seipin organizes the junction, or is important for
interorganellar communication such that its absence elicits an adaptive response to increase
junctional size [42].

Three principles have emerged from seipin studies in animals, plants, and fungi: (1) Without
ruling out catalytic function, seipin likely behaves as a structural or regulatory protein. (2)
Seipin likely has independent domains to elicit its function. The core conserved domain
likely functions in all cells to regulate lipogenesis and droplet physiology, while the
mammalian-specific carboxy terminus is important for adipogenesis. (3) The way seipin
regulates lipogenesis is specific to cell type. Hypotheses of seipin function are summarized
in Fig. 1.

The view that droplets were organelles and not simply coalesced fat began with the
discovery of an abundant protein, perilipin (now Plinl), on their surface [53]. Four other
mammalian perilipinlike proteins have since been identified by their sequence similarities
[54]. Most share a conserved PAT domain [55, 56]. While all perilipins are considered
barriers guarding the droplet from access of lipases to the neutral lipid core, Plinl undergoes
phosphorylation in response to hormones that drives lipase activity [55-57]. The expression
of Plin proteins has been documented in virtually all types of mammalian tissues under
various physiological and pathological states [55, 56]. The list of Plin proteins has exploded
rapidly in evolutionarily distant species from yeast to human [54, 58, 59].

There is at least one Plin on the surface of lipid droplets [60]; fluorescently tagged Plins are
generally seen surrounding droplets [58], and they co-migrate with them during
centrifugation [60].

There are gaps to our understanding of the function of Plin proteins. While Plin1 regulates
lipases in white adipose tissue, other Plin proteins expressed in other tissues also serve as
barrier guarding against lipolysis and autophagy activities [56, 61]. Plin5, a protein found
largely in oxidative tissues, facilitates the interaction of droplets with mitochondria and
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presumably regulates lipolysis at these sites, although the nature of the regulation is still not
clear [62]. Plin3 and Plin4, are attracted to newly formed droplets, implying a possible
function in their assembly [60, 63]. Plin3 knockdown affects droplet maturation although the
underlining mechanism is not clear [64].

Recently two PAT-containing proteins, Pet10p and Sps4p were identified in yeast [59]. The
expression of Sps4p is normally difficult to detect but is greatly induced during sporulation,
although it is not necessary for that process [65, 66]. Pet10p is more constitutively expressed
but is unstable in the absence of triacylglycerol-containing droplets. Pet10p is considered the
yeast perilipin as loss of function can be largely complemented by human Plin2 and Plin3
[59]. Unlike other systems, the single expressed perilipin in yeast, Pet10p, may shed light on
the ancestral and most conserved function of this class of proteins. As expected for an
assembly factor, Pet10p binds to nascent droplets very early, usually before or concomitant
with BODIPY staining [59].

As an example, the absence of PET10leads to fragile droplets. This is manifest after
isolation of the organelle. Droplets from the pet0A strain readily aggregate in vitro and lyse
when observed under a microscope. Similarly, droplets in intact cells fuse, often into one
mega-droplet, when cultures are grown in oleic acid-containing medium. This result
suggests that a basic function of perilipins, beyond protection of the surface from
adventitious lipases, is to physically stabilize the droplet structure.

The upregulation of Fat Storage-inducing Transmembrane (FIT) proteins, FIT1 and FIT2
were identified in mouse liver when animals were fed fenofibrate, a PPARa agonist. Both
FIT1 and FIT2 reside in the ER and share about 50% sequence similarity. Tissue distribution
profiling showed that FIT1 is more restricted in oxidative tissues such as heart and skeletal
muscle, whereas FIT2 is ubiquitously expressed, having the highest expression in adipose
tissues [67]. FIT proteins are evolutionarily conserved from yeast to mammals [67]. Most
lower organisms only have one FIT protein, the sequences of which align more closely with
FIT2. There are two FIT2 proteins in Saccharomyces cerevisiae, Scs3p and Yft2p.

There are several lines of evidence suggesting that FIT2 regulates droplet formation. FIT2
proteins are not abundant in cells and it has been difficult to localize the endogenous forms.
When overexpressed they localize to the ER [67-69], although a small fraction of mouse
FIT2 expressed in plant leaves localizes to the ER/droplet junction [69].

Similar to seipin, FIT2 is believed to regulate droplet formation per se although the protein
also has a modest effect on TG accumulation when overexpressed in HEK2934 cells [67].
Overexpression of FIT2 in mouse liver, human HEK293 cells, insect cells, and plant leaf
cells promotes droplet formation [67, 69, 70]. Conversely, knockdown of FIT2 in 3T3-L1
cells, zebrafish and pathogenic yeast significantly decreased droplet formation [67, 71].
When the sole F/T72gene of C. elegans is knocked out, the number and size of droplets are
smaller and the worm dies during late larval development [68]. Postnatal deletion of FIT2 in
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the mouse is lethal. Upon acute oil feeding, neutral lipids within enterocytes in these animals
accumulate in the ER and fail to make droplets for TG storage [72].

The conserved function of FIT2 proteins was demonstrated after swapping human and yeast
analogs. Expression of the two yeast genes in human embryonic kidney cell line promotes
LD formation, and the expression of human £/72in yeast rescues inositol auxotrophy, a
behavior of the yeast knockouts [73].

There are six predicted transmembrane spans in FIT2, with both of its amino- and carboxyl-
termini facing the cytosol. The protein specifically binds TG and DG in vitro, although the
binding, performed in detergent micelles, is considerably substoichiometric [70].
Importantly, site-directed mutagenesis of 3 amino acids (to alanine) in a conserved sequence
in span 4 led to an increase in both TG binding affinity and the size of droplets [70, 74].
Therefore FIT2 might concentrate TG in the ER as a precursor to droplet budding.

Besides concentrating TG, FIT2 also affects the directionality of droplet budding. This was
first suggested by data showing that droplets in cells expressing the triple-A mutant FIT2
were surrounded by an ER marker, is if droplets budded into the ER lumen [74]. An initial
report indicated that FIT2 knockouts in yeast had no apparent droplet phenotype although it
participated in control of protein and phospholipid synthesis [73]. A more recent study
demonstrated that nascent droplets forming in yeast in which both FIT2 genes are deleted
often bud into the ER instead of toward the cytosol [68], as the previous report suggested.

Diacylglycerol

Lipids contained within the ER bilayer can influence droplet formation. Blocking the
formation of diacylglycerol (DG) by knocking out Pahlp (lipin) in yeast prevented budding
of droplets and led to accumulation of neutral lipids within the ER bilayer [75]. However,
the absence of lipin would create an increase in phosphatidic acid (PA), its substrate, which
could be the cause of the droplet defect, and, in fact, the absence of seipin leads to a local
increase in PA, as was described above. However, droplet formation has been shown to be
stimulated by addition to cells of a DG analog [63]. Therefore, while DG is important for
droplet budding, the exact role of PA in prevention of this process is still not clear.
Furthermore, properties of other phospholipids, not yet defined, may also prove important in
the initiation, development, or maintenance of droplets.

Functional interactions of seipin, FIT2, and perilipin

Experiments to probe interactions among seipin, FIT2, or perilipins are rare at best. In a
recently submitted paper our group found functional interactions among Seilp/Ldb16p
(seipin), Scs3p/YTft2 (FIT2), and Petl0p (perilipin) [59], but the interactions appear complex.
The host strain used was a standard one (W303) in which only one acyltransferase providing
neutral lipid, Dgal, remained. (A 3KO strain in which genes for both steryl acytransferases,
AREIand AREZ, were deleted as well as the gene for the other DG acyltransferase, LRO1.)
Seipin, FIT2, and perilipin were found to interact in promoting TG accumulation and normal
droplet size. First, deletions of any of these genes affected cellular TG: Deletion of seipin
(ser1d or ldb16A4 or seilA ldb164) resulted in a 50% reduction of TG as previously shown
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[16], deletion of the two FIT2 proteins (scs34yft24) a 15% reduction, and that of perilipin
(pet104) a 35% reduction. Surprisingly, all combinations of deletions that included pet10A
yielded behaved as the single PET10deletion, resulting in a 35% loss of TG. This result
indicates that perilipin is epistatic to (i.e., functions upstream of) seipin and FIT2 with
regards to TG homeostasis.

On the other hand, deletions of PET10in combination with those of seipin or FIT2 are
synergistic with respect to generation of large (supersized droplets) [59]. Under standard
conditions, deletion of SEI1 or PET10 alone resulted in supersized droplets in 30% or 4% of
cells, respectively, while 80% of cells were affected in the double deletion. While deletion of
both FIT2 genes resulted in supersized droplets in 2.5% of cells, further deletion of PET10
yielded supersized droplets in 24% of cells. Over 89% of cells had supersized droplets when
genes for seipin, FIT2, and Pet10p were all disrupted.

These results suggest that seipin, FIT2, and perilipin interact independently to ensure TG
homeostasis and normal droplet size (Fig. 2). A model that explains these data is shown in
Fig. 1. Dgalp, can localize both to the ER and droplets, similar to mammalian DGAT2 [3].
However, in our strains, Dgalp is mostly on the ER in the presence of Pet10p but is shifted
to droplets in its absence. Our working model proposes interactions of unknown nature
between Dgalp and both seipin and FIT2. However, in the absence of Pet10p, Dgalp
migrates to the droplet and loses its association with seipin and FIT2. As Pet10p is always
present in cells, this affect may not be of physiological consequence.

The interaction among seipin, FIT2 and perilipin in preventing supersized droplets may be
more interesting in providing hints on function. There is ample evidence that both seipin and
FIT2 promote droplet formation by regulating the entry of neutral lipid (and perhaps
phospholipids) into the nascent bud. We hypothesize that perilipin is permissive for this
budding but also effectively stiffens the monolayer to control the rate of droplet filling. Loss
of filling control from either the ER (by lack of seipin or FIT2) or the bud itself (by lack of
perilipin) will lead to formation of supersized droplets, but loss of control at both sites would
synergistically increase this activity.
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Highlights
. Seipin is important for lipid droplet assembly but it’s mechanism is obscure
. This review discusses several hypotheses of seipin function
. It also describes the roles of Fit2 proteins and perilipins in droplet biogenesis
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Fig. 1. Function of seipin
In orange, seipin promotes formation of lipid droplets by controling the flow of neutral lipid,

phospholipid and certain proteins in the nascent bud. In blue, seipin prevents ER stress,
perhaps by minimizing the accumulation of neutral lipid in the ER bilayer. Seipin interacts
with SERCA, which may also promote ER homeostasis. Black, pathways by which seipin
allows adipogenesis through PPARgamma. This includes promotion of the cytoskeleton
through 14-3-3p, controlling GPAT levels and perhaps other lipogenic enzymes to prevent
accumulation of a PPAR~y antagonist, and prevention of PKA-stimulated lipolysis (perhaps
stimulated by a disorganized droplet leaflet), which may allow a fatty acid-related PPAR©
agonist to be stored and later available for adipogenesis.
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Pet10/perilipin

FIT2 FIT2

Fig. 2. Collaboration in Droplet Formation
Seipin promotes the entry of lipids and some droplet proteins into the nascent droplet. FIT2

prevents droplets from budding into the ER lumen. Note that the localization of FIT2
specifically to the ER-droplet junction has yet to be shown. While seipin and FIT2 promote
droplet assembly from the ER, Pet10/perilipin permits droplets to bud in a controlled way
towards the cytosolic face.
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