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Abstract In animal cells, the primary repositories of esteri-
fied fatty acids and alcohols (neutral lipids) are lipid droplets
that form on the lumenal and/or cytoplasmic side of the
endoplasmic reticullum (ER) membrane. A monolayer of am-
phipathic lipids, intermeshed with key proteins, serves to
solubilize neutral lipids as they are synthesized and desorbed.
In specialized cells, mobilization of the lipid cargo for delivery
to other tissues occurs by secretion of lipoproteins into the
plasma compartment. Serum lipoprotein assembly requires
an obligate structural protein anchor (apolipoprotein B)
and a dedicated chaperone, microsomal triglyceride trans-
fer protein. By contrast, lipid droplets that form on the
cytoplasmic face of the ER lack an obligate protein scaffold
or any required chaperone/lipid transfer protein. Mobilization
of neutral lipids from the cytosol requires regulated hydrolysis
followed by transfer of the products to different organelles
or export from cells.Hll Several proteins play a key role in
controlling droplet number, stability, and catabolism; however,
it is our premise that their formation initiates spontaneously,
solely as a consequence of neutral lipid synthesis. This default
pathway directs droplets into the cytoplasm where they
accumulate in many lipid disorders.—Sturley, S. L., and M.
M. Hussain. Lipid droplet formation on opposing sides of the
endoplasmic reticulum. J. Lipid Res. 2012. 53: 1800-1810.
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Lipids are critical determinants of membrane integrity,
important sources of energy, and in some cells, substrates
for the synthesis of hormones. Endogenous lipid synthesis
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consumes significant chemical energy and is therefore
tightly regulated and coordinated with frugal transport
processes to assimilate them from the environment and/or
store them safely. Lipids enter the cytoplasm as acids
(free fatty acids) or alcohols (e.g., free cholesterol). High
concentrations of free fatty acids and sterols are injurious
to cells, whereas alcohols such as diacylglycerol are bioactive
at low concentrations as signaling molecules. Consequently,
efficient systems have evolved to limit their concentrations
but retain their availability by coesterification of the acids
and alcohols into neutral lipids.

Neutral lipids confer several selective advantages to the
cell and organism in which they reside. They provide a
conduit for detoxification of free fatty acids and a key
reservoir of membrane components and energy. Esterifica-
tion of sterols with FA to form steryl esters (SE) [e.g., choles-
teryl ester (CE) ] provides for future membrane rebuilding
and remodeling. Triacylglycerol (TG), a fatty acyl ester
derivative of glycerol, represents the major energy depot
of all eukaryotic and some bacterial cells. The energy of
complete oxidation of the alkyl chains of TG (38 KJ/g) is
more than twice the same weight of carbohydrate or protein,
and unlike polysaccharide, TG carries no extra weight
as water of solvation. Similarly, esterified long- and short-
chain alcohols, such as wax esters and diesters, form an
important water repellant permeability barrier in the skin
and fur of mammals and the cuticle of plants.

The majority of neutral lipid synthesis is completed at
the endoplasmic reticulum (ER). However, neutral lipid
synthesis poses two problems: neutral lipids have limited solu-
bility in the ER membrane bilayer, and they are immiscible
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triacylglycerol.
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with the hydrophilic intracellular environment. These
quandaries are solved by lipid sequestration into cytoplas-
mic lipid droplets (CLD), a process that nullifies any im-
pact on the osmolarity of the cytosol. The formation of
CLDs is a phenomenon common to all eukaryotes (for
examples, see Fig. 1) that has been maintained for over
2 billion years of evolution, presumably to confer protec-
tion against toxic free fatty acids and sterols.

In metazoans with circulatory systems, neutral lipids are
actively transported between organs, from the sites of
dietary acquisition (i.e., the intestine) to distribution (e.g.,
the liver) for either storage (e.g., adipose) or catabolism
(e.g., skeletal and cardiac muscle cells) via emulsion par-
ticles called “lipoproteins.” Intracellular assembly of neu-
tral lipid-rich lipoproteins begins in the lumen of the ER
of specialized cells. These lipoprotein particles exhibit a
marked resemblance to the aforementioned CLDs (Fig. 1).
Indeed, lipid droplets and lipoprotein particles both have
a neutral lipid core surrounded by a phospholipid/sterol
monolayer into which key proteins are interdigitated (Fig. 2).
The role of these proteins and the means by which they
are incorporated into the particle has been carefully scru-
tinized with significantly more success with respect to lipo-
protein assembly than with CLDs. Lipoprotein formation
requires an obligate scaffold of related proteins [lipo-
phorins, vitellogenins, or in mammals, apolipoprotein B
(apoB)] and a dedicated chaperone [microsomal triglyc-
eride transfer protein (MTP)]. Interestingly, an obligate
scaffolding protein or chaperone has yet to be identified
for CLD biogenesis.

In 1892, in a series of lectures at Columbia University,
NY, E. B. Wilson characterized cytoplasmic lipid droplets
as “lifeless bodies (metaplasm) suspended in the cytoplas-
mic reticulum” (1). We now have a different perspective;
this organelle is by no criteria inert or innocuous. The
pathophysiological accumulation of neutral lipids, both
within cells and in serum, is a clear harbinger of ill-health.
In terms of health risk in Western societies, elevated cellular
deposition of neutral lipid, such as CE in macrophages
and smooth muscle cells or TG in adipocytes, typifies the
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Fig. 1.

Lipid droplets are ubiquitous. All eukaryotes produce and often accumulate neutral lipids as cyto-

twin “epidemics” of atherosclerosis and obesity, respectively.
Similarly, elevated plasma levels of CE or TG in low-density
lipoprotein particles represent independent risk factors
for atherosclerosis. Moreover, as specialized fat storage
tissues become saturated beyond capacity, other tissues
start storing lipids, leading to diseases such as diabetes and
insulin resistance due to lipotoxicity at pancreatic 3-cells
and hepatocytes/myocytes. The fate of excess lipids is thus
a critical component of lipid homeostasis that provokes
some of the most severe diseases confronting our society.

Here we present our perspective that the thermody-
namic properties of neutral lipids suffice to promote drop-
let formation and that the evolutionary constraint of
lipotoxicity then promoted stabilization and regulated
catabolism of the CLD. This process was likely coopted by
certain animal cells to create circulatory lipoproteins for
organ-to-organ lipid distribution and hydrolysis. The major
purpose of CLDs and lipoprotein particles is to retain or
release their cargo in response to cellular need. Triacylg-
lycerols and cholesteryl esters represent valuable com-
modities that are lipolyzed by highly regulated pathways
involving phosphorylation/dephosphorylation of several
key lipases and their cofactors. The breakdown products
are then transported by poorly characterized mechanisms
most likely involving protein-facilitated processes. By con-
trast, specialized tissues such as intestine and liver have
evolved a sophisticated system to mobilize neutral lipids
en masse by the intracellular assembly of lipoproteins.

NEUTRAL LIPID SYNTHESIS IS COMPLETED AT
THE ENDOPLASMIC RETICULUM MEMBRANE

Numerous enzymatic reactions located in several organ-
elles direct the incorporation of acetate into neutral lipids;
however, the terminal and committed step of conjugation of
alcohols (e.g., diacylglycerol and sterols) with free fatty acids
is primarily performed at the ER membrane. Metabolic label-
ing studies describe the appearance of newly synthesized TG
on both lumenal and cytosolic sides of the membrane (2).

C Diatoms
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plasmic or secreted particles. A: In budding yeast (Saccharomyces cerevisiae), lipid droplets (envisaged here by
fluorescence staining with Nile red) accumulate as cells approach stationary phase. B: The accumulation of
fatty deposits in the liver (oil red O staining; Liu and Sturley, unpublished data) is the pathological determi-
nant of steatosis and nonalcoholic fatty liver disease (NAFLD). C, D: Lipid deposition in algae (e.g., diatoms
stained with Nile red grown in media lacking and containing free fatty acids, respectively; Ruggles and Stur-
ley, unpublished data) form the basis of our oil reserve. E: A similar structure, triglyceride-rich lipoproteins
(negative staining, electron micrograph; Igbal and Hussain, unpublished data), such as very low density li-
poproteins, form in the ER lumen and accumulate in plasma of many patients at risk for coronary artery

disease. OA, oleic acid.

Neutral lipid droplet formation; what do proteins do? 1801
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Fig. 2. Cytoplasmic lipid droplet and serum lipoprotein struc-
tures. A commonality to cytoplasmic and serum lipid carriers that
reflects their shared origin is the membrane of the endoplasmic
reticulum. Both particles bud from the ER membranes as neutral
lipid is synthesized and approaches insolubility in the membrane.
Insolubility is overcome by micellar association with phospholipids
and, to a lesser extent, sterols, from the ER and proteins, such as
apoB (shown), acyltransferases, lipases, or perilipins (generically
indicated by crescents).

To date, three distinct acyltransferase gene families
have been identified that accomplish the esterification
reactions (Fig. 3) (3). The esterification of sterol is mediated
by members of the acyl-CoA cholesterol acyltransferase
(ACAT) family. ACAT1-mediated esterification is ubiqui-
tous, whereas expression of ACAT?2 is restricted to lipo-
genic tissues such as liver and intestine. Diacylglycerol
(DAG) esterification using an acyl-CoA donor is primarily
the activity of DGATI (also a member of the ACAT family
based on sequence conservation) or DGAT2 (a member of
the evolutionarily unrelated diacylglycerol acyltransferase
2 gene family). DGAT2 mRNA expression is highest in the
liver and adipose tissue, whereas DGAT1 mRNA expres-
sion is relatively low in these tissues (4). Loss of DGAT2 in
induced mutant mice results in a failure to thrive that is
not compensated by expression of DGAT], suggesting that
the DGAT2 enzyme is responsible for the majority of TG
synthesis (4). Further, combined deletion of DGATI1 and
DGAT?2 does not obviate TG synthesis in murine cells, in-
dicating the presence of alternative DAG esterification
pathways (5). In humans, the DGAT2 gene family is com-
plex, comprising six additional members, all of which de-
monstrably synthesize TG in vitro (6, 7). Within each gene
family, it is likely that the multiple gene duplication events
have facilitated divergence of active sites and thus alterna-
tive substrate preferences. Indeed, members of the DGAT?2
family of TG synthases also direct esterification of mono-
acylglycerol (8-10), long-chain alcohols (6), and long-chain
dialcohols (Turkish et al., unpublished data). The latter
two reactions are particularly important in the mamma-
lian sebocyte and meibocyte, where wax monoesters and
diesters comprise key components of the epidermal and
corneal permeability barrier. Similarly, the cuticle of in-
sects and plants is neutral lipid rich; accordingly, the ge-
nomes of many model systems (e.g., Drosophila, Arabidopsis,
and Nicotiana) predict orthologs that encode these reac-
tions (12).
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In model systems ranging from the unicellular eukary-
ote Saccharomyces cerevisiae to multicellular systems, such as
nematodes and insects, ACAT-related enzymes (in yeast,
Arelp and Are2p) are responsible for the esterification of
sterols (13-16). Diacylglycerol esterification is mediated
by members of the DGAT2 gene family [in yeast, the DGAI
gene product (15)] and DGAT1 of the ACAT family (Fig.
3A). Additionally, yeast, algae, and green plants use an
acyl-CoA-independent, phospholipid diacylglycerol acyl-
transferase (PDAT, encoded by the LROI gene in yeast)
reaction that derives the acyl group from phospholipids
for esterification of diacylglycerol (Fig. 3B) (17). PDAT
gene family members (Fig. 3B) are typified by the mam-
malian lecithin cholesterol acyltransferase (LCAT) en-
zyme, the predominant product of which is cholesteryl
ester. This reaction resides primarily in the plasma com-
partment and uses lipoprotein-associated sterols as sub-
strates. The mammalian LCAT enzyme also directs the
production of TG in vitro (18), although its contribution
to TG levels in vivo is undetermined. By contrast, the ma-
jor physiological role of fungal and plant PDATs (17, 19)
is to synthesize triacylglycerol from DAG and phospholip-
ids as an alternative acyl-donor. Thus, neutral lipid synthe-
sis in various organisms occurs in the ER by various enzymes
belonging to three distinct gene families. The precise role
of these individual enzymes remains to be determined.
Particularly, why have so many genes (atleast 12 genes and
three distinct reactions in humans) evolved for the same
step in neutral lipid synthesis?

IS NEUTRAL LIPID DEPOSITION SPONTANEOUS
OR PROTEIN-MEDIATED?

Subsequent to synthesis, neutral lipids are rapidly and
efficiently deposited into cytoplasmic lipid droplets (CLD)
in all cells (Fig. 4A) and into lipoprotein particles in spe-
cialized cells, such as hepatocytes, enterocytes, and cardio-
myocytes (Fig. 4B). It remains to be determined whether
CLD formation is a spontaneous process that is stabilized
or whether proteins are needed to assemble them immedi-
ately after neutral lipids are synthesized. The biophysical
and thermodynamic properties of neutral lipids have
prompted the suggestion that an oil droplet spontaneously
forms as a “lens” in the ER bilayer. Alternatively, the neu-
tral lipid may diffuse freely throughout the ER membrane
until it reaches a critical concentration that requires an
amphipathic shell of phospholipids for solubility. This
process in itself likely deforms the membrane of the ER,
and as a consequence, the droplets “bud” from the organ-
elle. This “bilayer to emulsion” transition was first pro-
posed by Donald Small (20) to be the initiating step in the
biogenesis of neutral lipid-rich serum lipoproteins. Trans-
port of neutral lipids into the ER lumen is dependent on
MTP activity and the presence of a scaffold such as apoli-
poprotein B (21). MTP acts as both a chaperone by physically
interacting with nascent apoB, as well as a lipid transfer
protein that loads lipids onto the nascent apoB polypep-
tide. The MTP reaction catalyzes transfer of several lipids
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Fig. 3. Gene families involved in terminal steps of neutral lipid biosynthesis. A: Acyl-CoA-dependent acyl-
transferases. Two unrelated gene families (ACAT and DGATZ2) encode acyltransferases with similar activities
that transfer the acyl moiety of acyl-CoA. B: Acyl-CoA-independent acyltransferases. In yeast and likely mam-
malian cells, triglyceride biosynthesis proceeds in the absence of members of the ACAT and DGAT?2 gene
families. Members of the PDAT gene family perform this reaction independently of acyl-CoA by using phos-
pholipids, such as phosphatidylcholine, as acyl donors. FA-CoA, fatty acyl CoEnzyme A; SE, steryl ester; CoA,
CoEnzyme A; DAG, diacylglycerol; TAG, triacylglycerol; LCA, long chain alcohol; WE, wax ester; LCAA, long
chain dialcohol; WDE, wax diester, PL, phospholipid. Gene symbols represent establish nomenclature for
human acyltransferases and yeast orthologs (in parentheses).

but is functionally pertinent because of its ability to transfer
neutral lipids. It has been suggested that MTP can also
help in the formation of lumenal lipid droplets that lack
apoB (21, 22). This function could be related to its ability
to interact with lipid vesicles as well as its ability to transfer
lipids (23). Thus, MTP activity creates a concentration
gradient that is essential for transferring neutral lipids
into the lumen of the ER that is then further stabilized by
apoB for secretion. The directionality of this process is
reversible, in that liver-specific genetic ablation or chemical
inhibition of MTP impedes VLDL formation and enhances
accumulation of CLDs in the cytoplasm, resulting in
hepatic steatosis (24).

In contrast to lipoprotein formation at the lumenal face
of the ER, the deposition of neutral lipids in the cytoplasm
is more obscure but more prevalent. Neutral lipid accu-
mulation drives a “bilayer to emulsion” transition (20) that
forces the formation of the CLD (25, 26). Other models
propose that neutral lipid may leave the ER through a
pore as it coalesces. Alternatively, a preexisting shell of
phospholipid associates with the ER and is then filled with
neutral lipid as it is synthesized (25). None of these models

are mutually exclusive; certainly no “smoking gun” to any
of them is currently available.

ROLE OF NEUTRAL LIPID SYNTHESIZING
ENZYMES IN LIPID DROPLET FORMATION

Surprisingly, very little is known about the role of the
neutral lipid biosynthetic reactions in formation of the oil
droplet in eukaryotes. The reaction is definitely required;
strains harboring deletions of all four acyltransferase genes
(arelA, are2A, dgalA, and lrolIA) are viable but completely
lack neutral lipids or CLDs (27). Loss of the CLD compart-
ment in such mutant strains results in marked sensitivity to
excess fatty acids, a common phenomenon known as lipo-
toxicity (27). Similarly, loss of murine DGAT1 and DGAT?2
markedly diminishes cellular CLD content (5). Impor-
tantly, this demonstrates the necessity of neutral lipid syn-
thesis for CLD formation. Unlike, for example, peroxisome
biogenesis (28), there is no detectable “CLD phospholipid
ghost” awaiting neutral lipid deposition. Whether neutral
lipid synthesis is sufficient for CLD formation remains to
be determined,; it clearly is necessary.

Neutral lipid droplet formation; what do proteins do? 1803
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The majority (>90%) of the neutral lipid cargo in CLDs
and mammalian lipoproteins is TG. Diacylglycerol esteri-
fication at the ER is predominantly acyl-CoA-dependent,
directed by DGAT1 (13) and DGAT?2 (6). In 1997, Zammit
and coworkers (29) described two classes of DGAT activi-
ties, latent and overt, perhaps reflecting the disposition
of the active sites of these enzymes. Overt activity was pro-
posed to represent enzymes with their active sites facing
the cytoplasm, whereas latent activity faced toward the
lumen of the ER. This activity was recently implicated as
arising from two populations of DGAT1 with alternate to-
pologies with respect to active site orientation (30). This
might suggest that different sources of TG are used for
CLD and lipoprotein formation, however, it is also clear
that TG from CLDs is incorporated into lipoproteins af-
ter liberation of fatty acids from the CLDs and resynthe-
sis of TG at the ER (31). Therefore, whether TG is
synthesized by overt or latent DGAT activity, it is ulti-
mately incorporated with nascent lipoproteins. Similarly,
the identification of the mammalian ACAT2 enzyme (14,
32, 33) and subsequent elucidation of its expression pro-
file and active site topology has prompted models in
which the individual ACAT isoforms are hypothesized to
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Fig. 4. A:Deposition of neutral lipids into the cyto-
sol. In all eukaryotic cells and some bacteria, neutral
lipids are deposited into the cytoplasm as phopho-
lipid monolayers surrounding an insoluble core of
oil. In mammalian cells and most other eukaryotes,
the only necessary factor appears to be neutral lipid
biosynthetic reactions, such as the DGAT and PDAT
reactions. B: Deposition of neutral lipids into the ve-
sicular secretion pathway. In certain specialized tis-
sues and cells (e.g., hepatocytes, enterocytes), neutral
lipids are actively packaged into lipoprotein particles
by chaperones and are ultimately secreted. Acyltrans-
ferases (Pdat, Acatl, Acat2, Dgatl, Dgat2), lumenal
transfer/anchor proteins (MTP and apoB), and neu-
tral lipids (SE and TG) are as described in the text. In
some instances, the lipid core of the lipid particle is
heterogeneous and of obscure origin in terms of acyl-
transferase isoform (which is depicted without a nu-
merical assignment).
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form steryl esters on either side of the ER. A similar
model for TG deposition into the lumen of the ER of
yeast was suggested when the active site of Lrolp, the sole
yeast PDAT, was oriented to the lumenal side of the ER
membrane (34). However, the physiological relevance of
this observation is unclear given the absence of secreted
neutral lipid in yeast.

An integral role of specific acyltransferases in CLD and
lipoprotein assembly has been further implicated by unex-
pected observations regarding viral particle biogenesis.
The subcellular hydrophobic environment provided by
neutral lipids has been hijacked for hepatitis C virus prop-
agation and secretion. Hepatitis C virus assembly and its
secretion requires lipoprotein biogenesis and intact
DGATT activity (35). In addition, the hepatitis C virus is
physically associated with the CLD compartment. To ex-
plain the effects of hepatitis C virus on both lumenal and
cytosolic lipid droplet metabolism, we propose that hepa-
titis C virus associates with lipids in the ER membrane
where it becomes part of apoB lipoproteins as they assem-
ble. When apoB lipoproteins are desorbed from the ER
membrane, the virus becomes part of these lipoproteins
and follows their secretory pathway. However, when apoB



lipoprotein assembly is inhibited or when viral replication
exceeds apoB lipoprotein assembly, then the virus be-
comes associated with CLDs as part of the default mecha-
nism that helps in the formation of cytosolic lipid droplets.
This process prompts core steatosis, i.e., fatty liver that is
associated with rampant viral infection (36). An issue with
this scenario is the observation that hepatitis C virus infec-
tion is associated with reduced MTP activity (37). This
observation has been explained by hypothesizing that in
the early stages of viral infection there might be an increase
in MTP activity (21, 38). During later stages of infection,
the virus might inhibit MTP to become part of CLDs
in order to defy immune surveillance.

The synthesis of any neutral lipid at the ER and subse-
quent incorporation into lumenal lipoproteins and/or
cytoplasmic lipid droplets can be explained by invoking a
model similar to that proposed for the synthesis of choles-
teryl esters (39). In this model, generation of cholesteryl
ester and, by analogy, synthesis of TG and other neutral
lipids occur at the plane of the membrane, and the prod-
ucts are sequestered within the bilayer. However, neutral
lipids have limited solubility in the membrane (20), and
when concentrations surpass solubility limits, lipid drop-
lets likely bud toward either side of the bilayer, perhaps at
random. The presence of MTP within the ER forces an
equilibrium toward the secretion pathway by formation of
nascent apoB lipoproteins or lipid droplets that can ulti-
mately fuse with primordial apoB lipoproteins for secretion.
On the cytosolic side, the number and size of CLDs are
likely modulated by proteins present in the cytosol or
acquired from the ER membrane.

THE LIPOPROTEIN PARTICLE PROTEOME

Lipoprotein particles in plasma have a well-character-
ized protein composition; numerous proteins exchange
between and within lipoprotein classes mediating cell up-
take, lipid exchange, and lipid hydrolysis (40). Many of
these exchangeable factors can be detected in the ER
lumen where they often decorate the lipoprotein particles;
however, there is only one nonexchangeable mammalian
protein, apoB, which tracks with TG/CE-rich chylomi-
crons, very low and low-density lipoproteins (VLDL and
LDL). Several proteins in other animals have similarly
coevolved with this pathway, such as lipohorin III and vitel-
logenin. Together, these proteins represent a metazoan
family of large lipid transfer proteins (LLTP) (41) that are
unequivocally required for lipoprotein formation in the
ER (Fig. 5). It has been hypothesized that MTP might be
the founder member of this family. LLTPs are typified by
a conserved large lipid transfer (LLT) domain, which is
commonly present at the NHy-terminal ~900 residues and
includes paired amphipathic B-sheets as a lipid binding
pocket (41).

The translocation of apoB, the obligate scaffold of chy-
lomicrons, and VLDL and LDL particles into the ER rep-
resents a key decision point in terms of secretion of TG.
In the absence of ongoing TG synthesis, apoB is rapidly
degraded as a consequence of an interaction with com-
ponents of the translocon, ER chaperones and the cyto-
solic proteasome. In observations that suggest apoB
accesses the cytosol during its lifetime, a crescent struc-
ture that is immunopositive for apoB surrounds the CLD,

Apolipoproteins
. L. Human
300 apoB
=0 Rat
MTP 1 5 Bird apoB &
i | Fish vitellogenin
1400 ) Apolipophorin &
Drosophila vitellogenin
\ Nematode }vite]logenin
Fungi
1700 -
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Protists
Bacteria

Fig. 5. Evolution of large lipid transfer proteins. Members of large lipid transfer proteins, such as MTP, apoB, and
vitellogenin, share sequence homology. Sequence relationships depict a coevolution that correlates to the appear-
ance of circulatory systems in insects and nematodes. Note that MTP is present in all organisms and is perhaps the
first protein to evolve. Throughout evolution, different lipid carrier proteins have arisen, including vitellogenin,
apolipophorin, and apoB. Approximate time of divergence is shown at break points. Modified from Ref. 71.
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most notably in lipid- or MTP-limiting conditions or
where the proteasome has been inhibited (42). The apoB
crescent likely represents an intermediate or pause in
apoB degradation, the CLD providing a hydrophobic
solubilizing lipid core such that apoB is not retrieved by
the retrotranslocon and thus continues on its path of
destruction.

THE CLD PROTEOME

The profile of proteins associated with the CLD is com-
plex and surprisingly well conserved across genera. The
structure clearly is complex and highly ordered as pre-
dicted by liquid crystal polarizing microscopy which
depicts a highly birefringent shell to the lipid droplet
structure (Fig. 6). The lipid droplet proteome (“adipo-
some”) (43) has been defined across organisms as diverse
as Chinese hamster ovary cells, human 3T3-L1 adipocytes, al-
gae and yeast. This has revealed a surprisingly well-conserved
array of CLD-associated proteins, including enzymes of
lipid metabolism, regulators and mediators of protein
transport (SNARES, RABs), signaling molecules, struc-
tural proteins, and proteins commonly associated with
caveolae membrane rafts (43-45).

The role of the majority of the CLLD proteome in CLD
formation, stability, or metabolism remains to be deter-
mined. In marked contrast to lumenal lipoprotein parti-
cles, an obligate role for a scaffold has yet to be defined
for any CLD protein. The majority of CLDs proteins
derive from the ER and are lacking in true transmem-
brane domains (TMD), although most are hydrophobic.

Normal - CWIPM

are1A are2A dgaiA lro1A

Fig. 6. Polarizing light microscopy of yeast strains. Budding yeast
imaged with the liquid crystal polarizing microscope (LC-PolScope,
Caliper Life Sciences). Cells are surrounded by a highly birefrin-
gent cell wall, shown in white in these retardance images. Inside
cells, the highly birefringent shell of the lipid droplets (blue ar-
rows) are also visible. In acyltransferase (neutral lipid-deficient,
mutant cells shown on the right), lipid droplets are absent. Unlike
traditional polarized light microscopes, the so-called retardance
image generated by the LC-PolScope represents birefringent struc-
tures in shades of gray that are proportional to the amount of bire-
fringence, irrespective of the orientation of the structure. The
technical term for the amount of birefringence measured by the
LC-PolScope is retardance and is expressed as a distance. In these
images, white corresponds to 3 nm retardance, medium gray is
1.5 nm retardance. The more that highly ordered lipids and em-
bedded membrane proteins surround the lipid droplets, the more
retardance is measured. Images provided by Rudolf Oldenbourg,
Marine Biology Laboratory, Woods Hole, MA.
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This is consistent with the origin of the CLD; “oiling out”
of the ER lipid bilayers likely coopts a subset of ER pro-
teins. Currently, there is no algorithm that predicts which
proteins locate to the droplet; no common targeting
motif has been identified, although the “transmembrane”
regions of some CLD proteins have been characterized as
necessary and sufficient for CLD association (46). Indeed,
the neutral lipid hydrophobic core of lipid droplets has
been suggested to represent a holding station for mis-
folded proteins, preventing their aggregation and thus
safeguarding the cell. Several amyloid proteins likely
follow this route, for example, aSynuclein (47). Itis plau-
sible that the CLD represents a key intermediary in ER-
associated degradation (ERAD) of proteins (48). Some
components of the CLD proteome may be artifactual in
that they merely reflect an improved solubility of certain
proteins in this oil-like environment, as opposed to any
functional role.

Within the background associated with all proteomic
studies, several abundant CLD proteins have been
shown to participate in CLD function. These authentic
CLD proteins include members of the cell death-induc-
ing DFF45-like effector (CIDE) family (44, 49) [e.g.,
fat-specific protein 27 (FSP27) or CIDEC], which has
been implicated as a fusogen (50), as well as several
components of sterol biosynthesis [in yeast, at least four
ERG genes (51)], acyl-CoA metabolism [e.g., acyl-CoA
synthetase 3 (52)], and TG biosynthesis [e.g., members
of the DGAT2 gene family in yeast (53) and murine cell
lines (46, 54)]. In the adipocyte, the interactions of sev-
eral highly abundant “structural” proteins, perilipins
(b5), are critical to the integrity and catabolism of CLDs
(56), to the extent that deletion of the Perilipin 1 gene
produces animals with reduced adiposity and resistance
to dietary-induced obesity (57). A family of related pro-
teins [collectively termed PAT proteins and recently
enumerated as perilipin (PLIN) 1 through 5 (58)] have
been characterized extensively with regard to their
structure and function. An obligate role for the PLIN
proteins in CLD formation is unfounded; however,
they are the major players in the stability and conse-
quently integrity of the CLD compartment of mamma-
lian adipocytes.

All eukaryotic cells make CLDs and must regulate the
lipid content of the droplet by lipolysis; otherwise, the
utility of this compartment becomes meaningless. En-
zymes involved in neutral lipid hydrolysis are commonly
physically associated with the CLD (53, 54). A contin-
uum of CLDs in term of size and content reflects an ac-
tivated or quiescent state that is primed or resistant,
respectively, to hydrolysis. In mammals, “priming” by a
phosphorylation cascade activates PLIN proteins and
hormone-sensitive lipase. This mechanism is neither
conserved nor ubiquitous; nevertheless, neutral lipid
hydrolysis at the CLD remains a key determinant of the
net neutral lipid content of all cells. For example, a pri-
mary event in CLD-associated TG hydrolysis is mediated
by PNPLA2 (ATGL) or its orthologs, which are lipid
droplet proteins in mammals (59), plants, algae, and



yeast. It remains to be determined whether these pro-
teins are also obliged to serve as CLD scaffolds, in addition
to their roles in providing or hydrolyzing neutral lipids.

GENETIC CONTROL OF LIPID DROPLET STATUS

Although spontaneous deposition of neutral lipids into
the cytoplasm can occur, it is likely that this is a highly
regulated process. This premise is based on the observa-
tion that the only defect that nullifies this compartment is
the complete loss of neutral lipid biosynthesis, although
numerous factors appear to modulate the number, size,
and distribution of CLDs.

Most CLD-associated proteins function in their catabolism,
suggesting that the majority of these particles are undergoing
catabolism. Numerous approaches to define the genetic con-
trol of lipid droplet composition have been undertaken. A
set of fat storage-inducing transmembrane (FIT) proteins
was initially identified as highly induced by fibrates in a
PPARa-dependent manner (60). Subsequently these pro-
teins, particularly FIT2, were shown to positively modulate
CLD number and bind TG (61). The FIT proteins are not
associated with the CLD but are residents of the ER.

Some advances have been made in model organisms,
such as fruit flies or nematodes, to understand the pro-
cesses that lead to adiposity. For example, loss of adp, a
mutation in an evolutionary conserved WD40/tetratrico-
peptide-repeat-domain protein, (62) and proteins related

to the Tubby transcription factors (63) confer adiposity in
Drosophila. Similarly, a genome-wide ablation RNAi scan of
genes involved in fat accumulation in Caenorhabditis elegans
identified numerous loci that either promoted or reduced
neutral lipid accumulation (64). In other instances, mor-
phometric screens in yeast (65—67) or insect cells (68, 69)
using fluorescent reporters of lipid droplet composition
have been applied with great success but, surprisingly, lit-
tle concordance. A common finding to many of these
screens was the identification of the seipins, BSCL2 in
mammals and FLDI in yeast (reviewed in Ref. 70). Loss-of-
function mutations in seipin account for a severe form of
congenital lipodystrophy (Berardinelli-Seip congenital li-
podystrophy) and striking changes in lipid droplet size,
number, and distribution. Seipin localizes at the ER mem-
brane, often close to possible nucleation sites of CLD for-
mation, suggesting a key regulatory role in biogenesis of
this compartment. It remains to be determined whether
proteins such as seipins or FITs perform MTP-like roles by
acting as chaperones/LLTPs in the assembly of CLDs. Un-
like the MTP reaction, however, the activity of these pro-
teins (or thus far any protein) is not required for CLD
formation.

CONCLUSIONS

CLDs represent a newly appreciated organelle found
in all eukaryotes, which to date has defied analysis of its
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Fig. 7. Models for cytoplasmic droplet and serum lipoprotein formation in specialized cells. Lipid droplets
form on either side of the ER membrane. Import into the cytoplasm reflects the thermodynamic nature of
neutral lipids that oil-out the ER membrane. It is unclear whether the droplets are tethered to the ER or
migrate away (as shown here). Accessory proteins, such as the fat storage-inducing transmembrane proteins
(FIT) and BSCL2/Seipin (SEI), then stabilize and regulate the nascent particles. Dgat2, as a consequence of
putative CLD localization, may initiate or supplement core neutral lipid loading while Perilipins (Plin) regu-
late hydrolysis by specific lipases. In the liver, neutral lipid deposition also occurs in the lumen of the ER and
requires a defined set of proteins, specifically an apoB scaffold that acquires lipids, such as triglyceride, as
both molecules are produced. The lipid transfer protein MTP, a complex of a transfer polypeptide and the
molecular chaperone protein disulphide isomerase, is essential for efficient mobilization of these lipids.
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origins. Most importantly, the role of the CLD as a safe
harbor for toxic lipids suggests that modulating this
compartment may affect several human syndromes, rang-
ing from obesity and diabetes to neurodegeneration.
Besides avoiding toxicity, neutral lipids represent the key
energy resource of cells and tissues. Assembly and secre-
tion of lipoproteins likely has provided significant evolu-
tionary advantage whereby a bolus of energy could be
transported en masse.

Here we contend that simple thermodynamic principles
predict that synthesis of neutral lipids, in the absence of
intervention by proteins other than the biosynthetic acyl-
transferases, is sufficient to form an oil droplet (Fig. 7).
The most accepted initial trajectory for this insoluble lipid
resource involves the formation of a “lens” of neutral lipid
that then acquires a phospholipid coat from the ER
bilayer. Evolution has acted, on either side of the ER
membrane, to stabilize, regulate, and exploit this process
to optimize the availability of this key resource. Several
commonalities underlie the formation of lumenal lipopro-
teins and CLDs, most critical of which is a direct role of the
terminal acyltransferases, ACATs, DGATs, and PDATs. In
addition to their biosynthetic activities, several models sug-
gest these molecules define the direction in which the par-
ticle buds. Active sites or simple biochemical activities have
been purported to orientate to opposing sides of the mem-
brane. However, it is clear that no single enzyme, whatever
its topology, is exclusively required; deletion of any one of
the acyltransferase genes still leaves cytoplasmic and se-
creted neutral lipids intact, if diminished. By contrast, the
formation of lipoproteins in a secretion-competent form
requires lipid transfer proteins and a protein scaffold.
What is the role of the proteins involved? Do proteins like
apoB “trap” neutral lipid, preventing it from going cytoso-
lic? ApoB can spontaneously interact with neutral lipids
and form “nucleation sites.” However, MTP actively brings
more neutral lipids to these sites to initiate primordial
lipoprotein formation. More importantly, MTP likely dis-
lodges/desorbs nascent apoB from the ER membrane to
form nascent primordial lipoproteins that are secretion-
competent (Fig. 7). Membrane-associated apoB, despite
being able to associate with neutral lipids, is not secretion-
competent in the absence of MTP.

These observations suggest to us that neutral lipid de-
position in the cytoplasm is the default process. If so, do
lipid transfer or other proteins play a role in CLD bio-
genesis? Unlike the exclusive and required role of MTP
in serum lipoprotein formation, no obligate lipid trans-
fer protein for CLD formation has been identified. The
closest candidates, the FIT and seipin protein families,
clearly affect CLD formation but are not essential. In
their absence, “ectopic” lipid droplets form spontane-
ously and randomly and thus have variable size, number,
and possibly, stability. Therefore, it is a reasonable specu-
lation that CLD-associated proteins act primarily as orga-
nizers or facilitators of CLD trafficking. We further
contend that secreted lipoprotein assembly is a latecomer
in evolution and requires proteins with high lipid bind-
ing affinity to overcome the default pathway. We propose

1808 Journal of Lipid Research Volume 53, 2012

that understanding and manipulating the manner in
which lipid particle equilibrium on either side of the ER
membrane is maintained will impact many aspects of human
pathophysiology and disease El
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